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PREFACE 

Volcanism is a common phenomenon on the terrestrial planets. In the past decade our concept 
of volcanism has been extended to the icy satellites of the outer solar system, where hitherto unknown 
forms of volcanism occur. The terrestrial forms of volcanic activity invite images of extraordinary heat 
and silicate compositions (though less familiar forms of terrestrial volcanism include molten carbonates, 
sulfur, and even mud). The extruded liquids on the icy satellites have nothing to do with molten silicates, 
and everything to do with molten volatiles at extraordinarily low temperatures. 

To address this semantic problem, and more importantly to avoid possible mis-conceptions, 
volcanic processes on the icy satellites have been collectively grouped under what Steve Croft (1987) has 
termed cl·yovolcnnlsm. The prefix cryo is derived from the ancient Greek kryo meaning "icy cold", and 
volcanism is from Vulcan, the ancient Roman god of fire and metallurgy. This term clearly distinguishes 
volcanism on the icy satellites from the more familiar high-temperature silicate volcanism occurring on 
Earth and other rocky objects. Cryovolcanism includes extrusions of water, ammonia-water, methane, 
and other liquids which are volatile at ordinary temperatures and which are erupted mainly in the liquid 
state at cryohydric temperatures (where water ice is stable). 

Other terrestrial volcanological terms can similarly be adapted to the outer Solar System; hence, 
cryomagma is a sub-terranean suspension of crystals in an "icy cold" liquid; cryolava is a suspension of 
crystals and gas bubbles in a volatile liquid erupted onto the surface of an icy satellite from a volcano, 
fissure, or other vent, or a solidified assemblage of the same; cryoplutonic pertains to a mass of 
cryomagma solidified at depth; and cryoclastic pertains to fragments of ices produced by explosive 
cryovolcanism. 

~-----~---- -----------------------
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ABSTRACT 

Cryovolcanism has played an important role in the geological histories of many icy satellites. 

Cryovolcanism, like the more familiar silicate volcanism on Earth and the other terrestrial planets, takes 

many forms. Many individual cryovolcanic landforms are morphologically surprisingly similar to 

terrestrial volcanic landforms and can be explained with similar mechanisms. However, assemblages of 

cryovolcanic, tectonic, and impact structures form unique and varied landscapes quite alien in their 

collective expression. Many variables can affect the cryovolcanic style of a satellite but none more so 

than cryolava composition. This work considers the compositional variable in considerable detail. This 

work summarises existing knowledge of phase equilibria and physical properties of cosmochemically 

relevant unary, binary, and multi-component chemical systems, and where published knowledge was 

found lacking, the author presents his own measurements of the physical chemistry of volatile mixtures. 

The author then takes the reader on a brief tour of cryovolcanic landscapes, and applies knowledge of 

the physical chemistry of volatile mixtures to problems of cryovolcanological interest. Aqueous cryolavas 

may range in composition from salt-water brines to cryogenic ammonia-water-rich multi-component 

solutions possibly involving methanol, ammonium sulfide, alkali chlorides, and many other potential 

components. Cryomagmatic distillation can greatly accentuate the importance of trace and minor 

constituents of icy satellites. The viscosities, densities, and other physical properties of these liquids vary 

considerably and depend sensitively on their exact compositions. These properties affect everything from 

cryovolcanic eruptive styles and landforms, to the way cryovolcanic crusts respond to tectonic stresses. 

It is believed that the compositional variable is directly or indirectly implicated in a wide variety of 

geomorphic aspects of contrast among the icy satellites. Thus, even though we can not as yet confidently 

attribute any specific morphology to a specific composition (for lack of in situ compositional analyses), 

there appears to be a powerful link between the composition of the ices originally accreted by a satellite 

and its subsequent interior evolution and exterior geomorphic appearance. 



A. Introduction 

I. THE CHEMISTRY AND MINERALOGY OF 

CRYOMAGMATIC LIQUIDS AND ICES 
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One of the more interesting problems raised by the historic reconnaissance of the two Voyager 

spacecraft through the outer Solar System is the origin of the enormous geomorphic diversity among the 

icy satellites. A decade of exploration and research has iIIuminated the importance of "resurfacing" as 

a means to renew and modify the surfaces of many icy sateIIites. It is clear now, if it has not been all 

along, that the most common style of resurfacing has involved the extrusion of liquids from the interiors 

onto the surfaces of icy sateIIites, the cryogenic analog of terrestrial volcanism. 

As this work progessed it became apparent that cryomagmas are likely to be chemicaIly very 

complex and highly variable, and that this variability may play a leading role in generating the 

geomorphic diversity of icy sateIIites. The compositions and physical properties of laboratory analog 

cryomagmas exhibit extreme variations with seemingly subtle variations in the compositions and 

molecular stoichiometry of the initial ices. The varied appearances of the icy sateIIites, including their 

colors and albedos, the morphologies of resurfaced terrains, even the styles of tectonic deformation, all 

may be indirect manifestations of these complex and varied cryomagmatic compositions. Indeed, such 

complexity and "evolutionary radiation" of the icy satellites may be an inevitable outcome of 

heterogeneous condensation and accretion in the varied physical environments of the solar nebula and 

its components. 

In weighing the potential relevance of some of the chemical components considered below it 

is important for the reader to maintain a geochemical or petrological frame of mind. Whereas many 

planetological problems may be solved to a first order by using grossly simplified compositional 

approximations (e.g., "rock + ice"), the same approximations may be misleading when trying to tackle 

matters of igneous and geological evolution. Just consider the case of the Earth. Earth contains 

approximately 0.004% H mostly as water, 0.3% Na, and 0.02% K (based on averages of element 

abundance estimates of others, and supplemented by independent estimates, compiled and referenced 

in Kargel et a1., 1990); yet without these minor elements, granite would not be a possible end product 
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of igneous differentiation, and, hence, Earth would not have granitic continents, nor would it have 

hydrous metamorphic rocks and water-deposited sediments such as limestones and shales, to say nothing 

of a biosphere; its lavas and volcanic styles of eruption would be different and more uniform, erosional 

rates much lower, and tectonic styles probably grossly different; the Earth would be a totally different 

type of planet. 

The extensive and unique style of igneous distillation of the Earth no doubt has accentuated the 

importance of trace constituents in the evolution of our planet. Nevertheless, the potential also exists 

for minor and trace components to radically affect the evolution of icy satellites as well. It is an 

unfortunate consequence of the very poor state of our understanding of the compositions of icy satellites 

that we can not certify the specific links among composition, interior evolution, and exterior morphology. 

I shaH, however, probe a few of the possibilities in this work. 

In developing this work I have freely utilized an abundance of published data widely scattered 

through more than a century of physical chemistry literature. It was frequently necessary to confirm or 

supplement these with data obtained in this laboratory (new data are tabulated in Appendix 1). Part I 

is structured mainly to present some potentially important phase equilibria and the planetological 

rationale for considering these equilibria, and to provide a forum for discussion of general planetological 

implications. Some important physical properties of these multi-component liquids and their equilibrium 

ices are presented in Part II. Applications of these data to actual icy satellites and asteroids is reserved 

for Part III. Part IV provides a brief summary. 

B. Primordial matter: theoretical and observed assemblages of nebular condensates 

The elemental composition of the Solar System has been determined both by spectral 

observations of the solar photosphere and by direct chemical analyses of meteorites (Anders and 

Grevesse, 1989). The proto-Solar System's original matter originated in a diverse assemblage of steHar 

and deep-space environments. After this material coalesced into the Solar Nebula, and then fragmented 

into several subsolar circum planetary nebulae it was chemically reprocessed through several chemically 

disequilibrated environments. It is uncertain whether the present molecular compositions of icy satellites 

should stili retain an extensive memory of several or all of its prior environments of origin, or whether 
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these chemical mixtures have so thoroughly re-equilibrated that most information regarding the ices' 

prior lives has been lost (prinn and Fegley, 1988). 

Lewis (1972) investigated the thermodynamics of low-temperature condensation in the Solar 

Nebula under two sets of idealized conditions. First, he considered equilibrium nebular condensation 

and homogeneous accretion, where the gas phase always maintains strict equilibrium with the 

condensates (appropriate if accretion of nebular dust occurs after dissipation of the gas phase). Then 

Lewis considered condensation under the condition of perfectly inhomogeneous accretion, where 

chemically disequilibrated layers of condensates are sealed off from contact with the gas phase and other 

condensate layers by rapid accretion during cooling. 

Other idealized condensation and accretion scenarios have also been constructed. Most notably, 

Lewis and Prinn (1980) considered the implications of the kinetic inhibition of the high-temperature gas 

phase reactions of CO ... CH4 and N2 ... NH3 in the Solar Nebula; the kinetic sluggishness of these 

reactions indicate that most of the C and N in the outer Solar Nebula should be in the form of CO and 

N2 rather than CH4 and NH3• However, Prinn and Fegley (1981) found that the gas phase reactions 

producing NH3 and CH4 may be sufficiently rapid in the denser circum-planetary nebulae of Jupiter and 

Saturn that C and N should be dominantly in the form of NH3 and CH4 in their satellite systems. It is 

uncertain whether the circum-planetary nebulae of Uranus and Neptune were sufficiently dense to 

convert CO and N2 efficiently to CH4 and NH3• However, the somewhat greater mean densities of the 

Uranian satellites compared to the Saturnian satellites may indicate that the Uranian satellites are more 

rock-rich, and that this may be a consequence of formation in a relatively CO-rich nebula (Johnson et 

ill., 1987). It is also unclear to what extent mass transfer (without chemical re-equilibration) may have 

occurred among the various components of the early solar and circum planetary nebulae, and even the 

interstellar medium, and how this may have impacted satellite and comet compositions. 

The pre-solar interstellar medium and the solar and circum planetary nebulae and accretion disks 

may have included some highly energetic and chemically disequilibrating phenomena. Shock waves 

generated by planetesimal impacts and perhaps by electrical discharges, UV ionization, and ion 

implantation may yield dis-equilibrated molecular assemblages not predicted by the simpler 

condensation models. These assemblages may include HCN, H2S, CO2, H2CO, CH30H, and C2Hs' and 



20 

a bewildering assortment of reaction products such as amino acids and organic and inorganic salts, all 

(or some) in addition to the canonical volatile assemblages composed of H20, NH3, and CH4• If they 

are present at all, even in minor quantities, the various exotic "ices" and soluble salts could complicate 

the physical chemistry and geological evolution of icy satellites considerably. As the number of chemical 

components increases, so do the number of degrees of freedom of the chemical system and, even more, 

the degrees of freedom of satellite evolution (and our ability to explain, one way or another, the 

mysterious outer solar system!). 

The compositions of several theoretical and observed "endmember" condensate assemblages are 

compiled in Table I. Clearly the endmembers potentially composing icy satellites are diverse, and 

mixtures of any two (or more) types of condensate assemblages could be extremely complex and 

chemically reactive. Until we actuaIly sample some icy satellites and comets the great uncertainty of 

composition will cast a shadow across every effort to try to understand these objects. Mindful of this 

uncertainty, the remainder of this work explores the implications of a range of potential compositions. 

The strategy will be to start simply and then examine progressively more complex systems. 

c. Phase equilibria in aqueous systems 

1. Experimental method of determining freezing points. 

A literature search was conducted to find freezing point data and other phase equilibria for each 

chemical system of interest. When sufficient data were unavailable from the literature, or when 

conflicting data were obtained from literature sources, the author determined the desired freezing points 

by a simple experimental method. Sometimes a smaIl number of data were obtained by the author just 

as a check on the quality of literature data sources, or to observe certain phenomenological aspects 

noted in the literature. The phase diagrams presented in Part I were constructed sometimes entirely 

from literature sources, sometimes entirely from the author's own data, and often from a combination 

of both. In alI cases the data sources are indicated either in the text under the appropriate chemical 

system heading or in the figure captions, or both. The author's new data are compiled in Appendix 1. 
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Binary and ternary mixtures of the appropriate compositions were prepared from analytical 

reagent grade chemicals (supplied by Malinckrodt and Matheson) and distiiled water. Solid components 

were weighed out gravimetrically, and the masses of liquid components were determined either 

gravimetrically or volumetrically with density information. Mixtures were contained in volumetric flasks 

and the flasks were immersed in baths of hot water, ice water, alcohol, ammonia-water, or ammonia

water-methanol. Each mixture was cooled until crystallization occurred, usually from a strongly 

supercooled state. Then the mixture was slowly warmed while being stirred or shaken until crystals were 

observed to disappear; this temperature was mentally noted. This procedure was then repeated, except 

the warming rate was reduced and then halted just prior to the melting of the last bit of solids; this 

temperature was noted as an estimate of the upper limit of the freezing point. The mixture was then 

slowly recooled until the quantity of crystals was observed to definitely increase, this temperature being 

a lower limit to the freezing point. The warming/cooling procedure was repeated usually two to five 

times until a consistent result was obtained, and the gap between lower and upper limits to the freezing 

point was minimized. For consistency Appendix 1 tabulates the upper limits obtained by warming. 

Experimentalists generally note that the more accurate liquidus is usually obtained by warming. Care 

was taken to prevent vapor loss from volatile mixtures, and to prevent atmospheric water vapor 

condensation in all mixtures. 

Temperatures were measured using chromel-alumel and Pt resistance thermometers calibrated 

at the freezing points of water, methanol, ammonia-water, and the boiling points of water and nitrogen 

and the sublimation point of dry ice (the latter three taking account of barometric pressure). 

Phase identifications of solids were made on the basis of density relationships (does the crystal 

float or sink?), of visual appearance (constituting the crystal shape and size observed under a hand lens, 

and general appearance of the slurry due to the refractive properties of crystals and co-existing liquid), 

on the crystallization behavior of the crystals, on a posteriori knowledge of the form of the phase 

diagram, and on the basis of published phase equilibria having positive phase identifications (from 

optical, x-ray, and chemical methods of analysis). 

Invariant and cotectic temperatures were also determined on selected samples. Eutectic and 

peritectic temperatures were determined by observing isothermal freezing and thawing. Sometimes 

- ---~----- ----------_._-----------------------------------"--
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mixtures were frozen in plastic thermoses and very slowly warmed to obtain better estimates of invariant 

temperatures. Cotectic temperatures were obtained by carefully examining a sample and noting the 

highest temperature at which two phases (typically a salt and water ice) appeared together; usually this 

could be accomplished only when a sample's composition was close to the cotectic, because otherwise 

extensive precipitation of one phase would obscure vision of the sample before it settled onto the 

cotectic. 

During a morning's typical run an aqueous binary or ternary solution was prepared in a 

volumetric flask, its freezing points determined, and then water or ammonia-water liquid was added 

incrementally, with freezing points determined after each addition of liquid. Some mixtures readily 

crystallized and gave reliable freezing points with little effort, allowing twenty or more liquidus points 

to be determined in a single day. Some of the more viscous, low-temperature liquids required numerous 

cycles of extremely slow warming and cooling to obtain repeatable results, allowing only two or three 

freezing point determinations in a day. 

2. System H20. 

H 20 is the most abundant volatile component of the material composing the icy satellites and 

the aqueous cryovoIcanic ices believed to resurface many of these objects. Under certain conditions 

water could be the only major constituent comprising cryomagmatic liquids. This could be the case for 

objects composed of simply rock and ice, as might occur in Ganymede or ice-rich asteroids, for instance. 

Even if ammonia hydrates or other ices had been accreted by a satellite, nearly pure water could also 

be generated by the remelting of ice/rock residues where previous episodes of partial melting had 

already removed ammonia, salts, and other low-melting temperature constituents. If we consider the 

rocky minerals to be chemically inert to a first approximation, then we can represent the phase equilibria 

of melting and crystallization throughout all regions of such an icy satellite in the unary system H 20 in 

pressure-temperature space (Figure 1). The interior pressures of the small and intermediate-sized icy 

satellites are such that the only stable ice polymorph to occur is ordinary ice lh. However, Ganymede, 

Callisto, Titan, Triton, and Pluto are all large enough that several high-pressure polymorphs of ice 

should also occur in their interiors. 
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2. Ammonia-free brines 

a. Origin of the solutes 

After initiation of partial melting in an ice-rock mixture, but prior to extraction of water, 

low-temperature chemical interactions between rock and water may occur, charging the water with 

dissolved salts. Alternatively, chemical action of thermodynamically surface-stabilized pockets and films 

of unfrozen water, operating along silicate grain surfaces at temperatures below the normal melting point 

of pure ice, may also result in aqueous alteration of the silicates and the formation of salt deposits and 

saturated salt solutions. 

The effects of aqueous alteration and solute precipitation are pervasive in some carbonaceous 

chondrites, as evidenced by the widespread occurrence of abundant epsomite (MgS04.7H20) and 

complex Mg-Ni-Na sulfate veins, and less abundant gypsum (CaS04.2H20), calcite (CaC03), dolomite 

(CaMg(C03)2)' and other salts (Pisani, 1864; Cloez, 1864; Dufresne and Anders, 1962; Nagy and 

Andersen, 1964; Richardson, 1978; Fredriksson and Kerridge, 1988). Aqueous alteration is also shown 

by the ubiquitous occurrence of phyllosilicates such as montmorillonite, chlorite, and serpentine, of 

certain sulfides and hydroxides including tochilinite and brucite, and of spherulitic magnetite (Kerridge 

et aI., 1979; Zolensky and McSween, 1988; Bunch and Chang, 1980). In a general sense, and with a few 

exceptions (e.g. tochilinite), these salts and alteration products are very similar to the phases resulting 

from the chemical weathering, diagenesis, and low-grade metamorphism of common terrestrial rocks. 

Since the primary phases involved in aqueous alteration of carbonaceous chondrites are also 

similar to terrestrial crustal phases, involving olivine, pyroxenes, feldspar, and sulfides (but mostly troilite 

and pyrrhotite instead of pyrite), some of the chemical reactions of alteration in carbonaceous chondrite 

parent bodies may have been very similar to familiar terrestrial weathering reactions. Similar aqueous 

alteration reactions may also have occurred in icy satellites. For instance, Mg, Fe, and Si can enter 

aqueous solution by hydrolysis reactions operating on olivine and other minerals, by the following and 

similar reactions: 
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(1) 

~G1' the change in Gibbs' free energy of reaction (1) under standard conditions, is -171 kcal, strictly 

indicating that reaction equilibrium is shifted far in favor of the products for standard conditions of 

temperature (298 K), pressure (1 atm), and solute concentrations (1M). Departures from standard 

conditions would be the rule, and would, of course, entail changes in the value of ~Gr' Solute 

concentrations less than standard, for example, would further shift equilibrium toward the products, 

while greater solute contents would reduce the drive of the reaction toward the right. If the environment 

is sufficiently anoxic and acidic Mg and Fe will tend to stay in solution; if the environment is relatively 

oxidizing and neutral to basic then ferrous iron may completely or in part react to ferric iron and may 

precipitate out of solution as a nearly insoluble iron oxide or hydroxide (these are the usual conditions 

in terrestrial weathering and sedimentary environments); this would seem to provide an explanation 

for the intriguing framboidal magnetite spherulites imaged by Kerridge et al. (1979). Under extremely 

basic conditions Mg also forms nearly insoluble hydroxides. 

Other hydrolysis reactions involve production of clay minerals, which abound in carbonaceous 

chondrites; for example, sodium and potassium feldspar, either as an approximately pure alkali feldspar 

or as components of J:.lagioclase, can react by: 

(2) 

Ca minerals such as plagioclase and clinopyroxene may similarly decompose. As indicated by 

the presence of OH- on the right-hand side of equations 1 and 2, hydrolysis reactions result in the 

liberation of hydroxyl ion; hence, hydrolysis makes the water more alkaline or less acidic than it was to 

start with. Initially acidic water greatly assists hydrolysis. Acidification may occur by a number of routes, 

including the formation of carbonic acid by the dissolution of CO2, or by the oxidation of sulfides such 

as troilite and pentlandite. The latter route was important in the chemical evolution of carbonaceous 

chondrite parent bodies; sulfide oxidation may yield magnetite, sulfate ion, and protons by reactions such 

as: 
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(3) 

AG3 = -1070 kcal, again indicating that the products are strongly favored under standard conditions. The 

nature of the oxidizing agent that affected the carbonaceous chondrites is uncertain, and need not have 

been free oxygen. Lewis (1967) considered hydrogen peroxide as a possible oxidizing agent instead of 

dissolved oxygen; ROOR could have formed as a recombination product after UV hydrolysis of water 

vapor in thin protoplanetary atmospheres that may have enveloped meteorite parent bodies; likewise, 

UV irradiation may have generated HOaR in the pre-solar interstellar medium. Or, HOaR may have 

formed in protoplanetary interiors after (3 and 'Y radiolysis. Whatever the oxidation route, it is clear that 

the carbonaceous chondrite parent bodies experienced pervasive oxidation events apparently associated 

with aqueous alteration events. 

A variety of ionic exchange reactions are possible for basic brines; for example, ammoniacal 

brines may exchange NH/ for Na+, K+, and Rb+ in feldspars and clays. Also, basic waters might 

exchange OR- for cr, resulting in chloride-rich waters. Cation exchange involving ammonia-water 

liquids will be discussed in later sections. 

b. Brine compositions dominated by Mg sulfates 

The composition of a brine, whether terrestrial or extra-terrestrial, must in some complex way 

be related to the composition of the rock with which the brine exchanges matter. This factor exerts a 

major role determining the compositions of stream waters and of closed basin brines on the Earth. 

Although these compositions vary widely, in general the composition of the upper continental crust 

determines the compositions of most terrestrial brines. Being rather granitic in average composition, and 

having been extracted from a mantle that had sufferred prior volatile and siderophile/chalcophile 

depletions, the upper crust is extremely depleted in Mg and S and enriched in K and Na relative to 

chondritic rock (Taylor and McLennan, 1985). Consequently, salts of the alkali metals (especially Na) 

tend to dominate over Mg salts; and, the chlorides are more important than the sulfates in most 

terrestrial brines (Braitsch, 1971; Richardson, 1976; and Eugster, 1980). This is reflected in the solution 
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chemistry of terrestrial brines and in the mineralogical compositions and depositional sequences of 

terrestrial evaporites; for example, halite (NaCl) is, with a few important exceptions, the first of the 

highly soluble salts to precipitate, and hydrated magnesium sulfates are usually among the last. 

There are several important distinctions between brine composition and evolution on the Earth, 

and the same in icy satellites and asteroids: 1) melting and crystallization in the extra-terrestrial brines 

occur by warming and cooling rather than by dilution and evaporation which usually control evaporite 

deposition on Earth; 2) the compositions of the silicate and other rocky reactants are distinctly different; 

and, 3) the conditions of aqueous alteration (P, T, pH, and oxidation potential) may possibly have been 

drastically different. 

The first of these differences is very readily dealt with using the same polythermal phase 

equilibria diagrams sometimes used to study evaporative precipitation. In cooling and warming near the 

liquidus of an icy satellite water ice will usually be a stable residual phase. This situation greatly 

simplifies brine and salt equilibria, since stable salts will precipitate at cryohydric points, meaning the 

salts will nearly always occur in their low temperature forms and will be in equilibrium with water ice; 

this is not generally the case with terrestrial evaporative pools. (Brines may also form by the thermal 

dehydration of silicates in the differentiated cores of icy satellites or in desiccated rocky residues in 

asteroids. In such cases the brine and its precipitates would not be in equilibrium with water ice. This 

would constitute what I would term hydrothermal rather than cryomagmatic activity, and will not be 

extensively considered here.) One frequent frustration in this work is that most published experimental 

data involve isothermal phase equilibria appropriate for evaporative pools and hydrothermal waters on 

Earth -- typically 250 to 1000 C; these are of limited use in the present work. 

Regarding the second problem, icy satellites and asteroid brines presumably exchange with 

grossly chondritic rock, unlike the granitic continents of Earth. One simple approach is to describe 

leaching in terms of a constant and completely general set of rate coefficients ("leaching factors"). 

Therefore, the rates at which elements enter solution would be governed only by the leaching factors 

and the elemental abundances of the rock. The leaching factor for a given element can be estimated 

simply as the concentration of that element in the average terrestrial stream water (Livingstone, 1963; 

Taylor and McLennan, 1985) divided by the concentration in the average upper continental crust (Taylor 
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and McLennan, 1985). Such leaching factors are apt to correctly describe leaching rates only if the 

mineralogy of the rock and the environmental conditions are similar, to a first order, to Earth's surface. 

Leaching factors are given for the major ions in Table II. The normalized leaching factors 

calculated for the Earth, where the factor for Mg = 1.00, correctly reflect the weatherability of the 

important silicate phases composing the upper crust -- Mg and Ca-rich minerals weather most readily, 

followed sequentially by Na minerals, K minerals, and least of all, quartz. Carbonate species are not 

included in Table II because of the unique source of carbonate on Earth -- atmospheric carbon dioxide. 

The concentrations of solutes must depend not just on the leaching factors, but also, in some 

complex way, on the duration of contact between rock and water. River waters are generally very dilute 

because of the short durations spent in contact with rock and because of sluggish reaction kinetics; 

hence, the leaching factors give the relative rates that different species enter stream water at a very high 

state of dilution and disequilibrium, and provide no information on equilibrium salinities that may be 

attained. 

Applying the terrestrial leaching factors to type CI chondritic rock compositions, Table II also 

lists the relative abundances (by mass) of the various ionic species in a hypothetical chondrite brine, 

again normalized so that Mg = 1. The real point here is qualitative: by virtue of their high cosmic 

abundances Mg and S should dominate the solute contents of chondrite brines in icy satellites and 

asteroids, whereas terrestrial brines are usually dominated by Na and Cl. Certainly this inference is 

supported by the widespread and abundant occurrance of Mg sulfates in carbonaceous chondrites, 

compared to the far less abundant sulfates and carbonates of Ca, and the near absence of chlorides. 

The high cosmic abundance of Ni compared to the terrestrial upper crust suggests that it, too, could be 

a significant component of icy satellite and chondrite brines; this inference is also supported by the 

common occurrence of Mg-Ni-Na sulfates reported by Fredriksson and Kerridge (1988) and others. 

Table II is less successful with respect to Na: Na sulfate, occurring as a component of the same sulfate 

veins in CI chondrites, is far more abundant than one would predict based on the analysis given in Table 

II. Nevertheless, the occurrence of Na sulfate rather than Na chloride is consistent with expectations 

based on the leaching factors of Sand Cl. 

The simple (perhaps too simplistic) approach presented in Table II brings us to the third 
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potential difference between terrestrial and icy satellite brines: environmental conditions. Certainly the 

conditions of alteration, including temperature, pressure, pH, and oxidation state, exert a considerable 

influence on the stabilities and solubilities of silicates and other rocky minerals. Uncertainties and 

natural variations in these conditions could render the leaching factors presented in Table II 

inappropriate. For example, if the solution pH > 10 then hydrolysis could be sharply curtailed, greatly 

limiting the rates at which Mg+?', Ca+2, and Fe+2 enter solution; furthermore, Mg and Fe would be 

stabilized as solid hydroxides and oxides under such alkaline conditions (Brookins, 1988). Under roughly 

neutral pH conditions Fe+2 would occur as insoluble hydroxides or oxides but Mg+2 would be stable in 

solution (this is the usual situation in terrestrial weathering environments, and was the dominant 

condition during salt precipitation in the carbonaceous chondrites). Under highly acidic conditions, which 

could prevail during the alteration of troilite, Fe+2 and Mg+2 both could occur in solution; the high 

chondritic abundance of Fe+2 would suggest that it could be an important or even dominant cation under 

unusually acidic conditions (Fe carbonate is an important component in Ca-Mg-Fe-carbonate solid 

solutions in carbonaceous chondrites, indicating transiently acidic and reducing conditions; however, the 

lack of an iron-sulfate component in Mg-Ni-Na-sulfates and the abundance of complex iron hydroxides 

and oxides in these meteorites indicates that conditions were dominantly neutral to basic and fairly 

oxidizing). As a final example, the importance of highly soluble sulfates depends on a significant fraction 

of S existing as sulfate; if the object is highly reduced, then S may exist almost entirely as sparingly 

soluble FeS or some other sulfide. 

In summary, I take as reasonable, though not necessarily true under all conditions, that icy 

satellite brines and those in chondritic asteroids may be extremely MgSO 4-rich. This inference is 

supported by the composition of the water-soluble components of carbonaceous chondrites. However 

reasonable for approximately Earth-like conditions (and apparently also for the conditions in the 

carbonaceous chondrites at the time of their alteration), this conclusion does not apply generally to all 

asteroids and icy satellites, as it does not take into account possible wide variations in environmental 

variables. 

c. Aqueous sulfate solutions: the high-temperature brines 
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i) Aqueous binary sulfate systems 

Figures 2 through 7 show the solid/liquid phase equilibria in the binary aqueous systems 

involving MgS04, NiS04, (NH4)2S04' Na2S04, ~S04' and CaS04, all near 1 atmosphere total pressure. 

These binaries include all the sulfate components likely to be of any real significance in the brines and 

ammonia-water liquids of icy satellites and asteroids. Under unexpectedly acidic conditions aqueous 

FeS04 could also be important; the aqueous phase equilibria in this system have been given by Kobe 

and Couch (1954). 

Pressures on the order of a few hundred bars or less should not appreciably affect solid/liquid 

equilibria in these binary systems, since none of the substances are extremely volatile or unusually 

compressible. Pressures in the kilobar range do exert substantial effects on aqueous systems, although 

qualitatively Figures 2-7 may hold up fairly well to several kilobars. The effects of high pressures on 

phase equilibria in aqueous NaCI will be examined in section C-2e as a general illustration. 

Most brines in the outer Solar System probably would be poorly characterized by any single 

binary system, with the possible exception ofH20-MgS04. Figures 2-7 are primarily utilized here to help 

construct ternary diagrams with a greater planetological relevance and to serve as a collected refcrence. 

However, the physical chemistry of certain brines could be approximately represented by the system 

H20-MgS04 (Figure 2); this binary system is described below in detail as an example. Readers who 

understand this type of phase diagram fairly well would want to skip section ii. Those who have never 

been introduced to phase diagrams should first consult an elementary tcxt; the author recommends 

Chapters 3 and 4 of Cox, Bell, and Pankhurst (1979). The following section is intended to serve as a 

refresher for those who have had an introduction to phase diagrams. 

iI) Evolution of mixtures in the system H20-MgS04 

Consider in Figure 2 the mixture labelled "A". This mixture is 100% liquid at a temperature of 

200 C. In accordance with the phase rule (Cox, Bell, and Pankhurst, 1979, p. 47) this liquid lies in a 

divariant temperature-composition area. If pressure also is a variable, then liquid A lies in a trivariant 

pressure-temperature-composition space, and Figure 2 would represent just one isobaric (low-pressure) 
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slice of the phase diagram. 

Now imagine liquid A cooling slowly by a constant extraction of thermal energy. As the heat 

capacity of the solution is approximately constant over a narrow temperature interval the time rate of 

cooling is nearly constant. When mixture A reaches point A1, the liquidus, its temperature is about _0.6° 

C; if the cooling is done very slowly and the solution is mechanically disturbed water ice crystals begin 

forming nearly in equilibrium with the solution; the mixture is now composed of a two-phase (liquid + 

ice) univariant assemblage. The temperature and composition of the liquid may change, but these two 

parameters are interdependent as long as ice remains in equilibrium with the liquid. Of course the bulk 

composition of mixture A remains constant, so mass balance requires the residual, unfrozen part of the 

solution to migrate in a MgS04-richer direction; it does this along the liquidus until the residual liquid 

attains point E, the eutectic. By the lever rule (Cox, Bell, and Pankhurst, 1979, page 53) mixture A must 

consist of 76% water ice and 24% eutectic liquid at the moment A has reached the eutectic. 

Upon the further slow extraction of thermal energy magnesium sulfate hydrate, MgS04.12H20, 

begins to crystallize along with water ice; now the mixture is composed of three phases coexisting at a 

unique invariant point. If pressure is a variable then the eutectic must be univariant (the eutectic is then 

a function of pressure, although a very weak function for pressures limited to several hundred bars). The 

enthalpies of crystallization and rates of formation of the two solid phases at the eutectic (53% ice, 47% 

sulfate) are just exactly sufficient to balance the rate of extraction of thermal energy from the system. 

Until mixture A is totally frozen the temperat).lre of mixture A and the composition of the residual liquid 

remain at point E. When A has finally completely solidified its temperature decreases again, and the 

system consists entirely of water ice (89%) and MgS04.12H20 (11%). 

In melting just the reverse occurs; melting of mixture A, shown by point A3, begins when point 

A2 (the solidus) is attained; at this point liquid E is generated, causing the residual two-phase solid to 

migrate toward pure H20. When finally there is no more MgS04 hydrate remaining in the solid residue 

further melting of water ice dilutes the liquid; its composition migrates up the liquidus from E toward 

Al. When A1 is attained mixture A is entirely melted. This melting scenario actually must be exceedingly 

rare in nature. More realistically, the liquid segregates from the crystalline residue at some point long 

before melting is complete. 
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Mixture B evolves in a similar simple fashion. Mixture B attains the liquidus at B1, where 

MgS04.12H20 begins to precipitate on cooling. The residual liquid is forced to migrate along the 

liquidus to E, where water ice also begins to crystallize. The liquid maintains point E until mixture B 

is totally frozenj the fmal frozen product (B3) is 44% ice + 56% MgS04.12H20. Melting is just the 

reverse, the first liquid being liquid E when the frozen mixture attains B2. 

Liquid C evolves in a more complex fashion. Crystals of MgS04.7H20 (epsomite) precipitate 

starting when C attains the liquidus (C1). When the bulk mixture has cooled to C2 the residual liquid 

has migrated to the peritectic Pl. At C2 the heptahydrate which already has precipitated acquires 

additional water of hydration by reacting with liquid P1 to form MgS04.12H20. The temperature 

remains constant until this reaction is complete. Once the reaction is complete, the temperature resumes 

its decline as additional MgS04.12H20 precipitates, forcing the residual liquid to migrate to E, where 

water ice also starts to form. When the system is completely frozen (C4) it consists of about 25% ice 

+ 75% MgS04.12H20. Melting, again, is just the reverse. 

Mixture D evolves in yet another way as seen by its final frozen composition (D4): this mixture 

must end up as pure MgS04.12H20. In this figure mixture D starts out in the field of liquid + 

MgS04.H20 (kieserite). As it cools toward D1 the solid phase actually gradually dissolves, as indicated 

by the negative slope of the liquidus. In the interval from D1 to D2 mixture D is entirely liquid. At D2 

crystals of MgS04.6H20 (hexahydrite) begin to precipitate. At D3 the liquid arrives at the invariant 

peritectic P2, where hexahydrate reacts with liquid to form heptahydrate. When the reaction is complete 

the temperature resumes its decline, precipitating heptahydrate until D4 is attained. At this point the 

liquid has migrated all the way to Pl. The heptahydrate reacts with the peritectic liquid P1 to form 

MgS04.12H20, just as for mixture Cj however, the quantity of peritectic liquid is just barely sufficient, 

no less and no more, to react completely the heptahydrate to form MgS04.12H20. As the last drop of 

liquid disappears, so the last crystal of heptahydrate disappears, and the resulting solid is composed of 

pure MgS04.12H20. Hence, the liquid composition never has a chance to migrate past the peritectic 

point Pl. Only mixtures that are water-richer than mixture D ever evolve to the eutectic point E, and 

only such frozen ice-bearing mixtures initially melt at point E. A frozen mixture D, composed of pure 

dodecahydrate, would begin melting at the peritectic Pl. 



32 

Mixture F evolves in a fashion similar to mixture D with two exceptions. First, there is no 

temperature within the range of this diagram where the mixture is entirely liquid. As F cools toward FI 

the monohydrate gradually dissolves, as with mixture D, but it never completely dissolves when the 

transition to hexahydrate occurs. Thus, at FI the mixture consists of three phases undergoing a reaction: 

liquid + monohydrate reacting to hexahydrate. Second, at F3 there is insufficient liquid of composition 

PI to completely react the heptahydrate into MgS04.I2H20. Therefore, the final frozen mixture (F4) 

is composed of the heptahydrate and the dodecahydrate in about equal proportions. 

Although this system is rather complicated, most plausible scenarios (involving the system 

H 20-MgS04) may be petrologically very simple, with melting and crystallization occurring as described 

for mixture A, or perhaps E. 

The discussion above assumes that a close approach to equilibrium holds. A note about 

metastability is warranted, as this particular system exhibits metastability with a vengeance. A true 

equilibrium phase change means that the phase boundary is independent of the thermodynamic path 

(e.g., cooling or warming, compressing or decompressing) and the rate at which physical conditions are 

changed in the vicinity of the phase boundary. A metastable phase change occurs outside the region of 

stability of either the reactants or the products, and is usually dependent on the thermodynamic path 

and rate of change of the physical conditions. Expressed in terms of Gibbs' free energy, the change in 

this function for a reaction occurring in equilibrium is zero, whereas the change in Gibbs' free energy 

is not zero for a metastable phase change. An equilibrium reaction, however, is a fictitious concept, since 

all reactions must be driven by at least a small departure of conditions from so-called equilibrium 

conditions. For many reactions, departures from thermodynamic equilibrium during reactions are very 

small, almost infinitesimal, so that the common assumption of "equilibrium" is a reasonable 

approximation. Other reactions, particularly those involving many steps (such as the collision of many 

reactant molecules) or a powerful kinetic barrier ("activation energy") typically occur far outside the 

range of so-called "equilibrium" conditions. 

Nucleation in the magnesium sulfate-water system, both in the liquid state and in the solid state, 

is troubled by slow kinetics. Hence, several degrees, even several tens of K, of supercooling below the 

liquidus readily occurs without crystallization. Furthermore, some of the hydrates form more readily than 

----------------------------------- - --------



33 

others. Therefore, if mixture B is cooled quickly nothing happens as the normal liquidus is attained at 

B1. Instead, MgS04.7H20 may precipitate metastably at B', which maybe called the metastable liquidus. 

The residual liquid migrates to the metastable eutectic occuring at E'. This system exhibits numerous 

metastable liquidi and metastable invariant points, only a few of which are illustrated in Figure 2. 

Without great patience it seems almost any phase can precipitate at almost any temperature, and can 

persist at temperatures above which other phases should be stable. Researchers have stirred magnesium 

sulfate solutions literally for years in order to obtain what they believe to be equilibrium conditions. 

To a large extent similar metastability problems exist for all sulfate solutions. Van't Hoff (1905) 

generalized the metastability problem in concluding that the time required for a salt solution to come 

to equilibrium is related to the mean valence state of the ions composing the salt; the larger the root 

mean square valence, the longer it takes to closely approach equilibrium. Hence, NaCl solutions, with 

a root mean square valence = 1.00 (Na+1 and cr1 each have an ionic charge of +-1; hence they have 

rms valence of 1), comes to equilibrium very readily, typically within a minute with vigorous stirring. 

Aqueous Mg+2S04-2, with an rms valence of 2.00, requires far longer (hours to months). While this 

generality appears to be valid, it is also clear that the viscosity of the solution (hence, temperature) is 

equally important. In many circumstances metastable cryomagmatic phenomena may also occur in 

nature. However, as a very general rule (one with many exceptions, no doubt) natural magmatic 

processes of melting and crystallization occur over such long periods of time that equilibrium conditions 

are closely approached; therefore, the focus of our attention must be on equilibrium rather than 

metastability. The issue of metastability will be taken up again in later sections with regards to 

ammonia-water solutions. 

iii) System "20-MgS04-CaS04 

Table II shows that Ca+2 may be the second most important cation in chondritic brines, second 

to Mg+2. Therefore, this is the ternary aqueous system that, at first thought, may have the greatest 

relevance to real chondritic brines. However, Figure 7 reveals CaS04 to be sparingly soluble, in sharp 

contrast to MgS04 (figure 2). While Table II suggests that CaS04 may readily enter solution, the 

solubility data indicate that CaS04 will also quickly attain saturation, thereby limiting its importance as 

----------------------------------------------------
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a soluble component of cryovolcanic brines. The exceedingly low solubility of CaS04 also affects the 

graphical means by which I present the ternary data: rather than using a triangular diagram as I shall 

for nearly every other ternary system discussed in this work, I use rectangular co-ordinates and greatly 

expand the CaS04 solubility axis (Figure 8). The unusual type of solubility curves exhibited by gypsum 

in magnesium sulfate solutions is shared by other solutions of two sulfates, and has been interpreted in 

terms of non-ideal solution properties and ionic complexing (Cameron and Bell, 1905; Harkins and 

Paine, 1919). Brine evolution and Ca sulfate precipitation in the carbonaceous chondrites is explored 

in detail in Part m. 
The most important point to be learned from Figure 8 is that we can ignore the negligible 

effects that CaS04 may have on the stabilities of more soluble sulfates; there just can never be enough 

dissolved gypsum to be concerned with, except as regards gypsum and Ca-carbonate precipitation. 

iv) System "20-MgS04"NiS04 

The chondritic abundance of Ni is nearly three orders of magnitude greater than in the 

terrestrial upper crust. It seems possible, then, that Ni could be a non-negligible, perhaps even major 

constituent of chondrite and icy satellite brines. Indeed, the compositions of Mg-Ni-Na sulfates reported 

by Fredriksson and Kerridge (1988) include up to 28% NiS04 component. A comparison of Figures 2 

and 3 show that the temperature-solubility curve of NiS04 is almost identical to that of MgS04 • The 

series of hydrated solids is also somewhat similar. The major difference is that NiS04 forms two distinct 

forms of hexahydrate, including monoclinic and tetragonal forms, whereas MgS04 forms only the 

monoclinic hexahydrate. The lack of a Ni counterpart to MgS04.12H20 may reflect the kinetic difficulty 

of forming the Ni counterpart, rather than its lack of existence, as the Mg dodecahydrate is also difficult 

to form. 

MgS04 hydrates and NiS04 hydrates are known to form complete solid solutions. This is not 

unexpected since the valence states of Ni and Mg are the same and their ionic radii are nearly identical 

(Mg+2 = 0.66 A; Ni+2 = 0.69 A). Figure 9 shows the ternary phase relations in the aqueous system. The 

literature sources used in the construction of Figure 9 did not find Mg dodecahydrate, so the three-phase 

cotectic between ice and sulfate involves the heptahydrate. This cotectic is a simple thermal trough 
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running almost isothermally across the phase diagram from one binary to the other. The tetragonal 

NiS04 hexahydrate stability field contracts and terminates at a peritectic upon the addition of just 4% 

MgS04 to the binary H 20-NiS04 system. Therefore, except for this small tetragonal- hexahydrate field 

occurring only for very Ni-rich compositions, the aqueous MgS04 and NiS04 systems, and ternary 

mixtures of them, are isomorphic. 

The two sets of representative three-phase triangles in Figure 9 connect equilibrium phases. 

These data indicate that the partitioning behavior of Ni and Mg among the sulfates are very similar and 

of order unity. The sulfates neither strongly favor nor discriminate against Mg or Ni, in accordance with 

these metals' chemical similarity. In other words, the ternary phase equilibria are insensitive to the 

MgjNi ratio of the solution. Hence, one may treat ternary mixtures in this system as pseudo-binary 

mixtures, without sacrificing much accuracy, by combining MgS04 + NiS04 on a molar basis. Therefore, 

the chondrite salt vein compositions reported by Fredriksson and Kerridge (1988), which technically must 

be described with no less than four components (H20 and sulfates of Mg, Ni, and Na), can be reduced 

to the three components in section v, below. 

v) System "20-MgS04"Na2S0 .. 

Figure 10 shows the low-temperature phase equilibria and isotherms in the title ternary system. 

The ternary eutectic in this system occurs near _5° C, 81% H20, 16% MgS04, and 2.8% Na2S04 (by 

weight), and occurs with the co-existence of this solution with water ice, Na2S04.10H20 (mirabilite), and 

MgS04.12H20. Sulfate-rich brines in the icy satellites and asteroids will either be generated at the 

eutectic (if ice, mirabilite, and MgS04.12Hp are stable residual phases) or will migrate toward this 

point by fractional crystallization upon cooling. For example, brine A in Figure 10 is initially 

undersaturated with respect to the sulfates; as it cools it first crystaIIizes water ice, and mass balance 

requires the residual liquid to move directly away from the ice apex. After about half its initial mass has 

frozen, the residual liquid arrives at the cotectic forming the phase boundary between water ice and 

mirabilite; at this point mirabilite begins to crystallize along with icc, forcing the residual liquid to 

migrate down the cotectic to point E, the ternary eutectic. When the eutectic has been attained, then 

MgS04.12H20 joins water ice and mirabilite in crystallizing and the temperature ceases to decline until 

• 'C •. 
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the mixture is completely solid. 

d. Aqueous chloride solutions: the low.temperature brines 

I) Binary chloride solutions 

Figures 11 through 15 show the binary aqueous systems involving NaCl, KCl, MgCI2, CaCI2, and 

NH4Cl. These constitute all the simple chlorides likely to be of any relevance in the outer Solar System. 

