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ABSTRACT 

The silh:ate I"magmfj. trigger" model of volcanism on Io has been 

evaluated numerically witlt finite element methods by considering the 

one-dimensional heatl tran~fer between hot silicate magma and initially 

cold sulfur. It is found that Ifor the probable range of initial magma 

temperatures aqd sUl1fur tempet"atures, the contact between silicate 

magma. and a su~fur crust will be 700 ± 100 K, or approximately the 

vapor point of elemental sulfu~. A silicate magma sill or laccolith 

on the order of 10 m thick will yield energetic vapor for a period of 

several weeks t9 several Illonthsl depending on the vapor temperature and 

the amount of cpnvecltive c;.oolirlg of the silicate magma that occurs at 

the silicate-su:j.fur linterface. I This model may account for the origin 

of plumes and l?ossilble st~lfur flows, as well as for their observed 

temperatures (~ 600-700K» and lifetimes (several days to a few 

months). 

If the conducted heat flow is similar in high and low 

latitudes, theq the low latitude occurrence of plumes may be 

explained as a result of lower temperatures at higher latitudes. 

Because the contact I temperature of sulfur and silicate magma depends 

on the pre-exis~ing sulfur temperature, a system in which sulfur vapor 

temperature is ~ust reach~d at the equator would not generate sulfur 

vapor under 1qwer liniti~l sulfur temperatures existing at high 

latitudes. If the heat flow is higher in high latitudes, then the 

x 



xi 

sulfur crust must be thinner than it is in low latitudes for the model 

to work as described above. 

Most of the heat flow from Io may be moved by convection from 

the interior to the surface, not by conduction. Heat flow may be 

modulated by the efficient transfer of silicate melts from 40 to 300 

lan depth, and emplaced as laccoliths at the sulfur-silicate crustal 

interfaces at a depth of 5-10 lan. Sulfur flown, plumes, calderas and 

other areas of massive radiant heat dissipation continue the 

convective cycle to the surface. 

The temperature at the base of the sulfur crust may be less 

than the melting point of sulfur, and the silicate magma temperature 

can be as low as 1200 K. Low silicate magma temperatures will occur 

if the crust of Io is as differentiated as terrestrial rhyolites and 

trachytes. High alkalies in the Io plasma torus suggest the 

possibility that the Ionian crust is a highly differentiated silicate. 



CHAPTER 1 

INTRODUCTION 

There is no consensus regarding the driving mechanism of 

volc/lnism on,Io. Despite refinements of observational data, the 

avai~Lable Voya@~er results remain too limited to permit convergence on 

uniq\1e 

furt11er 

solutio,ns. The 

deconvolving 

soph~sticated models. 

approach for the present must consist of 

the available data and deriving more 

The primary purpose of this study is to 

evalt,late the mc:>del which proposes that Io volcanism results from the 

contq.ct of hot: silicate magmas with a sulfurlS02 rich crust. The 

secoadary purpose of this study is to evaluate several aspects of the 

volcq.nology, thermal budget, caldera structure and distribution of 

cald~ras and plumes on Io from which insights may be gained regarding 

seve~al perplexing features of Ionian volcanism. 

The eva~luation proceeds by reviewing known observational 

cons~raints and, then, by testing the predicted thermal results of a 

hypo~hetical slilicate melt-sulfurlS02 interaction for consistency 

with~n these ~onstraints. No attempt is made to evaluate other 

prev~ously propbsed models of Io volcanism, the purpose here being to 

devel,.op a clearer understanding of the strengths and weaknesses of the 

siliqate magma+sulfur crust interaction model. This model has not 

been numerically treated previously and many of its consequences have 

ther~fore remained unexplored. 

1 



2 

It will be concluded that the interaction of silicate melts 

wi th a su1fur-S02 rich upper crust on 10 can result in plumes of the 

observed temperature and duration. Furthermore, the non-polar 

occurrence of plumes is a direct consequence of colder temperatures at 

higher latitudes due to the depression of silicate-sulfur crust 

interface temperatures under steady heat flow. 

Historical Summary of 10 Research 

Long before the flybys of the Voyager spacecraft, 10 was 

suspected as being an unusual and interesting solar system object. As 

early as two decades ago the "post--eclipse brightening" phenomena 

observed telescopically by Binder and Cruikshank (1964) resulted in a 

general interest in 10 among planetary astronomers (Frey, 1975). 

Observers sometimes found and sometimes did not find post-eclipse 

brightening, thus adding to the difficulty of identifying the origin 

or even the existence of the effect. The origin of these brightenings 

is still not clear, but may have been the result of combinations of 

surface albedo variations and volcanic eruptions at particular 

longitudes visible following eclipse by Jupiter. 

Subsequent spectroscopic observations revealed that 10 

possessed peculiar chemical characteristics indicating a possible 

surface rich in su1fr and sulfur compounds (Fana1e et a1., 1974). 10 

was found to have anionized gas, or plasma, halo accompanying it along 

its orbit (Brown et a1., 1975) consisting of charged Na, K. Sand 0 

together with energetic electrons. This is now commonly referred to 

as the "10 plasma torus". Decameter radio bursts from Jupiter also 

appear to be correlated wi th the orbi tal phase or longitude of 10. 
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These appear t,o bel directional beam effects associated with the 

transfer of c~arged particles along magnetic field lines between 

Jupiter and Io (Gold~eich and Lynden-Bell, 1969). 