In unexpectedly acidic brines FeCl2 could also constitute an important constituent; the H20-FeCI2 binary 

system has been investigated by Ruby ~. (1971). 

Like the sulfates, the aqueous chlorides in general include a large number of hydrates, the 

divalent metal sulfates and chlorides including more hydrated phases than the monovalent metal sulfates 

and chlorides. While the higher·temperature aqueous sulfates tend to display the unusual phenomenon 

of crystallization upon warming along parts of the liquidus curve, nowhere do any of the chlorides show 

similar behavior. The chlorides also tend to attain equilibrium very readily in aqueous solutions, unlike 

the sulfates, and their solution behavior tends to be more nearly ideal with simple and nearly complete 

ionization. 

The very large freezing point depressions and high solubilities of the chlorides contrast sharply 

with the generally more limited solubilities and small freezing point depressions of the sulfates. This 

immediately suggests that while sulfates may dominate brine compositions near the melting point of pure 

ice (for cosmic abundance reasons), the chlorides should dominate low-temperature brines and the 

residual solutions in the intergranular spaces of solidifying high-temperature brines (for solubility 

reasons). 

ii) Ternary chloride solutions 

The ternary system H20-MgCI2-CaCI2 is shown in Figure 16. Other potentially important 

ternary polythermalliquidus diagrams have been published for the systems H 20-NaCl-KCl (Sterner et 

ill., 1988), H 20-NaCI-CaCI2 (Vanka et al., 1988), and several other systems. Isothermal quaternary and 

higher-order phase diagrams for the aqueous chlorides and mixed chloride-sulfate solutions have also 

been published; Braitsch (1971) has compiled several of these. However, as chloride brines probably 
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have less general significance for the outer Solar System than sulfate brines, the aqueous chlorides will 

not be discussed in very much detail. Figure 16 alone is presented to serve as an example. 

The solubilities of the chlorides in multi-component solutions tend to obey the idealized 

predictions of the common-ion effect, unlike the aqueous sulfates. The common ion effect reduces the 

number of major (abundant) chloride components that can be present in a mUltiply saturated solution 

to just 2 or 3. The common ion effect is discussed and quantified in some detail in section 3 for the 

system H 20-NH3-NaCI-KCl. 

e) Effects of elevated pressures on aqueous salt equilibria 

All of the phase equilibria presented above are for low pressures (1 atm total pressure in most 

cases), not strictly appropriate for the 102_104 bar pressures typical of the deep interiors of icy satellites. 

It is necessary, therefore, to consider the effects of high pressures on aqueous salt equilibria. Direct 

determinations of such data at cryohydric temperatures are very few in the literature. To be sure, many 

high-pressure data on aqueous salt systems exist, but these are almost invariably concerned with 

vapor-liquid equilibria and supercritical phenomena at high temperatures. Sufficient data exist, however, 

to construct the temperature-pressure-composition diagram of solid/liquid phase equilibria in the system 

H 20-NaCI up to 12 kilobars. 

The data base consists of the l-atm phase diagram; the incongruent melting curve of hydrohalite 

in P-T space (Adams and Gibson, 1930); the polybaric 25° C solubility curve of halite (Adams, 1931); 

and, the polybaric melting curve and the enthalpy of fusion of water ice phases at various pressures 

(Bridgman, 1912). In addition, Souririjan and Kennedy (1962) summarize other high-pressure data for 

this system at high temperatures, and these can be utilized if desired to extend the complete phase 

diagram to high temperatures. 

Because the temperature coefficient of the solubility of halite is so large at low temperatures, 

the high-pressure data for hydr6halite and halite allows the peritectic composition as well as temperature 

to be pinned down as a function of pressure. The polybaric melting curve and enthalpy of fusion of water 

ice can be utilized to calculate the water ice branch of the liquidus of aqueous NaCI as a function of 

pressure. All that remains to determine the eutectic temperature is the hydrohalite branch of the 
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liquidus, for which one point, the peritectic, is known; the author is not aware of any other high-pressure 

thermodynamic data necessary to calculate this branch of the liquidus. It is assumed that the slope of 

this branch remains constant at least to 12 kilobars. This assumption must lead to some uncertainty in 

the ice/hydrohalite eutectic, but this uncertainty can not be too large since the slope dT/dX of the 

hydrohalite branch at 1 bar is fairly steep. 

The results of the calculations are presented in Figure 17 as a series of isobaric slices through 

the pressure-temperature-composition phase diagram of the system H 20-Nael. The stability field for 

hydrohalite widens in temperature as the pressure increases to the ice I/ice III transition just above 2 

kilobars; further increases in pressure cause the hydrohalite stability field to contract in temperature. 

Planetologically, the most important feature of Figure 17 is that the eutectic composition and the general 

form of the phase diagram remain qualitatively constant to 12 kilobars. 

Other published high-pressure data for solid/liquid aqueous salt equilibria are very sparse, but 

the available data do not indicate any major surprises, and, in fact, suggest that Figure 17 is 

representative of the general types of pressure-dependent phenomena in other aqueous salt systems. 

g) Summary 

The chemical systems under consideration have been cleanly separated into the aqueous sulfates 

and the aqueous chlorides, and a rationale for doing so has been developed based on cosmic elemental 

abundances and solubility relations. It is likely that real brines in the outer Solar System are chemically 

quite complex, in detail vastly more complex than portrayed above. Nevertheless, the simplifying 

rationale presented here appears to work quite well for the one type of extraterrestrial brine for which 

we have direct evidence, namely the carbonaceous chondrite salt veins. 

Brine compositions formed at relatively high temperatures, (above about 260 K) in the outer 

Solar System should be controlled principally by cosmic elemental abundances; hence, they should be 

dominated by MgS04 (assuming S exists at least partially as sulfate and the solution pH is not too high), 

and their physical chemistry may be approximated in the system H 20-MgS04 (Figure 2); a better 

representation is the ternary system H20-MgS04-Na2S04 (Figure 10). The compositions of brines 

formed at lower temperatures may instead be controlled mainly by solubility relations; only the chlorides 
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are highly water-soluble at temperatures tens of DC below 00. The very coldest brines (ca. -500 C) may 

be represented by the ternary system H 20-MgCI2-CaCI2 (Figure 16); NaCI may also be an important 

component between temperatures of _100 and _300 C, and FeCl2 may be important if the brine is acidic. 

However, the low chondritic abundance of Cl (0.07%), as compared to S (6%), severely limits the 

potential volumes of low-temperature chloride brines relative to the high-temperature sulfate brines. The 

carbonates of Ca, Mg, and Fe, present in the carbonaceous chondrites, are so sparingly soluble that 

they may be ignored as far as sulfate and chloride equilibria and the physical properties of the brine are 

concerned. 

3. Ammonia-water liquids 

a. System ammonia-water 

i) Phase diagram at low pressure 

A progressively cooled nebula of cosmic composition, if maintained close to thermodynamic 

equilibrium, passes through a series of pressure-temperature zones where different mineral assemblages 

are stable. "Rock" alone is stable above about 200 K (at 10-3 bars total pressure); rock + water ice is 

stable between 130-200 K; rock + water ice + ammonia hydrate between 85-130 K; and rock + 

ammonia hydrate + methane clathrate is the stable assemblage from 40-85 K; in the coldest, most 

distant parts of the Solar System, where nebular temperatures possibly may have been lower than 40 K, 

pure methane ice could also join the assemblage (and Ar below 35 K) (Lewis, 1972). Since the Solar 

Nebula and the several sub-solar circum-planetary nebulae would have been radially zoned in 

temperature and pressure, the condensates should also be zoned to the extent that large-scale radial 

mixing and the temporal evolution of the nebula and accretion disk did not obscure the zonation. The 

large gaps in the temperatures and pressures separating condensate stability fields, in an idealized 

situation (i.e., without accretional mixing in the radial direction of material representing different 

condensation zones), could produce distinctive and non-gradational planet and satellite compositions. 

It is uncertain how likely such an idealized condensation/accretion scenario might be, but the concept 
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is probably useful as a fIrst approximation. 

Sections I-Cl and I-C2 considered melting in objects composed of chondritic rock + water ice. 

Such assemblages may characterize planetesimals in the more distant portions of the main asteroid belt 

and perhaps icy satellites formed in the relatively warm Jovian Nebula. This section considers the slightly 

more complex assemblage including rock + ice + ammonia dihydrate, assuming for the sake of 

simplicity that the rock is chemically inert. Hence, melting and crystallization would occur in the binary 

system H 20-NH3• This assemblage might describe melting, to a fIrst approximation, in the satellites of 

Saturn, and perhaps of Uranus and Neptune. 

Figure 18 shows the solid/liquid phase equilibria in the binary system H20-NH3 at 1 

atmosphere total pressure. The data of Mironov (1955) were excluded since these data deviate by 2-4 

K from the data of the other experimentalists. The phase diagram shows two planetologically important 

thermodynamic invariant points, including a peritectic (32.6% NH3 by mass, T = 176.2 K) and eutectic 

(35.4% NH3, T = 175.4 K), as well as two other eutectics probably lacking planetological significance. 

Early workers (unti11955) did not adequately consider the effects of severe super-cooling at the 

lower temperatures, although several experimentalists recognized that this was a problem and indicated 

uncertainty in their determinations of the eutectic in the vicinity of 33% NH3• Metastable phenomena 

caused the very existence of ammonia dihydrate to be missed during sixty-two years of melting and 

crystallization experiments by six researchers in fIve laboratories. Rollet and Vuillard (1956) were the 

flTst to discover the dihydrate and to construct the phase diagram correctly in the vicinity of 33% 

ammonia; subsequently, the thermodynamic, spectral, and structural properties of ammonia dihydrate 

at low pressures have been investigated by Chan and Giaque (1964), Van Kasteren (1973), and Bertie 

and Shehata (1984). Van Kasteren's (1973) work serves as a useful warning that metastability can be a 

severe problem in dealing with the ammonia·water system, and that periods of at least several hours and 

severe supercooling are needed for ammonia hydrate crystallization to occur spontaneously. 

The somewhat erroneous ammonia-water phase diagrams produced by the earlier investigators 

continue to generate confusion among planetologists, including often-quoted, and erroneous, statements 

that melting in the ammonia-water system occurs at 173 K (other erroneous published figures include 

170,174, and 175 K; the peritectic melting reaction actually occurs at 176.2 K); that the cosmochemically 
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relevant melting point is the eutectic (under certain circumstances melting may occur at the eutectic 

where the temperature is 175.4 K at 1 atm pressure, but melting usually occurs at the peritectic); and, 

that the relevant ammoniacal phase is ammonia monohydrate (under some circumstances monohydrate 

can be important, but generally it is ammonia dihydrate). These erroneous ideas apparently derive 

mainly from early experimental determinations of phase relationships by Postma (1909, 1910, and 1920), 

whose work at the lower temperatures suffered from the metastable persistence of the liquid into the 

solid dihydrate stability field, a phenomenon that Postma and many others have noted or at least alluded 

to. The propagation of these erroneous data into modern planetologicalliterature can be traced to none 

other than the Venerable Prof. John S. Lewis (1971)! 

U) Melting and crystallization in the system H20-NH3 

Consider a solid mixture having NH3/(NH3 + H 20) = 0.14, the cosmic abundance ratio 

obtained by the equilibrium condensation of an NH3- and CH4-rich nebula having the solar composition. 

When completely frozen this mixture is a two-phase mixture composed of water ice and ammonia 

dihydrate; it begins to melt when T = 176.2 K. At this temperature a liquid of the peritectic composition 

is formed. The fact that the peritectic (32.6% NH3) neither corresponds exactly to the composition of 

ammonia dihydrate (32.1% NH3) nor lies between water ice and the dihydrate indicates that ammonia 

dihydrate melts incongruently; that is, a reaction occurs upon melting where a liquid richer in NH3 is 

produced along with a small amount of water ice. 

As heat is steadily added to the system peritectic melting continues and the temperature remains 

at 176.2 K until all ammonia dihydrate has melted and the solid residue consists only of water ice. Only 

when dihydrate melting is complete does the temperature increase, and the liquid composition ascends 

along the liquidus as the melting of water ice dilutes the ammonia content of the liquid. When the 

temperature rises so far that the liquidus composition equals the composition of mixture A then the last 

water ice crystal melts. In this scenario, corresponding to equilibrium melting, no liquid is ever generated 

that is more ammonia-rich than the peritectic. The crystallization of mixture A is just the opposite of 

melting. 

Complete melting under static equilibrium conditions should almost never occur in nature. 
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Instead, the viscosity and density of the peritectic liquid are sufficiently low that the liquid may readily 

segregate from the residual solids by buoyant forces even at fairly low degrees of partial melting. Liquid 

compressibilities under high pressures are insufficient to alter this general conclusion. The evolution of 

the peritectic liquid is different if it separates from the solids. Imagine that this liquid is erupted on an 

icy satellite and begins to freeze. This liquid is slightly NH3-richer than the composition of stoichiometric 

NH3.2H20 (32.6% NH3 ~. 32.1%). The frrst solid phase to form is ammonia dihydrate, which forces 

the residual liquid to migrate in an NH3-richer direction along the liquidus. Because the peritectic liquid 

and ammonia dihydrate are so similar in composition this enrichment occurs slowly, and the residual 

liquid attains the eutectic only after 85% of the flow has crystallized. Ammonia monohydrate joins 

dihydrate in crystallizing when the temperataure finally decreases to 175.4 K, the eutectic temperature; 

the liquid remains at the eutectic until the liquid completely solidifies. The frozen peritectic mixture 

consists of 97% ammonia dihydrate + 3% ammonia monohydrate. However, ammonia monohydrate 

should not be homogeneously distributed; being a late-stage crystallization product ammonia 

monohydrate would occur mainly in the intergranular interstices between dominant ammonia dihydrate 

grains, or possibly may be concentrated in the core of the flow where the last liquid crystallizes. Clearly, 

for most purposes one may ignore the monohydrate, and consider the melting and crystallization of the 

peritectic mixture to be equivalent to the nearly congruent and isothermal melting and crystallization 

of ammonia dihydrate. 

One might consider circumstances where the frozen peritectic might remelt, and how such 

melting proceeds. If the frozen peritectic mixture becomes buried deeply in the crust by subsequent 

extrusions or by a thick ejecta mantling, then the frozen assemblage might partially remelt. This situation 

would be analogous to the anatexis of granulite in the lower crust of the Earth, a common phenomenon 

which generally yields granitic magmas. The initial melt fraction of the remelting peritectic liquid has 

the eutectic composition. Up to 15% of the mass of the frozen peritectic mixture could remelt at the 

eutectic. If this eutectic liquid is then extracted then plutons or volcanic flows of the eutectic composition 

would form and refreeze isothermally at this same eutectic point, forming a solid mixture composed of 

homogeneously distributed ammonia dihydrate (80%) and ammonia monohydrate (20%). 

It is unlikely that a eutectic ammonia-water liquid could be generated by any means other than 
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by partially remelting a prior peritectic melt. The distinctive modal mineralogy and ammonia contents 

of peritectic and eutectic ices may, therefore, serve as useful probes of the prior cryo-igneous evolution 

of icy satellites, given samples that could be analyzed in-situ. 

The compositions of erupted mixtures may also be affected by crystal settling or flotation. 

Plutonic cumulates composed of water ice, ammonia dihydrate, or ammonia monohydrate, analogous 

to the layered mafic and ultramafic intrusions of Earth, are also conceivable. However, the gravitational 

segregation of crystals and magma is not expected to be as important in small icy satellites as it is in 

Earth for two reasons: the gravitational acceleration on icy satellites is one to two orders of magnitude 

smaller than on Earth, and the density contrasts between crystals and the liquid phase is smaller than 

with most silicate magmas (another key parameter, viscosity, covers a comparable range). 

Iii) Ammonia-water phase diagram at elevated pressures 

Recent research activities based at two institutions have tried to elucidate details of high

pressure phase equilibria in the ammonia-water system. The author recently joined forces with one of 

these groups, headed by David Hogenboom and based in Lafayette College in Pennsylvania. This group 

utilizes a novel apparatus based on hydrostatic compression (the "V-tube"). The other group is based 

at VCLA and has utilized the diamond anvil in its experiments. The diamond anvil and V-tube work 

are complementary in several respects. First, the V-tube work covers pressures less than 4 kilobars, while 

the diamond anvil work is best suited to pressures greater than about 10 kilobars. Second, the V-tube 

experiments permit volume changes to be measured directly, and allows for calorimetric observations, 

although it does not permit visualization or optical analysis of the samples; the diamond anvil permits 

the samples to be seen and optically analyzed, but permits neither volumetric nor calorimetric 

observations. 

Johnson and Nicol (1987) published the results of their diamond anvil experiments for pressures 

to several tens of kilobars, but later work at the same institution forced Cynn et a1. (1989) to retract the 

earlier results when it was learned that the experiments had suffered from problems with caustic 

reactions and contamination. Cynn et a1. (1989) and Boone et a!. (1990) published their latest diamond 

anvil experiments for pressures ranging from a few kilobars to in excess of 50 kilobars and compositions 
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ranging from pure water to monohydrate. The authors clearly indicate that there remains a significant 

problem with caustic reactions and contamination, although they have made progress in reducing the 

problem. The authors constructed phase diagrams based on the presence or absence of various phases 

under given conditions of temperature, pressure, and ammonia concentration. Solids and liquids were 

identified by optical microscopy under polarized and normal light. 

High-pressure ammonia-water phase equilibria were presented by Hogenboom et at. (1989) and 

Hogenboom and Kargel (1990) for their U-tube experiments under pressures ranging from 20 bars to 

nearly 4 kilobars and compositions from pure water to the dihydrate. Phase diagrams were constructed 

based on an essentially continuous record of the temperature and volume of samples of various 

compositions during warming and cooling, and based on the sudden release or absorption of heat during 

rapid crystallization and melting events. 

Unfortunately, there still exists a pressure gap between the results of Hogenboom's group and 

those of Cynn's group, so a direct mutual confIrmation of results and interpretations has not yet been 

achieved. To complicate matters, in order to fit both data sets it is necessary that ammonia hydrate 

undergoes a high-pressure phase change between about 4 and 10 kilobars; alternatively, one or the other 

data set is erroneous. Hogenboom and Kargel (1990) obtained 176.2 +- 0.2 as the melting point for 

ammonia-water mixtures at 20 bars, coinciding with the known peritectic melting transition of ammonia 

dihydrate at 1 atm (20 bars has a negligible effect on the melting point). Further, the ice liquidus in the 

ammonia-water system at 20-100 bars obtained by Hogenboom and Kargel (1990) is consistent with the 

ice liquidus at 1 atm after small pressure corrections are made. Finally, the pressure dependence of the 

ice liquidus at higher pressures as measured by Hogenboom and Kargel is consistent with 

thermodynamic predictions based on independent data. Hence, we have confidence that the melting 

curves obtained by Hogenboom and Kargel (1990) are accurate. However, the full interpretation of our 

phase diagrams has been hindered by our inability to optically confirm the identity of phase assembalges 

inferred on the basis of volumetric measurements and calorimetric effects. 

Figure 19 illustrates the water-rich part of the ammonia-water phase diagram in temperature

composition space for several constant pressure slices (from Hogenboom and Kargel, in prep, and by 

permission of the lead author). It clearly shows that the pressure dependency of the ice liquidus 
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temperatures, for any constant ammonia concentration, is nearly the same as the well-known pressure 

dependency exhibited by the melting curve of pure ice-I. Combined with the nearly constant temperature 

of the solidus (discussed below), this has the important effect of causing the peritectic to shift to more 

water-rich compositions as pressures up to the ice Ilice II transition (about 2 kilobars) are applied. The 

peritectic composition must cross to the water-rich side of the ammonia dihydrate composition near 250 

bars. At greater pressures ammonia dihydrate melts congruently and the low-pressure peritectic becomes 

a higher-pressure eutectic between water ice and ammonia dihydrate. At 2 kilobars the ice-ammonia 

hydrate eutectic occurs near 28.6% NH3• Above the ice I - ice II transition near 2 kilobars the eutectic 

begins to shift back toward more ammonia-rich compositions. 

Figure 20 shows a phase diagram for a constant 28.6% NH3 mixture up to 4 kilobars (adapted 

from Hogenboom and Kargel, 1990). This figure shows the weak temperature dependence of the 

peritectic-eutectic (solidus) transition, reflecting small volume changes during melting at the solidus. 

Points along the solidus have been replicated in several experiments, and, as indicated above, the 

peritectic temperature at low pressures agrees with the known 1-atm peritectic. Reversals give nearly 

identical solidus temperatures. And, the solidus has been replicated with different compositions. Thus, 

the solidus is very well defined. 

The volume-temperature curves of Hogenboom and Kargel (1990 and in prep) indicate that 

below 1200 bars melting of samples containing 28.6% and 32% NH3 at the peritectic-eutectic transition 

involves a small increase in volume as if a phase denser than the liquid is melting, consistent with Croft 

~. (1988) if, as expected, ammonia dihydrate is the ammoniacal solid phase. Above 1200 bars a 

different type of transition is observed where the stable solid assemblage exhibits a decrease in volume 

upon melting. It not yet clear what this solid assemblage consists of, the choices being water ice 

polymorphs, ammonia dihydrate, ammonia monohydrate, and possible high-pressure ammonia hydrate 

polymorphs. The change in the sign of the volume change near 1200 bars is consistently observed, 

however, and appears to be gradual rather than abrupt (that is, near 1200 bars there is no volume 

change upon eutectic melting). 

These results are also consistent with the form of the phase diagram (Figure 20) and the 

thermodynamic inferences that can be drawn from the phase diagram. The peritectic-eutectic transition 
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temperature observed by Hogenboom and Kargel (1990 and in prep) rises slightly, by a little over 1 K, 

up to a pressure of about 1 kilobar, where, within experimental error, the melting curve flattens out, and 

then slowly falls several K with pressures up to 4 kilobars. This indicates that below a kilobar the 

eutectic portion undergoes a small increase in volume during melting, and around 1200 bars the volume 

change is nearly zero, and above 1200 bars the eutectic portion undergoes a small decrease in volume 

during melting, all as observed directly. 

The small pressure dependence of the eutectic melting temperature, and particularly the 

negative slope of the eutectic melting curve above 1 to 2 kilobars (Figure 20), are contrary to the phase 

diagrams constructed by the UCLA group (Cynn et at, 1989, and Boone and Nicol, 1990). I note again 

that our solidus melting curve is very well defined. On the other hand, the phase boundaries of the 

UCLA group in the pressure region below 4 kilobars were obtained by extrapolating to 1 atm from high 

pressures. If both data sets are correct and properly interpreted, it would seem to require the existence 

of a dense, high-pressure polymorph of an ammonia hydrate with a lower pressure stability limit of 4 

kilobars or slightly more. If such a phase does not exist, it would seem to require that one or the other 

sets of high-pressure phase equilibria are erroneous or incorrectly interpreted. 

The Lafayette work led by Hogenboom carry several important planetological implications. [1] 

Up to a pressure of 4 kilobars, at least, 176 K is a reasonable approximation to the minimum melting 

temperature in the ammonia-water system, and the compositions of eutectic and peritectic liquids remain 

within the range of about 28.6-35.4% NH3; thus, as a frrst approximation, the low-pressure ammonia

water system serves reasonably well for many purposes. [2] In satellites as small as Enceladus and 

Miranda initial melting occurs at the familiar low-pressure peritectic, but in larger satellites deep melting 

occurs at a high-pressure eutectic between water ice and ammonia hydrate. [3] At high pressure (e.g., 

2 kbars), as relatively water-rich eutectic liquids ascend and depressurize they must also precipitate up 

to about 12% water ice (plus whatever crystallizes as a result of heat lost to the conduit walls), and this 

should have important rheological effects in the erupted liquid (Kargel et aI., 1990). [4] The ammonia

rich low-pressure eutectic composition (35.4 % NH3) can be produced only by a two-stage process of 

peritectic partial melting followed by eutectic partial re-melting, and this can occur only at pressures less 

than 250 bars; above this pressure, the most ammoniacal compositions likely to be attained in icy 
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satellites are those of the water-rich high-pressure eutectic (e.g., 28.6% NH3 at 2 kilobars). 

b. Carbon In ammonia-water liquids 

Direct chemical analyses of carbonaceous meteorites and remote and spacecraft-borne studies 

of comets indicate that these objects contain a bewildering variety of carbonaceous molecules including 

elemental carbon, carbonates, alkanes, alcohols, aldehydes, aromatic hydrocarbons, amino acids, and 

many others, some in trace amounts and others in large quantities (Cronin ~., 1988). It is thus not 

surprising that Earth-based telescopic and spacecraft-borne observations of icy satellite surfaces also 

indicate the almost ubiquitous occurrence of dark (low-albedo) carbonaceous substances, usually 

intermixed with ice but sometimes isolated in patches or regions of pure carbonaceous material. 

Carbonaceous components of icy satellite surfaces typically impart a reddish hue to the ice and produce 

a considerable darkening effect. The darkening agents are probably chemically complex carbonaceous 

residues produced by the energetic ultraviolet and charged particle irradiations of carbon-bearing ices 

(e.g., CH4 and CH30H). Some of the most spectacular cases of apparent radiation darkening occur on 

resurfaced satellite terrains. Carbon-bearing parent molecules were probably cryovolcanically transported 

to the surfaces of icy satellites in many instances. In this section I consider ternary phase equilibria of 

some potentially important carbonaceous components in ammonia-water liquids. 

The list of potentially important carbonaceous compounds is very much longer than it would 

have been a few years ago. The more classical models of low-temperature nebular condensation would 

have either CH4 or CO, or possibly both of these present, but little else in any significant quantity 

(Lewis, 1972; Fegley and Lewis, 1980; Lewis and Prinn, 1980; Prinn and Fegley, 1981). The apparition 

and multi-spacecraft flyby of Comet Halley in 1986 changed the story rather dramatically, with 

observations of abundant H 2CO, CO2, and HCN in addition to CO and CH4, and a considerable variety 

of carbonaceous trace molecules. Comet Halley resembles parts of the interstellar medium more than 

the clean assemblage of ices expected from a well-behaved solar or circum-planetary nebula. It is 

another matter whether or not some icy satellites might include a component resembling Comet Halley. 

This, however, is a likely possibility, particularly if comets originated near the orbits of Uranus and 

Neptune and perhaps contributed to or formed in the circum-Neptunian and circum-Uranian nebulae. 



48 

The first order of business will be to consider the more classical scenario, namely, the 

methane-ammonia-water system (rock will be assumed to be inert). Then other, more complex systems 

will be considered. 

i) Systems H20-CH. and H20-NH3-CH. 

CH. is electrically a radially symmetric (spherical) molecule, and has no electric dipole moment. 

Consequently, methane (and other nonpolar and weakly polar molecules such as N2 and CO) should 

display very little affmity for liquid ammonia, water, and other strongly dipolar liquids, and vice versa. 

Nonpolar molecules should not constitute major chemical components of aqueous solutions. However, 

as minor or trace constituents the nonpolar molecules have the potential for drastically affecting the 

eruptive styles of aqueous cryovolcanic substances owing to the extremely volatile character of the 

abundant nonpolar molecules. The nonpolar substances also tend to stabilize clathrate hydrate 

modifications of water ice and thereby alter the stability field of water ice; hence, methane and other 

nonpolar molecules are expected to have a significant impact on the ammonia-water phase diagram, and 

ammonia should likewise affect the methane-water system (Lunine and Stevenson, 1985). Unfortunately, 

the planetologically important ternary system H20-NH3-CH4 has not been investigated experimentally. 

There is much we can learn, however, from the limited available data. From the limited perspective of 

cryovolcanism the most important questions we can answer are: 1) At what temperatures are 

cryovolcanically interesting liquids generated? And, 2) What are the concentrations of non-polar gases 

that can be dissolved in aqueous liquids? 

The first question is partially answered in Figure 21 for the binary system H20-CH4 • The 

melting point of ice polymorphs should not be substantially affected by the presence of methane, since 

methane is a minor component of liquid water. However, if the water is completely converted to the 

clathrate structure, then melting is dictated by the clathrate decomposition curve, which rises from about 

273 K at 25 bars to about 320 K at about 8 kilobars. Clathrate decomposition could occur, for example, 

if convective overturn lowered the pressure below the critical value for the convective temperature of 

interest; or, clathrate melting could occur if the temperature rose too high. Clathrate decomposition 

would involve the formation of methane-saturated water and of immiscible methane fluid. 
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Figures 22-24 give the isobaric solubilities of CH4 and N2 and various gas mixtures in water and 

ammonia as functions of temperature (from Bolshakov and Lebedeva, 1940; Battino, 1966; Pray et at., 

1952; Davis, 1941; and Culberson and McKetta, 1950, 1951). The volcanologically interesting solubilities 

are those where clatbrates are in equilibrium with aqueous solutions. For the pressure range of interest 

for which data are also available, from several tens of bars to just under a kilobar, methane solubilities 

in water range from about 0.1 wt. % to about 1%. There does not appear to be a very strong pressure 

dependence on CH4 solubility above 500 bars, qualitatively in agreement with the levelling off of 

methane solubility predicted by Lunine and Stevenson (1985). Note, however, that Lunine and Stevenson 

also predict a sharp increase in methane solubility from 1 to 3% or more in the interval 10 to 20 

kilobars. Unfortunately, no data are available to prove or refute this prediction. Even fewer data are 

available for N2 in water, but solubilities roughly similar to those of CH4 are indicated. Gas solubilities 

in ammonia show a much simpler functional dependence on temperature, but likewise indicate a very 

weak pressure dependence above several hundred bars. 

Presumably gas solubilities in ammonia-water mixtures fall between, or at least near, the 

solubilities in pure water and pure ammonia solvents for a given temperature. To obtain some idea of 

gas solubilities in ammonia-water peritectic liquid it is necessary to extrapolate the available data through 

wide intervals of temperature to about 176 K. This is easy enough in Figure 24 where gas solubility 

curves in ammonia are nearly linear with temperature. However, this is not true for gases in water where 

even the sign of the slope of the solubility curve changes. Hence, it is not clear exactly what the gas 

solubilities would be in ammonia-water peritectic liquid at 176 K. 

Two observations reduce the uncertainties. Importantly, N2 solubilities are very similar to those 

of CH4, suggesting that the type of dissolved gas is not too important as far as volatile solubilities and 

exsolution effects are concerned. And, while pressure is an important variable below 500 bars, it appears 

that gas solubilities are not very pressure sensitive above about 500 bars, particularly at low temperatures 

(until pressures of 10-20 kilobars are encountered, according to Lunine and Stevenson). Thus, at least 

in the cases of the larger satellites, the pressure and gas composition variables can be ignored to a first 

approximation. 

The extrapolated solubilities in ammonia probably give lower limits of about 0.3 wt. % gases 

---_._._---------------------'"--------"-'---
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at 176 K for pressures greater than about 500 bars pressure. A plausible upper limit is several wt. % 

gases based on solubilities in pure water. A value of about 1% seems most likely for ammonia-water 

mixtures. 

Hence, for pressures greater than about 500 bars, nonpolar gas solubilities appear to be on the 

order of one wt. percent whether the solvent is water near 273-300 K or ammonia-water near 176 K. 

This quantity of dissolved gas should exsolve almost quantitatively as the cryolava is erupted. Volatile 

exsolution of this magnitude can not help but have an important effect on eruption styles and lava 

rheologies. In Part III I shall examine a simple model of magma ascent and vesiculation in applications 

to Triton. 

ii) System H20-NH3-C02 

Observations of Comet Halley indicate that CO2 is a major constituent (Table 1), comprising 

about 3% of the volatile component (Combes et aI., 1988). Lewis and Prinn (1980) and Prinn and Fegley 

(1981) included CO2 in their condensation models and found that small amounts of gaseous CO2 would 

react with H20 and NH3 to form ammonium bicarbonate and ammonium carbamate. Urea would also 

be a likely product. In quantities as great as observed in Comet Halley, particularly relative to the low 

abundance of ammonia, CO2 can playa critical role in the relevant phase equilibria and in the evolution 

of icy satellites. Because of its chemical reactivity with respect to ammonia, however, this role will not 

be one of magmatic volatile. 

Figure 25 shows the compositions of major solid phases in the H20-NH3-C02 ternary system. 

The important reactions forming ammonium carbonate monohydrate and ammonium bicarbonate 

include: 

(5) 

(6) 

These reactions occur readily and go nearly to completion even near dry ice temperatures. 
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These reactions indicate that CO2 eliminates excess ammonia that would otherwise be available to form 

an ammonia hydrate or ammonia-water liquid. Excess ammonia, unbound to carbonates, can only stably 

exist if there is a stoichiometric deficiency of CO2 so that some NH3 is left over after all the CO2 reacts. 

This condition is permitted for all ternary mixtures lying on the ammonia-rich side of the line 

corresponding to NH3:C02 = 2 (molar) in Figure 25. It is only these NH3-rich mixtures that can melt 

to produce an ammonia-water liquid. Furthermore, planetologically interesting mixtures usually contain 

stable water ice, mixtures which are limited to the water-richside of the line connecting (NH4)2C03.H20 

and NH3.2H20. Therefore, ammonia-water liquids of planetological interest can only be generated from 

solid mixtures lying in the three-phase triangle H20 - NH3.2H20 - (NH4)2C03.H20. Mixtures with 

NH3:C02 less than 2 do not contain ammonia dihydrate and their melting behavior must be completely 

different. Hence, this critical ratio must have an important bearing on the igneous, structural, and 

thermal evolution of icy satellites where both CO2 and NH3 are present. 

Figure 26 shows the phase equilibria in part of the system H20-NH3-C02. Consistent liquidus 

measurements were difficult to obtain in this system; measurements were hampered by impure and 

inhomogeneous reagents and by sluggish reaction kinetics. One problem was the occurrence of 

significant ammonium carbonate or other impurities (ammonium carbamate?) in ammonium bicarbonate 

reagent, and vice versa; the bicarbonate was found to be the least impure reagent. Attempts to produce 

a purer product by reacting dry ice with ammonia-water liquid proved futile. 

Disconcerting inter-laboratory discrepancies are also apparent in the literature. An unusually 

large number of liquidus determinations were required to sort through the many confusing discrepancies 

within my own data set and among previously published data. The rms deviation of my data compared 

to the eye-fitted isotherms is 3.0 K, more than for any other system investigated in this laboratory. A 

concerted effort should be made to confirm and refine these planetologically important data. 

Nevertheless, Figure 26 should be approximately correct. 

A ternary melting point in this system occurs very near the binary ammonia-water peritectic. 

Stable phases at this point include peritectic liquid, water ice, ammonia dihydrate, and ammonium 

carbonate monohydrate. The solubility of the latter in ammonia-water liquid is only on the order of 

0.05% (0.023% CO2, providing 60 ppm of dissolved carbon). A precise determination of this solubility 
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was not obtained; 0.023% CO2 is based on an extrapolation of data from higher temperatures, and is 

consistent with a minimum solubility of 0.005% CO2 inferred by Chan and Giaque (1964). Without any 

question the peritectic solubility of CO2 is much less than the 0.5% estimated by Janecke (1929) on the 

basis of a distant extrapolation. 

A cotectic rises from the peritectic along which water ice and ammonium carbonate 

monohydrate co-exist with the liquid; the abundance of ammonium carbonate in the cotectic liquid rises 

with temperature, but remains at sub-percent levels until the temperature rises above about 244 K. 

Hence, CO2 (as ammonium carbonate) can not generally be an important constituent of ammonia-water 

liquids. This is certainly not to say that CO2 is petrologically unimportant. As discussed above, CO2 

sequesters NH3 in the form of weakly soluble carbonates, and if the molar ratio NH3:C02 is less than 

2 then the solid assemblage of ices does not include ammonia dihydrate, and upon melting can not yield 

a low-temperature ammonia-water liquid. Note that the nominal composition of Comet Halley (Table 

1) indicates a molar ratio of NH3:C03 = 0.1 - 1.3; hence, the solid composition represented by Comet 

Halley, and any icy satellites similarly composed, can not possibly yield an ammonia-water liquid. As we 

shall see next, formaldehyde compounds the situation. 

iii) System H20-NH3-H2CO and the reaction to (CH2)6N. 

Among the major surprises of the 1986 apparition and multi-spacecraft fly-by of Comet Halley 

was the discovery that this object apparently contains large quantities, at least several percent, of 

formaldehyde in both monomeric and polymeric forms (Mitchell et aI., 1987; Huebner, 1987; Combes 

et aI., 1988). Polymeric formaldehyde was inferred from Giotto mass spectra which showed cyclic 

molecular mass abundance peaks indicating the apparent "unzippering" of hydrated polymeric 

formaldehyde of the formula HO(CH20)n.H ("polyoxymethylene"), where n is apparently a small integer 

of 2 to 10 for the large share of Halley's polymer. The molar abundance of polymeric formaldehyde was 

roughly estimated by Mitchell et al. (1987) as comprising 2 mass % relative to the total dust, or about 

1 % of the total comet; Combes et al. (1988) estimated that 4% of the total volatiles (2% of the comet) 

consists of monomeric formaldehyde. Huebner and Boice (private communication) suggested that 

polyoxymethylene may be the dominant "extended source" of CO in the coma of Halley, in which case 

-------------------------------------------------------
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H2CO could compose over 10% of the comet by mass. Therefore, something on the order of 1-10% of 

Comet Halley (by mass) apparently consists of H2CO distributed in both hydrated polymeric and 

monomeric forms. 

In retrospective, it is not so surprising that formaldehyde is so abundant. Numerous laboratory 

experiments have shown that "porous" and "fluffy" polymer-rich carbonaceous residues are produced 

during the ion bombardment, ultraviolet irradiation, and electric-discharge-induced shock of 

carbon-bearing ices (Roessler and Nebeling, 1988; Wdowiak et at, 1987; Calcagno et at, 1985). These 

residues usually contain an abundance of formaldehyde and methanol in addition to other ices and 

organic compounds. The nature of the ionization mechanism is not qualitatively of great importance, nor 

is the initial exact composition of the ices, since similar results are obtained whether the carbon is in the 

form of graphite, carbon monoxide, or methane. 

Table I shows that formaldehyde, methanol, and hydrogen cyanide, among a host of other major 

and trace constituents, are also abundant in many parts of the interstellar medium, particularly in regions 

of star formation where shock, cosmic ray, and ultraviolet irradiations may be relatively intense. The 

qualitatively similar composition of Comet Halley suggests that this comet was formed of material which 

had not completely re-equilibrated in the Solar Nebula and still bears the chemical imprint of the 

pre-solar interstellar medium (alternatively, certain phenomena in the solar or circumplanetary nebulae, 

such as lightning, may be able to produce Halley's disequilibrated molecular assemblage). 

H 2CO monomer is liquid at ordinary temperatures and is totally miscible with water. However, 

the monomer is also chemically unstable in the presence of water, and it reacts to form less soluble 

hydrated polymers. Polymeric formaldehyde can exist as solids and in polymerized aqueous solution. The 

degree of polymerization in equilibrated water-rich solutions rises with formaldehyde concentration and 

as temperature decreases. The solubilities of the higher mass polymers is less than of the low-mass 

polymers. The polymerization of formaldehyde in the presence of water is a spontaneous exothermic 

process, although it takes months or possibly years to closely approach an equilibrium distribution of 

polymeric states (Walker, 1964). 

The determination of phase equilibria in systems containing formaldehyde is very difficult due 

to sluggish kinetics of the polymerization phenomenon. The freezing curve of ice in formaldehyde 
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solutions has been determined, and the the apparent solubility and freezing curves of heterogeneous 

formaldehyde polymers have been determined; these data are combined in Figure 27 to produce a 

preliminary binary H 20-H2CO phase diagram. The solid polymer phase is a heterogeneous mixture of 

hydrated H 2CO polymers (Walker, 1964). Attempts to approach true equilibrium closely have come from 

both directions (precipitation and dissolution), but have been quite unsuccessful. These data (Figure 27) 

do not show a very close convergence, indicating that the solubility curves still suffer from metastability 

even after experimental times of several months (the data of Soboleva (1984) certainly represent a 

metastable solubility curve). Nevertheless, the true equilibrium eutectic concentration of H2CO (in an 

equilibrium distribution of polymer states) in water apparently lies somewhere between 6-20 mass %. 

It is rather doubtful that the system H20-H2CO would have any direct planetological relevance; 

this is because wherever formaldehyde is present, it is likely that methanol also will be there, among 

other substances, and methanol has an enormous impact on phase stabilities. For one thing, methanol 

combines with aqueous formaldehyde to form highly soluble substances, thereby acting as an inhibitor 

of polymerization; in fact, methanol is usually added to concentrated commercial formaldehyde solutions 

to prevent polymer precipitation at ordinary temperatures. Second, the binary system H20-CH30H 

shows a deep thermal eutectic-peritectic trough, where the solubility of H2CO is unknown (and where 

it is probably impossible to achieve equilibrium in the laboratory in a human lifetime). Third, H 2CO is 

chemically highly reactive with respect to many substances that are likely to be present in icy satellites; 

for example, the white organic salt hexamethylenetetramine (HMT) may be formed by the 

low-temperature reaction with ammonia: 

(7) 

The large number of reactant molecules clearly requires reaction 7 to take place in several 

steps, with the production of intermediate compounds, which may themselves be planetologically 

interesting. The reactions leading to the formation of HMT occur in two calorimetrically resolvable steps 

with different reaction speeds. The first step of the reaction leads to the production of an intermediate 

molecule (probably trimethylenetriamine, according to Walker, 1964), and the latter step forms HMT. 

------------------------"---------
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At room temperature, where the entire reaction may occur entirely in solution, the initial fast step 

releases about 2/3 of the total reaction heat in about forty seconds; at that point the exothermic heating 

rate abruptly drops off and the rest of the reaction heat is slowly liberated over about 15 minutes when 

the reaction to HMT is virtually complete. Starting at 255 K with cloudy formaldehyde-water solutions 

containing suspended polymer, the addition of ammonia-water liquid (at 255 K) initiates the release of 

about 1/3 of the total reaction heat during the early fast step, and 2/3 during the slower step. Starting 

at 218 K, where the formaldehyde is entirely a polymerized solid and encased in a matrix of water ice, 

the addition of cold ammonia-water liquid initiates a slow reaction ("" 1 hour) lacking 

thermocalorimetrically resolvable steps. It is likely that reaction 7 also occurs near the ammonia-water 

peritectic melting temperature, although it may require a liquid phase to be generated before it can 

occur with any efficiency. 

The exothermic release of energy given by reaction 7 is quite impressive, and could be a 

significant source of chemical heat for formaldehyde-rich icy satellites and comets such as Halley. 3% 

by mass of formaldehyde, similar to Comet Halley, would yield 13.5 calories of reaction heat per gram 

of satellite when reacted to completion. If released on a time-scale short compared to the cooling 

time-scale of an icy satellite this reaction could completely melt the excess unreacted ammonia-water 

component (18% of the satellite's mass if N is all in the form of NH3) and raise the temperature of the 

icy object about 20 K above the ammonia-water peritectic point to 196 K. If ammonia is less abundant, 

with just enough to react with H2CO and other ammonia-consuming substances, then all the reaction 

heat goes into heating the satellite by about 38 K. More or less formaldehyde would allow either more 

or less chemical heating. However, this heating mechanism might first require the ammonia-water 

melting point to be achieved by other means of heating in order to initiate the reaction. Therefore, this 

exothermic heat could provide a means to catastrophically melt icy satellite interiors, and perhaps induce 

comet outbursts, but possibly may not provide a means to initiate melting. 

Figure 28 shows the binary system H20-HMT. This phase diagram resembles the form of the 

binary aqueous sulfates, particularly that of H20-Na2S04 (Figure 5) where a single hydrate occurs and 

part of the solubility curve of the anhydrous solid displays the negative slope characteristic of many 

aqueous sulfate systems. HMT hexahydrate has been described as a clathrate. This is surprising 

--------------------------~--------
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considering HMT's large size. HMT.6H20 will be conservatively referred to here as a hydrate. 

Figure 29 shows the water-rich portion of the ternary system H 20-NH3-HMT. This ternary 

system shows a peritectic close to the ammonia-water binary peritectic with 4% dissolved HMT (2% 

dissolved carbon). HMT hydrate, water ice, and ammonia dihydrate are the solid phases co-existing with 

the peritectic liquid. A cotectic, where water ice and HMT hydrate co-exist with the liquid, rises in 

temperature from the peritectic to more HMT-rich compositions. 

iv) System H20-NH3-CH30H 

Methanol and formaldehyde are abundant in the interstellar medium (Table 1), and both are 

produced in abundance when carbon-bearing ices are subjected to ultraviolet radiation, ion 

bombardment, or electric discharge. Since formaldehyde is abundant in Comet Halley, and potentially 

elsewhere in the Solar System, methanol probably is abundant, also. One consistent explanation for the 

observation of CO, CH, and CH2 + observed in the coma of Comet Halley is that these were produced 

by the ultraviolet dissociation of methanol (CH and CH2 +) and formaldehyde (CO and CH), rather than 

being produced entirely by the dissociation of methane (CH and CH2 +) and the direct emanation of CO. 

Certainly this explanation can better explain the "extended" sources of CO (Eberhardt et al., 1986) and 

CH (Wyckoff et alII 1988) in Halley's coma. 

The bounding binary systems H20-CH30H, NH3-CH30H, and H20-NH3 are presented in 

Figures 3D, 31, and 18, and the ternary system H20-NH3-CH30H in Figure 32. Since all three of the 

binary systems display deep eutectics and peritectics, it was expected that the ternary would show an 

even deeper thermal trough. Indeed, Figure 32 bears out this expectation. The details of the ternary 

thermal trough are not entirely clear as these liquids become extremely viscous (Part II), and 

supercooling can become extreme. The structure of the liquidus near the thermal trough was mapped 

mainly by an extrapolation of higher temperature data. (Recall that similar extrapolations early this 

century yielded erroneous ammonia-water phase diagrams in the vicinity of the peritectic). In view of 

this uncertainty warming curves of several different frozen ammonia-water-methanol mixtures were 

determined to help constrain the phase diagram. Because of the difficulty encountered in crystallizing 

ternary mixtures near the thermal trough it was necessary to crystallize binary mixtures of 
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ammonia-water, methanol-water, and methanol-ammonia, then crush and mix two of the mixtures, and 

then warm the well-crystallized ternary mixture. Even after the expenditure of such efforts, thermal 

invariance and changes of slope on the warming curve were not always repeatable, so considerable 

uncertainty remains near the thermal minima of this system. 

The ternary phase diagram (Figure 32) shows that a ternary equivalent of the ammonia-water 

peritectic occurs at a composition containing H20:NH3:CH30H in the mass ratio of about 47:23:30 and 

a temperature near 153 K (the uncertainty is very large, possibly +- 10% absolute in the amount of 

methanol, and + -3 K). If methanol is a minor component of an icy sateUite and ammonia is a relatively 

more important one then this is the composition of the first-formed liquid. This mixture freezes to a 

solid mixture of H20, NH3.2H20, and CH30H.NH3. If ammonia is absent or if all the ammonia is 

bound as ammonium carbonates or other sparingly soluble substances, then melting may occur near the 

binary methanol-water peritectic. In the event that NH3 is present but less abundant than CH30H then 

melting may occur at the methanol-rich ternary peritectic. Clearly, the relative abundance of methanol, 

ammonia, and other constituents in icy satel1ites has a powerful bearing on the compositions and physical 

properties of cryomagmatic liquids. 

v) Synthesis: The system H20-NH3-C02-H2CO-CH30H 

This quinary system may describe petrologic phase relations in icy satellites containing 

substantial ammonia and a significant component of material resembling Comet Haney or interstellar 

matter. Several relevant ternary sub-systems have just been examined. Systems involving four or more 

of these components have not been experimentally investigated, so the synthesis presented here is 

necessarily qualitative and must be experimentally confirmed. 

First, consider the quaternary system H20-NH3-C02-H2CO. The latter two Of these components 

chemically sequester ammonia, as we have just seen. Neither ammonium carbonates nor HMT are highly 

soluble in the ammonia-water peritectic liquid. Hence, at low temperatures the role of CO2 and H2CO 

is mainly simply that of removing ammonia from the easily fusible part of the system. To a first 

approximation we can ignore ammonium carbonate and HMT as components of the liquid phase. 

Therefore, the principal concern in dealing with these other components is in determining whether or 
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not free ammonia (actually, ammonia dihydrate) is available to form an ammonia-water peritectic liquid. 

The compositions for which this is possible, and where it is not, are mapped out in a three-dimensional 

perspective view of this quaternary system in Figure 33. The solid phases in this system are plotted on 

the bounding ternary facets. 

The plane ABC in Figure 33 separates the solid assemblages which produce a first melt 

containing free ammonia (the NH3-rich side of plane ABC) from those compositions which produce 

melts lacking free ammonia (the NH3-poor side of plane ABC). Furthermore, most melting phenomena 

in the outer Solar System probably occur where water ice is a stable residual phase. This can only occur 

for compositions on the water-rich side of the plane BDE. Consequently, ice-saturated compositions 

which may yield ammonia-water liquids are contained entirely within the volume ABED. Given the 

existence of icy objects containing these four components in significant amounts the planetological 

importance of the plane ABC can not be over-stated. The liquids produced by solid mixtures lying on 

either side of this plane are grossly different in their physical chemistry. First, the ammonia-saturated 

liquids can form at temperatures over 80 K lower than the ammonia-undersaturated liquids. Second, the 

viscosity, density, and other physical properties of these liquids are grossly different, and should form 

cryovolcanic units which are morphologically distinct. 

Now, consider the full quinary system, including methanol. We may consider Figure 33 to be 

a projection of the 5-component system from methanol. The first-melting liquids lying on both sides of 

plane ABC in Figure 33 must also contain large amounts of methanol, so that low-temperature melting 

is possible on both sides of the plane. To a reasonable approximation (ignoring the solubilities of 

ammonium carbonate and HMT in the liquid) melting on the NH3-saturated side of plane ABC should 

occur in the ternary sub-system H20-NH3-CH30H (Figure 32); hence, melting occurs near T = 153 K 

and produces a liquid close in composition to H20:NH3:CH30H = 47:23:30. Immediately to the 

ammonia-undersaturated side of plane ABC the first-melting liquids form in the sub-system 

H20-CH30H-HMT-NH4HC03-(NH4)2C03' Since the latter 'three components are probably not very 

soluble in methanol-water liquid at low temperatures, melting and crystallization can probably be 

described to a good approximation simply within the binary system H20-CH30H (Figure 30); hence, 

melting initiates near T = 171.0 K and yields a peritectic liquid containing H20:CH30H = 30:70. 

----------------------------'"--------



59 

In summary, the plane ABC in Figure 33 separates solids melting to ammonia-water-methanol 

liquids from solids melting to methanol-water (ammonia-deficient) liquids. In Part II we shall see that 

these liquids differ considerably in their physical as well as their chemical properties, most particularly 

viscosity. 

At higher melting temperatures ( 250 K) the chemical sub-systems in which melting occurs can 

not be so easily simplified, since the carbonates and HMT may become major components of the liquid. 

These more complex liquids will not be considered here. Nevertheless, it seems obvious that the plane 

ABC in Figure 33 should still hold some major significance in separating chemically and physically 

distinctive solid and liquid mixtures. 

Other planes marking the limits of critical saturation in one or another phase also exist, for 

example separating the compositional space where formaldehyde polymer is and is not saturated (hence, 

where formaldehyde does or does not occur in the liquids). However, none of these other critical planes 

appears to separate liquids with such distinctive physical properties as does plane ABC. It should also 

be noted, once again, that the composition of Comet Halley lies on the ammonia-undersaturated side 

of plane ABC, and could not yield an ammonia-water-rich liquid upon melting. 

vi) Other carbonaceous components in ammonia-water liquids 

The interstellar medium, carbonaceous chondrites, and Comet Halley all have an abundance 

and great diversity of organic and inorganic molecules besides those discussed above, and if this is any 

clue to the icy satellites we should expect a similar variety in these objects. These substances may include 

sulfur-substituted analogs of polyoxymethylene where S partially replaces oxygen (Walker, 1964); 

(NH2)2CO (urea); ethane, propane and other higher alkanes in addition to methane; ethyl as well as 

methyl alcohol; a variety of carbon-sulfur molecules such as OCS, CS, and CS2; a variety of CN, CH, 

and CH2 molecules; and more complex organic molecules including amino acids. Some of these may 

have been directly inherited from the gaseous nebulae and planetesimals from which the icy satellites 

formed. Other organic molecules may have been synthesized within icy satellites by chemical 

re-equilibration occurring during accretion or radiogenic warming and upon the initiation of internal 

melting; the formation of HMT is but one possibility. Another better known example is the low-
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temperature synthesis of urea from aqueous solutions of simple inorganic substances (e.g., from aqueous 

ammonium cyanate), as first done in 1828 by Friedrich Wohler. Other planetologically plausible aqueous 

reactions involving formaldehyde and which progress at ordinary and lower temperatures may include 

the following (from Walker, 1964): 

H2COaq + HCNaq .. HOCH2CNaq 
(glycolonitrile) 

H2COaq + HCNaq + NH3aq -+ H20 + NH2CH2CNaq 
(amino acetonitrile) 

H2COaq + (NH2)2COaq ... H2NCONHCH20Haq 
(urea) (monomethylolurea) 

2 H2COaq + (NH2)2COaq -+ HOCH2NHCONHCHOHaq 
( dimethylolurea) 

H2COaq + NH2CH2COOHaq .. H20 + CH2NCH2COOH 
(glycine) (methyleneaminoacetic acid) 

6H2COaq + 3NH2CH2COOHaq+ C'2H2,N30 S + 3H20 + 202 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

Many of these substances are highly water soluble at temperatures near 273 K, as indicated by 

the sUbscript aq' and may also be significantly soluble in ammonia-water liquids. Many other organic 

molecules, perhaps even simple proteins, can be synthesized near the ice point by aqueous reactions 

involving formaldehyde, ammonia, cyanides, and sulfides. 

c. Sulfur in ammonia-water liquids 

The abundance of S in CI carbonaceous chondrites is about 6% by weight (Anders and 

Grevesse, 1989), and may be about 3% in icy satellites where the ices are also condensed. The solar 

mass abundance ratio of SIC is about 0.1, and SIN about 0.5. These ratios indicate that S-bearing saIts 

and ices could playa major role in cryomagmatism. Indeed, we saw in Section 2b that MgS04 may 

dominate the solute content of many chondrite and icy satellite brines. 

The uncertain oxidation state of S in the icy satellites introduces an added measure of 

uncertainty. S could occur dominantly as sulfate (S+6), sulfide (S-2), or as native sulfur (So); or, S could 

occur extensively in two or more of these oxidation states as it does in carbonaceous chondrites. Sulfite 

. - 'C. 
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(S+4) is also a possible metastable oxidation state of sulfur, although sulfites tend to disproportionate into 

sulfate and native sulfur spontaneously. Sulfur volcanism, possibly also involving sulfides and sulfates, 

is the most important phenomenon affecting the surface of Jupiter's satellite 10. Sulfur volcanism, 

however, is a relatively high-temperature form of volcanism dermitely not falling under the theme of 

"cryovolcanism". Sulfur, in its other oxidation states, can form important components of aqueous 

cryovolcanic liquids, however. In this work I shall only consider sulfur in its most reduced and most 

oxidized of naturally occurring forms (sulfide and sulfate). These are the most abundant forms found 

in carbonaceous chondrites and probably are important in icy satellites as well, and can form highly 

water-soluble compounds. 

i) System H20-NH3-(NH.J~04 

Ammonium sulfate may enter ammonia-water solution by the reaction: 

(15) 

Reaction 15 might represent the precipitation of insoluble magnesium hydroxide after a 

magnesium sulfate brine encountered and mixed with ammonia-dihydrate-bearing ices, or alternatively, 

ammonia-water liquid interacting with ices containing magnesium sulfates. If S is not initially in its 

oxidized form then some type of oxidation reaction is necessary; for example: 

The liquidus of the water-rich portion of the system H20-NH3-(NH4)2S04 is shown in Figure 

34. Ammonia exerts a strong salting out effect in the ternary system. This salting out effect combines 

with a strong temperature dependence of the solubility so that the saturated abundance of ammonium 

sulfate in the ternary peritectic liquid is only about 0.5-1.0% by mass. A cotectic ascends from the 

peritectic to the binary water-ammonium sulfate eutectic containing 40% of the salt. While ammonium 

sulfate could constitute a major, even dominant salt component of ammonia-poor liquids, ammonium 
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sulfate at best may constitute only a minor component of low-temperature ammonia-water liquids. 

Nevertheless, just 0.5-1.0% ammonium sulfate corresponds to about 1000-2000 ppm of sulfur, which may 

be sufficient to affect the color and albedo of irradiated or sublimated residues of cryovolcanic surfaces 

(section E2). 

Reactions 15 and 16 consume as much ammonia as they do water; and, since the ratio of 

H 20:NH3 is > 1 to start with, these reactions mean that free ammonia is consumed relative to the 

amount of water, driving the whole system in the direction of ammonia undersaturation. However, these 

reactions can not by themselves cause the system to exceed the ammonia desaturation threshold, because 

as the reactions progress the ammonia abundance declines toward the threshold, eventually reaching a 

point where so little free ammonia remains that the reactions can not proceed any farther. This is similar 

to reaction 5. If this type of reaction proceeds effectively to completion, eliminating all free and 

unreacted ammonia from the system, and other types of reactions are not occurring, then what results 

is a critically undersaturated brine composed of water and salts such as HMT, ammonium sulfate, and 

ammonium carbonate; such brines essentially lie on a hyper-dimensional equivalent of plane ABC in 

Figure 33. The liquid composition must evolve along some hyper-dimensional cotectic equivalent to the 

cotectic in Figure 34 as the liquid approaches the critical threshold of ammonia-desaturation. The 

cotectic liquid temperature must also increase as its composition evolves, indicating that heat must be 

supplied to the liquid if it is not to freeze solid; large quantities of heat may be released by exothermic 

reactions such as 7, 15, and 16, and by the fractional crystallization of water ice, ammonium sulfate, and 

other salts as the liquid migrates along the cotectic. Therefore, depending on the rate of cryomagma 

ascent through an icy satellite, the type of wall-rock encountered, and the low-temperature reaction 

kinetics, an initial ammonia-water liquid might evolve into an ammonia-poor brine by the time it is 

erupted. 

The presence of ammonium sulfate (or of any other sulfates) in and on icy satellites, even in 

minor quantities, depends on the oxidation state of the rocky material in the interiors of icy satellites, 

or the availability of some oxidizing agent. If icy satellites are as reduced as the eucrite parent bodies 

or as most iron meteorites then little or no sulfate will occur, and phase equilibria in the title system 

become irrelevant. On the other hand, if any of the resurfaced icy satellites are any where near as 
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oxidized as the chondrites, then their interiors should be saturated in sulfates, and in consequence so 

should their cryovolcanic surface ices. These sulfates should be dominantly of the ammonium variety 

in ammonia-rich satellites, of the magnesium variety in ammonia-deficient satellites, and may include 

both ammonium and magnesium sulfates in the regions of icy satellites lying close to the critical plane 

of ammonia desaturation. 

Ii) System HzO-NH3"(NHJzS 

While sulfate is the most oxidized form of sulfur in the Solar System, hydrogen sulfide is the 

most reduced form. It reacts with ammonia to form ammonium hydrosulfide: 

(17) 

With additional NH3 ammonium sulfide may be formed: 

(18) 

Lewis (1972) modelled the condensation of ammonium hydrosulfide in an inhomogeneously 

accreted nebula. If condensates are isolated from the nebular gases during rapid accretion, then 

condensed iron metal and water ice are unavailable for gaseous NH3 and H2S to react to form ammonia 

hydrate and troilite; hence, ammonia and hydrogen sulfide remain in the gas phase until they react to 

form NH4SH and condense near 170 K. In an ammonia-rich nebula there may be sufficient NH3 to form 

(NH4)2S with excess NH3. 

Fegley and Lewis (1980) presented persuasive arguments against the widespread occurrence of 

extreme degrees of inhomogeneous accretion operating in the Solar Nebula. However, the relatively 

much shorter accretion time scales occurring in circum planetary nebulae would seem to offer much 

greater prospects for inhomogeneous accretion. Ammonium sulfide or hydrosulfide could also be 

produced by chemical reactions occurring between ammonia-water liquids and the rocky portions of icy 

satellites, particularly reactions involving troilite, for example: 
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(19) 

l1G19 = + 3.4 kcal mole-" strictly indicating that the reactants are slightly favored under standard 

conditions of temperature and activity; however, the free energy of this reaction is close to zero, and a 

less-than-standard concentration of aqueous (NH4)2S (i.e., less than 1 M) may swing equilibrium to the 

products' side. 

The entire system H20-NH3-H2S could be planetologically interesting. This system is analogous 

to the system H20-NH3-C02 in several ways, but of chief interest presently is that ammonia-water liquid 

and ammonia dihydrate can not coexist with either excess H2S or NH4SH Gust as it can not coexist with 

excess CO2 or NH4HC03). An ammonia-saturated system may, however, coexist with (NH4)2S, 

Therefore, I have concentrated attention on the subsystem H20-NH3-(NH4)2S, 

Unfortunately, published data on solid-liquid phase equilibria in the water-ammonia-hydrogen 

sulfide system are very sparse. The freezing curve along the ammonia-ammonium hydrosulfide join is 

known, however (Scheflan and McCrosky, 1932) and indicate that ammonium sulfide is highly soluble 

in liquid ammonia. A eutectic occurs near 40 weight % (NH4)2S, T = 185 K, about 10 K below the 

freezing point of pure NH3. My investigations of the ternary water-ammonia-ammonium sulfide system 

were restricted to mixtures that can be prepared using the most concentrated commercially available 

aqueous ammonium sulfide solution: 20% by weight; hence, this system has not been fully investigated 

to date over all regions of planetological interest. 

Figure 35 shows the binary system H20-(NH4)2S up to 20% ammonium sulfide. Figure 36 shows 

the currently limited results for the ternary system H20-NH3-(NH4)2S, Even though invariant and 

cotectic temperatures and compositions have not been found, it is clear that ammonium sulfide is quite 

soluble in ammonia-water liquids at temperatures and compositions closely approaching that of the 

binary ammonia-water peritectic since the compositions quite rich in both ammonia and ammonium 

sulfide still reside within the water ice stability field. Certainly this is consistent with the high solubility 

of (NH4)2S in liquid ammonia. One may at least conclude from these data that ammonium sulfide is 

potentially a major component of cryomagmas, and as such ammonium sulfide could have significant 
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effects on the physical, chemical, and spectral properties of cryovolcanic substances (fresh ammonium 

sulfide is a deep yellow; irradiated sulfide-bearing ices might take on a variety of red, orange, and yellow 

hues as sulfide is photo-oxidized to polysulfides and native-sulfur-rich residues). The extreme 

corrosiveness and general chemical reactivity of ammonium sulfide solutions also offer the possibility 

that many complex organic and inorganic substances may be produced by low-temperature aqueous 

chemistry in icy satellites. 

iii) Sulfur summary 

Sulfur in the form of ammonium sulfide may constitute a major component of ammonia-water 

cryomagmas; sulfates may constitute an important minor com ponent. In ammonia-free cryomagmas, both 

sulfides and sulfates may be major components. 

d. Magnesium and iron in ammonia-water liquids 

In section C-2b, above, we saw that magnesium salts, particularly magnesium sulfate, may 

constitute the most important solute in ammonia-free cryomagmatic brines. This is because of the high 

cosmic abundance of Mg, the thermodynamic instability and efficient aqueous alteration at low 

temperatures of primary high-temperature Mg-rich phases, and the thermodynamic stability of aqueous 

Mg+2 under a wide range of common conditions including acid, neutral, and slightly basic solutions. Fe+2 

is also potentially a major aqueous species, although it requires very acid conditions to exist in that state. 

Some carbonaceous chondrites contain considerable amounts of Ca-Mg-Fe carbonate precipitated from 

aqueous solutions, indicating that aqueous Fe+2 was an important dissolved cation at times and that the 

necessary acidic conditions existed at least transiently in chondrite parent bodies. 

In slightly acid to basic waters iron forms nearly insoluble ferrous and ferric iron oxides and 

hydroxides (Brookins, 1988). It is possible that substances not considered here in detail, possibly 

including Fe+2 ammoniates, ferrocyanides, or certain organics, might be formed under plausible 

circumstances and that some of these might be soluble in basic solutions such as ammonia-water. 

However, it seems unlikely that iron would ever be a major component of highly basic ammonia-water 

liquids. 
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The data of Brookins (1988) shows that Mg+2aq like Fe+2
aq , is unstable under the prevailing 

conditions of pH in ammonia-water liquids. Mg salts including MgS04 and MgCl2 react in 

ammonia-water liquid to form nearly insoluble Mg hydroxides and soluble ammonium salts in (e.g., 

reaction 15). This was examined experimentally. For example, 0.3% NH3 added to an 8% magnesium 

sulfate solution triggered the precipitation of Mg(OH)2 with two hours' continuous stirring at 295 K; 

smaller quantities of added ammonia failed to trigger the precipitation of the hydroxide within 24 hours, 

although the hydroxide formed in the 0.3% NH3 solution failed to completely dissolve even after dilution 

to 0.01% NH3• The reaction to magnesium hydroxide appears to be nearly quantitative to the point 

where either free ammonia or magnesium salt runs out. 

In conclusion, it is likely that Mg and Fe salts would not constitute significant components of 

ammonia-water liquids, quite unlike the situation in acidic to neutral waters. This same statement must 

apply to many other geochemically similar trace elements, such as Mn and Ni. Minor or trace quantities 

of these elements in ammoniacal solutions, especially the Fe-group elements, can not be discounted, 

though. This constitutes one of the most important cosmo-chemical contrasts between ammonia-water 

liquids and saline ammonia-free brines. 

e. The alkalis in ammonia-water liquids 

The status of the alkali metals as cosmic trace elements reduces the likelihood that these 

elements might significantly affect the physico-chemica] properties of aqueous cryomagmatic solutions. 

However, the importance of K- and Rb-sa]ts for possible future attempts at radiometric dating of 

cryovolcanic flows and as a major source of radiogenic heat make it worthwhile to consider the phase 

equilibria of aqueous ammoniacal salt solutions, with special emphasis on the alkali salts. While our 

greatest interest in these regards is with K and Rb, the physical chemistry of aqueous alkali salt solutions 

requires that we also consider the salts of the other more abundant alkalis, namely Na and NH4 (the 

latter behaves chemically as an honorary alkali metal). However, before I do this it is interesting to 

consider how the alkalis may enter ammonia-water liquids in the first place. 

The common terrestrial-type silicate weathering reactions (e.g., reactions 1 and 2) are probably 

ineffectual when it comes to highly alkaline ammonia-water liquids. Instead, a host of ammonium ion 
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substitution reactions are likely, where NH/ (ionic radius = 1.43 A) readily replaces ~ (r = 1.33 A) 

and Rb+ (r = 1.47 A) and with more difficulty also replaces Na+ (r = 0.97 A) in crystalline silicate 

lattices. A typical reaction involving the K-feldspar component of plagioclase may be: 

(21) 

Reactions such as this involving comparatively dilute ammoniacal hydrothermal brines (500 ppm 

NH/ maximum) are known to have caused the complete replacement of plagioclase with the pure 

ammonium feldspar, buddingtonite (Erd ll.ill., 1964; Barker, 1964). Other terrestrial ammonium-rich 

minerals are known including ammonium varieties of muscovite, biotite, illite, and montmorillonite 

(Vedder, 1965; Duit et at., 1986; Juster et at., 1987). The experimental synthesis of ammonium minerals 

on experimental time-scales generally seems to require elevated temperatures corresponding to 

medium-grade metamorphic conditions (600-800 K)(Levinson and Day, 1968; Bos ~., 1988). However, 

the natural occurrence of ammonium minerals indicates that ammonium ion exchange occurs principally 

at very low grade metamorphic or possibly even diagenetic conditions (Juster, 1987). 

Barker (1964), commenting on the restricted occurrence of pure ammonium end-member 

phases, stated that "Buddingtonite is rare simply because a suitable ammonium-rich environment is rare 

in the crust of the earth", and went on to suggest extra-terrestrial environments where ammonium 

silicates might be more widespread. Bada and Miller (1968) suggested that the Earth's primitive oceans 

were slightly ammoniacal, basing their conclusions both on the importance of ammonium ion for early 

biosynthesis in the oceans and the thermodynamic IikeIihoood that low-temperature silicate weathering 

reactions would have delivered significant quantities of ammonium ion to the seas. Ammonia-water 

cryovoIcanic liquids contain 3-5 orders of magnitude higher ammonia contents than modern terrestrial 

groundwaters and hydrothermal brines, so this would strongly encourage ammonium ion exchange. 

However, ammonia-water peritectic temperatures are very low indeed, so it is not clear whether the 

kinetics of the exchange reactions would permit significant exchange rates. This is left as a problem to 

be solved in the future. The remainder of this section assumes that kinetic limitations are not too severe. 

NH4 + and OH- appear on the left-hand side of reaction 21 due to the hydrolysis of ammonia 
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and water, and since OIr is not used in the reaction it also appears on the right. In this case the 

dissolved K would occur as dissolved KOH. KOH is extremely soluble in ammonia-water liquids at low 

temperatures, so whatever K enters solution is likely to stay there unless other anions such as cr and 

C03 -2 form weakly soluble potassium salts and precipitate. The C03 -2 concentration is probably kept 

very low by the low solubility of ammonium carbonate. However, we shall see that cr may be as 

abundant in solution as cosmic elemental abundances permit, so I turn now to alkali chloride equilibria. 

i) System H20-NH3-NH4CI 

NH4CI could be a significant minor component of ammonia-water liquids. For example, a 

reaction analogous to reaction 15, but involving MgCl2 instead of MgS04, could result in the formation 

of aqueous ammoniacal ammonium chloride solutions (most likely, ammonium sulfate will be even more 

abundant in such circumstances, but wishing to keep things simple, I consider only the 

ammonia-water-ammonium chloride system here). 

Figure 37 shows the water-rich portion of the ternary system H20-NH3-NH4CI. Ammonium 

chloride apparently forms neither hydrates nor ammoniates within the compositional region investigated 

and in this sense is most similar to potassium chloride. The structure of the liquidus in this system is 

very simple, showing a pronounced cotectic marking the locus of points where water ice and ammonium 

chloride may stably co-exist with liquid. As the cotectic temperature decreases the cotectic must 

terminate at the ternary peritectic where the peritectic liquid co-exists with ammonia dihydrate in 

addition to water ice and ammonium chloride. However, the high viscosity of the liquids near the 

peritectic prevented equilibrium crystallization and melting, thus preventing a direct determination of 

the temperature and composition of the peritectic. An extrapolation of the ice-ammonium chloride 

cotectic to the vicinity of the binary ammonia-water peritectic indicates that the ternary peritectic must 

occur near H 20: NH3 : NH4Cl = 61:30:9 (by mass). A warming experiment conducted on a frozen 

mixture with approximately this composition revealed a brief isothermal pause in the temperature at 

170.2 K, and a sharp reduction in the slope of the warming curve after this pause, apparently indicating 

melting at the peritectic and then evolution along a cotectic. This compares reasonably closely to 169.4 

K estimated thermodynamically by calculating the freezing point depression exerted by 9 weight % 
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NH"CI on the freezing point of ammonia dihydrate (this calculation assumes that NH4CI completely 

ionizes in solution, yielding two moles of solute particles per mole of dissolved NH4Cl). This close 

agreement is taken as an indication that the ternary peritectic has been correctly located to within + -1 % 

in composition and +-1 K. 

It is doubtful that primary cryovolcanic flows (produced by single-stage melting of previously 

unmelted material) are ever saturated in ammonium chloride when erupted; chlorine simply isn't a 

sufficiently plentiful element to make this a likely possibility. However, a partially re-melted secondary 

liquid generated from a frozen first-generation melt may conceivably concentrate the ammonium 

chloride component to the point where it is initially saturated. In any event, chlorides probably are 

significant minor components of many ammonia-water liquids, and the last-crystaIIizing interstitial liquid 

in aqueous cryovolcanic flows may commonly become saturated in ammonium chloride and other 

chlorides. 

Ii) System "20-NH3-NaCI 

This ternary system (Figure 38) is very similar to the ammonium chloride-bearing ternary 

described above, except that NaCI forms a low-temperature dihydrate (hydrohaIite, NaC1.2H20). 

Therefore, the planetologically significant peritectic involves the co-existence of hydrohalite, water ice, 

ammonia dihydrate, and the peritectic liquid. The peritectic was again difficult to directly determine, 

although an extrapolation of the ice-hydrohalite cotectic indicated that it must lie near H20: NH3 : 

NaCI = 59:28:13 (by mass). A heating experiment on a frozen granular mixture of approximately this 

composition revealed a sharp break in the warming trend at 168.6 K and the physical transition from 

a "dry" mixture which readily shook to a partially "wet" mixture which remained intact by viscous 

adhesion upon shaking; however, no unambiguous invariant point was attained upon warming. 

Nevertheless, the break in slope of the warming curve compares closely to the thermodynamically 

estimated melting point of ammonia dihydrate = 168.3 K in an ammonia-water solution containing 13 

wt.% NaCI (yielding a mole fraction of solute particles = 0.214 if NaCI completely ionizes in solution). 

Therefore, the ternary peritectic probably has been correctly located, again within the limits of about 

+-1 K and +- 1% in composition. 
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iii) System "20-NH3-KCI 

Ammonia exerts a substantial salting-out effect on aqueous KCI as indicated by the isotherms 

in Figure 39. Coupled with a strong temperature dependence, the solubility of KCI in the ammonia-water 

peritectic liquid is much less than are the solubilities of NaCI and NH4Cl. The ternary peritectic was not 

precisely bracketed, although it must lie somewhere very close to H20 : NH3 : KCI = 0.670 : 0.324 : 

0.0065 (by mass), and T = 175.9 K. 

Under no planetological circumstances should KCI, or any other K salt, ever become a major 

component of cryovolcanic flows, particularly of the ammonia-water variety. Its potential significance 

stems from the possibility of applying K-Ar methods of radiometric dating to cryovolcanic flows, and 

because of the importance of 4°K as a radioactive heating source; these topics are discussed below in 

section I-E. 

iv) System "20-NH3-K2S04 

As shown in Figure 40 NH3 exerts a powerful salting-out effect on aqueous K:zS04 to an even 

greater degree than KCl. This system was investigated for only a very limited range of ammonia 

abundances. Other techniques will have to be used to determine accurately the peritectic solubility of 

K:zS04; however, an extrapolation ofthe present data through composition and temperature suggests that 

its solubility in the ammonia-water peritectic liquid should be of the order of magnitude of 22 ppm 

K:zS04 (10 ppm K). 

v) System "20-NH3-NaCI-KCI and the common ion elTect 

This system was not explored experimentally. I shall use it, however, as a general illustration 

of the common ion effect as it affects the solubilities of salts in solutions where two or more salts are 

present, each one containing an ion in common with the other salts. In the present example the common 

ion is, of course, Cl-. The common ion effect controls the solubilities of the chlorides, but does not 

describe the solubilities of the sulfates very well because of non-ideal properties of sulfate solutions. 

First, consider the solubilities of NaCl and KCI, separately, in water. The solubilities of NaCI 
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and KCI in their eutectic aqueous solutions, expressed as weight percents, are 23.15% and 19.6%, 

respectively. The eutectic temperatures for these two binary systems are 252.0 K and 262.5 K, 

respectively (Sterner ~., 1988). The principle of the common ion effect allows the calculation of the 

solubilities of NaCI and KCI in the eutectic ternary solution. It is useful to compare the calculated 

eutectic point to the experimental values to test the predictive capability of the common ion calculations. 

The ternary eutectic obtained by adding KCI to a eutectic NaCI solution must lie at some 

temperature below the eutectic for the binary H20-NaCl system. As a first-order correction one must 

first extrapolate the KCI solubility in water to a temperature of about 252.0 K; the KCl concentration 

so obtained from equation 5 of Sterner et al. (1988) is 16.7%; this represents the solubility of KCI in an 

aqueous solution cooled metastably to the NaCI-H20 eutectic temperature. The molar concentrations 

of NaCI and KCI in saturated binary aqueous solutions at 252.0 K are (NaCl) = 0.0849 and (KCl) = 

0.0462, where the parentheses denote concentrations. These salts are known to completely dissociate into 

their ionic components; thus, the equilibrium constants for saturated solutions of these salts at 252.0 K 

are: KNacl = (Na+)(Cl") = (.0849)2 = 7.22 x 10-3; and, KKCI = (K+)(Cl") = (.0462)2 = 2.13 X 10-3. 

Clearly, the sum of (K+) + (Na+) = (Cl"). Therefore, one has three equations and three unknowns which 

may be solved simultaneously. Translated back into mass abundances the ternary eutectic mass 

percentages are found to be: 19.6% NaCI, 7.4% KCI, 73.0% H20. This compares to the experimental 

eutectic composition of 20.4% NaCI, 5.6% KCI, 74.1% H20. The total salinity of the calculated eutectic 

solution indicates a ternary eutectic temperature of 249.1 K, compared to 250.3 K obtained 

experimentally. 

The common ion calculation above provides a satisfactory first approximation to the ternary 

eutectic point in the system H20-NaCI-KCI. Now, what about when NH3 is added to the system? It was 

determined above that the freezing point depressions caused by the dissolution of NaCI and NH4CI in 

ammonia-water liquid are consistent with complete ionic dissociation of the salts. We may therefore be 

reasonably safe in assuming that KCI also completely dissociates. We also know that the ammonia-water 

peritectic composition is almost identical to the composition of NH3.2H20. By approximating the melting 

behavior of the latter phase as perfectly congruent then we may apply the same sort of common ion 

calculations performed above. The molar abundance of NaCI in the NaCI-NH3.2H20 pseudo-binary 
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eutectic liquid is 0.12. The KCI molar abundance in the KCI-NH3.2H20 pseudo-binary eutectic liquid 

is 0.0046. Given this, the common ion calculation yields salt abundances of 13 wt. % NaCI and 0.025 wt. % 

KCI. 

While KCI has a negligible impact on the solubility of NaCI in ammonia-water liquid, NaCI has 

an enormous effect on KCI solubility. Other highly soluble chlorides, such as NH4CI, may have a similar 

impact on KCI solubility. However, the total chlorinity is not likely to increase much above that at the 

NaCI saturation point (also because of the common ion effect), so 0.025% KCI probably is close to its 

minimum solubility in mUltiply saturated ammonia-water-salt solutions. Therefore, the peritectic 

solubility of KCl ranges from about 0.025% to 0.65%, depending on the concentrations of other salts. 

f. The potential for radiometric dating of flows and isotopic probing of satellite interiors 

A widespread assumption among planetolgists seems to be that cryovolcanic ices could not be 

dated by isotopic methods even if samples could be made available. Presumably, the assumption goes, 

cryovolcanic liquids simply do not contain appreciable quantities of the high-atomic mass elements 

necessary for such dating. However, the sections above indicate that this assumption may be incorrect. 

Certainly solubility relations permit minor but significant amounts of K to enter a variety of aqueous 

solutions, including the ammonia-water peritectic liquid; and, the reactive properties of many aqueous 

solutions with respect to unreacted chondri tic rock suggests that K-rich minerals in the rock will tend 

to break down and yield dissolved K salts, potentially in quantities sufficient to allow radiometric dating. 

Accurate K-Ar and Rb-Sr radiometric ages for terrestrial evaporites have been obtained under certain 

circumstances (e.g., Brookins et aI., 1980; 1985), so there seems to be no immediately obvious reason 

why cryovolcanic salts should not also be capable of yielding accurate ages. The possibility of dating 

cryovolcanic flows essentially boils down to whether or not K- and Rb-bearing salts are present and 

obtainable for dating. This and other possibilities are discussed below. 

i) K·Ar and K·Ca methods 

4°K undergoes a natural branched decay to 4°Ar (11.2% of the time) and 40Ca (88.8% of the 

time), with a half-life of 1.3 Ga. Two stable isotopes of K also occur as well as three of Ar and six of 
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Ca. The systematics of isotopic decay and radiogenic growth in the K-Ar-Ca system are ideal for a 

variety of isotopic dating techniques, several of which have been widely applied since the 1950s in the 

isotopic dating of terrestrial, lunar, and meteorite samples. The low abundance of non-radiogenic Ar in 

most condensed matter in the Solar System makes K-Ar methods of dating particularly useful. On the 

other hand, the great abundance of 40C" in most rock samples has prevented the wide application of 

K-Ca dating techniques, although rapid improvements in mass spectrometry in the past 15 years and 

expected in the next decade may change this situation. 

Conventional whole-rock K-Ar dating is routinely applied to terrestrial rock samples typically 

containing on the order of 0.05-2.5% K by weight. The accuracy, precision, and age range of these 

methods applied to terrestrial samples is limited by a number of factors, chiefly including the amount 

of radiogenic Ar present (depending on the age of the sample and its K content) and the extent of 

contamination by ubiquitous atmospheric Ar. Whole-rock K-Ar dating for samples containing 1% K may 

yield accurate ages ranging from less than 106 years upwards (Kargel, 1986). Extraterrestrial samples 

should generally be easier to date since they lack atmospheric contamination and problems related to 

the terrestrial weathering environment (although meteoritic contamination may be a problem). If 106 

years is taken as a lower limit for the accurate application of K-Ar whole-rock dating for samples 

containing 1% K, then the equivalent lower limit for the accurate and precise determination of 

radiogenic 4°Ar is 1.5 x 10-8 moles g-1, The ages of most extraterrestrial samples we are likely to be 

interested in are probably on the order of 109 or more years old; the same quantity of radiogenic 4°Ar 

would accumulate in this time for samples whose K content is only 8 ppm. Therefore, it should be 

possible to date accurately a cryovolcanic ice whose age exceeds 109 years and whose K content is of the 

order of 10 ppm or greater. Younger samples could be dated if the K content is proportionately greater. 

There are three factors that may limit the amount of dissolved K: cosmic abundances, salt 

solubility, and leaching efficiency (the latter involving both chemical equilibria between the rock and 

liquid, and possible kinetic limitations). As a first step in placing reasonable limits on the amount of K, 

consider simply cosmic abundances. Type CI carbonaceous chondrites contain about 500 ppm of K. If 

an icy satellite contains half its mass as ices and half as chondritic rock and the ice fraction completely 

melts, with K completely entering the liquid, then the average liquid would obviously also contain 500 
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ppm of K. This is an order of magnitude upper limit of K abundance that may commonly occur in 

cryovo1canic ices, as long as salt solubilities or leaching efficiencies do not further limit this number. 

Clearly, cosmic abundances should not be a hinderance to the application K-Ar methods of dating. 

The solubilities of KCl, ~S04' and other K salts in multiply saturated ammonia-free brines are 

generally on the order of a percent or more. As shown above the solubility of KCl in ammonia-water 

liquids should range from several hundred to several thousand ppm, depending on the concentrations 

of other salts. ~S04 is much less soluble than KCl in ammonia-water liquids, probably on the order of 

just 20 ppm at the ammonia-water peritectic (about 10 ppm K). However, unlike the chlorides, the 

solubilities of the sulfates are only slightly affected by the presence of other more abundant salts, so 10's 

to 100's of ppm of K is probably approximately the lower limit on the saturated abundance of K in 

H20-NH3-K-Cl-S04 solutions near ammonia-water peritectic temperatures. Although very low, this 

quantity may be sufficient to permit accurate K-Ar whole-rock age determinations for cryovolcanic ices, 

as long as meteorite contamination is not too severe or can be accounted for, and as long as kinetics do 

not further limit the abundance of K in ammonia-water cryovolcanic liquids. 

With neither the cosmic abundance of K nor the solubilities of K salts being a serious 

hinderence to K-Ar dating of cryovo1canic ices, the fmal potentially limiting factor is the low-temperature 

kinetics of leaching reactions. Assuming low-temperature kinetics are not fatally limiting, whole-rock 

K-Ar ages might be determined in situ with a properly-equipped lander. 

Other K-Ar-Ca dating methods, such as 4°Ar_39Ar step-heating and mineral and whole-rock 

isochron dating techniques may also be applicable to cryovo1canic ices. The mineral isochron technique 

in particular offers great promise, since the small quantity of K expected in cryovolcanic ices should be 

highly concentrated in accessory phases, making analysis easier if the salt grains can be separated from 

the ices (this would probably require a sample return). K-Ca dating techniques may also prove more 

feasible for ammonia-water ices than for terrestrial samples since non-radiogenic Ca is expected to be 

a negligible constituent. 

U) Rb-Sr dating 

Rb-Sr dating methods are widely applied to terrestrial samples typically containing on the order 
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of 30 ppm Rb and ten times as much Sr and ranging in age from a few Ma to a few Ga in age. Dating 

of some Rb-poor Precambrian samples can be accomplished, owing to their great ages, with 1 ppm or 

less of Rb. Unfortunately, the solubility of Rb salts in ammonia-water liquids has not been determined. 

However, the chemical similarity of K and Rb suggests that Rb salts are comparable to K salts in their 

solubilities in ammonia-water liquids; certainly this is true for their solubilities in water. As with K, 

neither solubility nor cosmic abundances should significantly restrict the application of Rb-Sr dating of 

ammonia-free brines. 

The identical valence states and similar ionic radii among K+ (1.33 "-), NH/ (1.43 }\), and Rb+ 

(1.47 A) allows extensive solid solution of these cations in K-Rb-NH4 salts (Janecke, 1928; Hovi, 1950; 

Petrova, 1973; Berdyukova ~., 1986). Therefore, the Rb-Sr mineral isochron method would also be 

applicable to the same salts where K-Ar mineral isochron dating is applied. Generally these salts should 

be late-stage crystallization products and may be concentrated in interstitial material widely dispersed 

through cryovolcanic flows. 

iii) Dating with cosmogenic nuclides. 

The cosmogenesis of otherwise extinct radionuclides by the interaction of cosmic rays with stable 

low-mass nuclides offers great hope of measuring the cosmic ray exposure ages of cryovolcanic ices, 

fumarole condensates, and icy impact ejecta blankets. In cases where exposure by impact processes can 

be ruled out, the cosmic ray exposure ages of cryovolcanic ices and fumarole condensates would be 

equivalent to the emplacement age of the material. Unfortunately, cosmogenic nuclides have half-lives 

that are on the order of 106 years and less, and it is not possible to obtain exposure ages greater than 

a few half-lives of the longest-lived nuclide. Therefore, the dating of cryovolcanic and fumarole deposits 

can be accomplished, in principle, only if they are exceedingly young. Such youthful deposits, if they exist 

anywhere at all, may possibly occur on Europa, Enceladus, and Triton. 

iv) Severe limitations of other methods of isotopic dating. 

The prospects for successful dating of cryovolcanic flows using other methods, including 

U-Th-Pb, Sm-Nd, Lu-Hf, Re-Os, La-Ba, and La-Ce methods, are not very promising. This is because 
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most of these elements are not very soluble in water, and are even much less soluble in ammonia-water 

liquids due to the formation of highly stable and nearly insoluble oxides and hydroxides under conditions 

of high pH. Terrestrial hydrothermal deposits, however, often contain these elements in abundance, and 

if similar deposits exist on the surfaces of icy satellites it may be possible to apply some of these other 

methods of dating as well. 

g. Effects of Ionizing radiations on colors and albedos of Ices 

Color and albedo variations on the icy satellites are often correlated with geologic structures 

such as fractures and terrain unit contacts and must, therefore, relate in some way to the compositions, 

ages, and/or micro-structures of the observable surfaces. Optical scattering and albedo properties may 

be related to a complex combination of factors including both geological ones and environmental 

processes. Geological factors may include frost and cryoclastic ash deposition, deposition of vesicular, 

blocky and ropy cryolavas, and surface renewal or modification by impact cratering and tectonic 

processes. Environmental processes operating on these surfaces may include thermally-driven ice 

recrystallization and sublimation, chemical processing by solar ultraviolet rays, galactic cosmic radiation, 

and magnetospheric charged particles. Geologic processes, especially those related to cryovolcanism, may 

generate surfaces of variable compositions which may respond differently to various environmental 

factors, thus producing the wide range of colors, albedos, and scattering surfaces among icy satellites. 

An important area of experimental work concerns radiation processing of cosmic ices. 

Numerous experiments have been performed where gaseous and frozen mixtures of cosmochemically 

interesting gases have been subjected to ultraviolet radiation, charged and neutral particle bombardment, 

and electric discharges (Roessler and Nebeling, 1988; Sack et at, 1988; Calcagno et at, 1985; Hapke, 

1986; Thompson et aI., 1987; Sagan S<!..ill" 1984; Khare ~., 1989). Laboratory work has been stimulated 

by a desire to understand the chemical processes occurring in ice grains in the interstellar medium and 

on the surfaces of icy satellites and comets. Radiation- and shock-induced ionization occurs under 

transient high-energy conditions on the atomic and molecular scales, and the relaxation of these 

conditions causes chemical reactions to occur out of normal equilibrium. Thus, complex and highly 

disequilibrated chemical mixtures are formed by irradiative and shock processing of cosmic gases and 
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ices. 