With th~ advent of more sensitive thermal detectors in 

planetary astro~lOmy, the exi stence of apparent thermal outbursts from 

Io became known during the decade of the seventies (Witteborn et al., 

1979). Subsequ~nt models of Io just prior to the Voyager encounters 

began to specul~te o~ the possibility of volcanism (Hapke, 1979). 

Peale et al.~ (1979) also proposed that volcanism may be 

current on Io "ased I on another of Io's peculiar characteristics: a 

large orbital eccentricity. According to their model, as 10 

alternately mov€ls to~,ard and away from Jupiter, a tidal bulge raised 

by Jupiter on Ip alternately rises and falls, while also moving back 

and forth in loqgitude. This longitudinal movement of the tidal bulge 

is due to the unifolt."lll synchronous spin rate of Io, but non-uniform 

orbital velocity, whiich results in large librations of Io as seen from 

Jupiter. The cqntin~al stressing of Io thus leads to a thermal input 

by tidal dissil?atiorL which would far exceed any radiogenic heat 

sources; it is so gr'eat that it could result in complete melting of 

the interior of JO. 

Subsequent to I the Voyager discovery of active volcanoes and 

thermal hot spo':s on I Io, thp. Peale et al. model has been cons idered 

the most via,ble explanation. Alternate methods, such as 

electricalheatin~ in the Jovian magnetic field by energetic electrons, 

are thought to be I an order of magnitude less substantial in 

contributing int~rnal Iheat <Colburn, 1980). 
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Io volcanic plumes erupt continuously for weeks to months, and, 

maybe years. Therefore, the eruption of mechanics of 10 volcanoes 

must differ substantially from that of terrestrial volcanoes which 

rarely erupt as violently as Ionian plumes for periods exceeding a few 

hours. Consequently, a host of volcanic model have been proposed for 

10. 

Silicate melting is assumed in most models. They differ 

primarily in how the heat is transferred from the silicates to the 

volatile-rich surface materials, and in how the kinetic effects, 

especially of plumes, are generated and sustained. Early models 

subsequent to the Voyager encounters suggested a variety of 

possibli ties including direct exso1ution of sulfur melts and vapor 

from silicate melts (Carr et a1., 1979), incorporation of sulfur into 

silicate melts by turbulent convection from an FeS core (Hapke et a1., 

1979; Kieffer, 1982), silicate volcanism warming a sulfur ocean, which 

in turn convects and transfers heat to a thin overlying crust of 

sulfurls0
2 

(Smith et al., 1979), and direct heating of sulfur by 

contact with hot, rising silicate magmas (Consolmagno, 1979; Reynolds 

et al., 1980). The model of direct heating of solid sulfur by 

injection of hot silicates is supported in this study. 

Voyager Image Data Base 

Two Voyager spacecraft imaged 10. The closest approach of 

Voyager 1 (March, 1979) was about 20,000 kID, cnd the closest approach 

of Voyager 2 (July, 1979) was about 600,000 kID. Thus images from 

Voyager 1 are generally higher in resolution than that from Voyager 

2. Maximum resolution occurred in an area beb/een about 40
0

N and 
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This area, which is about 

one-third of 10, was seen with resolutions between 1 and 5 Ian per 

television line pair and consist. Elsewhere, resolution was generally 

better than 20 Ian per line pair. Color images were obtained using 

various color filters. Lowest resolutions are in the longitudes 

between about 100 and 1200
• Images were not obtained for half of 

the south polar area above 700S. The area above 60
0N was not 

imaged. 



CHAPTER 2 

CALDERAS 

The purpose of the following section is to examine several 

aspects of caldera shape, size, distribution, and interior structure 

which have not been adequately evaluated in previous discussions of 

the geology of Io. Many of the more salient characteristics of 

calderas on Io have counterparts in terrestrial calderas, which 

suggests a similar origin and mechanical development, although not 

necessarily similar materials. 

Another important purpose of this section is to evaluate the 

possible role of calderas in the thermal budget of Io. It will be 

shown that the calderas could account for most of the observed heat 

flow from 10 if plausible temperatures are assumed for caldera floor 

deposits. 

General Characteristics and Definition of Types 

Circular to subcircular depressions, generally flat-floored and 

scarp-bounded are the most cotronon caldera forms on the surface of 10 

(Fig. 1) and the evidence is that they are endogenic in origin. Few 

of the known characteristics of typical impact craters observed on 

most other planetary surfaces are present on Io, although the 

possibility remains that a few small impact craters exist but are not 

detectable at available resolutions. 

6 
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Fig. 1. Global map of plumes, plume deposits, and dark-floored 
calderas. Plume diameters shown are those reported by Strom 
and Schneider (1982) from limb measurements. 
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T\</o distinct types of caldera are defined here: "dark-floored" 

calderas and "featureless" calderas. Dark-floored calderas hereaft.er 

referred to as "dark calderas" - differ from featureless calderas -

hereafter referred to as "calderas" - in that the integrated albedo of 

their floors is darker, typically due to isolated and irregular 

patches or complexes of surface materials with various dark shades of 

red, orange, black and brown. Details of the internal characteristics 

of dark calderas are discussed elsewhere, but the important point here 

is that dark calderas often appear to be closely associated with 

regions of plume activity, high heat flow (Hanel, 1979; Pearl and 

Sinton, 1982) and rapid surface changes (Strom and Schneider, 1982). 

As such, dark calderas may be important 25 indicators of active 

volcanism, the distribution of heat sources, the mode of eruption, and 

the mechanical, thermal, and phys ical characteristics of the upper 

crust of 10. 