The most interesting changes occur when carbon-bearing ices are irradiated. The exact chemical 

yield in the residue depends on the initial composition of the ices, the ionization method, the energy of 

charged particles or uv light, and the cumulative energy dose. In general, irradiative processing of 

carbon-bearing ices (containing graphite, methane,· carbon monoxide, or practically any other 

carbonaceous reactant) yields yellowish or reddish icy residues at low cumulative energy doses. As the 

cumulative energy increases irradiated residues turn progressively browner and eventually black. The 

color and darkness of irradiated ices are caused by chromophores composed of complex mixtures of 

unsaturated hydrocarbons and other organic molecules. 

Methanol and formaldehyde (both abundant in many areas of the interstellar medium) are 

abundant residual products at low energy doses almost irrespective of the initial composition and the 

type of irradiative processing, as long as the initial ices contain carbon; at higher energy doses methanol 

and formaldehyde give way to a great variety of other more complex hydrocarbons (Roessler and 

Nebeling, 1988). The initial presence of sulfur- and nitrogen-bearing ices (e.g., S02' NH3.2H20, and 

(NH4)2S) may add greater molecular variety to the residual product and alter the color of the residue; 

simple water-ammonia mixtures, however, do not produce spectrally interesting residues (Thompson et 

ill., 1987). The spectra of initially pure water ice samples also are not substantialIy altered by ionizing 

radiations, although even sub-percent levels of carbon are sufficient to cause radiation darkening and 

reddening. 

Given the radiation environments of the Uranian satellites, and the changes observed under 

laboratory irradiations, Thompson et al. (1987) concluded that the time-scales for irradiative changes 

in the color and albedo of ices on the Uranian satellites is on the order of 1000 years. Therefore, 

irradiative darkening and reddening on icy satellites is a geologically rapid phenomenon. The rapid 

darkening time-scales present some problems as well as answers, since one might expect all icy surfaces 

to be radiation blackened if they initially contained even just a trace of carbonaceous material. This is 

clearly not the case, except for a few surfaces such as Iapetus' dark hemisphere. It is possible that the 

initial grain size and grain-size-scale distribution of carbonaceous material in the surface ices plays an 

important role in determining the final albedo of the irradiated residue. 
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The fme-scale distribution of carbonaceous material in cryovolcanic ices should depend on 

whether the surface is cryovolcanic or primordial undifferentiated material, and should depend on 

processes which may re-distribute carbonaceous and non-carbonaceous matter (for example, sublimation 

and frost deposition, and impact gardening). For young cryovolcanic surfaces on Miranda, Ariel, and 

Triton, where the both sublimation/recondensation and impact gardening have probably been 

unimportant, some of the most important factors affecting albedos and colors may have been the exact 

initial cryolava compositions and the liquid lines-of-descent of multi-component liquids. Unfortunately, 

we do not know the initial (or present) compositions, so I shall examine an arbitrary case as an 

illustration. Consider an ammonia-water liquid containing a few percent methanol. The liquid first 

crystallizes carbon-free ammonia dihydrate and does so for a long time before methanol becomes 

sufficiently concentrated in the residual liquid that it precipiates along with ammonia dihydrate at the 

ternary peritectic. A cryovolcanic flow composed of such a substance would be dominated by ammonia 

dihydrate crystals with interstitial stringers of methanol-bearing ice. After electromagnetic and charged 

particle irradiations, the surface might be composed of an areal mixture of highly reflective patches of 

white ice and strongly non-reflective carbonaceous material. The albedo would be dictated by a linear 

areal mixture of the bright and dark patches. 

Progressive micrometeorite comminution and gardening of initially segregated ice and 

carbonaceous material could lead to a steady darkening of the surface. Large impacts could produce 

bright ejecta blankets either because they excavate fresh, unirradiated material, or because they might 

excavate coarse-grained ices and carbonaceous material initially formed by slow cooling deep in the 

interiors of cryolava flows. 

The albedos of cryovolcanic flows could be directly related to their carbon contents (among 

other things). Surfaces having both evidence of multiple volcanic eruptions and relatively low-contrast 

surfaces with uniform albedos (e.g., Umbriel, parts of Ariel, and Elsinore Corona on Miranda) might 

indicate eruptions of eutectic carbon-bearing liquids with invariant carbon contents. On the other hand, 

high contrast surfaces (e.g., Miranda, taken as a whole) or bright-and-dark layering exposed along fault 

scarps and in impact ejecta (e.g., also on Miranda) might indicate substantial variability in carbon 

contents. Continuously variable cryolava compositions could be generated by partial melting along a 
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cotectic. Or, discontinuously variable compositions could be generated by partial melting of a 

mineralogically inhomogeneous interior produced by inhomogeneous accretion or by partial re-melting 

of a source region which had sufferred prior melt extraction and exhaustion of a eutectic fraction. 

Other types of surface compositions could be produced by fumarole condensates. These could 

be composed of rapidly chilled gas condensates with all chemical components intimately mixed on 

submicron scales, or might be laterally zoned on large scales according to the vapor pressures of 

individual gas components. Dark fumarole deposits could form if the gases contained a trace (or more) 

of carbon (e.g., methane), and bright fumarole deposits could form if the gases were essentially carbon

free. 

D. Solutions of nonpolar molecules (e.g., N2-CHJ 

1. Occurrence of nonpolar ices 

If aqueous solutions form one broad class of cosmochemicalIy likely cryomagmatic liquids, 

solutions of non-dipolar or weakly polar molecules form another class. The latter may include any 

mixture of liquid methane (CH4), nitrogen (N2), argon (Ar), ethane (C2HS)' ethylene (C2H4), carbon 

monoxide (CO), and any number of other substances. The occurrence of nonpolar molecules in the Solar 

System is expected to be more restricted than for hydrogen bonded polar molecules because the 

condensation temperatures of the former are so extremely low (Lewis, 1972; Lunine, 1989) and may not 

have been attained in many regions of the Solar Nebula. Even so, methane clathrate and possibly even 

pure methane ice is widely expected to occur through much of the colder realms of the outer Solar 

System. Small amounts of Ar, CO, and N2 are also likely to occur as clathrate hydrates (Lunine, 1989). 

High-energy ion and electro-magnetic bombardments of pre-solar interstellar condensates and 

photochemical reactions in satellite atmospheres may also have produced ethane, ethylene, and other 

hydrocarbons. And, N2 is easily made by NH3 photolysis and could be abundant near the surfaces of 

satellites with atmospheres even if N2 was not originalIy accreted in a significant amount. 
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There also are observational indications of the presence of nonpolar ices on icy satellites and 

comets. CO and possibly CH4 and N2 have been observed in Comet Halley. Seas of liquid CH4-N2-C2Hs 

may cover parts of Titan. N2-CH4 atmospheres exist on both Titan and Triton, and these may also 

contain Ar. Condensed solid CH4 and N2 also occur on Triton (Smith et a1., 1990). Considering the low 

melting points of the nonpolar ices it seems likely that these substances have played important 

cryovo1canic roles on Triton, Titan, and/or Pluto (however, presently the surface of Titan is above the 

liquidus temperatures for mixtures of nonpolar molecules, so any cryovolcanic extrusions of these 

substances would remain liquid). 

2. Origin of nonpolar cryovolcanic liquids 

One possible origin of nonpolar cryovolcanic mixtures can be understood using phase equilibria 

in the clathrate hydrate-forming CH4-H20 system (Figure 21). The uncertain but probably significant 

influence of NH3 on clathrate stability may considerably alter the conditions under which nonpolar 

liquids can be generated, although the concept remains qualitatively the same. When a clathrate hydrate 

exceeds its stability limits in pressure-temperature space it breaks down. If this occurs in the stability 

field of one or another polymorph of ice, then clathrate decomposition yields ice plus a nonpolar 

molecular fluid phase which is liberated and may contribute to the cryovolcanic character of the satellite 

surface or the c1athratization of overlying ices (Lunine and Stevenson, 1985). If clathrate decomposition 

occurs in the stability field of liquid water (or ammonia-water), then an immiscible aqueous liquid is also 

generated. This process is analogous to the anatexis of terrestrial hydrous metamorphic rocks which 

commonly yield an immiscible H20-C02-rich metasomatic fluid in addition to a silicate magma. Also 

analogous to the terrestrial examples, clathrate decomposition may be accompanied by aqueous 

cryovolcanism and nonpolar fluid geyser or fumarole activity. 

The melting of pure methane ice or other nonpolar nebular condensates is also a possible way 

to generate nonpolar liquids, but this is probably less common than the breakdown of c1athrates owing 

to the more restricted occurrence expected for the pure non-polar molecular ices. Nevertheless, the 

petrogenesis of nonpolar liquids by the direct melting of their ices is a tractable problem, and the 

relevant data exist, so the phase equilibria for this situation follow. 
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3. Phase equilibria of nonpolar liquid mixtures 

The status of solid/liquid phase equilibria studies of the non-dipolar substances presently lag 

50 years or more behind studies of the equilibria of aqueous solutions. While almost no ternary data 

exist, the most planetologically interesting binary systems have been determined, these systems including 

N2, CH4, Ar, C2Hs' CO, and secondarily C2H4, C2H2, C3Hs' and many other substances. Several 

planetologically interesting binary systems are presented in Figures 41-46, compiled from literature 

sources. Disconcerting inter-laboratory discrepancies are the rule among these binary systems, and in 

some instances these lead to qualitative as well as serious quantitative disagreements. The liquidus curves 

are fairly consistent, and alI of the experimental data qualitatively agree that each binary includes 

substantial degrees of solid solution. Beyond this, however, disagreement erupts concerning the solidus 

and sub-solidus structures. For example, certain researchers contend that complete solid solution exists 

up to the solidus in the systems CH4-Ar (Figure 41) and N2-Ar (Figure 45), although other data indicate 

that solid solution in these systems is limited at alI sub-solidus temperatures by intervening miscibility 

gaps. Several researchers have noted stubborn metastable phenomena in these systems, and it is likely 

that metastability is the culprit in producing discrepant results. 

Each of the binaries in Figures 41-44 have liquidus surfaces displaying simple thermal troughs. 

This is consistent, within the uncertainties, either with simple eutectic-type or azeotrope-type phase 

diagrams. The occurrence of a eutectic would imply limited solid solution and a miscibility gap extending 

to the solidus, whereas an azeotrope would imply the closure of any miscibility gap at some subsolidus 

temperature and complete solid solution at the solidus. The solidus surfaces, according to most of the 

data, are isothermal over limited compositional regions; this is consistent only with simple eutectic-type 

structures. Data which show complete solid solution up to the solidus are probably reflecting metastable 

phenomena. However, sufficient disagreement remains that more experimental work is required to truly 

resolve these discrepancies. 

Figures 41-45 show systems alI apparently of the simple eutectic type; these can be divided into 

two groups: those involving N2 as one component (Figures 44 and 45), and those without N2 as a 

component (Figures 41-43). The latter involve a deep eutectic 10 or 20 K below the freezing points of 
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the pure end-members, whereas the former have a nearly isothermal crystallization branch for N2 

involving freezing point depressions of only a few tenths of a degree below the melting point of pure N2. 

Figure 46 (N2-CO) shows a very different type of phase diagram where there is complete solid solution 

up to the solidus and no intervening thermal minimum, analogous to the forsterite-fayalite and 

albite-anorthite systems in silicate petrology. 

Since N2 has the lowest melting point of any of the end-member components in Figures 41-

46, and since none of the binaries involves a eutectic with a freezing point markedly lower than that of 

pure N2, it is very unlikely that any multicomponent mixture of these substances could significantly 

depress the eutectic freezing point of the mixture much below the freezing point of pure N2. To do so 

would probably require a cosmochemically unlikely or very rare low-melting-point constituent such as 

Ne or He. Therefore, the lowest melting points expected to occur anywhere in the Solar System should 

be about 62.6 K, corresponding to N2-rich eutectic liquids. N2-poor nonpolar liquid mixtures may have 

melting points anywhere from 62.6 K to the melting point of pure methane, 90.6 K. In any event, 

nonpolar liquids melt at temperatures roughly 100 K lower than ammonia-water liquids, which in turn 

melt some 100 K below the melting point of pure water. 

The contrast in melting temperatures between the aqueous and the nonpolar liquids is a result 

of differences in the intermolecular attractive forces. For the same reason these two classes of substances 

differ enormously in viscosity and density, and it is these basic physical contrasts which should yield two 

totally different types of cryomagmas in the outer Solar System. These physical contrasts will be explored 

in Part II. 

Published data for ternary solid/liquid phase equilibria among the non-dipolar liquids are almost 

completely lacking, although one may construct schematic ternary phase diagrams based simply on 

knowledge of the binaries. Figure 46 is a schematic concept of the N2-CH4-Ar system based on the 

bounding binaries. Just as limited solid solution exists in all three of the binaries, it is expected that 

limited ternary solid solutions also exist. It is unknown where the limits of solid solution exist in the 

ternary system (recall that even in the binaries there is considerable inter-laboratory disagreement on 

the extent of solid solution). Within the solid phase immiscible region the system acts like any other 

ternary system having a simple eutectic -- first melting occurs at the eutectic, leaving solid residual ices 
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with compositions lying at the limits of solid solution. For solid ices lying within a region of solid solution 

melting does not occur at the eutectic; instead, melting occurs at some higher temperature and the liquid 

so generated does not correspond to the ternary eutectic. 

A precise determination of melting and crystallization behavior requires exact knowledge of the 

system (which is lacking), including the limits of solid solution and the partitioning behavior of the 

components between solid and liquid phases, as well as knowledge of the liquidus surface. In general, 

the paths of liquid and solid evolution in a ternary system where solid solution occurs are curved and 

much more difficult to predict than in systems where solid solution is negligible. Even so, it is also 

generally true that "distillation" by extensive fractional crystallization of it liquid or by repeated partial 

melting and refreezing of the liquid phase will eventually result in a liquid corresponding to the eutectic 

no matter what the original solid composition is. For example, in magmatically very active systems 

containing traces of N2 and Ar and large amounts of CH4, there will be a tendency for N2-Ar-rich liquids 

to be generated, preferentially leaving CH4 in the solid residue. 

E. Summary 

This section summarizes the basic types of cryolavas expected in the outer solar system, and, 

in advance of Parts II and III, provides a conceptual preview of the possible distribution of these types 

within the outer solar system. 

The actual compositions of cryovolcanic liquids are poorly constrained by observations (some 

of the observational evidence that does exist is summarized in Parts II and III), and our theoretical 

understanding of condensation and accretion processes does little to restrict the possibilities. Given this 

great uncertainty it seems wisest to consider the melting and crystallization behavior of a wide range of 

cosmochemically plausible compositions. Two very broad groups of cryolavas seem inherently likely to 

exist in the outer solar system: aqueous solutions and nonpolar molecular mixtures. The former are 

apparently widespread owing to the ubiquitous occurrance of abundant ice and other water-soluble 

chemical components in the outer solar system. On the other hand, nonpolar cryolavas are probably 

restricted to Triton and Pluto, if they occur at all, because they require the confining pressure of an 
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atmosphere and exceedingly low temperatures (even for the outer solar system) to prevent the 

evaporation of these highly volatile substances after eruption, and further require nebular condensation 

temperatures to have been extremely low in order to allow the condensation of nonpolar molecules 

such as methane (as pure ice or clathrate hydrate). 

Aqueous cryolavas are probably highly varied in composition. Satettites formed of nothing but 

ice and rock (the icy Galilean satettites of Jupiter?) would yield saline brines rather than pure water 

under most circumstances. Magnesium sulfate is probably by far the most important salt in most 

cryovolcanic brines, although sulfates of Na and Ni may also be major components. Igneous distillation 

of brines by fractional crystattization, re-melting processes, or low-temperature melting may in some 

cases result in chloride-rich brines. 

Wherever ammonia hydrates condensed (Saturn and beyond?), melting would normally yield 

an ammonia-water mixture. However, certain other chemical constituents may also have been present 

in minor or major amounts or may form by chemical reactions with ammonia-water liquid, and may have 

contributed to the chemical complexity of cryovo1canic solutions. These other constituents might include 

sodium and ammonium chlorides and other inorganic salts, certain organic salts such as 

hexamethylenetetramine (a reaction product of ammonia and formaldehyde), methanol, ammonium 

sulfide, ammonium cyanide, and potentially many other constituents. Ammonia-water liquids, including 

ammonia-water-rich solutions containing large amounts of other soluble constituents, may collectively 

be termed "ammonia-water-rich liquids". Carbon and sulfur are abundant elements in cosmic matter and 

form many ammonia-water-soluble compounds including but not limited to those listed above. Hence, 

C and S are likely to be important minor or major elements in ammonia-water-rich liquids. Certain 

elements, particularly the transition metals and magnesium, in most circumstances do not form soluble 

compounds in ammonia-water liquids and are not expected to be important elemental constituents. 

Alkali metal salts, including the radioactive isotopes of K and Rb, may be important trace elements in 

both ammonia-free and ammonia-rich aqueous solutions, and may eventually prove to be useful in 

radiometric dating of cryovolcanic flows. 

If certain chemically reactive components such as formaldehyde and carbon dioxide are 

abundant enough relative to ammonia, as they are in Comet Halley, then melting reactions can 
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chemically bind up all the ammonia, with the result that the liquid is devoid of free ammonia. Depending 

on the composition of the liquid, these may have either very low or high melting points, but in general 

seem to have lower viscosities than the ammonia-rich liquids (Part II). 

Ammonia-water-rich solutions form a physically distinctive class of liquids with extremely high 

viscosities and low melting points (Part II). These mixtures form an attractive group of candidate 

cryolavas for many of the occurrences of cryovolcanic landforms in the distant realms of the outer solar 

system (Part III). In contrast, ammonia-deficient aqueous brines have relatively low viscosities and high 

melting points, and may dominate cryovolcanism in the nearer regions of the outer solar system, 

particularly the satellites of Jupiter and the Main Belt asteroids. 

.'C 
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II. THE PHYSICAL PROPERTIES OF CRYOMAGMATIC LIQUIDS AND ICES 

A. Density 

1. Water 

The densities of various ice polymorphs and of liquid water were determined as functions of 

pressure and temperature early this century (Bridgman, 1912). The values with obvious volcanological 

relevance are those along the pressure melting curve of ice. Figure 48 shows the densities of several ice 

polymorphs and of water up to 10 kilobars and also gives the volume changes upon melting as a function 

of pressure. 

It is well known that the unusual property of ordinary ice I, contraction upon melting, is not 

shared by the higher pressure polymorphs of ice (Figure 48). Therefore, liquid water generated in a 

differentiated ice mantle or crust tends to sink or rise to a depth corresponding to 2.1 kilobars where 

it is gravitationally stable, confined by ice I above and high-pressure ice polymorphs below. The only 

simple formula for water volcanism is to partialiy melt an undifferentiated rock/ice mixture where the 

density of the solid residue may be considerably greater than that of the liquid. Such volcanism should 

probably eventually terminate even in the face of continued melting, since eventually water will not have 

the gravitational driving force necessary to penetrate the thickening cryovolcanic ice crust. One may, 

however, contrive plausible means to skirt the buoyancy problem and achieve sustained water volcanism. 

In any case, the melting of ice in icy satellites in the absence of freezing point depressants (such as 

soluble salts or ammonia) is very difficult, since convection is probably efficient in eliminating heat and 

maintaining temperatures well below the melting point of pure ice (e.g., Ellsworth and Schubert, 1983). 

2. Brines 

Published data give the densities of aqueous salt solutions as functions of both composition and 

temperature (CRC Handbook of Chemistry and Physics; Kaminsky, 1957; Fabuss et al., 1968; Karosi and 

Fabuss, 1968; Chen and Chen, 1980). The data collectively cover the full range of concentrations up to 



87 

the aqueous salt eutectics, and also extend over a wide range of temperatures above 293 K. Figure 49 

gives the densities of three aqueous salts as a function of concentration for 293 K and 1 bar. The data 

sets can be patched together and extrapolated and interpolated over small data gaps to obtain the 

eutectic liquid densities at the eutectic temperatures. These densities are not greatly different from their 

densities at 293 K; for example, MgS04-H20 eutectic liquid at its freezing point (269 K) is only 0.005 

g cm-3 denser than at 293 K. Interestingly, the densities for the three eutectic salt solutions in Figure 

49 are all in the range of 1.18-1.20 g cm-3
• 

The densities of frozen eutectic mixtures of ice and salts are also of planetological interest, 

particularly the density of the eutectic solids in the system H20 - MgS04• When frozen this mixture 

consists of 53% water ice + 47% MgS04.12H20 by mass. Unfortunately, density data apparently exist 

only for water ice, anhydrous MgS04, the monohydrate, and the heptahydrate, all at 1 atm. The density 

of the dodecahydrate is estimated as about 1.47 +- 0.06 g cm-3 based on the densities of the other salts 

and their contents of hydrated water (Figure 50). A frozen eutectic mixture has a density of about 1.12 

+- 0.02 g cm-3
, somewhat lower than the density of the co-existing eutectic liquid. This result is 

confirmed by the fact that the frozen eutectic mixture floats on its co-existing eutectic liquid. Hence, the 

same buoyancy "problem" as occurs for water and ice also occurs for eutectic brine and its equivalent 

solid assemblage up to the ice I - ice III transition near 2.1 kilobars. However, it is of planetological 

interest to point out that pure water and dilute brines are upwardly buoyant with respect to a frozen 

eutectic brine. This important aspect will be discussed in detail in Part 3 with respect to Ganymede. 

3. Ammonia-water liquids and solids 

Croft, Lunine, and Kargel (1988) (CLK) gave the equations of state for ammonia-water liquids 

and approximate volumetric data for solid ammonia hydrates. The experimental measurements for 29% 

ammonia-water reported by CLK have since been corroborated by Hogenboom and Kargel (1990) using 

a different technique. CLK used these and other published ammonia-water density data in an 

interpolation-extrapolation routine to determine the densities of ammonia-water of all compositions over 

a wide interval of temperature down to the liquidus (Figure 51). 

The density of ammonia-water peritectic liquid (32.6% NH3) at 176 K is about 0.948 g cm-3
, 
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apparently falling about midway between the densities of water ice and ammonia dihydrate at 176 K. 

Therefore, ammonia-water peritectic liquid appears to be marginally upwardly buoyant with respect to 

its frozen equivalent. Even so, the density contrasts among these substances are only about 2%, so other 

factors such as regolith porosity and the liquid's contents of other dissolved components and of 

suspended bubbles and crystals could greatly alter the magnitude or even the sign of the buoyant forces 

acting on the liquid. 

4. Ammonia-water-methanol liquids 

The densities of water-methanol liquids (from Carr and Riddick, 1951) are shown in Figure 52. 

The data indicate a positive deviation from ideal mixing, indicating the existence of strong intermolecular 

attractive forces between water and methanol molecules. This result is not unexpected, and the effect 

is similar to that reported by CLK for ammonia-water mixtures. 

Figure 53 shows the density as a function of temperature of an ammonia-water-methanolliquid 

close to the ternary peritectic in composition; the author obtained these data utilizing the relative 

volumetric method of CLK). At 298 K this ternary mixture has a density of 0.8706 g cm-3
, about 6% 

denser than calculated from the densities of the pure end-members assuming non-interactive ideal 

mixing. This is also 2% denser than calculated assuming ammonia-water interactions but otherwise ideal 

mixing between methanol and ammonia-water. Thus, one infers that ternary molecular interactive forces 

also exist and affect the physical properties of the mixture. 

Since density was determined for an ammonia-water-methanolliquid not corresponding exactly 

to the ternary peritectic (Figure 53), the latter's density at 153 K had to be extrapolated through 

temperature and composition space using the data shown in Figure 53 and the compositional 

dependencies of the densities of the binary liquids shown in Figures 51 and 52. The extrapolated density 

of the ammonia-water-methanol peritectic liquid is 0.965 + - 0.01 g cm -3 at 153 K. The large uncertainty 

is due to the uncertain composition and temperature of the peritectic. This density is slightly greater than 

that of ammonia-water peritectic liquid, despite the very low density of pure methanol at ordinary 

temperatures. The thermal expansivity of the ternary peritectic liquid is also considerably greater than 

that of the ammonia-water peritectic. 
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5. Solutions of nonpolar molecules 

Figures 54 and 55 show the densities of mixtures of N2-CH4 and C2HB-CH4, respectively, as well 

as the densities of the pure end-members (Hiza et al., 1977; Haynes ~., 1976; Haynes and Hiza, 1977; 

McClune, 1976). The densities of the nonpolar liquids and their eutectic mixtures are considerably less 

than the densities of water and aqueous eutectic solutions. The low densities of nonpolar liquids 

compared to the polar liquid densities reflects the relatively low strength of Van der Waals interactions. 

For the same reason, nonpolar liquids generally have lower viscosities and lower boiling and melting 

points than the hydrogen-bonded aqueous solutions. 

6. Summary. 

Figure 56 summarizes the densities of selected liquids and solids of likely cryovolcanic 

importance. All liquids in Figure 56 are buoyant with respect to undifferentiated or residual rock-ice 

mixtures. High internal pressures great enough to cause one or more of the high-pressure ice 

polymorphs to be stable can only increase the relative buoyancy of these liquids. Thus, given an 

appropriate internal thermal evolution, early cryovolcanism is encouraged by these density 

considerations. 

However, once a thick cryovolcanic crust forms, whether formed of water ice, salt-ice, or 

ammonia hydrate, later aqueous volcanism is made more difficult due to the reduced bouyancy of the 

late-arriving liquids. Hence, as suggested by CLK, early cryovolcanism may frequently have given way 

to later cryoplutonism, which under certain circumstances might generate surface tectonic features as 

it sometimes does on Earth, these structures including domical uplifts and tension fractures. 

Morphologic evidence exists, however, for widespread late cryovolcanism on several icy satellites, 

and it is not difficult to devise scenarios where one or another type of liquid is buoyant with respect to 

cryovolcanic ices. For example, pure water and dilute brines are buoyant with respect to frozen eutectic 

salt-ice crusts; it is also easy to construct petrological evolutionary scenarios where early crust-forming 

eutectic melting events give way to later production of nearly pure water (see Part 3, discussion on 

Ganymede). And, although it is a marginal case, ammonia-water peritectic and eutectic liquids are 
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slightly buoyant with respect to solid ammonia dihydrate. Thus, while some situations might favor 

plutonic activity, other plausible conditions might allow sustained episodes of aqueous cryovo1canic 

extrusive activity even late in the geologic histories of icy satellites. Variations in igneous styles might 

be dictated by subtle variable factors such as megaregolith porosity and thickness, cryomagma volatile 

(bubble) contents, and the magma's and crust's contents of salts and other densifying constituents. 

B. Rheologies of cryovolcanic liquids and slurries 

Viscosity enters into every problem of magma migration and lava flowage. In this section I 

summarize rheological data for plausible cryovolcanic liquids and slurries. Many of the data were 

obtained from the literature, as cited, while others were determined experimentally by the author. The 

experimental methods involved two viscometric techniques, including the falling sphere and rotating disk 

methods. A recent submittal by the author and colleagues (Kargel, Croft, Lunine, and Lewis, 1990, 

henceforth KCLL) provides details of the experimental methods and data concerning ammonia-water 

liquids, so these details will not be repeated here. Many of the following rheology data and the 

accompanying discussion are borrowed or adapted from KCLL, as cited. 

1. Nonpolar liquids. 

The viscosities of N2-CH4 liquid mixtures are shown in Figure 57 (adapted from Touloukian et 

ill., 1975). These data indicate no really strong departures from the viscosities expected on the basis of 

ideal mixing between the two endmembers. The eutectic mixture has a viscosity of about 0.003 poise at 

its melting point (62.6 K). Low viscosities seem to be a shared characteristic among low-mass nonpolar 

liquid volatile mixtures. However, complex mixtures of high-mass hydrocarbons, for example the higher 

alkanes (paraffins), can have very high viscosities, although their abundances in the solar system (outside 

of biogenic petroleum deposits) is expected to be exceedingly low. 

2. Water and salt brines. 

The viscosity of liquid water at its low-pressure melting point is 1.75 x 10-2 poise, several times 

greater than the melting-point viscosities of N2-CH4 mixtures. Dissolved salts can increase the viscosity 
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of water substantially. As discussed in section C3 of Part I, magnesium sulfate is cosmo chemically 

abundant and is probably the most cryovolcanically important salt. Available viscosity data with 

appropriate extrapolations are shown in Figure 58 for aqueous magnesium sulfate. The eutectic viscosity 

in this system is about 0.06 poise. Similar extrapolations for aqueous eutectic NaCI, MgCI2, and CaCI2 

give, respectively, 0.05, 0.2, and 0.4 poise. Multi-component salt solutions may have higher viscosities 

than given here, although no directly relevant data are available. The eutectic H20-MgCI2-CaCI2 liquid 

probably has a viscosity on the order of 1 poise given its freezing point and salinity. 

3. Ammonia-water and ammonia-water-methanol. 

The rheologies of ammonia-water and ammonia-water-methanol liquids and partially crystallized 

slurries were reported by KCLL. Owing mainly to a nearly 100 K freezing-point depression, and 

secondarily to molecular attractive interactions between ammonia and water, the rheological effect of 

adding ammonia to water is quite profound. Figure 59 shows the viscosities of crystal-free ammonia

water liquids containing between 25-33% NH3• These and other data were fit by KCLL. in viscosity

temperature-composition space (Figure 60). The peritectic and eutectic liquids have viscosities of just 

over 40 poise, comparable to the viscosity of crystal-free basaltic lava at its liquidus. This is about 2400 

times greater than the viscosity of water at its melting point. Super-cooling ammonia-water liquid below 

its normal freezing point yields extremely viscous substances and may lead to glass formation at a 

suitably low temperature. The high viscosities of these liquids have been commented on by almost 

everyone who has worked with them. A quotation from my notes, for example, reads: 

"Cooled dihydrate composition to _1160 C, didn't get crystallization. Extremely viscous. About 

like a chewy caramel candy. This is the most viscous substance one can readily deform w /Pt 

thermocouple probe. It doesn't stir. You can stab it and draw it out in long fibrous ropes ofliquid. After 

cycling it many times from -98 to _1160 C finally crystallized with melting point _980 C." 

The rheological effects of supercooling were investigated quantitatively by KCLL. 

The addition of methanol to the ammonia-water system produces a substantial additional 

depression in the peritectic melting temperature with accompanying effects on the liquid's viscosity. 

Methanol also increases the liquid viscosity due to additional molecular interactions (Figure 61). These 
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two effects combine to produce a three-order-of-magnitude increase in the freezing-point viscosity of 

the peritectic liquid relative to the viscosity of ammonia-water at their respective peritectic freezing 

points (Figure 62). The crystal-free freezing-point viscosity of this ternary liquid is about 40,000 poise, 

some six orders of magnitude greater than pure water, and comparable to terrestrial dacite. It is 

expected that any of a number of other cosmochemically plausible ammonia-water-soluble constituents 

would have qualitatively similar rheological effects. Hence, extremely high cryomagma viscosities may 

be attained in cosmochemically realistic binary and ternary systems. 

4. Viscosity summary. 

Figure 63 summarizes the crystal-free viscosities of cryovoJcanic and silicate liquids at their 

respective freezing points. The aqueous mixtures span a comparable range of viscosities as covered by 

the silicate lavas. 

S. Rheological effects of partial crystallization. 

That the crystal-free melting-point viscosity of ammonia-water is similar to crystal-free basalt, 

and that ammonia-water-methanol is like dacite is insufficient to say that cryovoJcanic flows on icy 

satellites would behave rheologicaUy like terrestrial silicate lava flows of these compositions. First, there 

is the matter of very different gravitational fields of the Earth and the icy sateUites (discussed in the next 

section). Second, the subject of this section, real lavas usuaUy include a large content of crystals, and it 

is not immediately obvious what the rheological properties of aqueous slurries would be and how they 

would compare with silicate lavas. 

KCLL experimentaUy studied ammonia-water slurries for crystal contents ranging to about 25%. 

Not surprisingly, the viscosities of partiaUy crystallized ammonia-water slurries depend sensitively on 

their crystal contents. SpecificaUy, they found that this dependence is strikingly similar to that measured 

for basaltic lavas. To illustrate this point Figure 64 shows the 'relative viscosity' as a function of crystal 

content of ammonia-water slurries and silicate lavas. The relative viscosity is defined as the measured 

slurry viscosity divided by the viscosity of the intergranular liquid in the absence of crystals. Also shown 

are theoretical curves based on the Einstein-Roscoe formulation. Einstein-Roscoe viscosities assuming 
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spherical crystals do not match the observations of either the ammonia-water or the silicate slurries; 

KCLL modified the Einstein-Roscoe relationship to fit the observations, and inferred that the ammonia

water and silicate slurries had highly aspherical and strongly interacting crystals. 

The point here is that, under equal gravitational fields, ammonia-water is rheologically very 

similar to basalt, both in crystal-free and partially crystalline states, thus lending support to the idea that 

cryovo1canic landforms may be interpreted partly on the basis of volcanologic models and concepts 

developed originally to explain terrestrial silicate volcanic landforms. 

6. Gravitational rheological scaling. 

Other things being equal, the lower surface gravity of small icy satellites tends to make lavas 

on those objects less mobile than on the surfaces of large satellites and planets. The exact scaling 

relationship depends on the rheological characteristics of the lava. For Newtonian substances (e.g., the 

peritectic-composition ammonia-water slurries reported by KCLL) a "mobility index" can be defined as 

log,o (pg/",), where p is the lava density, g is the surface gravitational acceleration, and", is the liquid 

viscosity. The mobility index gains its theoretical strength from problems involving surface flowage of 

Newtonian substances (Turcotte and Schubert, 1982). For consistency in the comparison of mobility 

indices it is useful to consider the viscosities of liquids at their respective liquidus temperatures and in 

the crystal-free state. 

Figure 65 shows the mobility indices of various silicate and volatile liquids plotted against 

surface gravity. The linear correlations are, of course, guaranteed by the choice of plotting parameters; 

the figure, however, is useful in quickly determining rheologically equivalent silicate analogs for volatile 

substances under a range of surface gravities. For instance, methane-nitrogen, water, and salt brines are 

each more fluid on the icy satellites than are the most fluid (least viscous) silicate lavas erupted on Earth 

(the ultramafic komatiites). Ammonia-water on small icy satellites is roughly comparable to andesite lava 

on Earth, and ammonia-water-methanol is similar to rhyolite on Earth. Hence, Figure 65 coupled with 

terrestrial volcanological experience should give some rough indication of flow morphologies and 

thicknesses expected for cryovolcanic substances on the icy satellites. Flow thicknesses, for example, 

might range from sub-meter water-salt brine flows on Ganymede, to ammonia-water flows some tens 

-----------------------------------------------.;...;.;..'---
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of meters thick on Enceladus, to ammonia-water-methanol flows several hundred meters thick on Triton. 

One may take a different approach and start with observed flow thicknesses on the icy satellites 

and gravitationally scale these thicknesses to some constant reference gravity for purposes of comparing 

the relative viscosities of the cryovolcanic substances. A convenient reference gravity is the Earth's, 

thereby also allowing silicate analogs to be determined. There are two extreme types of gravity scaling 

that might be considered, one for a Newtonian viscous rheology (where flow thickness scales as the 

inverse square-root of g), and the other for a Bingham rheology (where flow thickness scales inversely 

and linearly with g). Power-law pseudo-plastic substances would involve some intermediate scaling 

relationship. 

Table III lists some observed flow thicknesses (h) on various planets and satellites and also gives 

the Earth-gravity-scaled thicknesses. Despite the considerable uncertainties involved, it appears that the 

flow substances on the uranian and neptunian satellites are rheologically roughly similar to each other 

and to terrestrial silicic lavas. The inference that can be drawn from the preceding discussion and Table 

IV is that these substances are probably chemically complex multi-component aqueous mixtures. They 

probably included additional dissolved substances besides water and ammonia, and may have been 

partially crystallized at the time of eruption. We only have upper limits for flow thicknesses on the jovian 

and saturnian satellites; these upper limits, however, imply that the flow substances on these satellites 

were considerably less viscous than the flows on uranian and neptunian satellites. In gravity-scaled terms 

jovian and saturnian satellite flows were probably rheologically comparable to or "runnier" than 

terrestrial basalt, and may indicate relatively low viscosity ammonia-water or salt-water compositions. 

C. Thermal conductivity 

The thermal conductivity of cosmic ices has direct volcanological importance since the ability 

of a cryolava flow to maintain a liquid state and continue to flow over a cold surface and under a cold 

sky depends on the heat retaining property of the chilled upper and lower skin of the flow, which 

involves among other things the conductive heat flow through solidified lava. Indirectly, the thermal 

conductivity of ices and rock has an even more fundamental importance, since the ability of an icy 

-----~----------------------------------
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satellite to partially melt in the first place depends on the satellite's ability to retain the heat generated 

by radioactive decay or by other means. Therefore, it is appropriate to include here a summary and 

discussion of the thermal conductivities of relevant ices and rock. Most of these data are available from 

the literature, although no data were available for ammonia hydrates. Preliminary ammonia hydrate 

conductivities were determined experimentally. 

1. Experimental method. 

A comparative method utilizing an axial (longitUdinal) heat flow through a cylindrical geometry 

of three stacked cylindrical samples was used to determine the conductivity of solid ammonia dihydrate 

and of ice-dihydrate mixtures. These samples were contained in a thin-walled cylindrical polyvinyl 

chloride (PVC) tube, through which were inserted six thermocouple probes (two for each sample). The 

probes were inserted to measure the temperature along the central axis of the assembly at known 

longitudinal separation. The middle sample, the unknown, was composed of a frozen mixture of 

ammonia and water; this was confined between two samples of a standard substance (water ice) with 

known conductivity (Ross et al., 1977). 

The PVC tubing and its icy contents were insulated around their circumference with polystyrene 

foam. Axial heat flow was generated by cooling with liquid nitrogen below and warming with dry ice or 

some other relatively warmer constant-temperature bath above. The temperature of each sample was 

monitored at two axial locations by thermocouple sensors. Knowledge of the temperature-dependent 

thermal conductivity, temperatures, and temperature gradients across each standard ice sample allowed 

the axial heat flow to be calculated assuming planar heat flow. 

Since the insulation was actually not very good there was a large component of radial heat flow 

from the environment into the cold assemblage of disks. By determining the heat flow through standard 

samples placed both above and below the ammonia-water ice sample it was possible to account for the 

environmental heat flow and approximate the true axial heat flow through the sandwiched 

ammonia-water ice sample. Then also knowing the temperature differential across the ammonia-water 

sample it was trivial to calculate its conductivity. By varying the temperature at the base of the stack or 

at the top the temperature interval across the ammonia-water sample could be varied, thereby allowing 

......... -----.---------------------~ 
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conductivity measurements over a range of temperatures. 

Since the ammonia-water was introduced as a liquid it was also necessary to cool the 

ammonia-water over a period of several hours to insure that the sample was properly crystallized and 

not just supercooled. Special care also had to be taken to avoid diluting the ammonia-water sample with 

water or contaminating the water standards with ammonia during sample preparation. Once the sample 

and standards had been prepared it was necessary to let the stacked assemblage of disks sit undisturbed 

for several hours to attain a near steady-state axial heat flow. 

The principal problem with these measurements is that the radial heat flow was much larger 

than expected due to the unexpected low conductivity of ammonia hydrate. The technique of averaging 

the heat flow both above and below the ammonia-water ice sample to obtain the heat flow through the 

ammonia-water sample provides a first-order correction for radial heat flow. However, the fact that 

thermal conductivities are temperature-dependent, and the longitudinal temperatures varied by tens of 

K, means that substantial uncertainties remain. The determined conductivities are probably good to 

within about 10% (the conductivity of the ice standard is known to within 2 or 3%, and is not a 

precoision-limiting problem). 

An improved experimental apparatus has been constructed and a refmed technique developed 

so that future conductivity measurements should be more accurate, more precise, and extend over a 

wider temperature interval than the data given below. Hence, this constitutes a preliminary report, and 

those who wish to utilize the present ammonia hydrate conductivities should bear this in mind. 

2. Results and comparisons with other ices and rock. 

Figure 66 shows the preliminary thermal conductivities of ammonia dihydrate (32% NH3) and 

mixtures of dihydrate with water ice at various temperatures. Also shown are the conductivities of pure 

water ice polymorphs and silicates (from the literature). Ammonia dihydrate has thermal conductivities 

roughly one-fourth those of water ice in the temperature interval from about 118-136 K. 

Figure 67 shows the conductivities of ammonia-water mixtures as a function of ammonia 

content. As expected, mixtures of water ice and ammonia dihydrate have conductivities intermediate 

between those of pure water ice Ih and ammonia dihydrate. The low conductivities of ammonia-water 

-------------------------------------
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mixtures have important plane to logical implications, as will be modelled in Part 3, below, in the 

discussion of Ariel. 
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III. CRYOVOLCANISM ON THE ICY SATELLITES 

A. Scope of part III. 

In Parts I and II some of the basic physico-chemical properties of cryovolcanic ices and liquids 

were presented. The primary objectives in Part III are to qualitatively examine the range of cryovolcanic 

styles exhibited by the icy satellites and to show how the physical chemistry of specific volatile mixtures 

may have been important in determining these styles. Aspects of thermal, tectonic, and impact histories 

are discussed as far as they relate indirectly to cryovolcanism and the role of cryovolcanism in the overall 

histories of the icy satellites. 

No attempt is made to comprehensively or equally treat the cryovolcanic evolution of the various 

icy satellites. Satellites where cryovolcanic resurfacing is recognizable only through vague albedo patterns, 

through anomalies in cratering records, or by indistinct landforms are not considered in any detail. The 

satellites that are considered in varying detail include those whose crisply preserved and well-imaged 

landforms speak directly of cryovolcanism, and where discussion of these objects results in an increased 

appreciation for the diverse nature of cryovolcanism. These satellites include Europa, Ganymede, 

Enceladus, Miranda, Ariel, and Triton. Iapetus, although it was not imaged very well, displays a unique 

style of evolution, and it is worthwhile to make an exception and consider this object in a cryovolcanic 

context. These satellites collectiyely exhibit most, if not all, of the cryovolcanic phenomena observed in 

the outer solar system. Additionally, the author offers some explanations for the divergent geologic 

evolution of Ganymede and Callisto, satellite "twins" that would seem destined to evolve along closely 

similar lines but obviously did not. 

The lack of ground truth for the icy satellites is a serious hindrance to progress in understanding 

these objects. However, chondritic meteorites, particularly the carbonaceous chondrites, offer important 

rock samples that are probably broadly relevant to icy satellites particularly regarding water-rock 

chemical interactions and, of course, the elemental composition of the rock components in icy satellites. 

Therefore, even though icy satellites are the primary topic of this dissertation, I shall examine very 

-- _ ... --_._----------------------------
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briefly the carbonaceous chondrites in the restricted context of aqueous salt equilibria. 

A range of possible evolutionary scenarios and models is presented for severa] icy sate11ites. 

These scenarios are presented as demonstrations of some hitherto poorly considered effects that minor 

chemica] constituents can impose on the geological and structural evolution of icy satellites and on 

possible compositions of cryovo]canic surfaces. Part III is organized object-by-object in order of 

increasing heliocentric and p]anetocentric distance. It is flfst worthwhile to consider an overview of the 

icy satellites. 

B. Overview of surface and bulk properties of the icy satellites. 

The major icy satellites are a diverse group of objects. Even at low resolutions (10 km per line

pair) most are distinctive in their regional albedo and color patterns, as will be seen below. Morphologic 

variations involving topographic structures require much higher resolutions to observe and interpret. 

Differences in ice: rock ratios are discernab]e from satellite densities. Color and albedo variations can 

be due to geological factors, space environmental factors, or both. Morpho]ogica] variations are due to 

geological and compositional factors. 

Variations in satellite properties can be described in terms of surficial variations, inter-satellite 

variations, and systemic variations. Surficial variations are intra-satellite heterogenities and patterns 

delineating provinces and terrains relating to cryovo1canic resurfacing, impacts, or other geologic 

processes, or hemispheric dichotomies related either to geologica] or space environmental processes. 

Inter-satellite variations are the distinctive color, albedo, and morphologic qualities which lend each 

satellite its unique appearance. Systemic variations are the genera] distinctions among entire sate1lite 

systems; these include systemic variations in uncompressed satellite densities (Johnson et aI., 1987), color 

ratios (Ne]son et aI., 1987), albedos, crater populations (Strom, 1987), and morphological characteristics 

of resurfaced plains. 

Tab]e IV gives some important observed and mode] properties of icy sate11ites. Important inter

sate11ite and systemic variability is apparent. Variations in disc-integrated surface properties (e.g., a]bedo) 

and average interior bulk properties (e.g., density) can be important factors contributing to inter-sate1lite 

and systemic variations in morphology and overall appearance. 
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Obviously, the size of an icy satellite is the dominant factor bearing on the rates of radiogenic 

and accretionary heat production and heat loss and, thus, the interior temperatures and degree of 

geologic activity (e.g., Lewis, 1971; Ellsworth and Schubert, 1983; Squyres et ai., 1988). Satellite size is 

also the major factor determining interior pressures (Lupo and Lewis, 1979; Johnson et ai., 1987) and 

surface gravity, both of which are cryovolcanically important variables. Before Voyager, satellite radius 

was widely thought to be the one important factor dictating just about everything concerning the geology 

of icy satellites (Lewis, 1971). Although satellite size has undoubted importance, other factors that could 

not be forseen were clearly under-estimated. As the following sections will show, many small and large 

satellites alike have active geologic histories. Some of the smallest have the most dynamic and long

lived geologic histories, while some of the largest have the shortest and least dynamic histories (at least 

so it appears on their surfaces). Size alone is no guide to satellite histories. Heating by tidal dissipation 

can, in a few instances (e.g., Europa and Enceladus), generate more heat than does radioactivity, 

inducing extensive and long-lived geologic activity where little might otherwise be expected. 

The rock: ice ratio of icy satellites can be an important variable affecting cryovolcanism in a 

number of ways, and as Table IV shows this ratio varies by over a factor of two among the icy satellites. 

For a given size satellite, the higher the rock : ice ratio, the more radiogenic heat will be available to 

induce geological activity. More rock also means a greater quantity of salts that are potentially available 

to dissolve in aqueous liquids. The rock: ice ratio is also important in determining the viscosity of the 

interior and, thus, the temperature and vigor of convection and the liklihood that some important 

melting point will be attained. 

The few available data indicate that pressure is also an important factor controlling cryomagma 

compositions and, thus, their physical properties (Cynn et ai., 1989; Hogenboom and Kargel, 1990). The 

maximum pressures relevant to incipient partial melting are the central pressures of undifferentiated 

satellites (Table IV). Differentiation increases the central pressures of icy satellites (Johnson et ai., 

1987), but also causes the ices to migrate towards the exterior of the satellite, therefore actually causing 

the maximum pressures relevant to cryovolcanism (those at the base of the ice shell) to decrease. 

Hence, the range of maximum cryovolcanically interesting pressures are approximately given by columns 

6 and 11 in Table IV. 
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The major icy satellites are readily divisible into two groups: the massive satellites (Ganymede, 

Callisto, and Titan) and the small satellites (Triton is a marginal case, and Europa can be considered 

with the small satellites since its thin ice shell is subjected to relatively low pressures). The ice fractions 

of the massive objects are dominated by high-pressure polymorphs of ice, while the ice of small icy 

satellites is solely or dominantly normal ice I. Most phase equilibria presented in Part 1 are strictly 

applicable at 1 atm and, thus, are relevant only in the near-surface regions of the massive satellites. On 

the other hand, the low-pressure phase equilibria apply to a nrst order throughout most or all of the 

interiors of the small icy satellites. The chondrite parent bodies, assuming Ceres represents the 

maximum original size of these objects and also assuming that they share with the icy satellites a prior 

ice-rich history, can be considered along with the smaller satellites. 

What Table IV doesn't indicate is perhaps the most important variable quantity of all: 

composition. Lewis (1971) and Stevenson (1982) pointed out the important effects that minor water

soluble components can have on igneous processes in icy satellites, drawing attention specifically to the 

ammonia-water system. Parts I and II of this work dealt extensively with the compositional factor. 

Systemic variations among the satellite families of the outer solar system are striking, if incompletely 

understood. Global colors and albedos are systematically different from one system to another (Nelson 

et al., 1987). Systemic differences also exist in un compressed satellite densities (Johnson et al., 1987). 

And, thick, lobate cryovolcanic flows occur on the uranian and neptunian satellites, yet they are absent 

on the jovian and saturnian satellites. These contrasts are probably each partly due to differences in 

composition. 

Theoretical arguments predict contrasts between the compositions of the uranian and neptunian 

satellites on the one hand and the jovian and saturnian satellites on the other. The denser, warmer 

saturnian and jovian nebulae tend to encourage re-equilibration of the molecular compositions of gas 

and dust, while re-equilibration may be kinetically inhibited in the smaller, colder uranian and neptunian 

nebulae (Lewis and Prinn, 1980; Prinn and Fegley, 1981, 1988). Thus, the satellite systems of the two 

larger giant planets may compositionally correspond more closely to the classical low-temperature 

equilibrium condensation scenario of Lewis (1972), with rock, ice, ammonia, and methane present 

depending on the nebular temperatures (and less, the nebular pressures). On the other hand, the uranian 
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and neptunian satellite systems might closely reflect the chemically disequilibrated composition of the 

methane- and nitrogen-rich outer solar nebula. This region of the solar system probably is chemically 

exceedingly complex, and might retain a chemical memory of the diverse physical environments which 

are believed to have contributed matter to these systems. 

The implications ofN2- and CO-rich gas near Uranus and Neptune and NH3- and CH4-rich gas 

near Jupiter and Saturn go well beyond what is immediately apparent. As discussed by Prinn and Fegley 

(1988) a large fraction of nebular oxygen would have been tied up as gaseous CO rather than readily 

condensible H 20 in the nebulae of Uranus and Neptune; hence, the ice: rock ratios in the CO-N2-rich 

and H20-poor uranian and neptunian systems are expected to be considerably reduced from the 

equivalent ratios in the presumably NH3-CH4-H20-rich jovian and saturnian systems. This may be 

reflected in a systematic increase in satellite uncompressed densities going from Saturn to Uranus to 

Neptune and Pluto. The large satellites Ganymede, Callisto, and Titan disturb the trend, although this 

could be due to the superposition of other factors, such as accretion volatilization of these large objects 

or an increase in condensation temperatures caused by heat convected away from the luminous proto

Jupiter as it contracted. 

If comets formed in the vicinity of Uranus and Neptune, then a strong cometary chemical 

signature might be retained in their satellite systems but not in the jovian and saturnian systems. And, 

being closer to the fringes of the solar nebula, the uranian and neptunian systems may have swept up 

exotic components of interstellar gas and dust missed (or re-equilibrated) by Jupiter and Saturn. 

Mixtures of volatile assemblages formed in different environments of the outer solar system could 

produce some extremely complex chemical mixtures. 

The combination of systematically variable nebular conditions in each of the proto-satellite 

systems and of systematically variable sources of nebular material would be expected to produce some 

kind of systematically variable set of satellite compositions. One possibility is that jovian satellites are 

made of water ice and rock (with salts), saturn ian satellites are made of rock, ice, and ammonia hydrate 

with traces of methane, and uranian and neptunian satellites are made of practically everything in the 

galaxy condensible to temperatures of the order of 40 K. The author is under no illusions, and 

realistically considers that any simple scenario predicting satellite compositions is probably misleadingly 
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simplistic, and any specific, complicated picture is probably inaccurate (by Occam's Razor). 

It is not yet possible to reliably deconvolve all the variable parameters and relate their effects 

to observed morphologies on the icy satellites. However, these parameters should be kept in mind during 

the following object-by-object discussion of cryovolcanism. 

C. Carbonaceous chondrite parent bodies. 

Carbonaceous chondrites provide fascinating insights into processes of aqueous alteration which 

affected these rocks' parent bodies early in the history of the solar system. It is commonly assumed that 

the rocky fraction of icy satellites is similar to carbonaceous chondrites, so these meteorites should also 

provide clues concerning the compositions of and aqueous processes in icy satellites as well. Further, it 

is quite possible that aqueous processing in chondrite parent bodies took place in the presence of ice. 

Thus, these objects may have been asteroidal equivalents of icy satellites. 

Abundant salt veins in carbonaceous chondrites are particularly interesting with regard to the 

nature of aqueous cryovolcanism on both the chondrite parent bodies and the icy satellites. Chondrite 

salt veins document aqueous precipitation in fractures. Associated aqueouslyaltered silicate, sulfide, and 

metal phases bear evidence of the chemical processes which yielded soluble salts. The aqueous fluids 

may have been hydrothermal fluids released as phyllosilicates dehydrated, or impact melts formed by 

impacts into ice-rich targets, or cryomagmas formed by endogenic heating of ice-rock mixtures, as 

previously suggested (Bunch and Chang, 1980; Jones et aI., 1988; Grimm and McSween, 1989). 

The following short list gives several research papers and general reviews on the subject of 

aqueous processes in carbonaceous chondrites: DuFresne and Anders, 1962; Bostrom and Fredriksson, 

1964; Nagy and Anderson, 1964; Lewis, 1967; Lewis and Krouse, 1969; Richardson, 1978; Kerridge et 

ill., 1979; Bunch and Chang, 1980; Clayton and Mayeda, 1984; Barber, 1985; Tomeoka and Buseck, 1985; 

Zolensky, 1984; Fredrikkson and Kerridge, 1988; Zolensky and McSween, 1988; Zolensky et aI., 1989; 

and Grimm and McSween, 1989. 

Two cautionary notes are warranted. First, and most obvious, the carbonaceous chondrites are 

a diverse group of meteorites derived from a variety of different asteroids, not icy satellites. 

Planetologists usually assume that these meteorites closely resemble the rocky fractions of icy satellites, 
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but this is an assumption nonetheless. Second, it has been pointed out by several observers that aqueous 

alteration and chemical precipitation which has so pervasively affected some of the chondrites apparently 

occurred largely in situ, with very little large-scale re-distribution of soluble matter on the decimeter 

scale; such re-distribution would certainly have caused the chonditic samples to deviate strongly from 

solar composition, which is not observed (apparently significant but small departures are observed, 

however). This means that the salt veins are probably !!ill igneous dikes or cryovo1canic conduits in the 

usual sense in that relatively little transfer of aqueous brine took place along these fractures. 

The aspect of present interest is the composition of Mg-Ni-Na sulfates, and the environmental 

conditions of their precipitation. The foremost question is: was ice present and involved in the formation 

of brines in the chondrite parent bodies? The origin of sulfate is also an important issue and has been 

linked to the oxidation of reduced sulfur (Lewis, 1967; Lewis and Krouse, 1969), since native Sand 

sulfates (and many other alteration products) are often observed replacing or are closely associated with 

corroded sulfides, especially pyrrhotite (Bostrom and Fredriksson, 1964; Bass, 1970). 

Richardson (1978) observed that three successive generations of salt veins were precipitated in 

several different CI chondrites, these generations being dominated first by Ca-Mg-Fe-carbonates, then 

by Ca-sulfate (gypsum), and last by Mg-Ni-Na-sulfate. This sequence is in order of increasing oxidation 

state and increasing solubility in water. The collective set of observations, including petrographic 

relations (not discussed here) suggests that the CI chondrites were derived from an asteroidal impact 

regolith. The aqueous environment of the salt veins evolved from relatively acidic, reducing conditions 

during precipitation of the carbonates to basic, oxidizing conditions during precipitation of Mg-rich 

sulfates. The brines also evolved from dilute to highly saline. The increase in salinity could have involved 

one or more of three factors: progressive silicate alteration by the brine, or either evaporative or freezing 

concentration of the brine. 

Mg-rich sulfates could not have precipitated unless the brine became at least as saline as the 

H20-MgS04 eutectic (17% MgS04), roughly five times saltier than sea water on a mass precent basis. 

It seems a fruitful persuit to examine more closely the published meteorite sulfate compositions in the 

context of aqueous sulfate equilibria;' surprisingly, it seems no one has previously done this. 

As discussed in Part 1 (section C-2c), Mg-rich sulfates in chondrites can be described with the 

,-, -------------------------------------------
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four component system H20-MgS04-Na2S04-NiS04' Carbonates and Ca sulfate are insufficiently 

soluble to appreciably affect Mg sulfate phase equilibria. Due to their chemical similarity, the Mg- and 

Ni-sulfates can be combined into a single component such that the entire system can be treated as the 

three-component system H 20-MgS04-Na2S04 (Figure 10). 

Petrographic reaction relationships and phase assemblages in carbonaceous chondrites indicate 

that the aqueous environment was probably a dynamic one. This would explain the divergent conclusions 

reached by several groups of observers regarding environmental conditions, and the disequilibrium 

frequently observed. Further evidence for environmental variability within a given meteorite comes from 

the widely variable Ni contents of Mg-rich sulfates. Several salt veins from two different meteorites 

contain large but variable amounts of Ni sulfate, while other veins in the same meteorites contain almost 

none (Fredrikkson and Kerridge, 1988). As shown in Figure 9 and discussed in Part I Section C-2c, the 

partitioning behavior of Mg and Ni between liquid and solid phases in the aqueous Mg-Ni-sulfate system 

is of order unity and complete solid solution exists between the two sulfate end-members; thus, virtually 

complete separation of Ni from Mg by normal igneous processes (partial melting, fractional 

crysta1li7.ation, etc.) should be very difficult at best. But the observations indicate that gross MgjNi 

fractionation did occur. This is made all the more remarkable since aqueous processes are belived to 

have occurred largely in situ, with little opportunity for multi-staged cryo-igneous distillation. 

Large variations in Ni abundances could occur if the solution pH shifted between slightly acidic 

values where Ni could reside in solution as Ni+2S04-
2, and slightly basic values where Ni existed stably 

as Ni(OH)2 or some other stable, nearly insoluble solid phase. For Ni+2 activities on the order of 0.01 

the critical pH for this equilibrium is about 7 (Brookins, 1988). This is sufficiently basic that Fe should 

reside in stable solid oxides or hydroxides, consistent with the lack of an FeS04 component in chondrite 

salt veins in every instance. This is also sufficiently acid that Mg would always remain as soluble 

Mg+2S04+2 rather than Mg(OH)2' It would be interesting to look at other trace divalent metals in 

chondrite sulfates, for instance Co and Mn, to help pin down the precise limits within which pH varied 

during the period of aqueous alteration and salt precipitation. Alternatively, or additionally, the wildly 

differing Ni abundances in chondrite sulfates could be related to the trend of progressive oxidation that 

can be inferred on independent grounds, since the partial oxidation of (Fe,Ni)S results in the residual 
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sulfide becoming more Ni-rich than it was initially; thus, the NiS component is oxidized with greater 

difficulty than is FeS. The inferred trends of increasing pH and salinity are both consistent with 

progressive hydrolysis of silicates, and must have also been accompanied by progressive oxidation 

reactions. 

The temperature of aqueous alteration and salt precipitation in the chondrites has been a 

subject of considerable discussion in the literature. There is unanimous agreement that aqueous 

processing occurred at relatively "low" temperatures somewhere below 450 K, but there is no broad 

consensus on a further refmement of this important parameter. Obviously, the important issue of 

whether or not ice was present in the chondrite parent bodies depends on just exactly how low the 

temperatures were. Increasinf evidence favors very low temperatures, below 300 K, consistent with the 

stability of water ice. Lewis and Krouse (1969) and Clayton and Mayeda (1984) have favored alteration 

temperatures near 273 K in order to explain large fractionations among Sand 0 isotopes in, respectively, 

Orgueil and Murchison. Bostrom and Fredriksson (1964) have utilized the hydration states of salts as 

evidence supporting very low temperatures. The hydration states of the sulfates could tell us what we 

need to know if only we were sure that these hydration states have not changed since the time of 

precipitation. Mg sulfates under certain circumstances can readily lose and gain water at Earth surface 

conditions even on laboratory time-scales, so there has been an understandable reluctance to attach any 

significance to the hydration state of magnesium sulfate. 

Presently Mg-sulfates exist mainly as epsomite and Ca-sulfate as gypsum. For a number of 

reasons gypsum is usually considered a primary phase in chondrites little affected by short residence 

times on Earth. Unlike epsomite, gypsum and its anhydrous equivalent anhydrite can persist metastably 

slightly outside of their stability ranges for centuries. In any event, stable isotopic studies indicate that 

water of hydration in chondritic sulfates is largely or entirely of extra-terrestrial origin. The presence of 

primary gypsum imposes the restriction that the temperature generally remained below an upper limit 

of about 313 K (short excursions above this temperature could be allowed by metastable gypsum

anhydrite phase relations) during and following episodes of sulfate precipitation (otherwise gypsum 

would have dehydrated to anhydrite -- Figure 5). Such low temperatures are also at least consistent with 

epsomite being a primary aqueous precipitate as well, although MgS04.12H20 might have precipitated 
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if the temperature was lower than 275 K (dodecahydrate would subsequently have dehydrated to 

eps6mite at Earth surface temperatures and humid conditions, or hexahydrite or kierserite under dry 

conditions) . 

If we treat H20 as an unknown quantity, then we can still obtain useful results simply by 

comparing the Na# of Mg-Na-Ni-sulfates in meteorites with the Na# of eutectic and solid compositions 

in the ternary system. Na# is defmed on a weight basis as the ratio "Na2S04" : ("Na2S04" + "MgS04"), 

where "MgS04" includes NiS04 and MnS04 calculated as the molar equivalent mass of MgS04, and 

"Na2S04" includes ~S04 calculated as the molar equivalent mass of Na2S04• 

Analyses of four individual sulfate veins and two bulk soluble extracts of sulfates from two 

meteorites have been reported in the literature (Bostrom and Fredriksson, 1964; Fredriksson and 

Kerridge, 1988). Two bulk soluble extracts of Orgueil sulfates give Na# = 0.255 and 0.083, clearly 

indicating that this meteorite is grossly heterogeneous with respect to its sulfate vein compositions. 

Expressed as molar fractions these numbers are, respectively, 0.225 and 0.071. Despite first appearances, 

this heterogenity does not indicate decimeter-scale fluid transport and salt/fluid fractionation. This is 

because each portion of Orgueil contains both veins and matrix, and what is present in the local veins 

is absent in the matrix so that each bulk sample of Orgueil (including veins and matrix) remains more 

or less solar in composition. 

Four individual vein analyses give Na#'s of 0.336 (Orgueil vein #7), 0.336 (Orgueil vein #6), 

0.333 (lvuna vein #20), and 0.142 (Ivuna vein # 19). Expressed as molar fractions these numbers are, 

respectively, 0.300, 0.300, 0.298, and 0.123. Of these individual vein analyses, three (from two different 

meteorites) are virtually indentical in Na#, although their Ni/Mg ratios vary considerably. The other 

vein is similar to any of three eutectic liquids, including the eutectic in equilibrium with ice, mirabilite, 

and epsomite (Figure 10). 

The three clustered Na#'s do not correspond to any of the known eutectic liquids in the 

aqueous Mg-Na sulfate system. Nor do these values correspond to any of the mixed Mg-Na sulfates 

known to occur in this system. Fredriksson and Kerridge (1988) suggested a compositional similarity to 

nickel bloedite (= Ni astracanite), but the stoichiometry is completely wrong for this or any other known 

sulfate. The clustering of these three sulfates seems real, however, and argues in favor of the existence 
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of either a previously unknown mixed salt with the approximate stoichiometry (Mg, Ni)2Na2(S04)3' or 

of a previously unknown eutectic occurring near this composition. The ternary aqueous Mg-Na sulfate 

system is quite important for the study of terrestrial deposits of economically and scientifically important 

evaporites and consequently is quite well known (Figure 10). The possibility always exists that severe 

metastability is responsible for preventing our knowledge of the suspected eutectic or mixed salt, but it 

seems more likely that the pressure variable is responsible. It is tempting to speculate that at the modest 

pressures deep in the chondrite parent body regoliths the aqueous Mg-Na sulfate system is different than 

at 1 atm and this accounts for the clustering of unusual salt compositions. The lvuna #19 sulfate 

composition, corresponding closely to known eutectics, may represent melting or aqueous precipitation 

at lower pressures where phase equilibria are similar to the 1 atm case. In any event, an experimental 

study of polybaric phase relations in this system would be a fruitful endeavor, as would the acqusition 

of additional chondrite sulfate data. 

D. Europa. 

Figure 68 shows the remarkable surface of Europa. Europa's high density (3.04 g cm-3) indicates 

that it is mainly a rocky world, although its surface is dominated by water ice with just a few percent 

impurities (Clark et aI., 1986). Europa's mean density is lower than that of 10, and this has led to the 

suggestion that Europa may have an icy crust on the order of 100 km thick overlying a rock core with 

about the same density as 10. This would be consistent with the formation of the crust by dehydration 

of a hydrated rocky core since Europa's bulk water content would be about 6 wt. %, about 1/3 the water 

content of CI chondrites, and comparable to C2 and C3 chondrites, and about the same as the water 

content of talc (a common hydrous magnesium sulfate in chondrites). The optical and spectral properties 

of Europa's generally very bright surface are consistent with a general covering by water-rich frost 

deposits, possibly emplaced by explosive venting of water vapor from fractures (Squyres et al., 1983). 

Europa's surface is very young jUdging from the paucity of impact craters. The high level of 

recent geological activity is probably related to heating by tidal dissipation in an ice shell overlying a 

liquid water mantle, although it is uncertain whether the amount of tidal heating is really sufficient to 

cause melting or to sustain a liquid layer (Cassen et aI., 1979 and 1980; Squyres et aI., 1983). 

----------------------------------------------------------~ 
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The surface is marked by two major types of enigmatic lineaments, one type bright, the other 

relatively dark ("dark" is a relative term; actuaIIy Europa's "dark" lineaments are very bright compared 

to rock and pure carbonaceous matter, indicating that the "dark" substances are opticaIIy dominated by 

ice). Dark linear features are typicaIIy 10-30 km wide, 100-1000 km long, and display mainly sharp 

boundaries (but some diffuse ones, too). Dark lineaments are most easily visible at high solar 

inclinations, suggesting that they are albedo features with very little associated topography. Sometimes 

dark lineaments show lateral offsets possibly related to strike-slip faulting, and triple junctions plausibly 

related to tectonic rifting. The darkness of these lineaments may be due to charged particle and 

electromagnetic irradiations of cryovoIcanic substances containing traces of carbon-bearing contaminants. 

Alternatively, the darkness of these lineaments could be due to fresh, unfrosted, and coarsely crystaIIine 

intrusions of water, while frost condensates may coat adjoining bright regions. The sharp, linear 

boundaries of these dark features are consistent with structural confmement of relatively dense 

extrusions of water. 

Bright linear, arcuate, and cuspate markings are typicaIIy 5-10 km wide, 100-1000 km long, and 

about 100-150 meters high (Figure 68, L9). The bright markings are primarily topographic since they 

cast shadows and extend slightly beyond the normal terminator into the dark hemisphere; these markings 

also often disappear into the background as they are traced from the terminator to regions of high solar 

incidence (there are several notable exceptions). The bright lineaments could be dikes intruded into 

fractures or may be compressional ridges of some sort. Europa also has composite thin, bright 

lineaments running along the central axes of wider dark markings (Figure 68, E4). 

Some regions of Europa appear to be very smooth. However, when illuminated near the 

terminator, the surface is seen at high resolution to be heavily pock-marked by shaIIow depressions and 

low hummocks measuring perhaps one hundred to several hundred meters deep or high and 5-20 km 

across. Some depressions could be impact craters, but it is doubtful that many of them are. However, 

the resolution of the images does not allow any secure interpretation. 

Many isolated, roughly equant or irregularly shaped dark features are widely scattered over the 

surface, and are darker than many of the dark lineaments described above. The largest of these is about 

200 km long and averages 32 km wide (Figure 68, L6). This dark feature has sharp boundaries and an 
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irregular shape characteristic of lava flows on Earth. This feature and the other isolated dark patches 

may be flows with an irradiated carbon-rich composition. Somewhat similar enigmatic flow-like patches 

of dark material have been seen on Ganymede and Triton. 

It is clear that Europa has recently been and probably remains cryovolcanically active. The 

physical and chemical nature of the cryovolcanic substances and the mechanisms by which they are 

emplaced are poorly constrained. It seems, however, that Europan volcanism takes several distinctive 

forms. The most important substances had fairly low viscosities, probably indicating that they were 

water-rich and contained a very low abundance of potent freezing-point depressants such as ammonia 

and methanol (which would have increased the liquid viscosities if they had been major constituents of 

the erupted liquids). Large quantities of dissolved salts, particularly sulfates, are consistent with low 

liquid viscosities, and, in fact, are highly probable constituents on cosmo chemical grounds. Aqueous 

brines may have been vented from the interior by dehydration of the core or by re-melting at the base 

of Europa's crust. 

The phase chemistry of water - metal sulfate systems can allow very complex liquid and solid 

evolutions as discussed below in detail for Ganymede and in Part 1 (section C-3c). Given Europa's 

history of intense cryovolcanism a complex rather than a simple petrological evolution is likely. Hence, 

models where Europa has a pure ice crust overlying a rock core are probably unrealistic. The presence 

and compositions of salts and other components in addition to water ice should be important observables 

during the Galileo mission. 

E. Ganymede. 

1. Geology. 

Ganymede tectonics and volcano-tectonic phenomena have been explored by many workers 

(Croft, 1987; Murchie, 1990; Squyres, 1982; McKinnon and Parmentier, 1986; Mueller and McKinnon, 

1988; Murchie and Head, 1988; Allison, 1987; Parmentier and Head, 1979) and will not be discussed in 

any detail here. Instead, a few key observations will be used to describe the basic volcano-tectonic 

relationships on Ganymede. 

Ganymede's mean density (1.93 g cm-3
) is much lower than those of 10, Europa, and 
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compressed carbonaceous chondrites, indicating that Ganymede contains abundant water in addition to 

rock. Interior pressures are high enough that ice polymorphs ranging from ice I at the surface to ice VII 

deep in the interior could occur. The optical surface in the infra-red and visible is dominated by water 

ice with a few percent impurities (Clark s:Lill., 1986). The low rock abundance in the visible ice-rich 

surface may be our frrst remotely observable indication that Ganymede is a differentiated world, 

although this inference is strictly valid only for the upper few millimeters, or centimeters at best. 

Ganymede's surface is divided into bright and dark terrains readily visible in low-resolution full

disc images (Figure 69) and faintly visible even in Earth-based telescope images. Bright-and dark-rayed 

impact crater ejecta are also prominent at low resolution. Figure 70 shows that bright terrain typically 

has intruded older dark terrain, and usually the light terrain has been heavily deformed by extensional 

and probably in some cases trans-tensional tectonism. Figure 71 shows that three or more episodes of 

groove-forming extensional tectonics have overprinted and are still recorded in some areas. 

Figures 72 and 73 show the close relationship between cryovolcanism and extensional tectonism 

on Ganymede. Fractures zones are frequently the sources of smooth cryovolcanic deposits. Tectonically

bounded lanes of grooved terrain also commonly appear to serve as the containment basins of 

cryovolcanic flood plains. In many areas tectonic grooving was followed by cryovolcanic flooding, 

followed by re-activation of grooving. These figures also show the very smooth character of some re

surfaced regions, some of which have not been subsequently tectonized to any significant degree. The 

lack of any obvious flow margins in these smooth deposits, even very near the terminator in the images 

with the highest resolution, indicates that the flow thicknesses must be on the order of or less than 

about 50-100 meters. Hence, the erupted liquids possessed low viscosities and yield strengths. After 

considering the 1/7 g surface gravity, the erupted substances may have been rheologically comparable 

to any substance as 'thin' as or 'thinner' than andesite (Table III). Of course, silicate lavas are not 

conceivable in Ganymede's situation, so rheologically compatible and compositionally likely substances 

would include water, salt brines, or ammonia-water liquids (the latter only as long as there is a low 

content of additional components). Since substantial quantities of ammonia are unlikely to have 

condensed in the relatively warm jovian nebula, water or salt brines are more likely than ammonia

water liquid. 
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Most published models assume that the re-surfacing agent was probably water or muddy water, 

consistent with the rheological inferences above. There is an obvious buoyancy problem with getting 

liquid water to the surface if Ganymede possesses a thick water ice crust (of course this problem is 

exacerbated if the water contains suspended silicates or dissolved salts). Proposed solutions to this 

problem involve, for instance, the inclusion of silicates in the crust so as to increase its density, the 

extrusion of water forced out of freezing pockets of sub-surface water, or the extension of the magmatic 

plumbing system deep into the interior of a rock-ice core where the bouyant forces may be large. While 

these are not unreasonable possibilities, we will see below that they are unnecessary if Ganymede 

contains, as is likely, substantial quantities of magnesium sulfate and other salts. Lewis (1980) has 

suggested that 10 may contain abundant sulfates in its interior; salts are known to be abundant in 

carbonaceous chondrites, and if such material was not originally accreted by Ganymede, then subsequent 

aqueous alteration of silicates and formation of salts would occur; in either case, the end result should 

be the production of aqueous salt solutions rather than pure water. 

The freezing-point depression caused by salts also may assist in melting in a satellite that may 

convectively regulate its internal temperatures below the melting point of pure ice. Magnesium sulfate 

alone would only lower the melting point by 4 K, but certain other salts, particularly the chlorides, are 

much better freezing point depressants. Once volcanism initiates the fraction of rock in the solid residual 

core increases, causing the viscosity of the core to increase, resulting in higher convective temperatures 

or even a complete failure of the convective mechanism, thereby promoting further melting. 

2. The model. 

Many evolutionary routes are feasible if Ganymede contains significant sulfate. The particular 

route depends on the sulfate/total sulfur ratio, and the way that differentiation proceeds. I shall consider 

some simple possibilities to illustrate how percent-level quantities of oxidized sulfur can completely alter 

the global evolution of an icy satellite. The relevant high-pressure phase equilibria in the water

magnesium sulfate system are unknown, but the low-pressure system (Figure 2) shall suffice for the 

purposes of the illustration. Sulfates of Na, Ni, and possibly other components may be important as they 

are in carbonaceous chondrites, but for the purpose of illustrative clarity only the dominant salt 
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component, magnesium sulfate, is considered. 

First consider a special case where Ganymede has a rocky component closely resembling the 

carbonaceous chondrites and specifically having 38% of its sulfur in the form of magnesi.um sulfate. For 

comparison, the CI chondrite Orgueil has 40% of its S as sulfates, 59% as sulfides, and 2% as native 

sulfur. The total quantity of salt, rock, and ice can be calculated knowing the specific gravity of 

Ganymede (1.93), the approximate pressure-averaged specific gravities of ice (1.25) and carbonaceous 

chondrite rock (2.6), and the chondritic abundance of sulfur (6%). In this special case the H 20:MgS04 

ratio of Ganymede is equal to the water-magnesium sulfate eutectic composition. Complete partial 

melting of Ganymede at the eutectic would result in a rocky core surrounded by a 600-km-deep layer 

of frozen brine composed of roughly equal weight fractions of ice and magnesium sulfate hydrate. 

Magnesium sulfate hydrates are among the softest minerals at room temperature; for example, 

epsomite ranks between gypsum and halite on Moh's hardness scale, and can be scratched with a 

fingernail quite easily. A mixture of magnesium sulfate hydrate and water ice would be readily 

deformable. Therefore, a thick eutectic crust on Ganymede would probably convectively regulate its 

temperature below the ice-magnesium sulfate solidus. However, inclusion of other substances might 

allow partial re-melting near the base of the thick eutectic layer or near the thermal minimum of the 

mUlti-component liquidus at the ice I - ice III transition. 

Like pure water, the eutectic liquid is denser than its equivalent solid at pressures less than the 

ice I - ice III transition (Figure 56). Brine volcanism would face the same dilemma as faced by water 

volcanism with a thick ice crust. Brine would readily ascend to the depth of the ice I - ice III transition, 

but could reach the surface only under special circumstances. However, if Ganymede contains less than 

38% of its sulfur in the form of magnesium sulfate, then residual ice remains in the rock-ice core of 

Ganymede after all the eutectic fraction has melted. If previous aqueous alteration has caused the rocky 

fraction of the core to closely approach thermodynamic equilibrium with respect to water (i.e., anhydrous 

silicates have reacted to form phyllosilicates, amphiboles, and other stable hydrous phases), then more 

or less pure water can be generated when the temperature reaches the melting point of pure ice. Liquid 

water so generated can ascend buoyantly all the way to the surface. In this case a water ice crust would 

ultimately develop on top of a magnesium hydrate-ice mantle and a rock core. 
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If, on the other hand, Ganymede contains more than 38% of its sulfur in the form of sulfate, 

then all the water ice is exhausted by eutectic melting, leaving excess MgS04.12H20 in the core. The 

latter melts incongruently at the peritectic P1 (Figure 2), leaving a solid residue of epsomite. This, in 

turn, melts incongruently at the peritectic P2, leaving solid hexahydrite. Hexahydrite melts at a still 

higher temperature. Each of the liquids produced is less dense than its solid residue, but denser than 

the early-formed solid ice I - dodecahydrate eutectic layer. Thus, the ice I-bearing eutectic crust would 

float stably above all subsequently generated liquids and their frozen equivalents. Late volcanism would 

therefore be inhibited. 

After all the magnesium sulfates have gone through the partial melting and re-melting process 

a stably stratified satellite will have been produced. A frozen ice I-bearing eutectic layer will overlie ice 

111- and ice VI-bearing eutectic layers, and these will overlie ice-free magnesium sulfate hydrate layers 

with progressively more dehydrated compositions at depth. Water volcanism could still be possible. 

Radiogenic heating can warm the core of hydrated silicates until it partially or completely dehydrates. 

The liberated hydrothermal fluids would be upwardly buoyant and may eventually reach the surface, 

allowing water volcanism. In the two cases above, where the sulfate fraction is equal to or less than 38%, 

dehydration of the rock core might also contribute additional water to the surface. 

One would expect a priori that the ascending waters would become contaminated with some 

amount of magnesium sulfate just as terrestrial basalts become contaminated with granitic material 

when they ascend through and chemically react with thick continental crust (Foland et aI., 1985; Patchett, 

1982; Watson, 1982). On the other hand, cryovolcanic plains on Ganymede are associated with strongly 

rifted regions. In similar situations on Earth basaltic lavas often rapidly ascend through thin, actively 

extending continental crust with minimal contamination by crustal material (Kargel, 1986; Lum et aI., 

1989). If substantial magnesium sulfate contamination has occurred on Ganymede, the Galileo spacecraft 

should be able to detect it. 

3. The Ganymede· Callisto Dichotomy. 

The model presented above provides a range of solutions to the the problem of cryovolcanism 

on Ganymede. This, however, may solve only half of the enigma of Ganymede. The other half is Callisto 
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(Friedson and Stevenson, 1983; Croft, 1986; McKinnon and Parmentier, 1986; Mueller and McKinnon, 

1988). Callisto has roughly the same radius and density as Ganymede, and formed in an adjacent orbit 

in the same satellite system. However, Callisto is pock-marked with craters standing rim to rim and 

overlapping, and shows none of the grooved terrain and re-surfacing seen on Ganymede. Spectrally, 

Ganymede has a bright icy surface containing small amounts of dark contaminants, whereas Callisto 

has a dark, rock-dominated surface containing some water ice. The two satellites are so similar yet so 

different, presenting comparative planetologists with an enigma of the first order, paraUeled in the solar 

system only by the Venus-Earth dichotomy. Either Callisto is an undifferentiated object, or it 

differentiated and became inactive very early, prior to a period of heavy bombardment (Mueller and 

McKinnon, 1988). On the other hand, Ganymede continued to evolve until after heavy bombardment 

had ceased. Why this vivid contrast in evolutionary history for two objects that would seem destined to 

evolve along identical lines? Planetologists have sought two different sorts of possible answers to this 

question based on two different assumptions: flJ'st, that Callisto did not differentiate, and second, that 

it did. 

Assumption: Callisto is undifferentiated. One possible solution is that the differences in size 

and density between the two satellites, while small, were also critical (Table IV). After all, Ganymede's 

greater size and density indicates that it may contain a mass of rock about 45% greater than Callisto, 

and this, perhaps, is not evolutionarily insignificant (Friedson and Stevenson, 1983; Croft, 1986). For a 

given time the radiogenic surface heat flux of Ganymede would be about 20% greater than Callisto's 

(the residual accretionary heat flux from Ganymede would also be significantly greater). And, for a given 

internal temperature, one important effect of more rock per unit volume in an initial undifferentiated 

Ganymede is to make the viscosity of the ice-rock mixture more viscous than in Callisto. Hence, the 

temperature in the convective region of an early homogeneous Ganymede would be slightly greater than 

in Callisto. Thus, for a given point in time interior temperatures were substantiaUy greater in the 

conductive region and slightly greater in the convective region of an undifferentiated Ganymede relative 

to Callisto. If Ganymede's interior temperature profile happened to exceed an important eutectic (e.g., 

H20-MgCI2-CaCI2) and Callisto's interior just missed the melting point then Ganymede may have 

started on the road to differentiation, whereas Callisto may not have. For example, melting at the mulLi-



116 

component chloride eutectic in Ganymede could produce a chloride-ice crust several km thick (limited 

by the cosmic abundance of chlorine), enough to produce extensive or even complete resurfacing. 

Tittemore (1990) has recently presented an attractive alternative explanation for the Ganymede

Callisto dichotomy. He found that Ganymede and Europa may have passed through a 3:1 orbital 

commensurability, possibly allowing large orbital eccentricities and high rates of heating by tidal 

dissipation in both objects. On the other hand, Callisto did not share this heat source, thus possibly 

explaining the profoundly different geological evolution of Ganymede and Callisto. 

Assumption: Callisto is differentiated. The question to be answered is why did Callisto 

differentiate and "die" early while Ganymede continued to evolve? Again, possibly the answer lies in 

the small but significant differences in satellite size and density. The greater radiogenic and accretionary 

heating of Ganymede compared to Callisto means that Ganymede could maintain a warm interior longer 

than Callisto could. Considering just radiogenic heat, a 20% greater surface heat flux translates into a 

220 million-year extension of warm conditions in Ganymede compared to Callisto (approximated as the 

steady-state release of exponentially decaying radioactivites with a mean half-life of 1.3 Ga). Thus, 

Ganymede may have remained internally active 0.2 Ga longer than Callisto. If heavy bombardment 

continued after Callisto became inactive but ceased before Ganymede died then a difference in 

morphologic appearance would be explicable: Callisto's record of volcanism and tectonism would have 

been largely erased by impacts and its surface contaminated with meteoritic material, while Ganymede 

would largely preserve the crisp details of its tectonic and cryovolcanic history. Tittemore's (1990) 

discovery that Ganymede may once have been tidally heated, unlike Callisto, may also have produced 

a late episode of geologic activity on Ganymede that was not shared by Callisto, even if both objects 

initially did differentiate. 

There is yet another possibility. We know that 10 is rich in SO and S02' Lewis (1982) has 

suggested that lo's interior also contains abundant MgS04 • In the model above it was proposed that 

Ganymede also contains abundant MgS04 , a proposal motivated by observations of carbonaceous 

chondrite mineralogies. We also know that CI carbonaceous chondrites contain sulfur in a variety of 

oxidation states, with sulfate/total sulfur close to a critical value corresponding to the water-magnesium 

sulfate eutectic. Finally, it was shown above that the igneous evolution of ice-rock assemblages on either 
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side of this critical ratio are sharply divergent. Water volcanism on Ganymede is most readily explained 

if it contained excess ice after melting at the magnesium sulfate-ice eutectic. If the jovian system exhibits 

a radial increase in the sulfate/total sulfur ratio, then Callisto could fmd itself on the ice-deficient side 

of the magnesium sulfate-water eutectic, even as Ganymede is on the ice-rich side. Hence, the two 

satellites could evolve in their own separate ways, Ganymede exhibiting late water volcanism, and 

Callisto unable to do so. 

It is unfortunate that the various "solutions" to the Ganymede-Callisto dichotomy, including the 

author's proposal based on the water-magnesium sulfate system, can not be tested decisively with 

available data. One test for Gali1eo (now en route to Jupiter) will be to examine the Galilean satellites 

for the wide 4.4 micron absorption feature due to sulfates. In the scenario presented above Callisto 

should have a sulfate-rich ice-magnesium sulfate eutectic crust, while Ganymede would have an ice

rich surface contaminated perhaps by small quantities of magnesium sulfate. 

F. Enceladus. 

1. The arch typical icy satellite. 

If "geologic interest" is defined on the basis of recent geological dynamism and on the extent 

of the geological record of the past, then Enceladus is surely an icy satellite of commanding interest 

(Figures 74 and 75). Enceladus has heavily cratered surfaces, virtually crater-free plains, rifted terrains, 

a vast system of curvilinear ridges, rectilinear fracture patterns, and apparently a globally blanketing layer 

of cryoclastic ash. Although atypical in its very recent and intense geologic activity (probably because 

it is mainly heated by strong tidal forces rather than by low levels of radioactive decay), Enceladus 

remains the arch typical icy satellite in the author's mind: small, icy, incredibly bizarre, and doing amazing 

things that a dozen years ago we thought simple dirty snow-balls ought not do. 

2. Geologic evolution of Enceladus. 
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The optical surface of Enceladus is the brightest in the solar system and indicates that fresh, 

clean ices constitute or coat the crust. Published infrared spectra are of low quality but indicate the 

presence of water ice (Cruikshank, 1980). The relationship of Enceladus with Saturn's tenuous and 

youthful E-ring is probably genetic and suggests that Enceladus is covered with a blanket of water ice 

spherules ejected from recently active volcanoes (Pang .tlJ!l., 1984). Kargel (1984) interpreted a chain 

of partially coalesced pits as a tectonically controlled chain of explosive cryovolcanic vents (Figure 74, 

13 to J4), and suggested that similar vents could be the sources of E-ring particles and a global 

cryoc1astic ash layer. Kargel (1983) interpreted a truncating system of rectilinear troughs and scarps in 

terms of major strike-slip offsets (Figure 74, J5 and K6), suggesting a modest degree of tranlational 

lithospheric motions. 

Pozio and Kargel (1989 and 1990) mapped tectonic landforms (Figure 76) and terrains on 

Enceladus (Figure 77), determined crater densities (Figures 78 and 79) and super-position relationships 

for these terrains, and established the following chronology: 

(1) Very early in Enceladus' history, global resurfacing obliterated all evidence of accretion and 

the early, intense phase of impact cratering (popUlation 1). Subsequent impacting by popUlation 2 

projectiles recratered this early resurfaced terrain of which a few remanants exist today (Cp 5-10). 

(2) Rifting resulted in fracturing, cryovolcanic flooding, and possible viscous relaxation and 

extensional straining of impact craters in the Rifted Terrain (Rf). These events may have been coeval 

with plains formation in Cp4 and the emplacement of a Banded Terrain subunit (Btl). 

(3) Continued cryovolcanism and extensional fracturing generated the younger units of the 

cratered plains (Cpl-3) as the youngest subunit of Banded Terrain (Bt2) was emplaced. 

(4) Ridged Plains (Rp) were formed by a combination of widespread cryovolcanism and 

probably compressional tectonics. 

This chronology is illustrated on a craterbased relative time scale in Figure 80. This and other 

craterbased icy satellite chronologies must be considered with the caveat that impact cratering rates have 
,,':: 
.' 

probably been non-uniform over the surfaces of these objects (Horedt and Neukum, 1984). Figure 80 

shows a very weak correlation (at best) of crater densities with the distance from the antapex of orbital 

motion. If real, this weak correlation is consistent with bombardment by planetocentric objects orbiting 
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in eccentric orbits. However, abrupt discontinuities in crater densities with tectonic contacts indicate that 

geology more than global cratering rate asymmetries have been responsible for Enceladus' non-uniform 

cratering record. 

Tectonic stratigraphy as well as crater densities indicate multiple episodes of coupled 

cryovolcanic and tectonic activity spread over a substantial period of time. Hence, Enceladus' geologic 

record can not be explained in terms of a singular heating event. Rather, events on Enceladus must be 

powered by a sustained or episodic heat source. 

3. Global volcano-tectonic relationship. 

Tectonism and volcanism are generally closely related wherever both occur together on a planet 

or satellite. "Passive" volcano-tectonic associations, such as occurs on the Moon, may occur if incidental 

magma bodies or impact melts are tapped by fractures and thereby gain access to low-lying regions on 

the surface. More "active" volcano-tectonic associations, such as the plate tectonic regime of the Earth, 

can also exist if the deep internal deformations of a planet or satellite dictate the thermal regime and 

the compositions and amounts of partial melts, as well as the global and regional organizations of 

conduits through which the melts can emerge. 

Enceladus apparently displays one of the more "active" global volcano-tectonic associations 

observed in the solar system judging by the close relationship between re-surfacing and global tectonics. 

The 750-km-Iong system of curvilinear ridges circumscribe a region of extremely recent cryovolcanic re

surfacing (Ridged Plains), seems to be associated with re-surfaced rifts cutting into adjoining cratered 

plains (the Rifted Terrains), and is associated with the enigmatic Banded Terrain. Further, as noted by 

Pozio and Kargel (1989) the domains of extensional and compressional-type features (grooves and 

ridges, respectively) seem to be globally organized according to Enceladus' tidally-locked orientation in 

its orbit about Saturn. 

4. Cryovolcanlc lava rheology and composition. 

Available images of Enceladus show no obvious cryovolcanic flow margins. However, flow 

thicknesses as great as several hundred meters could have gone undetected even near the terminator 

._----------------
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given the resolution of the images (2 km per line-pair). What is clear is that enormously thick flows such 

as found on Miranda, Ariel, and Triton are not present on Enceladus. Scaled to Earth's gravity, 

Enc1edus' flow substances would produce flow thicknesses on the order of, or thinner than, a few tens 

of meters (Table III). This indicates rheologies comparable to or "thinner" than basalt or perhaps 

andesite, suggesting the substances- had liquidus viscosities of < 102
-

3 poise. 