Distribution of Calderas 

The distribution of calderas on 10 is of interest because the 

results of tidal models suggest tidal heating may not be uniform 

(Cassen et al., 1982; Consolmagno, 1981a). In particular, for a thin 

shelled model corresponding to a planet with a solid outer crust and a 

molten interior, the tidal energy is dissipated entirely within t.he 

outer shell, a significant part of which may be concentrated at t.he 

poles. However, an exact model of tidal dissipation, taking into 

account the full range of variables which could affect. the 

distribution of heating in a thin shell, does not exist. Therefore a 
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knowledge of where the heat outflow (calderas) is currently 

distributed may be useful. 

According to Schaber (1982), calderas are slightly more 

numerous in equatorial regions by two times that in (south) polar 

lati tudes. Figure 2a and 2b are contour plots of the number dens i ty 

of all caldera types (Figure 2a) and dark calderas (Figure 2b). The 

distribution of all calderas is limited to the area of highest 

resolution only. Dark calderas are more easily detected, even at the 

poorest resolutions because they appear as dark spots on the high 

albedo background, so the area of confidence for dark calderas was 

expanded to include all imaged surface areas. The equatorial 

concentration of all calderas is suggested from these plots (Fig. 2a), 

but it is less obvious for dark calderas (Fig. 2b) i the area of 

highest concentrations is small and similar concentrations are locally 

seen in high latitudes. A broad but slight caldera excess occurs at 

the anti-Jupiter point (00 latitude, 1800 longitude) and mayor 

may not have significance. Some theories have proposed longitudinal 

variations in crustal structure (McEwen and Soderblom, 1983) which 

could account for such variations in surface geology. 

Lumping caldera parameters by 100 latitude bands is more 

helpful (Table 1). To first order there is an apparent overall 

decrease in dark caldera popUlation (Fig. 3) with increasing north and 

south latitude in terms of absolute numbers and numbers per unit 

area. Similarly, the fractional area per lat i tude band covered by 

dark calderas (sum of caldera area/area of latitude band) is greatest 

in low latitudes (Fig. 4). This suggests that dark calderas are 



ALL CALDERAS 

N 

80 

6 2 
No. per 10 km 

Fig. 2. Distribution and numbers of calderas and dark calderas. (a) 
number per unit area of calderas of all types, (b) number per unit 
area of dark-floored calderas. Because dark-floored calderas are 
mo~e easily detected than albedoless depressions, the area of con
fidence for the latter has been limited to those areas of the 
highest resolution depicted by Schaber (1980). 



DARK CALDERAS 

360 I / \~ ~,~ '\ l ) =:=->, - \\ ' ~I J ' ~ 180 tc -- I ~ c;> ,. ' '" I 7 ~-:.~.. «c::::::FF \ · 1~:.~ V!il • < 4t ----+0 

NO COVERAGE 0 0. 5 

Fig. 2. ( continued). 
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Table 1. Distributions, numbers and areas of dark calderas by latitude 

fraction of 
No. area per 

~o'l of Total per latitude 
Latitude c~meras ~rIe14cm2 106km2 band Corrnnents 

60-90 (no hi-res images) 
50-60 3 3.34 1.4 0.016 
40-50 6 3.30 2.3 0.0l3 
30-40 4 1.46 1.3 0.005 
20-30 10 3.86 3.0 0.012 
10-20 13 8.10 3.7 0.023 
o -10 17 5.09 4.6 0.014 
o -10 17 4.12 4.6 0.014 
10-20 7 3.64 2.0 0.010 
20-30 8 1.58 2.4 0.005 
30-40 10 2.41 3.3 0.008 
40-50 8 1. 70 3.1 0.007 
50-60 8 2.30 3.8 0.011 
60-70 1 0.03 0.7 0.0002 less than 1/2 of 
70-80 1 0.03 0.3 0.0003 surface area for 
80-90 0 0 0 0 these bands imaged 

Total 113 4.12(1015 
FractiOn} 
of total 0.00989 
surface 
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Fig. 3. Latitudinal frequency distribution of dark-floored calderas. 
(a) Absolute nlli~ers, and (b) nunber per unit area. 
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Fig. 4. Latitudinal distribution of areas of dark-floored calderas. 
Surt and Loki Patera in the north and Creidne Patera in the south 
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slightly more numerous in low latitudes. Error ranges on these 

measurements are large, but in Figure 3 still suggest that calderas 

° are at least t\>/o times more numerous at the equator than 50 Nand 

600 S. Errors on fractional areas covered by dark calderas (Figure 

4), however, suggest that on the average dark calderas could cover 

approximately the sarne portions of each latitude band, or roughly 

increasing portions of each latitude bond from south to north. It 

appears that dark calderas cover a lower fractional area in south 

polar areas than elsewhere, unless there is a larger dark caldera in 

the un imaged polar region, a possibility that cannot be excluded. 

On earth it is sometimes found that volcanoes are uniformly 

separated in distance, and this often correlates, among other things, 

with the local thickness of either the crust or the lithosphere (Vogt, 

1974 a,b). Consequently, the hypothesis that there is a correlation 

between separation of volcanoes and Ii thospheric thickness has been 

used frequently to speculate about the locel lithosphere of the earth 

(Mohr and Wood, 1976) and Mars (Whitford-Stark, 1982). The abundance 

of volcanic vents on 10 lends itself to this type of evaluation, and 

if it is of any use at all, it will certainly be appropriate for 10. 