If magnesium sulfate brines are rheologica11y and cosmochemically plausible cryolavas for 

Ganymede, then they are at least admissable for Enceladus as well, since this low-viscosity material 

should produce low-relief cryovolcanic plains. However, ammonia-water is rheologically acceptable also. 

Ammonia-water lavas are most consistent with widely accepted models of the composition and evolution 

of the Saturn Nebula and with the small size of Enceladus and its presumably meagre energy budget. 

Carbon-deficient ammonia-water lavas are considered most likely, since a significant quantity of 

carbonaceous constituents would probably result in rapid radiation darkening, which is not observed at 

Enceladus. Carbonaceous and other constituents in ammonia-water liquids generally also cause an 

increase in the liquids' viscosities and may increase the resulting flow thicknesses to the point where flow 

margins might have been obvious in Voyager images of Enceladus. Therefore, while water or salt brines 

are favored for Ganymede, mGre-or-less pure ammonia-water liquids seem most plausible for Enceladus. 

However, the possible compositional parameter space is terribly under-constrained, and some quite 

unexpected liquid could be responsible for resurfacing. 

5. Models of formation of curvilinear ridges. 

Enceladus' curvilinear ridges were frrst interpreted as ridges by Smith et al. (1982). Squyres et 

al. (1983) minimized the elevated aspects of Enceladus' ridges and favored an extensional origin similar 

to the origin of Ganymede's grooved terrain. However, Squyres et al. also pointed out that at least one 

feature is a highly elevated ridge (Figure 74, J8). Even one prominent ridge is sufficient to rule out a 

purely extensional tectonic origin. Passey (1983) showed photoc1inometric profiles indicating that these 

features can be characterized as trough-bounded ridges, and showed that the ridges have rounded tops. 

These observations are inconsistent with an extensional origin, and do not support proposed similarities 

with Ganymede's grooved terrain. Pozio and Kargel (1989) concurred with Passey and largely agreed 



121 

with Smith ~. and mapped these structures as fundamentally ridge landforms. In one significant 

departure from the earlier work, Pozio and Kargel mapped as an extensionally Rifted Terrain what was 

included by Smith et a1. as part of the ridge system. 

Pozio and Kargel (1989) proposed two possible origins of Enceladus' ridges: compressional 

folds, or volcano-tectonic constructs (Figure 81). As modelled below, either hypothesis carries with it 

the requirement that the lithosphere has a flexural rigidity markedly reduced below that of massive ice. 

Cryovolcanic layering could explain the reduced rigidity in either case. 

Lithospheric flexure in response to line loading. In this model the curvilinear ridges are line 

loads (Figure 81a). The loads would be imposed on the supporting lithosphere by island-are-like volcanic 

constructs or viscous dike-like extrusions, causing the lithosphere to flex, thereby creating peripheral 

troughs and bulges. The ability of the lithosphere to flex under a load depends very strongly on the layer 

thickness of the lithosphere. The more thinly layered the lithosphere, the less rigid it is. Hence, the 

flexural response of the lithosphere provides an excellent probe of the dominant layering thickness of 

the lithosphere. Turcotte and Schubert (1982) offer an analytical solution to a simple problem of this 

sort and successfully applied it to terrestrial problems involving seafloor structures. 

Enceladus' gravitational acceleration g (8 cm S-2), the lithospheric density rho (1 g cm-3), 

Young's Modulus E (1.5 x 1011 dynes cm-2 based on ice values), Poisson's Ratio nu (0.3), and the 

wavelength of the flexural response of the lithosphere Xb (about 20 km) are all known or estimated with 

sufficient accuracy to determine the characteristic layer thickness, h, of the lithosphere. One finds that 

h must be on the order of 300 meters in order to allow the observed flexural response. A substantially 

more thickly layered or massive lithosphere would deform more broadly than observed, and a 

substantially thinner layering would cause the flexural rigidity to be so small that a line load would sink 

to the point of isostatic compensation without visible flexing of the lithosphere. The implication is that 

some process must have yielded a layered lithosphere. Perhaps the lithosphere is fundamentally 

cryovolcanic, with flows of the order of 300 meters thick. Layers might be mechanically separated from 

one another by impact regoliths, blocky lava surfaces, or layers of E-ring-type cryoclastic dust. This 

thickness of lava flow might be achieved on a low-g body like Enceladus if the lavas were more-or-Iess 

pure ammonia-water. 



122 

Lithospheric folding. In this model Enceladus' curvilinear ridges are produced by lateral 

compressive differential stresses, analogous to the origin of folded sedimentary and volcanic terrains on 

Earth (Figure 81b). It is a basic observation of terrestrial geology that only layered rocks are folded: 

thinly bedded sedimentary and volcanic rocks and strongly foliated metamorphic rocks with sedimentary 

protoliths usually respond to compressional stresses by folding. Massive volcanic piles, large intrusive 

igneous bodies, and poorly foliated high-grade metamorphic rocks respond to compression by thrust 

faulting. The reason is that layered rocks have low flexural rigidities, whereas massive rocks have very 

high rigidities. 

Turcotte and Schubert (1982) also provide a simple analytical solution to the initial buckling of 

layered rocks. Initial buckling is analogous to the kinetic barrier of a chemical reaction. Folding is 

relatively easy once the initial buckling occurs. If the critical compressive stress required for buckling 

is less than the critical stress required for brittle thrust faulting, then compressional deformation occurs 

by folding. If, however, the brittle compressive strength is exceeded before the buckling threshold is 

achieved, then the response is thrust faulting. Applying the solution of Turcotte and Schubert to 

Enceladus, and taking 10-1000 bars as the compressive brittle strength of the lithosphere, then in order 

for folding to occur the layer thickness must be on the order of or less than 10-100 cm. Such thin 

layering might be achieved by volcanic extrusions of water, salt brine, ammonia-free methanol water, or 

some other low-viscosity liquid. Alternatively, thin layerings of E-ring-like dust could be responsible. 

6. The mystery of Enceladus' heat engine. 

The dicovery of intense and very recent geologic activity on Enceladus came as a great surprise. 

Enceladus was too small, it was generally thought, for radiogenic heating to have significantly warmed 

its interior. Tidal heating was considered and rejected prior to the Voyager 2 flyby as an important 

contributor to Enceladus' heat budget. The very people who had successfully predicted volcanic 

modifications on Jupiter's tidally heated moon 10 had predicted that tidal heating of Enceladus would 

be insufficient to induce geologic activity (Peale llill., 1980). Different assumptions about the rheology 

of Enceladus' interior did not yield qualitatively different conclusions (Porier et aI., 1983). 

After Voyager's observations it was clear that Enceladus was very active quite recently, so 
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people began to look for ways to increase heat production. More recent tidal heating models have 

become increasingly clever at fmding ways to provide the tidal heat necessary to maintain a molten 

interior or to provide spasmodic episodes of tidal heating (Squyres ~Lill., 1983; Lissauer et aI., 1984; 

Ross and Schubert, 1988). The decade-long search for a plausible heating mechanism for Enceladus has 

concentrated on trying to maximize the rate of tidal dissipation while largely ignoring plausible means 

of maximizing heat conservation. In general, inhomogeneous models successfully permit present-day 

interior melting, but require a differentiated state to be obtained before tidal dissipation becomes really 

effective. 

In retrospect, the conservative thermal models published to date are the least heat retentive of 

the many plausible satellite structures and compositions. Previously undifferentiated small icy satellites 

may reasonably have had the necessary thermal insulation to permit interior melting using just the 

heating caused by decay of long-lived radionuclides. Croft (1987) has evaluated the insulating effects of 

methane clathrate and found that Miranda (about the same size as Enceladus) could have differentiated 

without exotic means of heating. In the section on Ariel, below, I consider thermal insulation by 

inclusion of large quantities of low-conductivity ammonia hydrate; this insulating mechanism could just 

as well apply to Enceladus. Here, I consider insulation by a megaregolith. 

7. Initiation of parlial melting in Enceladus under a thick megaregoIith. 

The objective here is to examine the efficacy of a megaregolith as an insulating layer, as first 

suggested by Stevenson (1982), and to find the minimum megaregolith thickness required to achieve the 

desired result: partial melting 4.4 billion years ago near the center of Enceladus. Early differentiation 

and formation of a layered interior structure may be the key to allowing efficient tidal heating 

mechanisms to step in and maintain a warm, active interior even as radiogenic heating declines. 

It is assumed that Enceladus starts out as an undifferentiated object and the only significant 

early heat source is radiogenic. Enceladus' rock mass fraction is 0.336 based on a satellite density of 1.2, 

an ice density of 0.95, and a hydrated rock density of 2.5 g cm-3
• The chondritic heating rate in the rock 

fraction 4.4 billion years ago was 2.66 x 10-7 ergs g-1 S-1. 

The thermal conductivities of the non-porous deeper portions of Enceladus are taken to be 
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similar to those of pure water ice (ammonia hydrate conductivities are lower and rock conductivities 

are higher than those of ice, and may average out to values near those of ice). More precisely, the 

conductivity of non-porous undifferentiated satellite material, ko' is given as a function of temperature, 

T, by log ko = -1.19 log T + 8.21 (water ice approximation, from Ross a....ru., 1977). The conductivity 

of the porous megaregolith is given by kphl = ko(1-phi)10, where phi is the porosity. The tenth power is 

indicated by conductivity studies of terrestrial basalt powders (Touloukian ~., 1970) and of lunar 

basalts, soils, and breccias under vacuum (Warren and Rasmussen, 1987). 

The models assume a porous megaregolith exists to a depth h (where h is taken as 0, 3, 10, and 

15 km) and the porosity varies linearly with depth from 40% at the surface to 0% at depth h. The case 

of h = 0 corresponds to published models where no megaregolith exists. The case of h = 3 km is 

suggested by the lunar highlands megaregolith which is characterized by 40-50% porosities at the surface 

to very low porosities 3 km deep. The greater values of h are suggested by the low surface gravity of 

Enceladus which would tend to allow deeper megaregoliths than on the moon. Note that the lithostatic 

pressure at the base of the lunar highlands megaregolith is on the order of 100 bars, while the lithostatic 

pressure at the base of a 15-km-deep megaregolith on Enceladus is only 9 bars. Hence, deeper 

megaregoliths than those considered here are entirely likely on small, undifferentiated icy satellites. In 

fact, Eluszkiewicz and Leliwa-Kopystynski (1988) examined a rubble-pile model of Mimas where a 

megaregolith with downwards-decreasing porosity may extend all the way to the satellite's center. Deeper 

megaregoliths, of course, have the effect of better achieving the enhanced interior temperatures needed 

for partial melting. However, the objective here is simply to establish the minimum megaregolith 

thickness required to permit interior melting (T = 176 K), and for this result only a very conservative 

range of possible megaregolith thicknesses needs to be considered. 

Thermal profiles were calculated by dividing Enceladus into twenty or more concentric shells 

and calculating the incremental increases in temperature from the surface to the center. The 

temperature-dependent thermal conductivity, radius-dependent heat flow, and the resulting temperature 

rise were iterated for the middle radius of each incremental shell. The effects of vacant pore space on 

heat production and satellite radius as well as heat conduction were also included. 

The model results are shown in Figure 82. The case where h = 0 allows a maximum interior 
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temperature of only 83 K. The low interior temperature profile is consistent with the conclusions of 

others who have modelled the thermal evolution of small icy satellites, namely that radiogenic heat is 

insufficient to allow interior melting in such a case. A more detailed comparison indicates that the 

interior temperatures modelled here are lower than modelled by Ellsworth and Schubert (1983) for 

satellites bracketing Enceladus in size (Mimas and Tethys -- they did not model Enceh\dus itself). The 

reasons for this quantitative discrepancy are that Ellsworth and Schubert used lower thermal 

conductivities and higher surface temperatures and rock mass fractions than utilized here. 

The cases of h = 3 and 10 kIn are insufficient to allow interior melting, although h = 15 km 

allows the ammonia-water melting point to be attained at a depth of only 25 km. Hence, most of the 

satellite can partially melt if it has a sufficiently thick and porous megaregolith. 

If annealing of pore spaces in the megaregolith occurs efficiently at temperatures substantially 

below 150 K, then interior melting at the ammonia-water peritectic will not occur as modelled. Melting 

would require either some additional heat source, some additional insulating component, or additional 

minor chemical components that might reduce the minimum melting point to the lowered interior 

temperatures. These potential complications have not been evaluated. 

Clearly, thick megaregoliths can be effective in insulating small icy satellites to the point where 

interior temperatures may come very close to or exceed the ammonia-water peritectic temperature. 

Melts generated and "rooted" deep in the dense interior could generate large hydrostatic pressures 

because of the large buoyant forces acting on the liquid in the dense interior, possibly allowing the 

liquids to ascend all the way to the surface despite the low density of the uppermost few km. 

Alternatively, without the benefit of large hydrostatic pressures, ammonia-water liquids might ascend 

buoyantly until they halt at a level within the megaregolith where the porosity becomes great enough 

that buoyant driving forces vanish. In the h = 15 km model ammonia-water liquids could stall at a depth 

of about 7 km where they may form sills, dikes, or batholiths. Over time, ammonia-water intrusions and 

extrusions would tend to reduce the porosity of the megaregolith, thereby reducing this source of 

insulation. However, the ammonia hydrate crust itself is an excellent insulator (k about one-fourth that 

of water ice). By isolating the rocky components deeper in the interior, the radioactive heating elements 

are also placed where they are more effective in heating the satellite. Differentiation, once initiated, may 
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proceed inexorably until the entire satellite has partially melted. Then even as natural radioactivities 

decay, heating by tidal dissipation in the layered Enceladus may sustain internal activity. 

G. IAPETUS. 

Ipaetus is one the oddest satellites since the hemisphere leading its orbital motion is about ten 

times darker than the trailing hemisphere. This albedo anomaly is so striking that it was noted very early 

after its discovery based on telescopic observations. Figure 83, fuzzy as it is, is one of the best of 

Voyager's pictures. The resolution is about 18 km per line-pair, sufficient to detect some details of the 

global albedo pattern and to detect many large impact craters on the bright hemisphere, but insufficient 

to see any tectonic or cryovolcanic landforms, except as their presence may be given away by the albedo 

patterns. Two hypotheses have been advanced for the albedo patterns: 

1. Phoebe dust. Iapetus' dark material is dust plastered onto the leading hemisphere as Iapetus 

orbits around Saturn. The dust would have been sputtered by micrometeorite impacts onto Saturn's 

outermost known satellite, Phoebe. Phoebe is a dark reddish satellite somewhat similar spectrally to the 

dark material on Iapetus. The dust is ejected into Saturn orbits which then slowly decay under pressure 

exerted by electromagnetic radiation. The dust particles eventually spiral into an Iapetus-crossing orbit 

where it collides with Iapetus on the leading hemisphere only. This hypothesis has been criticized 

because Voyager's observations clearly indicate that dark material is often localized on crater floors 

and/or walls. Proponents counter-argue that this kind of pattern can be generated from obliquely 

impacting dust. The Phoebe dust hypothesis has also been criticized because the spectral characteristics 

of Iapetus' dark material do not very closely match Phoebe, although they both are dark and reddish 

compared to other solid material in the saturnian system. 

2. Volcanism. Based on the association of dark deposits with crater floors and the common 

occurrence of lava-flooded impact craters on the Moon, Mars, and Mercury, it has been suggested that 

Iapetus' dark material was extruded as some kind of volcanic liquid. Either the liquid was initially dark 

red, or, more likely, it became dark red after exposure to ionizing radiations. Presumably the substance 

is highly carbonaceous. Methanol, ammonium sulfide, ammonium cyanide, or any of a number of other 

water-soluble components could supply the necessary carbon. The volcanic hypothesis gained support 
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from observations in the uranian system which showed similar low-albedo (though gray, not red) deposits 

occupying crater floors on Oberon, material which almost certainly is volcanic. 

Given the low resolution of available images we will not be able to distinguish with any certainty 

between the two competing hypotheses. We must await the arrival of Cassini near Iapetus in the year 

2003 if all goes according to plan. 

H. MIRANDA. 

Miranda presents itself as one of the most bizarre objects in the solar system. It is one of the 

smallest of the major icy satellites in the solar system, slightly smaller than Enceladus. And, like 

Enceladus, it has been intensely disturbed by geologic processes. Miranda preserves both old cratered 

terrain and geologically young, lightly cratered terrain (figure 84). On the one imaged hemisphere there 

are three roughly ovoid regions, "coronae", displaying evidence for pervasive disturbances by coupled 

volcanic and tectonic processes (figures 85 and 86). The coronae are similar in size (within a factor of 

two), and each displays a crudely concentric pattern of nested volcanic and/or structural features. 

Regions intervening between the coronae are more heavily cratered (older) and have seen extensional 

faulting forming canyons and fault scarps with as much as ten kilometers of relief. 

The coronae, although superficially closely resembling one another, in detail show great 

contrasts in geomorphic styles. The chief difference appears to stem from the differing relative roles 

played by tectonism and cryovolcanism. Arden Corona displays clear evidence for pervasive late 

tectonism, with impressive slickensided or mass-wasted step-like extensional fault scarps oriented 

concentrically and dipping away from the center of the corona. Elsinore Corona lacks any similar 

features and seems to have been dominated in its late evolution by cryovolcanism involving extremely 

viscous substances (Smith et al., 1986). Inverness shows a style of extensional tectonics distinct from that 

displayed by Arden, except on the side facing Arden where the tectonic styles of the two coronae are 

similar. Figure 85 shows numerous extensional faults and graben cutting across Inverness and paralleling 

its sides. Inverness also includes geomorphic features probably indicative of cryovolcanism, including 

flow-like features with corda-like rippled surfaces (Croft, 1987). 

Flows on Miranda are 500 meters thick at their edges (Schenk, 1990), roughly comparable to 

- ------------------------~ 
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the thicknesses of flows on Ariel and Triton, suggesting similar flow substances on the three satellites. 

The rheology of Miranda's flows is not explicitly considered in any detail here, as this subject will be 

covered in the discussions of Ariel's and Triton's flows. 

One of the most prominent and unique features in the distant views of Miranda is a bright 

chevron-shaped region occupying part of Inverness Corona. In high-resolution images such as figure 85 

the "chevron" is revealed to consist of bright mottlings, some of which appear to be related to bright 

impact ejecta, some of which are just bright patches unassociated with craters. Parts of the edge of the 

chevron are sharply delineated and appear to have been tectonically truncated or volcanically overlain 

by dark material. Elsewhere, the edge of the chevron is diffuse. The impression is that the chevron is 

a thin veneer of frost-like material overlying, and in part overlain by, dark material. Perhaps it is 

composed of fumarole condensates of ammonia or water frost or some other substance which is 

relatively volatile at cryomagmatic temperatures, but involatile at Miranda surface temperatures. Or 

perhaps it is a veneer of bright crater ejecta, excavated by numerous small and mostly unresolved craters, 

associated with an inherently bright, perhaps ice-rich, subsurface layer. It is interesting that dark and 

bright layers do seem to be exposed along certain fault scarps, and that dark crater ejecta are common 

over much of Miranda's surface, as if subsurface compositional stratification on the 5OO-meter scale is 

widespread. Such stratification could relate to cryovolcanism or to the occurrance of globally or 

regionally blanketing layers of impact basin ejecta (evidence for both exists -- Croft, 1987). 

Greenberg ~. (1990) took an interdisciplinary approach to the geologic history of Miranda, 

but instead of coming to a consensus of understanding, they produced a number of competing (though 

not necessarily mutually exclusive) working hypotheses. They cite several working models providing 

mechanisms by which Miranda's tectonics and volcanism can be driven. Heating mechanisms include 

tidal dissipation and radiogenic heat insulated by clathrates. A potentially important driver of tectonism 

are the convective disturbances set up by sinking density anomalies such as might have been acquired 

by heterogeneous accretion or reaccumulation of disrupted satellite fragments (Melosh and Janes, 1988), 

or heating caused by chaotic rotation induced by an asymmetric internal density distribution (Marcialis 

and Greenberg, 1987). 

The simple models considered to date have difficulties in predicting just the observed 

---------------------------------
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morphologies. Miranda remains a world poorly understood. Probably most unsettling is the fact that no 

fully satisfying explanation has been advanced to explain the grossly similar structures of the three 

coronae. For example, Croft (1987) cites strong evidence that Arden Corona is in some way related to 

a large impact. Yet Elsinore appears to be dominated by cryovolcanism, and Inverness by a style of 

tectonics different from that displayed by Arden. Yet all three coronae display a strikingly similar quasi

concentric plan. What is the common genetic factor responsible for the similar structures? The answers 

to this and many other perplexing questions regarding Miranda still elude us. 

I. ARIEL. 

1. General observations. 

The surface of Ariel indicates an extended history of intense tectonic and cryovoIcanic activity, 

including a global system of extensional graben and re-surfaced cryovoIcanic plains displaying large flows 

with thick, lobate edges (Figures 87-90). The light sprinkling of impact craters on the youngest surfaces 

indicates that Ariel is probably inactive now, although it remained active long after the termination of 

the periods of heavy bombardment recorded in the cratering records of several other uranian satellites. 

Aspects of Ariel's history and surface morphologies have been explored by Smith et al. (1987), Jankowski 

and Squyres (1988), Plescia and Boyce (1987), Ruzicka (1988), Kargel (1988), Croft and Soderblom 

(1990), and Schenk (1990). 

Like the other uranian satellites, Ariel is substantially rockier than the small saturnian satellites 

(Table IV). It would be surprising if the systematically different ice/rock ratios of the small saturnian 

and uranian satellites (Johnson et aI., 1987) are not also accompanied by substantial differences in the 

compositions of their volatile components. The strikingly different albedos and colors of the saturnian 

and uranian satellites (Nelson ~., 1987) also seem to indicate differing surface compositions. 

Cryovolcanic flows on Ariel have lobate edges over a kilometer high (Jankowski and Squyres, 1988; 

Ruzicka, 1988; and Schenk, 1990), comparable to but exceeding the flow thicknesses on Miranda and 

Triton, and contrasting sharply with the vast smooth plains on the jovian and saturnian satellites (Table 

---------------------------------'--



130 

m), indicating major differences in the compositions of the most easUy fusible components of these 

satellites. 

Ariel's dramatic tectonic structures and associated cryovolcanic resurfacing indicates, as on 

several other icy satellites, that a close relationship exists between tectonism and volcanism (Kargel, 

1988; Croft and Soderblom, 1990). Ariel exhibits a striking global polygonal pattern of canyons and other 

fractures (Plescia, 1987). It is suggested below that Ariel's surface may have suffered large lateral shifts 

of lithospheric blocks similar to the extensional aspects of terrestrial plate tectonics (Kargel, 1988). 

Complementary compressional tectonics such as occur on Earth are not at all obvious, nor are the 

similar aspects identical to terrestrial extensional plate tectonics. Ariel's tectonics may be a uniquely 

expressed version of what may be termed block tectonics. This term is intended to imply that Ariel's 

block tectonics and Earth's plate tectonics have both sharply contrasting and closely similar aspects. 

The parallel drawn with components of terrestrial plate tectonics should not be too surprising. 

The geodynamical similarities of Earth and Ariel, as interpreted here, apparently derive from the 

likelihood that any generalized planetary object with sufficiently high internal heat production and a cold 

surface will have a convecting interior, a thin brittle lithosphere, and internal partial melting. These 

conditions commonly may be expressed as lithospheric fracturing controlled by asthenospheric 

convection, convection-driven mobilization of more-or-less independent fracture-delineated units of 

lithosphere, and fracture-controlled volcanism. This is the extent of the similarity -- both Earth and Ariel 

apparently have blocks of lithosphere in relative motion, and both exhibit volcanic flooding controlled 

by the tectonic patterns created by mobile lithospheric blocks. Obviously there should be a great number 

of expressive styles for such a plate-tectonic-like response to internal heating. The Earth displays one 

style, and Ariel, apparently, another. Evidence for large-scale translational tectonics has also been 

described for Venus (Head and Crumpler, 1990), Ganymede (Murchie and Head, 1988), and Enceladus 

(Kargel, 1983), in addition to Earth and Ariel. Thus, Ariel's tectonic style, while clearly uniquely 

Arielean, is not unusual for its transtensional aspects involving mobile blocks. 

Brittle translational movements of lithosphere as proposed below require new surface area 

(lithosphere) to be created and compensatory destruction of old lithosphere. Evidence exists for the 

creation of new lithosphere, but not for destruction of old lithosphere. On the Earth the dominant means 
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of lithospheric destruction is by subduction, but other means also exist, including compressive folding 

and shallow thrusting, ductile thickening, and brittle obduction. It is not obvious which of these (or of 

any other) means of lithospheric destruction Ariel utilizes. 

2. Block Tectonics on Ariel. 

Figure 89a shows an interesting region of Ariel dominated by deep smooth-floored canyons and 

large upland blocks. Figure 89b is a corresponding simplified regional tectonic map. It has been 

suggested that this terrain, and the other elements of Ariel's fracture system, could have been produced 

by global expansion and purely tensional tectonics. Either deep global heating or freezing of liquid water 

could produce such fractures. However, several aspects of these canyons are not easily explained by 

these mechanisms. 

(1) Medial striations or ridge-bounded central rifts occur along the central axes of several 

canyons. 

(2) Kra Chasma can be traced from one upland block to the floor of Korrigan Chasma, where 

the structural trace of Kra Chasma makes an abrupt turn, to the opposing upland block on the other 

side of Korrigan Chasma where the extension of Kra Chasma resumes the original trend. 

(3) The walls of Korrigan Chasma are scalloped or gouged in a way inconsistent with simple 

extensional normal faulting. 

(4) The rims of several canyons are commonly sharply raised. 

(5) Two prominent pairs of fault blocks meet at their corners. The outward-facing normal faults 

scarps that bound these upland blocks peculiarly reverse their direction of dip where the fault blocks 

meet. 

(6) The upland blocks look suspiciously as if they could fit together like the pieces of a jigsaw 

puzzle, like terrestrial continents. 

These observations taken collectively are anomalous with regards to simple extensional normal 

faulting of thick Iithospheres. They are, however, consistent with large trans-tensional movements of 

lithospheric blocks. The cryolava flows and central rift-like striations on the floors of several canyons 

are consistent with axial rifting, intrusions, and extrusions associated with crustal spreading similar in 

• H' 
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some respects to terrestrial seafloor spreading and associated volcanism. The scalloped or gouged walls 

of Korrigan Chasma and the apparent shearing of Kra Chasma are consistent with secondary shear 

structures associated with the strike-slip component of trans-tensional faulting in Korrigan Chasma. The 

unusual corner-meeting upland blocks are also consistent with the strike-slippage of normal fault

bounded lithospheric blocks. Upraised canyon rims are consistent with pre-rifting epeirogenic uplift 

followed by the brittle collapse of the axial portion of the rift. All of these types of structures are 

observed in terrestrial trans-tensional rifts such as the Red Sea and adjoining regions and the San 

Andreas-Gulf of California region. 

3. Block tectonic reconstruction and Ariel's tectonic history. 

Figure 90a shows a tectonic reconstruction of the region depicted in Figure 89. Figure 90b shows 

the corresponding tectonic map of the reconstructed block terrain. The reconstruction is not very precise 

since significant geometric distortion has not been corrected. However, the calculated offsets of strike

slipped features are consistent with one another. For example, refitting Beta Block into the corner of 

Delta and Sigma Blocks requires a translation of 90 + - 9 km; the reconstruction of Kra Chasma across 

the Korrigan shear zone requires Beta Block to translate 98 + - 10 km. The calculated displacements 

of several features indicate a better fit than the cut-and-paste reconstruction. 

The tectonic structure is simplified and the numbers of individual faults is reduced if the 

reconstruction is valid. Note that the reconstructed region exhibits a nearly continuous 4OO-km-long 

scarp, the northern terminus of an immense unified upland block to be informally termed Terra 

Leprechaunis after the IAU nomenclature for the ridge-rift structure which lies in the smooth lowlands 

adjacent to Terra Leprechaunis. This long escarpment is termed the Leprechaun Escarpment. 

Three prominent graben segments, including Kra Chasma, are unified into a single continuous 

graben roughly paralleling the Leprechaun Escarpment. The disruption of Kra Chasma indicates that 

it formed prior to the disruptive rifting of Terra Leprechaunis. Kra Chasma may have formed under the 

same regional stress pattern and the same time as the formation of the Leprechaun Escarpment. The 

implication is that the formation of the Leprechaun Escarpment and Kra Chasma represent an early 

rifting episode which apparently disrupted an upland block even larger than Terra Leprechaunis. Possibly 
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Leprechaun Vallis bears a genetic relationship to this early rifting episode. Hence, this region of Ariel 

appears to have had a protracted history of rifting and lithospheric movements. 

The large lithospheric block inferred to have existed prior to the formation of Terra 

Leprechaunis may have been a global lithospheric plate similar to that which occurs on the imaged 

portions of Titania and Oberon. Titania, with its spectacular system of narrow rifts, could present us with 

an image of what Ariel may have looked like during the earliest stage of lithospheric fragmentation. 

4. Terrestrial extensional plate tectonic analog. 

The inferred block tectonic fault movements and associated cryovolcanism on Ariel suggest a 

similarity to certain extensional plate tectonic regions on Earth, particularly the Baja California/San 

Andreas and Red Sea/Dead Sea/East African Rift regions. These terrestrial provinces are both regions 

where continental lithosphere is undergoing fragmentation and new oceanic lithosphere is being formed. 

A simplified tectonic/topographic map of the Red Sea region is shown in Figure 91, and a reproduction 

of a Landsat image of the northern part of the Red Sea is shown in Figure 92. This region shows areas 

of extensional, trans-tensional, and strike-slip movement strikingly similar in form to what is seen and 

inferred on Ariel. Buoyant granitic continental lithospheric blocks float a couple of kilometers above the 

level of denser gabbroic oceanic lithosphere which fiUs the void left by extension in the Red Sea. A deep 

trough runs down the axis of the Red Sea, similar to the central valleys occupying some of the major 

canyons on Ariel. The rim of the Red Sea, like several of Ariel's canyons, is topographically raised; this 

structure is believed to be a frozen-in remnant of a former thermal bulge formed during the early rifting 

phase similar to what is now occurring in East Africa. Large-scale lateral shear occurs along the Dead 

Sea strike-slip rift, and is similar to the inferred deformation of Ariel's Kra Chasma on the floor of and 

adjacent to Korrigan Chasma. Triangular tectonic blocks, including the Sinai and Ethiopian Peninsulas, 

have been produced by a combination of the extensional and transtensional tectonic disruption of the 

continental landmass near triple junctions; similar triangular tectonic blocks, notably Delta Block, occur 

on Ariel and apparently have a similar origin. 

Unfortunately, no obvious compressional tectonic structures have been identified on Ariel, 

although many such features could exist in the complex region centered near E-5 in Figure 87 or in 
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unimaged areas. However, until such structures can be identified with some confidence, or a viable 

explanation for their absence is proposed, the block tectonic interpretation proposed here for Ariel must 

be considered speculative. 

5. Cryovolcanic flow thicknesses. 

According to shadow measurements and photoclinomteric pronIes Ariel has flows that in places 

exceeding a kilometer thick near their edges (Jankowski and Squyres, 1988; Ruzicka, 1988; Schenk, 

1990). Miranda has flows with thicknesses of half a kilometer or more (Schenk, 1990), and Triton 

similarly has flows several hundred meters thick. In contrast, no flow front escarpments are obvious on 

either Ganymede or Enceladus (two of the best-imaged satellites where fresh cryovolcanic plains occur), 

limiting flow thicknesses to (at most) a hundred meters on Ganymede and a few hundred meters on 

Enceladus (Table III). Thus, Ariel, Miranda, and Triton share the common characteristic of thick flows, 

while the satellites of Jupiter and Saturn have much thinner flows. 

6. Rheological inferences and compositional implications. 

Presumably some chemical andlor physical distinction causes the flow substances on the uranian 

and neptunian satellites to be much more viscous than the cryolavas on jovian and saturnian satellites. 

Multiple independent evidence tends to corroborate systemic compositional distinctions among icy 

satellites, including bulk densities and surface colors. 

Jankowski and Squyres (1988) suggested that the thickness of flows on Ariel and Miranda may 

be caused by extrusion in the solid state. This hypothesis would require the prior igneous differentiation 

of the satellites, the segregation of regions of essentially pure ices, and then the final mobilization, 

extrusion, and emplacement on the surface of some of this ice. Good analogs for solid-state extrusion 

of lava flow-like features do Dot exist on the terrestrial planets (salt domes and ultramafic ophiolites 

deform viscously and form intrusive structures, but not surface flows of any significance; glacial ice forms 

surface flows but the origin of glaciers is obviously unrelated to the pseudo-igneous solid-state extrusion 

proposed for Ariel and Miranda). The extremely high apparent viscosities (of order 1016 poise) inferred 

for the cryovolcanic substances was the motivation for resorting to such a novel mechanism. Jankowski 



135 

and Squyres offerred an alternative modification of their solid state volcanism concept, namely that ice 

may have contained interstitial cryogenic fluids, suggesting that flowage may have been assisted by 

pressure-solution creep (after Lunine and Stevenson, 1986). 

Jankowski and Squyres' estimates of apparent viscosities, as they point out, are probably on the 

high side by several orders of magnitude. Their estimates are based on a Newtonian rheological model 

that does not attempt to consider the effects of a possible yield strength (Melosh and Janes, 1989) or 

of the chilled crust of the flow, especially the flow margins (Greenberg ~., 1990; Schenk, 1990). 

Jankowski and Squyres also did not consider the alternative that the flows in the uranian system may 

have been emplaced in the liquid state or as a slurry analogous to terrestrial lava flows. Simplified 

rheological models applied to terrestrial lava flows, including models such as applied to Ariel and 

Miranda by Jankowski and Squyres, consistently produce apparent viscosities which err by several orders 

of magnitude too viscous relative to experimentally measured lava viscosities. A "crust correction" as 

suggested by Greenberg et a1. (1990) and supported by Schenk (1990) brings estimated viscosities at the 

time of eruption below 1010 poise. Nevertheless, the photo clinometric analysis by Jankowski and Squyres 

showed that the substances erupted on Ariel must have been extremely viscous by everyday standards 

in order to have resulted in flow thicknesses on the order of a kilometer. 

An alten:iative method of qualitatively estimating the flows' rheological characteristics may be 

obtained by assuming that the flows were erupted as cryovolcanic liquids or slurries. Recall from Part 

2 that ammonia-water liquids and slurries have rheological properties quite like those of silicate lavas 

(Figure 63; see Kargel et al., 1990, for a full discussion). A simple model based on channel flow 

(Turcotte and Schubert, 1982) holds that flow thickness, h, scales according to hot g-1/2. This or a 

closely similar gravity-scaling relationship is consistent with observations of lunar and terrestrial basalt 

flow thicknesses. 

Miranda's and Ariel's flow thicknesses scaled to Earth's gravity would be on the order of 70 and 

200 meters thick, respectively, within the upper range of flow thicknesses for the most viscous terrestrial 

rhyolite flows (Table III). The latter have viscosities at the time of eruption on the order of 107 p, 

consistent with the "crust-corrected" viscosities calculated by Schenk (1990), and with the viscosities 

calculated by Croft (1988) for flows on Miranda using a different method. By inference, Ariel's and 
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Miranda's flows may have had comparable viscosities at the time of eruption. Since viscosities close to 

107 p have been measured in the laboratory for plausible cryovolcanic liquids and slurries (Part II and 

Kargel ~., 1990), the, cryovolcanic interpretation seems a reasonable one. 

The high viscosities at eruption indicate multi-component aqueous mixtures contained one or 

more of methanol, ammonium sulfide, ammonia-water-soluble salts, or some other constituent(s) (in 

addition to water and ammonia) having large effects on the liquids' freezing points and viscosities. If 

Miranda and Ariel contain at least a few percent of a component similar to Comet Halley or irradiated 

interstellar gas and dust then the necessary complex chemistry could be obtained. Whatever the key 

viscosity-enhancing component(s) present in the uranian satellites (and Triton), it is apparently absent 

in significant amounts in the saturnian and jovian satellites. 

In greater detail it seems that Ariel's flows were significantly less fluid than Miranda's flows. 

Ariel's surface gravity is three times greater than Miranda's, yet, contrary to expectations, Ariel's flows 

tend to be somewhat thicker than ,Miranda'S. Ariel's cryolavas may have been as much as an order of 

magnitUde more viscous, possibly indicating significant compositional differences or variations in their 

thermal states at eruption (although small chemical or thermal differences could produce large 

rheological distinctions). 

7. Thermal-structural models of Ariel. 

Previous thermal models of small icy satellites have assumed simple mixtures of rock and water 

ice. Models for satellites the size of Ariel indicate that early solid-state convection occurs whether 

accretion was cold or warm. These models implicitly permit tectonic activity (by warming and cooling 

of the interior and by convective disturbances). Although ammonia is explicitly not included in published 

models, a trace of ammonia would probably not affect the thermal evolution in any great way, so a 

scant amount of ammonia-water cryovolcanism may be allowed within the framework of these models. 

It seems unlikely, however, that geologic activity of the degree observed on Ariel (and many other 

satellites) would be the natural outcome of such simple compositions. Theoretical considerations and 

limited compositional observations of volatiles in the outer solar system suggest the liklihood of complex 

chemistries. 
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Two different compositions are assumed in this series of models. First, a simple ice-rock 

composition is modelled to provide some comparison with published models. Then, three different 

structural arrangements are considered for compositions containing not just water and rock, but also a 

full cosmic relative abundance of ammonia where aU nitrogen is assumed to be in the form of ammonia. 

The models assume heating by radioactive sources alone, assume a steady-state between heat production 

and heat loss by conduction and convection, and allow for thermal evolution by the exponential decay 

of natural radioactivities. 

The assumption of a thermal steady-state is valid to a first approximation since the thermal 

response half-life (the time for a deep-seated thermal perturbation to relax halfway to a a steady state) 

is only about 8 x 107 years (calculated by dividing the heat content of Ariel by the steady-state surface 

heat flow). Thus, following either a cold or warm accretion, a differentiation event, or any other 

perturbation from thermal steady-state, it will require a several thermal response times (few hundred 

million years) to closely reapproach steady-state. Since this is much shorter than the half-life of long

lived radioactivities (1.39 x 109 y), the steady-state approximation is valid, except just following a major 

perturbing event. Thermal profiles are calculated starting at 4 Ga, since this gives 0.5 Ga following 

accretion to allow for warm-up from a cold start, differentiation, and a reapproach to steady-state. This 

is assumed to be the time of "thermal maximum", even if this is not quite the case. 

Figure 93 schematically illustrates four structural-thermal models considered here. Modell is 

the simple case of an ice-rock satellite. Model 2 assumes partial differentiation into an ice-rock core and 

an ammonia dihydrate crust. Models 3 and 4 assume complete differentiation, both having rock cores, 

the difference being that in Model 3 an ammonia hydrate crust overlies an ice mantle, and in Model 4 

an ice crust overlies an ammonia hydrate mantle. In a perfect gravitationally-stratified Ariel ice would 

reside above denser ammonia dihydrate (Model 4), but Model 3 is considered because other factors 

might intervene to make the density relationships reversed. For example, the ammonia hydrate crust 

might contain several percent porosity, making it gravitationally stable above ice, or the ice mantle might 

contain several percent salts again making this geometry stable. 

The qualitative evolution leading up to Model 2 is obvious: fractional partial melting occurs at 

the ammonia-water peritectic, repeated episodes of ammonia-water volcanism occur, and the crust 
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thickens until ammonia-water is exhausted in the rock-ice core and no further melting occurs. For Model 

3, the rock-ice core also differentiates, perhaps by melting occurring at an ice-salt eutectic, water or 

brine intrudes the base of the ammonia hydrate crust and an ice mantle forms (the salt component, if 

it occurs, is neglected for the sake of simplicity). In Model 4 the ice mantle is gravitationally unstable 

at depth, so the ammonia-water crust and the ice mantle eventually overturn. Such overturning could 

be expressed geologically in a number of ways, possibly including solid-state extrusion of ice (Jankowski 

and Squyres, 1988), a block-tectonic-like phenomenon (above sections), or large-scale over-turning and 

genesis of Miranda-like coronae (which now must be gone or highly modified). 

Thermal modelling was done based on the parameterized approach of Turcotte and Schubert 

(1982) as described above in the section on Enceladus. Modelling started with one of the four initial 

assumed structures. The thicknesses of each layer were calculated assuming densities of 0.95 g em -3 for 

water ice and ammonia dihydrate and 2.65 for rock. The appropriate quantities of heat-producing 

elements in each layer were calculated with the assumption that these elements always stay with the rock 

(this is true for U and Th, but future models should account for the fact that this is untrue for K). 

Chondritic radiogenic heating by K, V, and Th, and their radioactive intermediate daughters, in the rock 

fraction was calculated to be 3.77 x 10-7 ergs g-1 S-1 at 4 Ga, decreasing exponentially to 2.90 x 10-8 ergs 

g-1 S-1 today. The thermal conductivity of rock-ice mixtures was assumed to be the mean of the 

conductivities of rock and ice. While partial dehydration of rock cores in Models 3 and 4 would occur 

this was not directly considered in the thermal models. 

In Model 1 Ariel was divided into twelve concentric shells. The temperature gradient was 

iterated for each shell, using the conductivity and heat flow appropriate for the middle radius of each 

shell. The possibility of convection was evaluated again using an iterative adaptation of the 

parameterized formulations of Turcotte and Schubert (1982) for layers heated from below or internally, 

as appropriate. 

The viscosity of ice was taken from a deformation map constructed in temperature-differential 

stress-strain space from data collected from a variety of literature sources. A differential stress of 0.4 

bars was assumed. The viscosity of rock-ice mixtures was assumed to be twice 'that of pure ice. The 

viscosity of ammonia dihydrate is very poorly known and for the sake of simplicity was assumed to be 
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the same as water ice for a given homologous temperature. Thus, water ice at 273 K and 0.4 bars shear 

stress has a viscosity of 101
5.4 poise, and ammonia dihydrate is assumed to have the same viscosity at its 

melting point, 176 K). The results of these calculations are shown in figures 94-98. 

8. Discussion of the thermal evolution of Ariel. 

Modell (figure 94) indicates that convection would have occurred in Ariel's interior until about 

2.5 billion years ago. The convective layer regulated its temperature near 195 K. This is warm enough 

that any trace of ammonia hydrate would have melted and could have contributed to Ariel's cryovolcanic 

record. Near thermal maximum some 4 billion years ago the conductive lithosphere was about 150 km 

thick. Presently Model 1 Ariel is geologically inactive in terms of volcanism and convection. 

Model 2 (figure 95) shows two convective regions, one in the ammonia hydrate crust and one 

in the rock-ice core. Crustal convection ceased about 2.5 Ga, while core convection persisted for another 

billion years or so. Presently Model 2 Ariel is cold and conductive throughout and volcanically extinct. 

Model 3 (figure 96) also shows two convective layers, including the ammonia hydrate crust and 

the ice mantle. Convection was not tested in the core but would be unlikely. What is likely is that near

magmatic temperatures were achieved near the center of the core. Much of the rock core would have 

dehydrated if it didn't partially melt, reducing the core's size, and adding water to the mantle (these 

effects were not explicitly considered, however). All salt components would be expected to reside in the 

mantle (this also was not considered in the model). As with Model 2 convection first ceased in the crust 

about 2.5 billion years ago followed a billion years later by cessation of mantle convection. 

Model 4 (figure 97) shows yet another very different evolution. The rock core still attained very 

high temperatures, enough to cause considerable dehydration. The ice crust never convected. The 

ammonia dihydrate mantle is insulated by the ice crust and does convect throughout geologic time until 

the present day Gust barely). Most interestingly, the conductive thermal gradient through the crust 4 

billion years ago was sufficient that the ammonia-water peritectic melting point is exceeded at the base 

of the crust. Thus, the ammonia dihydrate mantle completely melts and, in fact, melts part of the ice 

crust until the composition of the water-diluted mantle and the temperature at the base of the thinned 

crust have the appropriate ammonia-water liquidus values. This situation did not last for long, however, 

---------------
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and within a few hundred million years the radiogenic heat flux declined to levels where the mantle 

could freeze solid and undergo solid-state convective regulation of its temperature which it does to the 

present day. 

Figure 98 summarizes the four thermal-structural profIles for a time near the thermal maxima 

of these model Ariels. Considering the crudity of the parameterized aspects of these models, the gross 

approximations and assumptions regarding the chemical-structural aspects, and the imprecision of 

experimental input parameters, a wide range of behaviors other than those modelled here could be 

expected. Several important points stand firm, however: 

1. One additional chemical component (ammonia, in addition to water) makes enormous 

differences in satellite structure and evolution. 

2. We don't known enough about icy satellite compositions to be able to predict how they should 

evolve, even within the fairly simple chemical models considered here. Uncertainty accompanies 

complexity, which seems to increase exponentially with the number of components. 

3. We do not have accurate enough data on the rheologies and thermal properties of ices and 

rock to reliably model satellite evolution even if we knew their compositions. 

4. Subtle but important effects are many (e.g., percent-level quantities of minor constituents; 

porosities and thicknesses of megaregoliths; slight differences in rock content); anyone of them can 

totally change the geologic evolution of a satellite. 

S. On the basis of these considerations alone (others have been considered in other sections), 

there is no mystery as to why icy satellites, even those with similar sizes and densities, can evolve so 

differently. Predicting and understanding the differences, and proving a given model, is quite another 

matter well beyond the state of the art. 

J. TRITON. 

1. Pre-Voyager predictions of cryovolcanic diversity. 

------------
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Triton exhibitG the greatest diversity of cryovolcanic and tectonic landforms of any icy satellite 

yet observed (Figure 99). All our prior experience during a decade of exploration in the outer solar 

system did not prepare the planetology community for what actually was discovered at Triton. 

Nevertheless, prior to the Triton encounter the author predicted a highly diverse landscape shaped by 

cryogenic liquids spanning as much as twelve orders of magnitude in viscosity and by aeolian and 

possibly sea coastal processes (Kargel, 1989). This prediction was based partly on the fact that Triton 

is unusual in that it has an atmosphere with the potential for the redistribution of volatiles and 

particulates, partly on the expectation that Triton would turn out to be more chemically and 

cryovolcanologically complex than any icy satellite yet explored, and partly on the pre-Voyager possibility 

that Triton would have or may have once had cryogenic nitrogen seas (Cruikshank and Apt, 1984; 

Cruikshank ~., 1984; Trafton, 1984; Lunine and Stevenson, 1985). Even lacking the hypothesized 

cryogenic marine landfu:'ms, Triton did indeed turn out to have the most complex and dynamic surface 

of any of the icy satellites yet observed (Smith et a1., 1990). 

Triton's complex chemical constitution may have been inherited from several different nebular 

environments which probably contributed material to Triton. Chemically distinctive condensate 

assemblages may have been inherited from the neptunian nebula, the outer and inner portions of the 

solar nebula, and the interstellar medium. Comets were possibly a key ingredient in the complex 

molecular soup that became Triton. It seems inherently likely that Triton's precursor material would 

have been subjected to lower temperatures and lower gas pressures than solar system matter processed 

in closer proximity to the sun and associated with the larger jovian and saturnian systems. Hence, a 

greater degree of chemical disequilibrium may be expected to have been preserved in the Triton-forming 

gas and dust. The fmal product (Triton) is expected to be chemically very different from and more 

complex than anything seen previously, particularly the satellites of Jupiter and Saturn (less so the 

satellites of Uranus). More specific predictions, however, can be obtained only with great attention to 

detail and attendant uncertainty, a task that will be avoided here. 

If Triton is really as chemically complex as suggested here then igneous distillation of such 

material could only exaggerate Triton's compositional distinctiveness as seen near the surface. Minor 

and trace constituents can become major constituents of Triton's crust, just as the Earth's trace 
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quantities of water and alkali metals are major components in its crust. Depending on the molecular 

stoichiometry of the primordial ices the fmal aqueous liquid distillates (formed of strongly dipolar 

molecules) may concentrate minor constituents and form chemically complex liquids possessing very low 

melting points and exceedingly high viscosities. Likewise, the fmal methane-nitrogen-rich non-dipolar 

liquid distillates are also likely to be complex chemical mixtures, but the more limited molecular 

interactions in these mixtures should result in very low viscosities and densities, and much lower melting 

points than exhibited by the aqueous liquids. Hence, two physico-chemically quite distinctive cryomagmas 

and two distinctive associations of cryovolcanic landforms were a priori likely to occur on Triton (Karge1, 

1989). Among the aqueous cryomagmas expected, substances ranging from complex salt brines to 

ammonia-water solutions to ammonia-water-methanol would have grossly differing physical properties 

and would consequently produce morphologically distinctive and varied landforms (Kargel et aI., 1990). 

As we shall see, good evidence exists for the expected diversity of aqueous cryolavas, but an absence of 

lavas dominated by nonpolar molecules. This fmding may have important implications for the 

environmental conditions prevalent during condensation of the dominant fraction of Triton's matter. 

2. Cryovolcanic landforms. 

Images of Triton reveal a startling diversity of cryovolcanic landforms. Some of these seem quite 

familiar to eyes educated to the appearance of terrestrial volcanic landforms, while others are clearly 

alien. Just as intriguing is the striking variability in landscapes from one region of Triton to another. 

Collectively, Triton's surface is totally unlike anything seen on Earth or the other icy satellites (Smith 

et aI., 1990; Kargel and Strom, 1990). 

Only about 5% of Triton's surface was imaged at the resolutions required to make detailed 

geological interpretations (the best imaging sequence has resolutions of about 1 km per line-pair, 

although these images were smeared to about 2 km per line-pair in one direction). Fortunately, a great 

variety of interesting cryovolcanic landforms are located in this region. This sequence of images, which 

was the last sequence of close-up satellite images to be acquired during the entire Voyager program, 

includes perhaps the most dramatic examples of cryovolcanism on any satellite (the famous "lakes"). 

Another 30% of the surface was imaged with resolutions of about 2.5-3.0 km per line-pair, allowing 
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somewhat less reliable geologic interpretations. These regions show distinctly different landscapes and 

several types of landforms absent from the "Lakes Province". 

Figure 100 shows a mosaic of medium-resolution images of the Lakes District. This region 

includes three prominent cryovolcanically-resurfaced, smooth-floored, irregular, closed depressions (the 

"lakes", centered near E10, H9, and 03). The lakes measure 180 x 430 km (E10), 195 x 218 km (H9), 

and 110 x 143 km (03). The lake near H9 is shown at high resolution in an image in figure 101 (09). 

Triton's lakes superficially resemble and recently have tentatively been named after their lunar 

look-alikes, the marla, named for the ancient naked-eye-based interpretation that these structures are 

seas. Figure 102 provides a morphologic comparison with the Moon's Mare Humorum, one of the more 

favorable comparisons. Basalt flooding of the Humorum impact basin floor, concentric ring fractures 

due to loading by the basalt fill, and pre-volcanic, post-Humorum impact-related scalloping of the basin 

rim all superficially resemble aspects of Triton's lakes. However, unlike the Moon (and Mars and 

Mercury where flooded impact basins also occur), Triton lacks abundant impact craters which certainly 

would have accompanied the big basin-forming impacts. Instead, Triton displays a young surface bearing 

abundant cryovolcanic and tectonic structures, and very rare and quite small impact craters. It seems 

improbable that lunar maria and Triton's lakes bear any close genetic commonality. Thus, mare seems 

a poor choice of terms for Triton's lakes. The term lacus or "lake" as used here would serve to 

distinguish these features from the lunar maria while maintaining a sense that the two types of features 

do indeed share some common characteristics and resemble one another superficially. This term would 

also imply a generally smaller scale of the tritonian features and would avoid attaching a specific genetic 

connotation to a group of features whose details remain poorly understood. 

The formation of Triton's cryovolcanic lakes appears to involve a combination of mUltiple 

episodes of tectonic collapse along ring fault-like structures (figure 101 FB) and scalloping of the wall 

due to tectonic retreat of the circumference (figure 101, B8), punctuated by cryovolcanic flooding and 

occasional spill-over of cryolavas onto adjacent uplands (Figure 101, B6, C4 and KS). S. Croft has 

suggested that a sapping process involving "ground nitrogen" might play a significant role in the 

enlargement of Triton's lakes and the scalloping of the edges. 

Triton's lakes exhibit a variety of floor structures. Each lake includes areas dominated by large 

.. ·c· 
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clusterings of irregular pits and knobs possibly related to explosive ayovolcanism. In one lake the pitted 

region also includes an elongate lava tube-like depression probably related to a lava drainage course 

(Figure 101, D8). Dome-like structures on the order of 3-4 km across and 100 m high, visible only at 

highest resolution, are scattered across the lakes, analogous in appearance and possibly origin to the 

enigmatic domes of the lunar maria (figure 101, B9). These domical structures may be gentle upwarpings 

of the surface above shallow intrusions of magma. 

Close to some lake margins are island-like structures that apparently are outliers of uplands 

topography (figure 100, DlO, F8). Peninsula-like structures in places nearly pinch of! into islands. This 

kind of landform is very unusual and difficult to explain by purely volcano-tectonic processes. Terrestrial 

peninsulas with a similar appearance are often related to marine coastal processes. Similar processes 

involving perhaps liquid nitrogen can not occur under Triton's present surface conditions, and no other 

evidence for a "wet" past is apparent. Thus, a tectonic/erosional mechanism involving sapping as 

suggested by Croft, would seem best able to explain the eroded margins of Triton's cryolava lake 

structures. Perhaps the scalloped margins, "islands", and "peninsulas" originated by the collapse of cold, 

dry surface layers undermined by sapping of a warm, wet interior layer. 

Other relatively small volcano-tectonic features, here termed "ovoids", are scattered over areas 

adjoining the lakes have many tectonic and cryovolcanic characteristics in common with the lakes and 

with volcanic calderas on Earth and Mars (figure 100, All, B12, Cll, B9, C9, H6, M2). The ovoids, like 

Triton's lakes, are tectonic structures, often depressions bounded by steep walls; the ovoids' interiors 

commonly have been flooded, and many have complex pitted regions similar in scale to the pitted 

regions occurring in the lakes. The sizes of the ovoid structures, however, are much smaller than the 

lakes, typically 50·80 km in diameter. These structures provide examples of a what may essentially be 

a continuum evolution from incomplete ring fractures to fully developed "lakes" formed by tectonic 

collapse and coalescence of mUltiple ovoid structures, cryovolcanic flooding, and renewed collapse and 

flooding. Figure 103 offers a terrestrial caldera (on the Galapagos Islands) as a possible analog for 

aspects of the ovoids and lakes. Terrestrial calderas also exhibit a continuum of morphologic evolution 

from simple ring fractures and associated ring dikes, to simple calderas, to· overlapping caldera 

complexes. The caldera analog suffers from the fact that there is no obvious shield volcano such as 
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Hawaii or Olympus Mons associated with Triton's lakes and ovoids. However, many large complex 

terrestrial calderas occur on platforms with very little immediately obvious relief, such as Alba Patera 

on Mars and the Timber Mountain Caldera complex in Nevada. Large terrestrial calderas occurring on 

low platforms are associated with lava flows that traveled great distances from the source either because 

of the lava's unusual fluidity or because of enormous lava eruption rates. 

Voluminous flow-like ridges and lobate escarpments show where cryolavas spilled over and 

travelled up over 500 km from the lake rims (figure 101, B6, C4, ES, KS, M6). Note the apparent 

flowage of viscous material around an obstacle near KS in figure 101. If the caldera analog is correct 

in at least a gross sense then eruption rates on Triton must have been extremely high because the spill

over lavas were extremely viscous as indicated by thicknesses of several hundred meters or more. 

Although cryovolcanic substances did apparently spill over the lake rims at times, cryovolcanic 

substances obviously were largely contained by the lakes' steep tectonic walls. It is interesting that there 

are no obvious flow fronts discernable on the floors of Triton's lakes, implying relatively fluid cryolavas, 

quite unlike the extremely viscous spill-over lavas. This contrast in rheology could involve two chemically 

and rheologically different types of cryolavas. Or, it could indicate a contrast in thermal states of 

compositionally similar substances, the spill-over lavas having been erupted in a cooler, more strongly 

crystallized state (Kargel et aI., 1990). Perhaps the lakes filled to the brim with cryolavas, these lavas 

then partially solidified, then the lakes filled even more, spilling partially frozen lavas, which then slowly 

flowed in great masses over the adjoining uplands. 

Extensive cryovolcanic upland plains are associated both with spill-over from the lakes and with 

a vast system of fissure-controlled endogenic vents located on the uplands (figure 101, L9, MH, 013). 

Smooth-appearing extrusive deposits apparently were erupted from these vents along both sides of the 

fissure, re-surfacing part of the ridged plains associated with lake spill-over. One isolated cryovolcanic 

vent occurs near N6 (figure 101). This elongate structure encloses a domical mountain bearing a central 

depression, possibly a viscous cryovolcanic dome analogous to the domes common in silicic volcanic 

vents on Earth (e.g., Mt. Saint Helens). Still other vents are associated with troughs closely resembling 

in form and association the collapsed lava tubes (sinuous rilles) common, for example, in Lava Beds 

National Monument (California) and the lunar Aristarchus Plateau (figure 101, Q7, Q13, SlO). The 

- 'C. 



..... _.--

146 

average size of 14 cryovolcanic craters on Triton is 9 x 14 km. The average size of three lava-tube-like 

structures is 5 km wide by 40 km long. Similar lava tube-like structures occur on Ariel. 

R. Strom has pointed out that large-scale topography related to extensional tectonics is heavily 

mantled by what appears to be thick deposits of cryoclastic ash (figure 104, Q6, R8). The mantling layer 

thickens in the direction of cryovolcanic vents discussed above, possibly indicating that they are the 

sources of the ash, but ash might also have been erupted from the tectonic troughs that the ash mantles. 

Figure 105 shows the region on the other side of the Lakes Province, including part of what has 

been termed the "Cantaloupe Terrain" due to its textural resemblance to the skin of a cantaloupe (figure 

104 shows a broader area of cantaloupe terrain at lower resolution). In close proximity to the lake 

covering the corner of the image are several mountains (seen best in magnified high-resolution images) 

which have substantial depressions on their summits or flanks (M9, N9, K10 and elsewhere). The 

mountains measure 8-16 km across and the depressions are typically a third to half the diameter of the 

mountain. To the limited extent that image resolution allows morphologic comparisons of complex 

features only 20 pixels across, these structures are similar in appearance to terrestrial cinder cones and 

stratovolcanoes bearing summit craters and lateral breaches. The scale is more comparable to 

stratovolcanoes, although order of magnitude lower surface gravity on Triton would tend to cause order 

of magnitude broader cinder cones to develop for a given cinder ejection velocity. 

Figure 99 reveals a global network of tectonic lineaments crossing the surface. The global aspect 

of this tectonic network must be indicating something about Triton's global tectonic history and interior 

structural evolution, but it is not clear exactly what this relationship is. These lineaments are 

morphologically variable along their strike, and, again, it is unclear precisely why the linements are so 

variable. The detailed structure can be seen in segments of the global grid in figures 100 (S5 continuing 

to 04), 104 (the "Y" structure near P2, also seen in figure 107, and the "X" structure near D8), and 105 

(H2 continuing to A9). A short distance along strike of the "Y" structure (figure 107, E9) both branches 

of the "Y" change into double-ridged structures (C7 and C9). The right-hand branch continues without 

interruption into the area of figure 105 where the lineament is formed of three to five parallel ridges. 

The lower branch of the "Y" in figure 104 extends with one interruption to the areas of figure 100 where 

the lineament extends from 04 to S5 with one sharp bend. In this area the lineament is expressed by 
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a single, broad, flat-topped ridge. Lobate flow-like structures appear to have elements of the global 

tectonic grid as their sources. The cryovolcanic fIssure-aligned vents of fIgure tt3 can reasonably be 

traced as part of the global tectonic grid. The multi-ridged elements look very much like terrestrial dike 

swarms. Thus, the global tectonic grid is a volcano-tectonic structure, since these fractures localized the 

zones along which cryolavas were extruded and magmas intruded. 

Relatively dark flow-like structures are scattered over the surface of Triton, often in small 

groups. Figure 107 shows some of these near D4 and M3. Others, with a different appearance, constitute 

the so-called "mushrooms" (fIgure 106, J2). Croft (1990) has pointed out that these flows preserve the 

topography of several impact craters, and inferred that they must be dominated by water ice or some 

other rheologically "stiff' material; if the flows had consisted dominantly of nitrogen or methane ice the 

craters would have completely relaxed away. Likewise, Triton's lake floors preserve substantial 

tOlJography including a deep, sharp-rimmed impact crater, so these substances must also be H 20-

dominated. 

Figure 106 also encompasses the region of Triton where surface-vented atmospheric plumes 

were reported by Smith et al. (1990). One plume is visible near E5 trending toward D6. This and at least 

one other plume were observed from several viewing geometries allowing Smith et aI. to confIdently 

report that the plumes are indeed atmospheric structures originating from points on the surface. 

Apparently dark, micron-sized particulates are entrained in gases venting from the surface, ascend to 

altitudes of about 6-8 km, end then it appears that winds aloft shear the plumes down-wind. Smith ~ 

al. (1990) favor a hypothesis where solar radiation penetrates into translucent nitrogen ice, heating the 

near subsurface several degrees above surface temperatures (a greenhouse effect), causing the vapor 

pressure of N2 to rise suffIciently to fracture the ice and allow the rapid venting of gases which then can 

entrain any dusty particulates that get in the way. Kirk (1990) has examined the solar-driven plume 

hypothesis quantitatively and fInds that the plumes are diffIcult to generate in this way, and even more 

diffIcult to maintain, although he does not fInd the arguments suffIciently compelling to abandon the 

concept. Alternatively, these plumes could be active explosive cryovolcanic phenomenon or cryovolcanic 

analogs of geyser or fumarole activity. 

Figures 99 and 107 show dark streaks residing on Triton's surface. The streaks are consistently 
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oriented in a way reminiscent of the martian dark and bright streaks believed to result from aeolian 

activity. Many of the streaks appear to originate at discrete points on the surface, then fade into 

obscurity as tbey are apparently blown down-wind and spread laterally. These relationships suggest that 

the streaks are composed of relatively dark, wind-deposited dust of some uncertain sort. One is tempted 

to speculate that a relationship exists between the dark surface streaks and the atmospheric plumes. 

Interestingly, many, but by no means all of Triton's dark streaks originate near bright patches on the 

surface. One speCUlative possibility is that these composite bright/dark features represent two-phase 

frosts vented by fumaroles. For example, methane-supersaturated ammonia-water extrusives might 

release methane-ammonia vapors, which, when released into the atmosphere, are transported down

wind as they condense out of the atmosphere. The lower volatility of ammonia would cause it to 

condense fll'st near the source, followed by methane farther down-wind. After exposure to solar 

ultraviolet and magnetospheric charged particle radiations, the ammonia frost might remain as a bright 

patch near the source while methane frost might form a long, dark diffuse streak oriented down-wind. 

The author recognizes that many other interpretations are possible, including purely aeolian erosion, 

transport, and deposition (possibly involving a formerly denser atmosphere). Yet, geomorphic evidence 

for geologically recent cryovolcanism elsewhere on Triton argues that some type of cryovolcanic, 

fumarole, or geyser-type connection is likely, of which the above scenario is but one possibility. 

3. Terrestrial explosive volcanic landforms as analogs for Triton. 

The collective set of observations presented above argues strongly that various forms of 

explosive cryovolcanism have occurred on Triton. It is interesting to briefly consider terrestrial explosive 

volcanic landforms to gain insights into the possible formation of Triton's cryovolcanic landforms. 

Explosive volcanic activity on Earth occurs when volatiles, dominantly water or carbon dioxide, are 

superheated by magma and expand violently causing the rupture of roof-rock and the disaggregation of 

the magma in a spray of fragments of lava and rock in a cloud of steam or other volatiles. Terrestrial 

magma-volatile interactions may be broadly grouped in two types: phreato-magmatic interactions, and 

magmatic volatile exsolution. 

Phreatic interactions technically involve the interaction of magma with groundwater, although 
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the term is often generalized to include interactions of magma or lava with seawater, glacial ice, or some 

other source of abundant volatile at low confining pressures (typically less than 100 bars). Phreatic 

interactions involving relatively low-viscosity basaltic lavas are common in cinder cone fields and 

characteristically produce km-wide maar craters and asymmetric flank breaches on cinder cones (e.g., 

the Lunar Crater Volcanic Field in Nevada; Kargel, 1987). Phreatic interactions involving highly viscous 

siliceous magmas typically occur in regions dominated by composite and strato-volcanoes (e.g., the 

Cascade Range) and commonly result in the most catastrophic terrestrial eruptions. Explosive eruptions 

of this sort often level whole mountains measuring 10 km across, often result in the catastrophic volcano

tectonic collapse of calderas measuring 5-30 km wide and a km or more deep, and are associated with 

the emplacement of hot-welded tuffs (ignimbrite sheets) sometimes measuring over 1000 km2 and 

hundreds of m thick, and thinner unwelded (cold-deposited) ash layers over areas of hundreds of 

thousands of km2
• 

Magmatic volatile exsolution occurs when volatiles dissolve while the magma is still at high 

pressure (often these are mantle volatiles) followed by the rapid exsolution of these gases as the magma 

depressurizes during its ascent near the surface. At low volatile concentrations magmatic exsolution 

produces vesicular lavas. Volatile-rich magmas may yield lavas low in vesicle (bubble) content if erupted 

under confining pressures of a few hundred bars (e.g., sea floor basalts), or if the lava has a sufficiently 

low viscosity that bubbles can separate from the lava before it cools. If bubble segregation can not occur 

rapidly enough then the lava may become frothy, resulting in scoriaceous or pumiceous lavas. Volume 

expansion of vesiculating magmas in a laterally confmed conduit causes the magma to accelerate in its 

ascent, and may cause the magma to disperse into isolated fragments. A spray of gas and frothing 

globules may be ejected from the volcanic vent at high speed. Steady or oscillating explosive eruptions, 

including rrre fountains, are common on Hawaii and Iceland, for example, and are usually associated 

with the magmatic volatile exsoiution in basalt. Glass spherules on the Moon are also believed to be 

products of lunar rrre fountains, demonstrating that magmatic volatile-driven fire fountaining can be very 

important on objects lacking substantial atmospheric confining pressure even when volatile 

concentrations are very low. 

Ejected lava globules forming a fire fountain often re-accrete after falling back and flow away 
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as a lava flow; if the globules cool sufficiently and form brittle skins while aloft they form mounds of 

bombs and cinders whose slopes are near or slightly exceed the normal angle of repose (cinder cones). 

Cinder cones can form by phreatic interactions only under very restricted circumstances. Thus, cinder 

cones are largely diagnostic of magmatic volatile exsolution. The interspersion of lava flows with cinder 

beds produces constructs termed composite volcanoes. 

On Triton, phreatic interactions could occur when ammonia-water or water comes in contact 

with surfacial nitrogen or methane ice (or some other highly volatile substance that doesn't readily 

dissolve in the lava). This type of interaction is very likely on Triton where a veneer of nitrogen ice is 

known to exist on the surface. Subterranean interactions of aqueous cryomagmas with "ground nitrogen" 

may be responsible for forming the large-scale crater-like landforms in Triton's Cantaloupe Terrain (S. 

Croft, private communication). And, as mentioned above, R. Strom has cited evidence for ash 

deposition. Tritonian "ignimbrites" (glowing in the far infra-red!) could erupt as a result of ammonia

water interactions with nitrogen or methane and could be deposited as ammonia-water mixed with 

fragments of ice and trapped gas bubbles. When frozen, this mixture would consist of either crystallized 

or vitreous ammonia-water, interspersed ice fragments, and small quantities of frozen nitrogen or 

methane. At ambient Triton surface temperatures nitrogen might eventually diffuse to the surface where 

it could again participate in seasonal volatile transport, while methane would largely remain ~ situ and 

could contribute to the albedo and color characteristics of Triton after exposure to radiations. 

Magmatic exsolution could involve methane or nitrogen exsolution from ammonia-water liquid 

or water and is likely if methane or nitrogen (clathrates or the pure ices) occur in the deep interior of 

Triton. "Fire fountains" or other types of ammonia-water eruptive plumes could be the consequence, and 

these may construct cinder cones and composite cones. 

4. Model of methane-driven explosive volcanism on Triton. 

This model (from Kargel and Strom, 1990) considers a case of magmatic methane-driven 

ammonia-water cryoclastic volcanism on Triton, analogous to magmatic volatile-driven pyroclastic 

silicate volcanism on Earth. The objective of the model is to determine the approximate depth where 

an ascending magma dis aggregates into a spray of cryoclasts due to the formation of an interconnected 
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network of methane bubbles. The abundance of dissolved methane is an important parameter in the 

model. In Part I it was concluded that the saturated methane abundance in ammonia-water liquid at 176 

K is likely to be on the order of 1% by mass. In the near-surface region of Triton the solubility of 

methane in ammonia-water is nil, because of the low confming pressures. Thus, it is reasonable to 

approximate the ascending magma as having all its methane in exsolved form, for which the ideal gas 

law provides an adequate description of its volume as a function of pressure (depth). 

The hydrostatic pressure-depth relationship is not straight-forward, as it depends on the shape 

of the conduit, the density of the magma (hence, its bubble fraction), and the rate of magma ascent, and 

each of these are typically dynamic quantities during fire-fountain eruptions. As a first approximation 

it is reasonable to equate the hydrostatic pressure with the locallithostatic pressure. The bubble volume 

fraction of the magma depends on the mass abundance of methane in the liquid and the forces confining 

the bubbles. The latter includes the hydrostatic pressure and a term due to the surface tension of the 

bubble/liquid interface (surface tension is a small term except in the very near surface and in freely 

suspended cryoclasts). The temperature is also important and is equated to the ammonia-water peritectic 

temperature. 

Kargel and Strom (1990) derived a simple expression giving the volume fraction of magmatic 

bubbles as a function of depth in Triton for a range of likely mass percentages of methane (0.1 and 

2%) and for a range of possible bubble sizes (0.01 and 1.0 em radius). Their results are shown in figure 

108. Magmatic disintegration should occur when the bubble fraction reaches 70-80% (Houghton and 

Wilson, 1989), which on Triton would happen at a depth on the order of 50-1000 meters. At this depth 

the magma explodes into a frothing mass of cryoclasts in an expanding and accelerating cloud of 

methane gas. Given initial (deep) magma ascent velocities on the order of a meter per second, exit 

velocities of several tens of meters per second are likely. Thus, fire fountains of ammonia-water may 

extend 5-10 kilometers high, and may be associated with craters on the order of several hundred meters 

deep and several kilometers wide, and cinder cones or composite cones on the order of 10 km across. 

Conditions other than those assumed here (lower than expected volatile content, different 

eruption style, lower or greater initial magma ascent velocity) could qualitatively affect these results. 

However, this simple model does succeed in pointing out the feasibility of magmatic exsolution in 
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nebulae of proto-Jupiter and Saturn relative to the smaller nebulae of proto-Uranus and Neptune. 

,t 



154 

IV. SUMMARY AND CONCLUSIONS 

Knowledge Gained, Simplicity wst 

Among the most important scientific discoveries of the Voyager project is that cryovolcanism 

was an important phenomenon on most large and intermediate-sized icy satellites in the outer solar 

system. This discovery confirms the early theoretical predictions that partial melting should have 

occurred in large icy satellites (Lewis, 1971), although toe lower limit on the radii of satellites displaying 

cryovolcanism is perhaps a factor of two lower than had been predicted. The real surprise is that 

cryovolcanic landforms and landscapes are so varied in appearance, accounting for much of the 

geomorphic variation observed among icy satellites. It is doubtful that anyone had cared to seriously 

predict the likely appearance of cryovolcanic landscapes prior to Voyager. However, the discovery and 

characterization of cryovolcanism by the Voyager project represents no small advance in human 

knowledge. This is particularly true considering that volcanism has been confirmed on, at the very least, 

nine "new" worlds (Europa, Ganymede, Enceladus, Tethys, Dione, Miranda, Ariel, Titania, and Triton), 

more than tripling the number that previously had confirmed volcanic histories (Mercury, Earth, Moon, 

and Mars). 

In the present work the author has summarized in brief form the basic observations (mostly 

imagery) and some of the published interpretations of cryovolcanism (Part III), adding to these a few 

new observations and interpretations. One of the most immediately apparent aspects of cryovolcanism 

is its great variability in geomorphic expression, a point the author has made repeatedly, but an 

important one that deserves special continuing attention from the planetology community. There are 

many geomorphic aspects of cryovolcanism that are new to the eyes of the geologist trained to the forms 

of silicate volcanism on the terrestrial planets. However, there are also reassuring similarities, which at 

first may seem rather surprising given the very alien chemical substances and physical environments that 

cryovolcanism involves. Apparently, the geomorphically similar aspects stem largely from the similar 

rheological characteristics of the volcanic fluids, particularly after adjusting for the effects of different 

gravitational fields. Morphology indicates that cryolavas behave in a fluid dynamic sense much like 
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silicate lavas, although they do so at very different temperatures. 

One may seek order out of the diversity of icy satellites observed in the outer solar system. 

Perhaps most intriguing to this observer is that cryovolcanic flow thicknesses seem to vary systemically; 

the satellites of Uranus and Neptune exhibit thick, lobate flows, while the satellites of Jupiter and Saturn 

exhibit much thinner flows. The origin of this dichotomy is uncertain, but clearly involves at least two 

physically distinctive types of cryolavas, one extremely viscous, and the other less so. Most likely this 

rheological distinction is related to fundamentally different compositions. So, do these compositional 

variations reflect heliocentric distances, or do they reflect the nature of the circumplanetary nebulae 

from which the satellites formed? We cannot answer this question, nor do satellite morphologic studies, 

using the current data base, allow a refmement in what seems to be this simple dichotomy -- better data 

may well show a more complex picture. So, we look forward to the Galileo and Cassini missions to 

Jupiter and Saturn, and hope for follow-on missions to destinations elsewhere in the outer solar system. 

In Parts I and II the author presents the results of his and other researchers' experiments 

examining the physical chemistry of volatiles believed to be important in cryovolcanism. The central 

theme has been the importance of composition in determining the structural evolution of icy satellites 

and the morphologies of cryovolcanic landforms. Even minor chemical components of icy satellites can 

be distilled through igneous processes so that they constitute major components of surface volcanics. 

One of the more unexpected and important quantitative findings of this work is that plausible 

cryovolcanic liquids span at least seven orders of magnitude (a dozen, if crystallization effects are taken 

into account), ranging from nonpolar mixtures that are runnier than water, to multicomponent ammonia

water-rich liquids containing methanol or other soluble constituents as viscous as candle wax. This 

finding and other rheological measurements help explain the great range in cryovolcanic morphologies, 

especially flow thicknesses, and their close resemblences to volcanic landforms on Earth. 

Ironically, the author's perceptions of the state of our understanding of icy satellites has actually 

decreased in the face of this increased knowledge. Previously, cryovolcanism was seen as a fairly simple 

and predictable phenomenon involving simple compositions. The observations of cryovolcanic landforms 

made by Voyager clearly indicate complexity and variability in place of simplicity. New knowledge gained 

from the laboratory is sufficient to see, retrospectively, that cryovolcanism must be exceedingly complex 
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and variable, akin to terrestrial silicate volcanism, and as a consequence cryovolcanism should produce 

complex and varied landscapes as, indeed, we observe. However, the new knowledge is insufficient to 

really understand cryovolcanism in any detail, because still lacking is the ground truth necessary to 

confirm or modify our concepts of cryovolcanic compositions. 

Three views follow, providing the author's evaluations of the state of our new understanding of 

icy satellites in the outer solar system. 

1. The pessimistic view. 

Part I, based on a good deal (overdose?) of phase equilibria, should have conveyed the 

impression that the igneous differentiation of icy satellites is likely to be very complex, comparable, 

perhaps, to the igneous differentiation of Earth and other rocky objects. The course of igneous 

fractionation depends sensitively on composition, and can diverge sharply with even subtle compositional 

differences in the starting compositions. Part II should have further indicated that there are considerable 

variations in the physical properties of ices and cryomagmatic liquids, and that these properties are also 

dependent on the compositional variations likely to occur in icy satellites. 

Considering the very poor constraints we have on actual icy satellite compositions, and the 

sensitive compositional dependencies of igneous lines of descent and of the physical properties of the 

products of igneous fractionation, it is obvious that the igneous behaviors, internal structures, and 

geomorphologies of icy satellites are impossible to predict with any reliability. Many models have been 

developed to help us predict ice compositions, but we lack the actual ice samples with which we would 

test and refine our models. Thus, all the basic questions driving the scientific end of our objectives in 

the exploration of the outer solar system can not be answered until follow-on missions provide essential 

information on the compositions of ices in the outer solar system. 

2. The neutral view. 

The geological styles of icy satellites are many and complex; even this general finding would not 

have been predicted a decade ago when our conceptions of icy satellite compositions remained very 

simple. Simple mixtures evolve in relatively simple and readily predictable ways. With each additional 
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chemical component the evolutionary pathways become more complex and less predictable, and the 

possibilities for evolutionary divergence of icy satellites become more likely. So we arrive again at the 

pessimistic view. However, no longer is the geological diversity and complexity of the icy satellites a 

cause for pUzzlement: one predicts such geological evolutionary radiation' to develop from the variations 

of chemical composition arising out of the chemical-physical structure and chaos of the early solar 

system. Although it is difficult or impossible to predict precisely how a given satellite should evolve, no 

longer are we tied to simplistic concepts of the outer solar system. This new realization of complexity 

in icy satellite evolution requires a different approach than has been considered heretofore among icy 

satellite modellers; many more important variables exist than were previously considered or even 

recognized, unfortunately including many which are unknown or poorly determined. (Within just what 

I often group together as "compositional variability" are many largely independent variables such as the 

ratios of ice:rock, NH3:H20, CH4:H20, CO2:NH3, S04:S-2, and many others.) An analytical, theoretical 

understanding of icy satellite evolution will require an understanding of the influence of each variable 

parameter on the evolution of the satellite through time. It is an important objective of the author to 

continue the systematic examination, through both the experimental and the theoretical methods, of 

some important compositional variables concerning icy satellite evolution. 

3. The optimistic view. 

The environmental zonation of the solar and circum-planetary nebulae may have produced 

radially zoned satellite systems and discrete "quantized" satellite compositions (e.g., rock; rock + ice; 

rock + ice + ammonia hydrate; rock + ice + ammonia hydrate + methane clathrate). Each level of 

condensation introduces an added measure of igneous complexity and makes a priori geological 

predictions of the chemically more complex satellites vastly more difficult; nevertheless, a posteriori 

knowledge of satellite geology, carefully considered in a comparative planetological context, and with 

applications of laboratory data on the physical chemistry of ices and cryomagmatic liquids, can permit 

the derivation of the approximate compositions and conditions of origin of satellite systems, and may 

provide important insights into the evolution of the solar nebula and solar system . 
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Prospectus 

As this is written, the author is collaborating with David Hogenboom in determining high

pressure phase relations in the water-magnesium sulfate system and in completing our work on the 

ammonia-water system. The author also is refIning his measurements of the thermal conductivity of 

ammonia hydrates, and will soon extend his conductivity experiments to include magnesium sulfate 

hydrates. Other experimental work planned for the near future includes the determination of nonpolar 

gas solubilities in ammonia-water solvents, and an investigation of crystal size and shape effects on the 

rheology of slurries. The author also looks forward to further applications of these data in constructing 

models describing the thermal, structural, and volcanological evolution of icy satellites, and to further 

morphological analyses of cryovolcanic landscapes. 

The schedule of these investigations has to be balanced against the author's other research 

activities, principally his collaborations dealing with marine, glacial, and periglacial processes on Mars. 

The meaning of Voyager 

Along with exploration and scientifIc observations during the Voyager mission also came a 

humbling of human intellectual understanding, for the scientifIc community was time and again ill

prepared to confront, on an intellectual basis, our expanded vision of Reality in "real-time". The nature 

of observation is that it rolls back the frontier of human imagination and replaces it with something 

unimaginably more marvelous -- Nature itself. Our new vision of icy satellites has just completed the 

reconnaissance stage with the completion of the Voyager mission. In this new vision we see complexity, 

but can not understand these objects with any real depth and certainty. The fact that every "new" satellite 

(and planet) observed in the solar system has taken the scientifIc community by surprise indicates more 

clearly than anything else that our understanding is quite shallow and retrospective. Planetology is an 

immature science, as were geology, physics, and chemistry (the cornerstones of planetology) during the 

early to mid 19th Century. Planetologists have a rudimentary knowledge of icy satellites, much as the 

geologist of 1800 saw Earth -- a world explored (though incompletely), but not understood. 
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If the Mariners, the Surveyors, Apollos, and the other great Space-Age missions of discovery 

and exploration of the 1960's and 1970's were like the transatlantic missions of the Vikings and 

Columbus, the Voyager missions were like the global missions of discovery of Magellan -- they went all 

the way, without seeing everything along the way. The rust stage of the Great Age of Exploration of the 

solar system is now behind us. There are still worlds to be seen for the first time up close (Pluto, the 

asteroids, and comets), and entire hemispheres of many planets and satellites that still have not been 

glimpsed -- these are like Antarctica and Australia, the great interiors of North America and Africa, and 

the northern Pacific Ocean that, at the time the United States of America won its independence, still 

remained to be explored by Cook, Lewis and Clark, Livingstone, Amundsen, Scott, and others. But the 

geography of the world was known two centuries ago, with gaps, much as we know it today, and the 

world was poised for an explosion of scientific understanding in the Earth Sciences. And now, just two 

centuries later, the basic cosmography of the solar system is also known, and awaits our appreciation 

of its value and our comprehension of its meaning. 
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Figure 1. Pressure-temperature phase diagram of water. a) Pressures to 40 kilobars. b) Expanded view 
for pressures to 4 kilobars (Sources: Bridgman, 1912, 1937; Pistorius et at, 1963; Brown and Whalley, 
1966; Kell and Whalley, 1968; Mishima and Endo, 1980). 
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Figure 2. System H 20-MgS04• The evolution of compositions A-F is discussed in the text. Dashed lines 
near eutectic represent metastable equilibria. Data points omitted for clarity. Sources: this work; Loewe), 
1855; Etard, 1894; van Klooster, 1917; Mulder and Smith et a1. tabulated in Archibald and Gale, 1924; 
Robson, 1927; Smits et aI., 1928; Bodaleva and Lepeshkov, 1956; Novkova, 1957; and, CRC Handbook 
of Chemistry and Physics. 
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Figure 7. System H20-CaS04• Note the greatly expanded temperature scale of the inset. Adapted from 
Posnjak, 1938. 
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Figure 8. Ternary system H20-MgS04-CaS04• 35° C isotherm from Novikova, 1957; 25° C isotherm 
from Cameron and Ben, 1905. 0° C isotherm extrapolated from 25 and 35° data, except datum at 0% 
MgS04 from Posnjak, 1938. The cotectic represents polytheitmal univariant equilibria of gypsum 
(CaS04.2H20), epsomite (MgS07.7H20), and liquid; the eutectic is an invariant point involving also 
equilibrium with water ice. 
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Figure 9. Triangular ternary diagram of phase equilibria in the system H20-MgS04-NiS04 constructed 
from Benrath and Neumann (1939), Soboleva (1960), and the bounding binary systems. This ternary 
diagram omits the occurrance of MgS04.12H20; therefore, the ice/heptahydrate cotectic is actually 
metastable. Epsomite (MgS04.7H20) forms a continuous solid solution series with its Ni counterpart, 
as do the other sulfate hydrates shown here, except for the tetragonal form of the hexahydrate. The 
compositions of two representative sets of equilibrium solid and cotectic liquid phases is shown by the 
three-phase triangles. Note that the NiS04/MgS04 ratio makes very little difference in the freezing 
points of solutions in this system, and usually makes no difference in the phase that crystallizes because 
of extensive solid solution. 
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Figure 10. System H20-MgS04-Na2S04, considered to be the key diagram for understanding the 
evolution of brines and the origin of sulfate veins in the carbonaceous chondrites. Constructed from 
data of Archibald and Gale (1924), Blasdale (1927), and from the bounding binary systems. 
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Figure 12. System H20-KCI. Sources: This work; Sterner et aI., 1988; Etard, 1894, citing Coppet. 
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Figure 13. System H20-MgCI2• Sources: This work; Menzel and Holldorf, 1984. 
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Figure 14. System H20-CaCI2• Sources: This work; Menzel and Holldorf, 1984; and Roozeboom, 1889. 
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Figure 15. System H20-NH4Cl (this work). 
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~ ..... -------------------------------------

Figure 16. Ternary system H 20-MgCI2-CaCI2, constructed from data of Menzel and Holldorf (1984) and 
the bounding binary systems. Isotherms plotted only where data are considered reliable. Note the very 
deep, low-temperature eutectic occurring in this system, in contrast to multi-component aqueous sulfate 
systems. 
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Figure 17. System H20-NaCI at pressures up to 12 kilobars.ln general note the qualitatively unchanging 
character of the system, including a roughly constant eutectic composition, up to 12 kilobars; in detail, 
note the expansion of the hydrohalite stability range in temperature up to 2 kilobars, and its subsequent 
steady contraction after the ice I / ice V transition. Construction and data base dcscribed in tc>.1. 
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Figure 19. Isobaric slices of the water-rich part of the H20-NH3 system in pressure-temperature
composition space showing dependence of the liquidus temperature on pressure and the shift in the 
peritectic-eutectic composition (from Hogenboom and Kargel, 1990, by permission of the lead author). 
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Figure 20. Pressure-temperature pbase diagram for 28.6% NH3 (by weight). Note the small variation 
in tbe peritectic-eutectic melting temperature with pressure (modified from Hogcnboom and Kargel, 
1990, by permission from the lead author). 
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Figure 21. H 20.CH4 phase diagram. Aadapted from Lunine and Stevenson, 1985, and Culberson and 
McKetta, 1951. 
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Figure 22. CH4 solubility isobars in H 20. Interpolated from data of Culberson and McKetta, 1951, and 
Lange's Handbook. 
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Figure 23. N2 solubility in H20. Sources: Pray et al. 1952, and Lange's Handbook. 
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Figure 25. Solid phases in the system H20-NH3-C02• Sources: Bolshakov and Lebedeva, 1940, and 
Lefrancois and Vaniscotte, 1960. 
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Figure 2 7. System H20-H2CO. Solid circles: Liquidus obtained by cooling and stirring for one to several 
months (giving upper limit to H 2CO solubility) and for 24 hours (ice branch) (from Walker, 1964). Open 
squares: polymer liquidus obtained by dissolution of solid polymer, giving lower limit on H2CO solubility 
(from Walker, 1964). Open triangles: Grossly metastable, supercooled polymer liquidus (from Soboleva, 
1984). 
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Figure 38. System H 20-NH3-NaCl (this work). 
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SYSTEM H20 - NH3 - KCI 

Figure 39. System H20-NH3-KCl (this work). 
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Figure 40. System H20-NH3-~S04 (this work). 
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Figure 41. System CH4-Ar. Sources: Federova, 1939, and Van Zeldfe et aI., 1968 (solidus and liquidus 
Subsolidus immiscibility curve from Greer ~., 1969. . 
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Figure 42. System CH4-C2Ha• Source: Moran, 1959. Queried immiscibility curve is this author's 
interpretation based on compatibility with the form of the liquidus and solidus. 
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Figure 44. System CH4-N2• Sources: Moran, 1959, and Omar ~., 1962 (solidus and liquidus). 
Subsolidus structure from Prokhvatilov and Yantsevich, 1983. 
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Figure 46. System CO-N2• Liquidus from Verschoyle, 1931. Solidus is schematic and is based on 
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Figure 48. Densities of water ice polymorphs and liquid water along the melting curve to 10 kilobars, 
and volume changes upon melting (density and percent volume change shown on two right-hand axes). 
Also shown is the melting curve (temperature scale on left axis). Data of Bridgman (1912). 
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Figure 49. Densities of aqueous salts vs. composition at 293 K (CRC Handbook). Eutectic compositions 
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Figure 50. Densities of Mg-sulfates vs. % water of hydration. Squares: observed densities (CRC 
Handbook). Circles: Predicted densities. 
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Figure 52. Densities of water-methanol liquids vs. temperature, both observed and predicted assuming 
non-interactive mixing. The positive departure of the observed densities from the predicted ones 
indicates the existence of attractive forces between water and methanol molecules. Observed data from 
Carr and Riddick, 1951. . 
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Figure 54. Densities of methane-nitrogen liquids vs. temperature. Crossing of data curves is apparently 
related to non-ideal effects as the critical point of N2 is approached. Sources: Haynes et aI., 
1976;McClune, 1976; Hiza et al., 1977. 
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Figure 55. Densities of methane-ethane liquids vs. temperature. Sources: Haynes and Hiza, 1976; Haynes 
et aI., 1976; Hiza et aI., 1977; McClune, 1976. 
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Figure 56. Densities of cryovolcanically important liquids, liquid mixtures, and solids. 
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Figure 57. Viscosities of N2-CH4 mixtures. Smoothed and interpolated from data of Gerf and Golkov 
1940, re-compiled by Touloukian et aI., 1975. ' 
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Figure 59. Viscosity measurements of ammonia-water liquids (after Kargel et aI., 1990) . 
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Figure 60. Viscosities of ammonia-water liquids in temperature-composition space. Log10 (viscosity) 
contours every 0.5 log units, with viscosity in poise. After Kargel et aJ., 1990 . 
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Figure 61. Viscosities of ammonia-water-methanolliquids at -660 C., in loglo (viscosity) units contoured 
on a triangular compositional diagram (plotted on a mass basis). Ternary data (solid circles) extrapolated 
as necessary from Kargel et al., 1990; binary ammonia-water data also from Kargel et al., 1990; binary 
methanol-water data extrapolated from Carr and Riddick, 1951, and Tammann and Pillsbury, 1928. 
Binary methanol-ammonia viscosities are unknown, as are the viscosities of ternary mixtures close to the 
ammonia apex. Hence, viscosity contours are schematic over much of the diagram. This figure should 
be considered mainly as a starting point for further research and as a rough indication of ternary 
molecular interactions acting to increase the viscosities of ternary mixtures. 
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Figure 62. Viscosities of ammonia-water-methanol liquid near peritectic composition (from Kargel et 
aI., 1990). 
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Figure 65. Comparison of mobility indices of silicate and cryovolcanic liquids on several planets and 
satellites. 
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Figure 67. Thermal conductivities of ammonia-water mixtures as a function of temperature. Also shown 
are data for silicate rocks (Touloukian .!<!...i!l., 1970) and ice polymorphs (Ross et a1., 1977). 
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Figure 68. Mosaic of two images of Europa. Satellite diameter 3138 km for scale. 
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Figure 69. Ganymede. Diameter 5269 km. 
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Figure 70. Bright terrain intruding older dark terrain on Ganymede. 
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Figure 71. MUltiple superposed generations of grooves. 
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Figure 72. Smooth re-surfaced plains embaying older grooved terrain. 
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Figure 73. Structurally confined swaths of smooth plains cut older grooved terrain. 
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Figure 74. Mosaic of two images of Enceladus. Diameter 500 km. 
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Figure 75. View of Enceladus centered on ridged plains. 
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Figure 78. Cumulative crater statistics for Enceladus and selected terrains (from Pozio and Kargel, 
1990). 