Measured separations of calderas were confined to the calderas mapped 

in Schaber's (1982) map in order to remove the most probable 

resolution effects. The mean separation distance between adjacent 

calderas on 10 is 233 ± 104 bn (Fig. 5). An alternate way of looking 

at these data (Fig. 6) shows this median as a prominent break in slope 

in the curve labeled "all individual caldera". A similar plot of 

clusters of calderas shows that on the average, each caldera cluster 

is 500· krn from its nearest neighboring caldera cluster. 
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Discussion of Distribution of Calderas 

The significance of latitudinal and spatial variation in 

caldera numbers and numbers per unit area is not clear, but some 

speculation may provide insight. Two main discussions in the 

following that are related to caldera distribution are (1) the 

possible significance of caldera distributions in terms of the 

lithospheric thickness, and (2) the significance of caldera 

distribution in terms of the global thermal budget of 10. 

Thickness of Lithosphere 

The interpretation that volcano separation distances are 

proportional to lithospheric thickness is not firmly established for 

the earth, but a correlation between lithospheric thickness and 

regional volcano separation generally exists which strongly supports 

the hypothesis. It may be useful to examine the consequences of such 

an analysis of volcano separations for 10. Also, lithospheric 

thickness is pivotal in most models of planetary structure and thermal 

history, so an estimate of lithospheric thickness may be useful for 

structural models. 

Two different categories of characteristic separation have been 

defined in this study: (a) Reparation between individual calderas, and 

(b) separation between caldera groups or clusters. These will be 

discussed i~ the light of the following interpretations. (1) 

Fractures tend to be separated by distances equivalent to the 

thickness of the fractured unit <Lachenbruch, 1967; Merzer and Freund, 

1976; Vogt, 1978a, Bullard, 1976; McBirney and Williams, 1969, p. 

100), (2) Thermal and/or chemical diapirs or melt anomalies of the 
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source r.egion havE~ wavelengths on a scale with the thickness of the 

overlyin~ unit (Ramberg, 1967), (3) spacing is controlled by location, 

depth an~ width of convection cells responsible for melting anomalies 

(Lingenf~lter andl Schubert, 1976). All of these models can be 

demonstrl!j.ted to be valid at the laboratory scale (Bullard, 1976, p. 

454; Ramperg, 19671); but whether planetary lithospheres respond in a 

similar rr,apner is unknown. 

Ii; is useful to discuss some aspects of the mechanisms here, as 

there ha~ been some confusion and misunderstanding in the literature 

regardin~ volcano Iseparation measurements. One argument against the 

lithospheric thickness interpretation has been the existence of 

volcanic fields. In many cinder cone fields, cones are usually less 

than several kil<ometers apart, and often overlap. Clearly the 

thickness of the lithosphere in' such fields is not just a few 

kilometer.s. The point is that monogenetic vents find new fractures 

for each individual eruption. As a result, an eruption tLom a 

hypotheti~a1 sourCt~ of magma at ~ 100 km depth of finite lateral 

extent w~ll randOlnly ascend available planes of weakness to the 

surface, near whi,ch existing tectonic stress patterns, jointing, 

faultingllnd pre-ex:isting weakness are abundant. Therefore individual 

monogenet~c vents I will be randomly distributed, but with a 

characteristic spaoing over a lateral distance less than 100 km in 

width. The spacin~~ of cones in this case reflects the thickness or 

tectonic 'racture spacing of the upper crust. 
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Even within cinder cone volcanic fields there is frequently 

clustering or cone complexes. For the t-lhi te Mountains of eastern 

Arizona, for example, there is a characteristic cone complex 

separation of 20 lan, which may be the depth to a local discontinuity 

where ascending magmas would tend to collect or intrude in the form of 

large sill-like magma chambers. Further ascent is thereafter 

controlled by existing upper crustal vertical discontinuities (faults, 

folds, etc.) which are typically on scales of a few hundred meters to 

kilometers in size. Similarly, major volcanic edifices of seismic arc 

volcanism are separated by distances of the order of 100 km, but 

individual (usually monogenetic) vents are frequently several 

kilometers apart (Baker, 1974; Vogt, 1974b). The inference here is 

that the melting anomally is at ~ 100 lan depth, but shallow holding 

magma chambers distribute monogenetic eruptions over a broad area. In 

this way major complexes of volcanism come to be 100 km apart, but 

individual centers within the complex attain a characteristic spacing 

indicati ve of the depth to the holding chambers. Thus, elements of 

models (1) and (2) above bear on the same problem. 

A variation of these models advocated by Lingenfelter and 

Schubert (1976) proposes that the distance between major volcanic 

centers in the earth rift system is dependent on the scale of 

convective cells, convection now generally agreed to be an important 

part of the plate tectonic process. In this case, major melting 

anomalies may overlie zones of ascending and divergent convection. In 

this model the distance between centers is twice the width of single 

closed convection cells. 
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Thus, for the earth there are several possible explanations for 

characteristic separations of volcanoes, and only one characteristic 

separation of the many observed separations can be taken to denote the 

thickness of the lithosphere. The main suggestion is that 

lithospheric thickness is probably less than mantle convection cells. 

Therefore the 200 km caldera separation and 500 km caldera cluster 

separation on 10 may reflect the lithospheric thickness and convection 

cell size respectively (Fig. 6). As the derived 200 km average 

separation of individual calderas includes distances between 

inter-cluster calderas, the local (intracluster) distances may 

actually be less than 200 km. The minimum value at one standard 

deviation is 100 km and the maximum is 300 km, and the 

lithospheric thickness may lie within this range. 

Latitudinal Variations in Dark Caldera Population 

The equatorial increase in the number of calderas may be 

significant, because simple tidal models predict latitudinal 

variations. In one model, thermal dissipation of tidal energy is in 

equilibrium and most of the heat of tidal dissipation is deposited in 

polar latitudes (Cassen et al., 1982), and in another model the zone 

of most active volcanism actively flips from polar to equatorial 

regions (Consolmagno, 1981) due to thermostatic effects associated 

with the excess volcanic heat flow (Sinton, 1982). 

Aside from variations in the latitude of dissipation by 

combined tidal and thermostatic effects, the only other known 

difference between polar and equatorial regions is average surface 

temperature. Polar temperatures of 10 may be between 80 K and 90 K, 
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or a difference of 40 K to 50 K from equatorial values. Therefore, 

any process which is temperature dependent will be influenced by 

latitudinal temperature effects. Under cases of low global conductive 

heat flow the volume amount of sulfur that may be melted will decrease 

as initial sulfur temperature is decreased. If the volume of sulfur 

melt is reduced, sulfur calderas may be less abundant, or smaller, 

since the volume of a caldera reflects the volume of fluid that has 

been evacuated to yield a caldera collapse. 

Another idea, presented later in the discussion about plumes, 

proposes that calderas result from ejection of material by plumes; as 

sulfur plumes are less frequent in polar latitudes, then calderas 

would also be equally absent. The reason for the lack of plumes in 

polar regions is discussed in later sections. 

Caldera structure 

The interiors of Ionian calderas are complex in albedo as well 

as in apparent 

characterictics may 

topographic 

be related 

expression, and 

to their mode of 

many of their 

emplacement and 

evolution. In an effort to understand some of the mechanisms and 

processes in their development, high resolution images of calderas, 

particularly dark calderas, were examined and appropriate detailed 

maps of individual calderas were prepared in order to delineate 

important features. 

Few calderas on Io are circular and most are distinctly 

elongate, often apparently resulting from overlapping or nested 

circular caldera segments. Lengths of caldera.s are between about t\'lO 

and three times their widths. Ionian calderas have map outlines that 
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can best be described as the shape that would be derived by 

circumscribing two adjacent circles. Taking the mean of the length 

and width as the caldera diameter for elongate calderas, the 

diameter-frequency histogram of dark calderas is centered at about 61 

kID (Fig. 7). For all measured dark calderas. 37% have diameters in 

the 40 to 60 kID diameter rauge; 20 percent in the 60 to 80 kID diameter 

range; and 1610 between 20 to 40 kID in diameter. A. similar median 

diameter was given by Masursky et al.. (1979). Although a similar 

compilation may be done for all calderas - not just dark calderas -

low resolution between longitudes 400 to 2200 limits the lower 

size ranges that can be detected, and thereby biases the results to 

larger diameters. Dark calderas are less suspectible to this effect, 

as the darkness of their floors increases their visibility over 

non-dark floored calderas even in areas of low resolution.-

The 61 kID average diameter obtained above is actually an 

artificial number derived from averaging the width of each caldera as 

measured along its long and short axis. The point of determining the 

average diameter is to see if a particular diameter is frequent enough 

to suggest a particular origin. Because the generally elongated map 

plan of Ionian calderas has been averaged to give an average circular 

diameter. some of the original purpose for the statistic may have been 

lost. An alternate viewpoint, then, is to consider some 

characteristic length scale. The average minimum width may be more 

useful, especially since many of the calderas appear to be coalesced 

circular segments. The minimum width of coalesced calderas may be 

more representative of the diameters of the calderas which were 
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coalesced. Given an aspect ratio of 2 to 3, then the most frequent 

diameter of calderas is 30 to 40 kID. 

The diameter of calderas may relate to the characteristic 

origin of calderas, in particular, to the size and mode of emplacement 

of the responsible magma body, 

source. Alternately, 

or to t.he size of the initiating 

thermal 

diameter may relate 

terrestrial calderas 

to the 

or additionally, 

structure of the 

different sizes reflect 

the characteristic 

Ionian crust. 

the size of 

In 

the 

underlying magma chamber (Williams and McBirney, 1979; Roberts, 

1970). The actual relationship is complex. For instance, the 

approximate size of a collapse at the surface can be modeled by 

assuming the evacuation of spherical chambers of different diameters 

and depths. However, the shape of the deflation volume is critical, 

and few, if any, magma chambers are adequately defined by spheres. 

The best models for magma chambers from field observations and 

inferences range from tall vertical cylinders to short wide cylinders, 

or lens-shaped disks. Modelling the exact stress fields resulting 

from inflation or deflation of such chambers have proved less 

tractable, and a family of solutions also results from differing 

depths of burial. 