238 

o--------~------~------~ 

-1 

a:-2 

-3 

D/km 

Figure 79. 'R-plot' of crater statistics for average Enceladus cratered terrain (E) and Ganymede cratered 
terrain (G) (after Pozio and Kargel, 1990). 
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Figure 80. Timeline of relative geologic history of Enceladus. N is the number of craters larger than 5.7 
km in diameter per 106 km2
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Figure 82. Model thermal profiles for Enceladus assuming various megaregolith thicknesses. 
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Figure 83. Iapetus, showing bright heavily cratered terrain and dark terrain. 
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Figure 84. Miranda. Diameter 480 km. Cratered terrains and three coronae are visible. Elsinore Corona 
(Ell). Arden Corona (13) and Inverness Corona (19). 
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Figure 85. Miranda. Parts of Inverness Corona upper left and Elsinore lower right. 
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Figure 86. Miranda. Part of Elsinore Corona. 
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Figure 87. Global view of Ariel. Diameter 1160 km. 
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Figure 88. Sketch map of area shown in figure 87 showing major tectonic structures, major impact 
craters, and large cryovolcanic flows (bold outlines). 
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Figure 89. Block terrain on Ariel (a) with corresponding tectonic sketch map (b). N 
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Figure 90. Tectonic re-construction of Ariel's Block Terrain (a), with corresponding tectonic sketch map 
(b). 
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Figure 91. Simplified tectonic and topographic map of the Red Sea region, a region dominated by 
extensional and strike-slip block (plate) tectonics and associated volcanism. 
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Figure 92. Landsat image of the northern part of the Red Sea, the Sinai Penn insula, and the Dead Sea 
Rift. 
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Figure 93. Schematic structural models for Ariel, described in text as models 1,2,3, and 4. Model thermal 
profiles in Figures 94-98. 
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Figure 94. Modell thermal profiles, where Ariel is assumed to be a homogeneous mixture of rock and 
ice. Curves correspond to interior temperature conditions ranging from the present (bottom curve) to 
4 billion years ago (labelled 4 Ga). Nearly horizontal regions correspond to convective profiles. 
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Figure 95. Model 2 thermal profile, where an ammonia hydrate crust overlies a homogeneous mantle 
of rock and ice. (a) From center of satellite to surface. (b) Near surface regions showing detail. 
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Figure 96. Model 3 thermal profile, where an ammonia hydrate crust overlies an ice mantle which in 
turn surrounds a rock core. 
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Figure 97. Model 4 thermal profiles, where an ice crust overlies an ammonia hydrate mantle and a rock 
core. (a) From center to surface. (b) Near surface regions showing detail. 



r--Ammonia Hydrate J.,. Water Ice ~ I 
200 I" Mantle 7 Crust 

Ammonia-Water Magma Ocean 

-~ -
(1) 
'-
~ 150 Solid -State Convection 
o l"~~'~lff--------------____ ~ ~ .,- 7, 
(1) 

c.. 
E 
~ 

100 

400 450 500 
Radial Distance (km) 

Figure 97b. 

550 580 
(surface) 

I\) 

111 
Q) 



259 

1200 '" '\ Model 
• \3 . 

, \ 
\ . 

\ 900 
, 
\4 '\ 

\ . 
800 \\ -

\ \ ~ - 700 \\ Q) -::l - , \ c 
600 -Q) \. 0-

E , \ ~ 500 \\ 
400 ' \ \. ,\ 

\\. 
2 , 

--------

~L---~10~0--~20~0~~30~0~~40~0~~~--~600 
(center) Radial Distance (km) (surface) 

Figure 98. Summary of four structural-thermal models of Ariel 4 billion years ago at approximately the 
time of thermal maximum. 
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Figure 99. Triton. Diameter 2700 km for scale. 



261 

L 

M 

N 

Q 

R 

5 

1 2 3 4 5 12 13 14 

Figure 100. Lakes district on Triton. Three cryovolcanic-tectonic lava lakes are located near ElO, H9 
and 03. For scale, the circular one near H9 averages 190 km across. ' 
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Figure 102. The Moon's Mare Humorum, a superficially attractive but geologically inappropriate analog 
for Triton's lakes (tentatively termed "maria" by the IAU). 
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Figure 103. Stereoscopic view of a caldera in the Galapagos, a better if imperfect analog for Triton's 
lakes. 
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Figure 104. The Cantaloupe Terrain of Triton. 
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Figure 105. High-resolution view of a swath extending from the Lakes Province across a transitional zone 
to the Cantaloupe Terrain. 
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Figure 106. Part of the the Plumes Province of Triton. 
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Figure 107. A region dominated by dark, apparently wind-deposited streaks and sublimating residues of 
a nitrogen ice cap. 
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Table I. Cosmic assemblages of molecular ices (molar ratios) 

NH3-CH4-rich NH3-CH4-rich CO-N2-rich 
(Homogeneous (Heterogeneous (Kinetic 
accretion) accretion) inhibition) 

H2O 100 100 
NH3 12 122 
CH4 601 603 

H2S 0 2.64 

CO 0 0 

CO2 0 0 
HCN 0.01 0 
CH30H 0 0 
H2CO 0 0 
N2 0 0 

Footnotes 
1- as clathrate and pure methane ice 
2- partly as sulfide 
3- as pure methane ice 
4- as ammonium sulfide 

100 
0.01 
< 12 

100 

1 

12 

5- based on attribution of NH2 to NH3 by dissociation 
6- based on attribution of CH2 to CH4 by dissociation 
7- based on CN attribution to HCN by dissociation 
8- based on CH3 attribution to CH30H rather than CH4 

Data from literature sources referenced in text 

Comet 
Halley 

100 
0.3-2.05 

< 0.7-26 

<7 

1.5-3.5 
0.17 
< 0.7-28 
1-10 
< 10 

Inter
stellar 
medium 
(Orion) 

100 
1 

>0.01 
400 

0.1 
2 
>0.8 
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Table II. Leaching factors and ion abundances in hypothetical chondrite brine 

Element 

Mg 
Ca 
Na 
K 
Si 
S 
Cl 

Leaching factors 

Absolute Normalized 
(Mg = 1.00) 

3.1 X 10-4 1.00 
5.0 X 10-4 1.62 
2.2 x 10-4 0.71 
8.2 x 10-4 0.27 
6.1 x 10-5 0.07 
2.9 x 10-5 0.93 
4.3 x 10-3 14 

Chondrlte brine 

(Mg = 1.00) 

1.00 
0.15 
0.04 
0.002 
0.07 
0.59 
0.10 



Table III. Earth-gravity-scaled cryovolcanic flow thicknesses. 

Object 

Ganymede 1.42 

Enceladus 0.08 

Miranda 0.08 

Ariel 0.25 

Triton 0.78 

Moon 1.62 

Earth 9.81 

Earth 9.81 

Earth 9.81 

h Scaled h 
(m) (nominal) (g-1/2 scaling) 

(Ne,,1onian) 

<100 <38 

<300 <27 

1000 90 

1400 220 

400 110 

5-50 (20) 8 
(basalt) 

2-20 (8) 8 
(basalt) 

5-50 (25) 25 
(andesite) 

30-300 (100) 100 
(rhyolite) 

Scaled h 
(g-1, scaling) 
(Bingham) 

<15 

<3 

8 

36 

32 

3 

8 

25 

100 

272 
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Table IV. Properties of icy satellites 

1 2 3 4 5 6 

Satellite Radius Density Surface HOMOGENEOUS MODEL 
grav~7 Rock fraction P central 

km g cm-3 em s bars 

Jovian system 

Ganymede 2631 1.93 142 0.68 36,000 

Callisto 2400 1.83 123 0.61 26,900 

Saturnian system 

Mimas 196 1.19 7 0.32 76 

Enceladus 250 1.3 9 0.42 150 

Tethys 530 1.20 18 0.33 560 

Dione 560 1.43 22 0.53 900 

Rhea 765 1.33 28 0.45 1,440 

Titan 2575 1.881 135 0.65 32,800 

Iapetus 730 1.16 24 0.29 1,000 

Uranian system 

Miranda 242 1.5 10 0.58 180 

Ariel 580 1.59 26 0.63 1,200 

Umbriel 596 1.78 30 0.74 1,600 

Titania 805 1.58 36 0.63 2,300 

Oberon 773 1.59 34 0.63 2,100 

Neptunian system 

Triton 1350 2.04 77 0.83 11,000 

(Continued on next page) 
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Table IV (Continued). Properties of icy satellites 

7 8 9 10 11 

Satellite DIFFERENTIATED MODEL 
frock reore hahell P central PahBIl base 

Ion km bars bars 

Jovian system 

Ganymede 0.60 1920 711 59,800 13,500 

Callisto 0.54 1661 739 46,800 12,100 

Saturnian system 

Mimas 0.30 96 100 180 69 

Enceladus 0.39 139 111 351 110 

Tehthys 0.31 263 267 1,380 510 

Dione 0.49 345 215 2,020 520 

Rhea 0.42 436 329 3,410 1,020 

Titan 0.58 1833 742 55,600 13,400 

Iapetus 0.27 342 388 2,440 970 

Uranian system 

Miranda 0.54 156 86 400 95 

Ariel 0.59 393 187 2,470 520 

Umbriel 0.68 441 155 2,940 490 

Titania 0.58 543 262 4,720 1,010 

Oberon 0.59 524 249 4,380 920 

Neptunian system 

Triton 0.77 1086 265 17,000 2,220 
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APPENDIX t. TABLES OF FREEZiNG·POINT MEASUREMENTS (THIS WORK) 

Table At·t. System H2O.NH3 

H2O NH3_ f.p. Solid phases 

00.0 100 -77.3 NH3 pure phase m.p. 
34.3 65.7 -80.0 2NH3·H2O 
49.5 50.5 -80.5 NH3·H2O 
51.0 49.0 -78.6 NH3·H2O 
51.2 48.8 -77.3 NH3.H20 congruent m.p. 

56.0 44.0 -83.0 NH3·H2O 
58.4 41.6 -83.0 NH3·H2O 
59.0 41.0 -84.4 NH3·H2O 
61.1 38.9 -89.9 NH3·H2O 
64.0 36.0 -96.4 NH3·H2O 

64.6 35.4 -98.0 NH3.2H20 + NH3.H20 eutectic 
66.4 33.6 -97.0 NH3·2H2O 
67.0 33.0 -97.1 NH3·2H2O 
67.4 32.6 -97.2 !'ffi3·2H20 
70.6 29.4 -77.0 Ice 

70.9 29.1 -78.4 ice 
-97.0 !'lH3.H20 + ice + liquid peritectic 

73.5 26.5 -60.0 Ice 
74.5 25.5 -56.8 ice 

76.5 23.5 -48.3 ice 
77.0 23.0 -45.2 ice 
78.4 21.6 -42.0 ice 
83.5 16.5 -24.9 ice 
86.1 13.9 -21.8 ice 

87.1 12.9 -17.9 ice 
87.7 12.3 -16.4 ice 

------------------------------------------
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Table Al·2. System H2O.MgS04·NH3 

"20 MgS04 r.p. Solid phase 

76.2 23.8 6.3 Mg-sulfate hydrate 
77.0 23.0 5.2 " 
77.1 22.9 5.5 " 
78.3 21.7 3.9 " 
80.2 19.8 1.9 

80.2 19.8 0.1 " 
82.1 17.9 -0.9 
83.1 . 16.9 -4.0 ice 
83.9 16.2 -3.4 " 
85.5 14.5 -2.2 " 

87.9 12.1 -1.4 " 

Addition of NH3 causes reaction to insoluble 
Mg(OH)2 and soluble (NH4)2S04' 

. _.-------.---------------------------~-----------
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Table Al-3. System H2O.K2S04·NH3 

H2O K:zSO" NH3 f.p. Solid phase 

90.3 9.7 0.0 18.8 K-sulfate 
90.6 9.4 0.0 17.5 
90.6 9.4 0.0 16.9 
91.4 8.6 0.0 12.0 
91.6 8.4 0.0 13.3 

92.1 7.9 0.0 7.7 
92.7 7.3 0.0 4.0 
90.5 7.9 1.6 24.0 
90.8 6.6 2.6 19.6 
90.4 5.6 4.0 24.3 

91.7 4.8 3.4 13.2 
92.6 4.3 3.1 5.1 
89.2 3.6 7.1 25.3 
91.4 2.9 5.7 5.1 
92.1 2.7 5.3 -0.5 

84.1 2.4 13.5 40.0 
85.3 2.0 12.7 39.4 
84.9 1.5 13.6 21.0 
89.9 1.4 8.8 -1.5 
85.2 1.1 13.7 12.3 

86.0 1.1 12.9 13.8 
85.2 1.1 13.7 7.2 
87.8 0.98 11.2 -0.7 
85.5 0.73 13.7 -2.1 
85.7 0.57 13.8 -9.1 

85.0 0.47 13.8 -13.8 
-20.4 ice + sulfate + liquid cotectic 

93.6 6.4 0.0 -1.1 ice 
94.6 5.4 0.0 -1.0 
95.7 4.3 0.0 -0.9 
96.7 3.3 0.0 -0.7 

94.4 3.3 2.3 -2.8 
93.4 2.2 4.4 -5.6 
95.4 1.6 3.1 -4.0 
91.1 1.2 7.7 -9.7 
93.1 0.9 5.9 -7.3 
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Table Al-4. System H2O-(NHJ2S04-NH3 

H2O (NH.J2S04 NH3 f.p. Solid phase 

55.9 44.1 0.0 30.9 NH4-sulfate 
57.9 42.1 0.0 6.5 " 
58.2 41.8 0.0 5.5 
60.8 32.8 6.4 -3.6 
62.5 28.5 8.9 -4.4 

63.5 27.8 8.7 -8.9 
62.4 27.6 10.0 0.7 
64.4 27.1 8.5 -14.0 
65.8 26.1 8.1 -24.4 

-27.5 ice + NH4-sulfate + liquid cotectic 
63.9 22.9 13.2 3.2 NH4-sulfate 

65.8 16.9 17.4 3.8 
64.5 14.1 21.4 10.5 
67.5 11.3 21.2 -4.0 " 
68.6 10.9 20.5 -9.5 
71.2 10.0 18.8 -22.6 

66.2 9.8 23.9 -0.7 
63.8 9.1 27.1 12.0 
65.0 7.4 27.6 2.4 
65.1 7.3 27.6 0.9 
67.4 7.1 25.6 -11.0 

66.5 7.0 26.5 -7.1 
68.3 6.6 25.1 -16.3 
70.5 6.2 23.3 -26.3 
72.5 5.8 21.8 -34.5 
66.1 5.8 28.1 -10.1 

66.4 5.4 28.2 -12.0 
68.0 5.4 26.6 -17.2 
69.1 5.3 25.7 -23.5 
71.6 4.9 23.6 -33.9 
67.5 3.9 28.6 -25.7 

68.1 3.0 28.9 -37.2 
70.4 2.6 27.0 -42.9 NH4-sulfate ? 
71.3 2.5 26.2 -47.0 NH4-sulfate 

-58.0 ice + NH4-sulfate + liquid cotectic 
68.6 2.3 29.1 -44.9 NH4-sulfate 
59.8 40.2 0.0 -18.1 ice 

-19.4 ice + NH4-sulfate + liquid eutectic 

60.0 40.0 0.0 -17.9 ice 
-18.8 ice + NH4-sulfate + liquid eutectic 

62.2 37.8 0.0 -16.1 ice 
64.1 35.9 0.0 -14.2 
69.5 30.5 0.0 -11.2 
73.7 26.3 0.0 -9.1 
72.9 27.1 0.0 -9.1 
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Table Al-4, continued 

H2O (NH.J~O .. NH3 f.p. Solid phase 

85.5 14.5 0.0 -4.0 n 

86.7 13.4 0.0 -4.0 ice 
90.3 9.7 0.0 -2.4 " 
66.7 25.4 7.9 -26.1 

69.2 23.5 7.3 -23.4 
76.0 18.3 5.7 -15.9 
83.4 12.6 3.9 -8.9 
81.2 6.6 12.3 -22.0 
74.2 5.4 20.4 -42.1 ice? 

74.7 5.3 20.0 -41.1 ice? 
76.4 4.9 18.6 -35.3 ice 
74.5 4.4 21.2 -42.5 ice? 
75.4 4.2 20.4 -39.9 ice 
81.7 3.8 14.5 -23.9 

79.9 3.4 16.7 -28.8 
68.2 2.8 29.0 -36.4 
68.6 2.3 29.1 -44.9 
74.6 2.2 23.2 -47.4 
79.4 1.8 18.8 -32.3 
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Table AI·5. System H2O·HMT·NH3 

H2O HMT NH3 f.p. Solid phases 

54.0 46.0 0.0 12.0 HMT hexahydrate 
54.6 44.2 1.1 9.5 " 
55.5 41.7 2.7 6.0 " 
57.4 36.5 6.1 -1.5 
58.9 32.3 8.8 -6.5 

68.2 7.8 24.0 -45.0 
66.2 14.5 19.3 -31.0 
64.3 19.7 16.0 -23.5 
61.7 28.7 9.6 -10.3 " 
60.7 32.4 6.1 -5.6 " 

59.8 35.4 4.8 -5.0 
61.4 34.0 4.6 -6.5 
62.3 33.2 4.5 -6.9 
63.8 31.9 4.3 -8.3 
64.4 31.4 4.2 -10.5 

65.0 30.8 4.2 -10.8 
66.0 29.9 4.1 -11.6 
66.7 29.3 4.0 -12.1 
67.2 28.9 3.9 -12.4 
68.1 28.1 3.8 -13.5 

68.9 27.4 3.7 -14.1 
63.0 25.1 11.9 -15.8 " 
65.2 23.6 11.2 -16.4 
70.0 20.4 9.6 -23.5 
63.9 21.9 14.2 -20.0 

66.7 20.2 13.1 -24.5 
71.3 17.4 11.3 -24.0 
56.0 11.0 33.0 -49.0 
65.4 10.2 24.5 -42.0 
66.7 9.8 23.6 -42.0 

69.4 9.0 21.6 -42.5 
66.7 4.7 28.6 -73.0 
61.6 12.8 25.6 -35.5 
62.3 10.4 27.3 -40.5 
63.0 8.1 28.9 -45.5 

63.4 6.5 30.1 -55.0 
65.0 7.9 27.1 -45.0 
71.0 25.6 3.5 -16.5 ice 
72.3 24.4 3.3 -14.7 
76.0 21.1 2.9 -11.4 

78.9 18.6 2.5 -9.6 
73.1 18.3 8.7 -22.0 
76.0 16.3 7.7 -18.0 
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Table At·S, continued. 

H2O HMT NH3 f.p. Solid phase 

79.8 13.7 6.5 -14.0 
72.8 16.5 10.7 -25.6 " 
75.3 15.0 9.7 -22.1 " 
72.3 8.1 19.6 -37.3 
69.7 2.9 27.4 -64.0 

69.1 4.3 26.6 -63.5 " 
56.0 0.0 44.0 -83.0 NH3·H2O 
56.1 3.3 40.5 -85.0 " 
56.2 6.0 37.7 -86.5 



282 

Table Al·6. System H2O·NH3·CH3OH 

H2O CH3OHNH3 f.p. Solid phases 

0.000 0.800 0.200 -73.7 CH3OH.NH3 
0.027 0.778 0.195 -77.5 II 

0.064 0.749 0.187 -83.0 
0.122 0.702 0.176 -90.4 
0.000 0.651 0.350 -55.6 II 

0.120 0.572 0.308 -67.0 
0.191 0.526 0.283 -76.9 II 

0.255 0.485 0.260 -85.6 " 
0.321 0.441 0.237 -97.6 
0.000 0.530 0.470 -59.8 

0.052 0.527 0.421 -60.0 
0.099 0.524 0.377 -62.0 
0.132 0.522 0.347 -65.5 
0.174 0.519 0.308 -70.6 
0.219 0.516 0.265 -79.4 

0.242 0.514 0.243 -84.4 " 
0.196 0.608 0.196 -90.2? " 
0.075 0.850 0.075 -99.9 ? " 
0.000 0.237 0.763 -86.0 " 
0.000 0.318 0.682 -76.9 

0.000 0.444 0.556 -65.3 " 
0.000 0.507 0.493 -59.6 
0.000 0.579 0.421 -56.1 
0.000 0.638 0.362 -55.1 
0.000 0.697 0.303 -58.4 " 

0.000 0.382 0.618 -70.1 
0.000 0.812 0.188 -78.6 
0.000 0.824 0.176 -79.6 
0.000 0.745 0.255 -65.4 
0.000 0.792 0.208 -74.2 " 

-78.7 NH3.2CH30H + NH3.CHpH + liquid peritectic 
-87.4 NH3 + CH30H.NH3 + liquid eutectic 

0.226 0.224 0.510 -79.6 CH3OH.NH3 
0.239 0.302 0.459 -74.2 " 
0.203 0.407 0.390 -70.4 
0.162 0.528 0.310 -71.2 
0.134 0.608 0.258 -73.3 

0.115 0.665 0.220 -77.4 
0.101 0.704 0.194 -81.2 " 

-111 ? CH30H.H20 + CH30H.NH3 + CH30H.2NH3 + liquid eutectic 
0.000 0.000 1.000 -77.3 NH3 
0.343 0.000 0.657 -80.0 2NH3·H2O 
0.326 0.049 0.625 -81.5 " 
0.301 0.121 0.577 -84.9 
0.283 0.175 0.542 -84.6 CH3OH.NH3 

-94.0 CH30H.NH3 + 2NH3.H20 + NH3.H20 + liquid eutectic 

--- -~---~-------------------------
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Table Al-6, continued. 

H2O CH3OHNH3 f.p. Solid phase 

0.000 0.096 0.904 -80.9 NH3 
0.000 0.167 0.833 -83.8 NH3 

-86.4 NH3 + CH30H.NH3 + liquid eutectic 
0.062 0.152 0.786 -89.8 NH3 
0.097 0.144 0.760 -93.2 " 
0.121 0.138 0.741 -95.3 
0.163 0.128 0.708 -93.2 2NH3·H2O 

-96.8 NH3 +2NH3.H20 + CH30H.NH3 + liquid eutectic 
0.205 0.118 0.677 -88.5 2NH3·H2O 
0.239 0.110 0.651 -84.6 II 

0.275 0.623 0.102 -82.8 II 

0.309 0.094 0.597 -82.5 " 
0.344 0.086 0.570 -85.9 
0.359 0.082 0.559 -86.0 

-91.5 NH3.H20 + 2NH3.H20 + CH30H.NH3 + liquid eutectic 
0.386 0.076 0.538 -88.2 2NH3·H2O 
0.452 0.060 0.488 -83.0 NH3·H2O 
0.429 0.109 0.463 -85.6 " 
0.449 0.101 0.450 -86.0 
0.484 0.087 0.429 -85.8 " 
0.877 0.000 0.123 -16.4 ice 

0.764 0.129 0.107 -25.0 
0.6403 0.270 0.090 -39.0 
0.551 0.372 0.077 -52.8 
0.492 0.439 0.069 -62.5 
0.835 0.000 0.165 -24.9 

0.599 0.283 0.119 -52.8 
0.770 0.000 0.230 -45.2 
0.693 0.099 0.207 -60.5 
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Table At·7. System H2O·NaCI.NHa 

H2O NaCI NH3 f.p. Solid phases 

0.605 0.196 0.200 20.5 NaCl 
0.580 0.187 0.233 25.0 NaCl 
0.653 0.185 0.162 -40.0 NaC1.2H2O 
0.663 0.174 0.163 -50.6 NaC1.2H2O 
0.669 0.167 0.164 -48.5 ice? 

0.678 0.158 0.164 -47.6 ice 
0.686 0.149 0.165 -46.5 ice 
0.717 0.134 0.149 -39.4 ice 
0.772 0.108 0.120 -28.2 ice 
0.694 0.225 0.081 -9.1 NaC1.2H2O 

0.695 0.213 0.093 -16.9 NaC1.2H2O 
0.694 0.200 0.106 -24.5 NaC1.2H2O 
0.695 0.181 0.124 -39.5 NaC1.2H2O 
0.697 0.159 0.144 -41.0 ice 
0.699 0.140 0.162 -42.9 ice 

0.657 0.075 0.268 -75.9 ice 
0.743 0.257 0.000 -4.4 NaC1.2H2O 
0.748 0.252 0.000 -8.3 NaC1.2H2O 
0.756 0.244 0.000 -13.2 NaC1.2H2O 
0.767 0.233 0.000 -21.4 ice + NaC1.2H20 + liquid eutectic 

0.776 0.224 0.000 -18.6 ice 
0.789 0.212 0.000 -17.0 ice 
0.805 0.196 0.000 -14.5 ice 
0.837 0.163 0.000 -11.2 ice 
0.806 0.123 0.072 -19.4 ice 

0.786 0.097 0.117 -25.7 ice 
0.742 0.258 0.000 -3.8 NaC1.2H2O 
0.741 0.253 0.0056 -6.3 NaC1.2H2O 
0.740 0.244 0.016 -10.4 NaC1.2H2O 
0.738 0.231 0.030 -15.7 NaC1.2H2O 

0.737 0.222 0.041 -19.4 NaC1.2H2O 
-25.5 ice + NaC1.2H20 + liquid cotectic 

0.735 0.201 0.065 -28.2 ice 
0.730 0.161 0.109 -32.3 ice 
0.722 0.097 0.181 -42.5 ice 
0.689 0.229 0.082 -8.7 NaC1.2H2O 
0.701 0.220 0.079 -16.9 NaC1.2H2O 

0.715 0.210 0.075 -23.3 NaC1.2H2O 
0.731 0.198 0.071 -29.6 ice 
0.739 0.192 0.069 -28.2 Ice 
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Table At·S. System H2O·KCI.NH3 

H2O KCI NH3 f.p. Solid phases 

0.940 0.060 0.000 -2.6 ice 
0.905 0.095 0.000 -4.4 ice 
0.865 0.135 0.000 -7.1 ice 
0.815 0.185 0.000 -9.3 ice 
0.786 0.214 0.000 -1.0 KCl 

0.782 0.218 0.000 0.5 KCl 
0.768 0.232 0.000 7.7 KCl 
0.741 0.259 0.000 24.7 KCl 
0.720 0.280 0.000 34.9 KCl 
0.755 0.200 0.045 7.6 KCl 

0.769 0.153 0.078 -4.1 KCl 
0.781 0.110 0.109 -16.4 KCI 
0.788 0.085 0.127 -25.7 ice 
0.791 0.075 0.133 -26.5 ice 
0.725 0.132 0.143 6.7 KCI 

0.718 0.074 0.208 -12.3 KCI 
0.715 0.046 0.240 -28.7 KCI 
0.765 0.000 0.235 -48.3 ice 
0.763 0.022 0.215 -44.6 ice 
0.762 0.038 0.200 -41.0 ice 

0.760 0.053 0.187 -31.8 KCI 
0.759 0.065 0.176 -27.2 KCI 
0.758 0.083 0.160 -19.0 KCI 
0.755 0.106 0.139 -7.9 KCI 
0.735 0.000 0.265 -60.0 ice 

0.735 0.021 0.244 -53.8 ice 
0.736 0.040 0.224 -34.1 KCI 
0.736 0.068 0.195 -19.5 KCI 
0.738 0.122 0.140 0.0 KCI 
0.708 0.102 0.190 -1.0 KCI 

0.745 0.089 0.166 -16.4 KCI 
0.767 0.081 0.152 -22.0 KCI 
0.785 0.075 0.140 -27.7 KCI 
0.715 0.202 0.084 26.1 KCI 
0.764 0.166 0.069 -0.5 KCI 

0.793 0.146 0.061 -12.8 KCI 
0.806 0.137 0.057 -16.1 ice 
0.841 0.112 0.047 -11.8 ice 
0.908 0.056 0.036 -6.6 ice 
0.924 0.061 0.016 -4.0 ice 

0.729 0.021 0.250 -54.8 KCI 
0.748 0.035 0.216 -44.1 KCI 
0.775 0.056 0.169 -32.3 KCI 
0.797 0.072 0.131 -24.6 ice 

--<-< •• - --------------------------"'-----"'--'----'-"---'-'--...;...::...."'-'--
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Table Al-S, continued. 

"2° KCI NH3 f.p. Solid phase 

0.801 0.075 0.124 -24.1 ice 
0.826 0.093 0.081 -16.7 ice 
0.767 0.049 0.184 -36.7 KCl 
0.777 0.047 0.176 -34.3 ice? 
0.786 0.045 0.168 -31.8 ice? 

0.802 0.042 0.156 -28.2 ice? 
0.827 0.037 0.136 -22.0 ice 
0.863 0.029 0.108 -16.7 ice 
0.912 0.019 0.070 -9.1 ice 
0.752 0.039 0.209 -42.5 KCl? 

0.759 0.038 0.203 -40.5 ice? 
0.584 0.000 0.416 -83.0 NH3·H2O 
0.574 0.0175 0.409 -50.1 KCl 
0.561 0.0399 0.400 -12.8 KCl 
0.618 0.0245 0.357 -35.4 KCl 

0.613 0.135 0.252 33.8 KCl 
0.638 0.100 0.262 17.4 KCl 
0.662 0.0660 0.272 -3.6 KCl 
0.678 0.0436 0.278 -22.3 KCl 
0.684 0.0356 0.281 -31.8 KCl 

0.691 0.0260 0.283 -47.7 KCl 
0.696 0.0190 0.285 -57.9 KCl 

-76.9 KCl + H20 + liquid cotectic 
0.709 0.0000 0.291 -78.4 ice 

---. --.-- ---------------------------~-----'------'--"'""-.=....;.-=-'-'---
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Table AI-9. System H2O-CaCI2-NH3 

H2O CaCI2 NH3 f.p. Solid phases 

0.8458 0.1542 0.000 -11.2 ice 
0.7986 0.2014 0.000 -19.2 ice 
0.7658 0.2342 0.000 -25.6 ice 
0.7286 0.2714 0.000 -36.9 ice 
0.7114 0.2886 0.000 -42.5 ice 

0.7029 0.2971 0.000 -42.9 ice 
0.6973 0.3027 0.000 -45.4 ice? 
0.6723 0.3277 0.000 -26.3 CaCI2·6H2O 
0.6375 0.3625 0.000 -6.0 CaCI2·6H2O 
0.6247 0.3753 0.000 2.2 CaCI2·6H2O 

0.6070 0.3930 0.000 10.6 CaCI2·6H2O 
0.8306 0.1379 0.0315 -12.2 ice 
0.8103 0.1161 0.0735 -14.5 ice 
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Table At·tO. System H2O·NH4CI.NH3 

H2O NH4CI NH3 f.p. Solid phases 

0.735 0.265 0.000 15.5 NH4Cl 
0.745 0.255 0.000 11.5 NH4Cl 
0.748 0.252 0.000 9.6 NH4Cl 
0.770 0.230 0.000 -0.3 NH4Cl 
0.773 0.227 0.000 -1.1 NH4Cl 

0.789 0.211 0.000 -8.4 NH4Cl 
0.805 0.195 0.000 -12.1 NH4Cl 
0.810 0.190 0.000 -14.5 ice 

-15.1 ice + NH4Cl + liquid eutectic 
0.816 0.184 0.000 -14.0 ice 
0.835 0.165 0.000 -12.0 ice 
0.847 0.153 0.000 -11.5 ice 
0.858 0.142 0.000 -9.5 ice 
0.863 0.137 0.000 -9.4 ice 

0.900 0.100 0.000 -6.8 ice 
0.903 0.097 0.000 -6.3 ice 
0.709 0.000 0.291 -97.0 ice + NH3.2H20 + liquid peritectic 
0.662 0.068 0.270 -70.5 ice 
0.564 0.206 0.230 -19.3 NH4Cl 

-103.0 NH4Cl + ice + NH3.2H20 + liquid peritectic 
0.879 0.088 0.033 -9.4 ice 
0.512 0.000 0.488 -77.3 NH3.H20 congruent m.p. 
0.536 0.022 0.443 -80.5 NH3·H2O 
0.405 0.260 0.335 -22.6 NH4Cl 
0.452 0.240 0.308 -21.0 NH4Cl 
0.507 0.216 0.278 -22.0 NH4Cl 

0.561 0.192 0.247 -24.7 NH4Cl 
0.608 0.172 0.221 -31.7 NH4Cl 
0.649 0.154 0.198 -37.4 NH4Cl 
0.686 0.137 0.177 -39.9 NH4Cl 
0.719 0.123 0.158 -34.3 ice 

0.717 0.097 0.186 -39.3 ice 
0.604 0.000 0.397 -86.6 NH3.2H2O 
0.586 0.265 0.029 No cryst'n in 45 min. at -110°C. 
0.444 0.265 0.291 -1.2 NH4Cl 
0.465 0.244 0.291 -14.2 NH4Cl 

0.493 0.216 0.291 -28.6 NH4Cl 
0.515 0.194 0.291 -37.4 NH4Cl 
0.791 0.168 0.041 -17.2 ice 
0.761 0.105 0.134 -27.5 ice 
0.743 0.067 0.191 -38.1 ice 

0.685 0.230 0.085 2.7 NH4Cl 
0.691 0.174 0.135 -24.3 NH4CI 
0.695 0.136 0.169 -38.7 ice 
0.597 0.160 0.244 -47.1 NH4Cl 
0.614 0.135 0.251 -56.2 NH4CI 

- ". 



289 

Table Al-IO, continued 

H2O NH4Cl NH3 f.p. Solid phase 

0.632 0.110 0.258 -69.0 NH4Cl 
0.573 0.193 0.234 -30.5 NH4Cl 
0.729 0.123 0.149 -34.4 ice 
0.524 0.261 0.214 8.6 NH4Cl 
0.592 0.224 0.184 -5.9 NH4Cl 

0.675 0.179 0.147 -22.3 NH4Cl 
0.708 0.161 0.132 -30.1 NH4Cl 
0.737 0.145 0.119 -29.4 ice 
0.818 0.100 0.082 -18.2 ice 
0.843 0.086 0.071 -14.5 ice 
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Table AI-H. System H2O-MgCI2-NH3 

H2O MgCI2 NH3 f.p. SQlid phases 

0.752 0.248 0.000 -30.0 ice 
0.792 0.208 0.000 -18.9 ice 
0.862 0.138 0.000 -9.3 ice 
0.851 0.120 0.029 2.0 Mg(OH)2 ? 
0.708 0.003 0.289 >0.0 Mg(OH)2 ? 

0.710 0.0005 0.290 >0.0 Mg(OH)2 ? 
0.971 0.00005 0.029 0.0 Mg(OH)2 ? 

A slight amount of ammonia causes magnesium hydroxide to precipitate, and this remains insoluble to 
relatively high temperatures. 

--.-~-------.------------------------
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Table Al·12. System H2O·(NHJ2S·NH3 

"2° (N"J~ NH3 f.p. Solid phases 

80.0 20.0 0.0 -19.6 ice 
81.8 18.2 0.0 -17.4 ice 
83.9 16.1 0.0 -14.9 ice 
87.1 13.0 0.0 -11.2 ice 
90.0 10.0 0.0 -8.6 ice 

93.3 6.7 0.0 -5.4 ice 
89.9 5.7 4.4 -10.6 ice 
77.6 14.7 7.7 -27.7 ice 
75.3 9.6 15.2 -37.9 ice 
73.9 6.5 19.5 -45.6 ice 

73.2 5.0 21.8 -51.1 ice 
49.5 0.0 50.5 -80.5 NH3·H2O 
53.4 2.6 44.0 -82.1 NH3·H2O 
41.0 10.3 48.8 -84.4 NH3·H2O 
43.6 9.3 47.1 -83.7 NH3·H2O 

46.2 8.5 45.3 -83.1 NH3·H2O 
49.6 7.3 43.1 -83.1 NH3·H2O 
52.9 6.1 41.0 -84.8 NH3·H2O 
55.9 5.1 39.1 -89.0 NH3·H2O 
66.4 11.6 21.9 -62.2 (NH4)2S ? 

61.2 15.3 23.4 -63.0 (NH4)2S ? 
63.4 14.5 22.1 -58.2 (NH4)2S ? 
49.5 12.4 38.1 -90.5 NH3·H20 ? 
56.5 10.7 32.8 -108 No crystallization in 1 hr 
57.7 5.4 36.8 -110 No crystallization in 1 hr 

61.7 8.0 30.3 -110 No crystallization in 1 hr 
65.0 10.1 24.8 -110 No crystallization in 1 hr 
73.1 7.8 19.1 -50.1 ice 
65.7 8.4 25.9 -75.8 ice 
71.4 7.0 21.6 -52.5 ice 

80.2 4.9 15.0 -29.4 ice 

." 
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Table Al·13. Preliminary freezing.point data for the system H2O-C02-NH3 

H2O CO2 NH3 f.p. Solid phases • 

68.9 17.5 13.6 5.0 bicarbonate 
73.S 15.0 11.6 -9.5 carbonate 
75.6 13.7 10.6 -13.8 ice 
77.7 12.6 9.7 -12.2 ice 
83.5 9.3 7.2 -8.8 ice 

78.6 5.7 15.7 -1.5 carbonate 
80.0 5.3 14.6 -7.0 carbonate 
81.3 5.0 13.7 -12.5 carbonate 
82.4 4.7 12.9 -18.0 carbonate 

-21.0 ice + carbonate cotectic 
83.4 4.4 12.1 -19.5 ice 
85.1 4.0 10.9 -17.4 ice 
91.6 6.1 2.3 1.7 carbonate 

-3.8 ice + carbonate cotectic 
91.0 5.9 3.2 -3.8 ice 
90.2 5.7 4.1 -3.8 ice 
89.1 5.3 5.6 -6.4 ice 
88.2 S.O 6.8 -8.4 ice 
86.4 4.5 9.1 -12.3 ice 

83.3 3.6 13.1 -11.6 carbonate 
-19.9 ice + carbonate cotectic 

81.4 3.1 15.5 -5.4 carbonate 
79.7 2.6 17.7 0.2 carbonate 
80.0 2.5 17.5 -0.9 carbonate 
81.4 2.3 16.2 -7.3 carbonate 
83.3 2.1 14.6 -15.7 carbonate 

85.3 1.9 12.9 -19.2 ice 
86.8 1.7 11.5 -16.6 ice 
100 0.0 0.0 0.0 ice (calibration check) 
74.8 10.0 15.3 9.0 carbonate 
75.8 9.6 14.6 5.6 carbonate 

77.0 9.1 13.9 0.6 carbonate 
77.9 8.7 13.4 -2.9 carbonate 
79.0 8.3 12.7 -6.5 carbonate 
80.1 7.9 12.0 -11.0 carbonate 
81.6 7.3 11.1 -16.6 ice 

83.7 6.4 9.8 -14.0 ice 
87.3 5.0 7.7 -9.5 ice 
73.1 13.7 13.1 7.8 carbonate 
75.1 12.7 12.2 1.7 carbonate 
77.2 11.7 11.2 -6.5 carbonate 

78.0 11.2 10.7 -9.7 carbonate 
79.9 10.3 9.8 -13.4 ice 
79.2 9.4 11.4 -8.1 carbonate 

·'te· 
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Table Al-13, continued 

H2O CO2 NH3 f.p. SoJid phase 

78.4 8.5 13.1 -0.3 carbonate 
77.5 13.6 8.9 21.0 bicarbonate 
77.1 12.7 10.1 -13.4 ice 
76.6 11.7 11.6 -5.0 carbonate 
75.8 9.9 14.3 7.8 carbonate 

74.8 7.9 17.3 16.5 carbonate 
73.9 6.1 20.0 20.6 carbonate 
73.1 4.3 22.6 20.7 carbonate 
72.3 2.7 25.0 16.7 carbonate 
86.4 8.9 4.7 10.9 bicarbonate 

85.9 8.6 5.4 -0.1 bicarbonate 
85.3 8.3 6.4 -7.4 ice 
84.5 7.8 7.8 -9.9 ice 
83.6 7.3 9.2 -13.1 ice 
83.0 6.9 10.1 -14.5 ice 

82.2 6.5 11.3 -11.0 carbonate 
81.6 6.1 12.3 -8.1 carbonate 
80.2 5.3 14.4 0.5 carbonate 
78.3 4.2 17.5 7.7 carbonate 
77.2 3.6 19.3 10.3 carbonate 

75.9 13.9 10.2 9.9 bicarbonate 
76.3 13.6 10.1 5.5 bicarbonate 
77.6 12.6 9.8 -7.5 bicarbonate 

-11.7 ice + bicarbonate cotectic 
77.6 12.4 10.0 -5.4 bicarbonate 

-12.0 ice + bicarbonate cotectic 
-12.4 ice + carbonate + bicarbonate eutectic 

87.0 6.0 7.0 
(solution freezes solid) 

-8.9 ice 
83.9 4.9 11.2 -17.4 ice 
81.9 4.2 14.0 -23.5 ice 
79.7 3.4 17.0 -3.7 carbonate 
79.1 3.2 17.7 -3.1 carbonate 

77.5 2.6 19.9 -0.9 carbonate 
75.6 1.9 22.5 0.7 carbonate 
73.6 1.2 25.2 -0.3 carbonate 
72.5 0.90 26.6 -5.5 carbonate 
72.2 0.75 27.0 -6.6 carbonate 

87.0 6.0 7.0 -8.7 ice 
82.5 4.4 13.2 -20.4 ice 
80.3 3.6 16.1 -16.1 carbonate 
80.1 2.6 17.3 -17.3 carbonate 
81.5 2.4 16.0 -26.2 ice 

83.4 1.9 14.8 -22.7 ice 
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Table Al-13, continued 

H2O CO2 NH3 f.p. Solid phase 

81.2 1.6 17.3 -28.7 ice 
79.1 1.3 19.6 -25.1 carbonate 
69.9 0.22 29.9 -24.1 carbonate 
69.6 0.56 29.8 -3.7 carbonate 
69.3 0.99 29.8 6.3 carbonate 

70.0 0.125 29.9 -34.4 carbonate 
69.7 14.2 16.0 23.5 carbonate 
72.3 9.4 18.2 23.2 carbonate 
74.4 5.4 20.2 18.a. carbonate 
75.8 2.8 21.4 6.0 carbonate 

77.6 2.6 19.8 -0.5 carbonate 
80.4 2.3 17.4 -12.2 carbonate 
82.6 2.0 15.4 -24.4 ice 
79.6 1.5 18.9 -16.0 carbonate 
77.0 1.1 21.9 -11.3 carbonate 

79.5 1.0 19.5 -19.6 carbonate 
-34.5 ice + carbonate cotectic 

• Bicarbonate = NH4HC03. 
Carbonate = (NH4)2C03.H20 

_. __ 0 ___ • _______________________________ -'--"" __ "'--''--'-.-...;..;..;., •• ;";"'.,;...; •• ""' ••• = .. _=. """'-':;..;;..;..: __ 
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