Calderas originate by withdrawal of support from the surface, 

and the diameter of the caldera on the average reflects the diameter 

of the deflated magma chamber. In terrestrial calderas the evacuated 

materials are removed as lava flows or pyroclastic eruptions. On 10 

the evacuated material is less obvious, but possibilities are (1) 

plume ejecta, or (2) surface flows. 
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The erupted volume of plumes has been estimated by several 

authors in an effort to determine resurfacing rates (Johnson et a1., 

1979; Lee and Thomas, 1980; Johnson and Soderblom, 1982), and these 

estimates can be used to place lower bounds on the material evacuated 

from the local area. of the crust and perhaps responsible for caldera 

formation. As the composition of the plume materials is still a 

matter of debate, the condensed density of the plume material is 

uncertain; some plumes may be S02' others may be sulfur vapor and a. 

few may be mixtures of the two components (McEwen and Soderblom, 

1983) . Assuming a condensed plume ejecta density of - 2 -3 gcm 

and using estimates of plume mass ejection rates (Johnson and 

Soderblom, 1982), the volume ejected during a one week lifetime of an 

average plume is 18 3 
6 x 10 cm. The volume of the average caldera, 

assuming an average depth of 1 or 2 km and average radius of 15 km is 

Either a. plume eruption occurring for several months 

can be considered, or a shorter eruption in conjunction with other 

processes (lava flows, low energy pyroclastic ejection, etc.) would be 

necessary to remove the required volumes. McEwen and Soderblom have 

shown that there may be two types of plumes, a sulfur-rich short-lived 

(days to weeks) and large (1000 km) types typified by Pele, Loki and 

Surt, and S02-rich smaller, and longer-lived (years) type typified 

by Prometheus. The estimate above would apply to the large, 

sulfur-rich type plumes. Perhaps the longer-lived, but smaller 

S02-rich plumes could account for the volume differences calCUlated 

above. 
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Few distinct lava flows or fluid deposits are seen associated 

wi th large dark calderas, although resolution is generally so poor 

that they may not be visible. Discrete flows are associated with the 

relati vely small calderas Masaw and Ra Patera that could account for 

their caldera volumes, but evidence for dark caldera formation due to 

surface flows is not strong. 

Floor structure 

Detailed maps of several dark calderas (Fig. 8) show 

relationships among various albedo materials on the caldera floor, the 

presence and distribution of multiple platforms or floor levels, and 

isolated diffuse deposits and terraces. The most accurate maps are of 

calderas at high latitudes in the southern hemisphere, and, as the 

greatest number of calderas occur in the eql~atorial zone, the number 

of detailed maps is necessarily considerably fewer than the total 

number of dark .calderas shown in the global map (Fig. 1). These 

should be considered as "first-order" maps for the following reasons. 

The types of detail visible in each caldera depends largely on the 

type and degree of imaging processing in the relevant image. The same 

caldera imaged in two different frames could appear uniformly dark 

over a large area of its floor in one image, but could reveal several 

levels of gray tones for the same area in another image of the same 

caldera. A convincing demonstration of this is a comparison of mapped 

caldera Figure BC with the image from which it was mapped (Figure 

15A). Even in the reproduction of the photograph, image gray levels 

are reduced and the area in Figure BC mapped as two tones, shows a 

uniformly dark tone in the reproduction of the base photograph. 
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Differences in digitial image processing usually amplify this 

problem. Therefore, if one were to map the details precisely, a set 

of images should be used which are processed and reproduced exactly in 

the same manner. The overall point here has been to map general 

structural patterns, so this limitation does not affect the results 

sought. However, as will be shown later, another purpose of these 

maps is to determine the area of the darkest deposits. Because of the 

above-ci ted problems, the areas of darkest depos its are exaggerated 

several-fold in most of the maps. The darkest areas may be much 

smaller than they are shown in the maps of Figure S. 

The most striking feature of dark calderas is the complexity of 

the albedo variations on their floors. Mapping was done us ing black 

and white images for overall comparability and a qualitative "degree 

of darkness" scale was used to map areas of differing albedo as map 

units. Many of these albedo variations can be attributed to colors 

typical of surface deposits on 10. 

Several frequently occurring characteristics of the floors may 

be relevant to the interpretation of the structure of Ionian 

calderas. Arcuate dark deposits, or arcuate trains of dark spots, 

locally concentric with the margins of the circular caldera walls, 

occur in several cases (Fig. 8a, 8b, 8c, Sf, Sf, Sh, Sm). Figure 8f 

is a particularly good example. Arcuate patterns of a single usually 

dark albedo generally subtend less than 180
0 

and occur on caldera 

floors anywhere from about one-half the caldera radius outward to the 

caldera margin. Arcuate floor patterns occur 'in distinct circular to 

subcircular segments. Several possible origins of arcuate structures 
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include: (l) ring fractures or ring eruptions, (2) various thermal 

phenomena including crust formation and convection on "lava lakes", 

and (3) pondings of leva around central high spots., 

The formation of the escarpments bounding many Ionian calderas 

is probably similar to that in terrestrial calderas, and its most 

significant influence in terms of subsequent volcanism is that it 

establishes concentric tensile fractures both interior and exterior to 

the caldera walls. These are frequently the site of post-caldera 

eruptions in terrestrial volcanism. Ash-flow calderas are the best 

terrestrial analog to the calderas of 10 (Schaber, 1980) and the 

largest terrestrial ash-flow calderas (Smith, 1979) are similar in 

size to the average Ionian caldera. Arcuate patterns on the floors of 

calderas on 10 may be similar to the occurrence of arcuate rows of 

late stage domes which ring the floor inward from the surrounding 

caldera walls on terrestrial calderas. Resurgent calderas (Smith and 

Bailey, 1968) are even better examples because their floors have 

central highs like that inferred for some Ionian calderas (Fig. 8a, 

8d). In the past resurgent calderas have been compared to many 

features on planetary surfaces, but on 10 they are very good 

analogies, quite possibly with similar dynamic origins. 

The dark arcuate deposits should be among the latest activity 

in a given caldera if the ring fracture interpretation is correct. 

Some credence is given this interpretation from a comparison of color 

images of the Mazda Catena complex from Voyager 1 taken several hours 

apart. In the northern end of this caldera blue-white gaseous 

(fumarolic?) wisps are apparently associated with the interior dark 
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ring deposit. This suggests that either the dark rings are cooling 

flows, or that the dark deposits are associated with active or 

recently active vents as is the case in terrestrial fumarolic activity. 

During cooling of lava lakes, the solidification at the surface 

proceeds from the margins inward toward the center (Peck, 1978), 

largely because conduction occurs laterally as well as vertically, and 

frequently the lake is shallower at the margins which results in 

faster cooling time for the margins. As a result, the zone of surface 

crust will gradually encroach interiorward with time. Often 

convection in active lakes can cause renewal of the surface near the 

center of the lake by overturning part of the solid crusts as soon as 

they form. If this type of model applies, then the arcuate dark bands 

are windows on the hotter interior of the lake. Because of the 

peculiar viscosity properties of sulfur, 

the details of the fluid motion even 

it is difficult to predict 

under simple Hadley cell 

convection. As will be shown later, thermal models do not support the 

idea that the calderas are deep lava lakes. 

Central topographic highs or broad domical rises may be common 

in Ionian calderas, and at least one such feature can be shown as 

highly probable, and several other possible occurrences can be cited. 

Loki Patera (Fig. 8d) is an obvious example. The d~tailed topography 

of Loki Patera is unknown, but if the dark area is a lava lake or 

surface flows, then the combination of low angle near limb images (FDS 

16377.52; see strom and Schneider, J.982 , p. 608, Fig. 16.6) and the 

presence of Y-shaped grabens in the central bright area suggest that 

the interior is a stable solid with a finite yield strength and is 
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elevated above the height of the caldera margins. The y-shaped graben 

implies the possibility of domical uplift, perhaps similar to that 

near the source of Pele (plume 1) presumed responsible for fracturing 

and graben formation there. The linear form of the fractures and 

non-equant size of the fracture-bounded bright segments is not 

consistent with a pack-ice like crust formation and growth on a sulfur 

lava lake. Rather the smooth linear dark grabens imply that the 

material is solid surface like that outside the caldera. In short, 

the bright fractured center appears to be a dome protuding from the 

caldera floor. 

If the dark depos its resulted from flooding of the floor by 

lavas (lava lake), then the distinct apron of lighter material 

enclosing the central fractured island supports the interpretati0n 

that the central area of Loki Patera is topographically high. A lake 

would be shallower at points where the caldera floor begins to rise 

toward the central island. Near the caldera margin, slopes may be 

more abrupt due to the bounding caldera walls. Therefore, cooling of 

the ponded lava would be faster in the shallow portion near the 

central high, and slower in the deeper marginal areas. 

If the central island of Loki Patera is a domically upwarped 

portion of the crust, as the grabens suggest. when did the uplift 

begin? Similar grabens and fractures occur in the uplifted mass near 

the source of plume 1 (Pele). and it is therefore possible that such 

eruptions and uplifts occur prior to caldera collapse; the elevated 

dome may not collapse as far as the initial uplift raised it, and any 

subsequent flooding by lava would be unable to inundate the central 
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dome. The other possibility is that upwarping of the caldera floor 

could occur subsequent to caldera collapse, similar to 

resurgent-calderas. 

The arcuate dark floor deposits of other calderas could 

originate in a similar manner, although the degree of central doming 

may not always be as great as that at Loki Patera. Another possible 

example of central uplift is Creidne Patera o!~ig. 8a), although no 

fracturing is visible in the central zone which might be suggestive of 

similar uplift. 

The origin of arcuate patterns on caldera floors probably 

varies for specific cases. The possibUity that the source of many 

plumes and plume depos i ts is at or near the marg ins of calderas (as 

discussed in Chapter 3) suggests that late effusive eruptions may 

likewise be erupted along caldera margins and interior ring 

fractures. Therefore, the arcuate patterns may also record the sites 

of other types of post-caldera eruptions. 

Several calderas have multiple floor levels similar to nested 

calderas. The interior calderas, are usually offset towards the 

margins of the outer caldera wall. If they originate in a manner 

similar to terrestrial features of similar plan, then they are 

probably the result of successive eruptions of plumes or flows with 

diminishing reservoir volumes. Consequently, the collapse associated 

wi th each succeeding eruption is smaller than the previous one, and 

the ring fractures which provide the exit for succeeding eruptions 

localizes succeeding collapse pits toward the caldera margins. 
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Calderas and Global Heat Flow 

The fractional area of 10 covered by calderas alone suggests 

that the thermal radiation of 10 must be great, even if only a small 

fraction of this area is typically at high temperatures. The 

temperature of typical caldera floors is unknown, but thermal mapping 

(Pearl and Sinton, 1982) of several calderas indicates that they are 

warm wi th respect to the background. If the average temperature of 

dark caldera floors could be determined, then knowing the combined 

areas of dark calderas on 10, one could est imate the global thermal 

radiation dissipated from hotspots; or alternately, one could 

determine whether the observed thermal flux could be derived from the 

observed population of dark calderas. The following discussion 

centers on an attempt to do this, and emphasizes that because of the 

latitudinal variation, a latitudinal heat flow variation might be 

expected as well. 

The diameter of all dark calderas was determined, together with 

their abundance at different latitudes (Table 1), average structure 

and albedo distributions on their floors. The results for those 

calderas mapped in detail in Figure 8 are shown in Table 2. 

Variations in floor albedo may be the result of different allotropes 

of sulfur. As the different allotropes of sulfur are stable at 

distinct temperatures, then knowing the colors, one could estimate 

temperatures of the mapped areas. Integrating over the entire area of 

a caldera, one could then proceed to yield estimates of thermal flux 

from single calderas. 
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There are several reasons why this is difficult to do in 

reality: (1) The color characteristics of given allotropes can be 

metastable. 

frozen in 

This means that although a given color may be quenched or 

by rapid chilling of an extruded sulfur melt, long 

residence at lower temperatures resulting from continued association 

with low level volcanic activity may re-equilibrate deposits to low 

temperature allotropic forms. Thus, slightly lower temperatures than 

those at which the allotrope is stable will result in reversion to the 

lower temperature allotrope. Therefore, it is difficult to tell 

whether an area at a given color is quenched or stable; in other 

words, whether it is a "foss illt record of former higher temperatures, 

or whether it is actually at the temperature at which that color 

sulfur allotrope is stable. (2) It is difficult to interpret the 

black and white imagery in terms of the accepted color ranges for 

sulfur, and, where color imagery is availablo, it is difficult to map 

it in the necessary detail due to the poor resolution of most color 

images. By correlating high resolution black and white imagery with 

color imagery of dark calderas, some success can be gained in this 

mapping attempt. But realistically, the only useful determination is 

how black the relatively black areas of dark caldera floors really 

are. Sulfur is dark brown to black at temperatures above 475 k. This 

is for pure sulfur, and various contaminants can cause the colors to 

vary (Sill and Clark, 1982). However, if the sulfur extruded in 

Ionian eruptions is reasonably free of contaminants, then this means 

that the darkest areas are possibly indicative of temperatures in 

excess of 475 K. (3) Another problem with inferring temperatures 
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from dark caldera albedos is the possible problem of albedo mantling 

or variation due to apparent "air fall" debris. Therefore, unless the 

hot deposits are very young, they will be blanketed by Ionian 

"pyroclastic" materials if' a plume is active nearby. If a plume is 

active nearby, and a black surface deposit or caldera floor exists 

within the plume fallout region, then it is J:easonable to suppose 

that the dark deposit is at a temperature much greater than the plume 

debris; otherwise the dark deposit would quickly be covered or cooled 

by the plume fallout. Yellow surfaces must be areas that are very 

old and have undergone metastable transition to cooler allotropes, or 

areas that have been overprinted with cooler deposits. Therefore, on 

the average, black areas must be either at high temperatures, or in 

areas free of mantling by plume fallout. 

Us ing est imates of the average fract ion of the darkest (and 

presumably hottest) deposits in the mapped calderas (Table 2) combined 

wi th the known total area of the surface covered by dark calderas 

(Table 1) the total global thermal flux (Qt) due to the heat flow 

from each hot spot (qhs) of Io can be estimated 

±90
o 

L qhs (9)/:!1 

9=0 

(2.1) 

where :!1 is that total surface area of Io and 9 is the latitude. As 

the equilibrium temperature of the background as viewed from the 

surface is lower over the poles than at the equator, the net heat from 

a polar radiator will slightly exceed that of an equatorial radiator 



38 



39 

with an identical su~face area and tempe~ature. This heat flow can be 

expressed 

4 EO'A(T -T } o (2.2) 

in which T and TO are the temperatures of the hot spot and 

background (sky) respectively, E is emissivity, A is the area of the 

radiator and 0' is Boltzman's constant. The "sky" in this assumption 

is actually the day sky, and i ts temperatu~e is that of the sun as 

seen from Io, or that of a surface in thermal equilibrium with the 

sun. Assuming the surface equilibrium temperature falls from an 

equatorial value of TE = 130 K to around Tp = 80 K at the poles (a 

difference of 50 K) as sin e, then eq. (2) can be recast as a 

function of latitude 

(2.3) 

This ignores equilibrium temperature variations due to solar and 

Jovian isolation at Io. The higher temperature (l30 K) is 

approximately that observed for the surface background on Io (Pearl et 

al., 1979), and similar to that expected for day side of a body in 

equilibrium with solar thermal flux at the orbit of Jupiter. This 

applies to vertical and near vertical insolation as would be the case 

for low and intermediate latitudes. The lower temperature (80 K) is 

approximately that for the high lati tudes of Ganymede and Europa as 

observed (Pearl et al., 1979). 
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The important point about equation (2.3) is that it permits the 

analysis of thermal radiation from 10 as a function of latitude based 

on the ~apped diameter and distribution of dark calderas, and on the 

average area of hottest deposits within dark calderas (Table 2). 

Assuming an emisivity of about unity. and (T) in the range of the 

lowest and highest temperatures for black liquid sulfur, the thermal 

dissipation of 10 can be illustrated as a function of latitude (Fig. 

9). Integrated over all latitudes according to eq. (2.1) the total 

heat flow for 10 from this heat source alone -2 is 2.8 to 7.1 WIn , or 

14 
1. 2 to 3.0 x 10 W globally. The lower estimate compares closely 

with the highest recent estimates of thermal flux from 10 based on 

terrestrial observations and partly on reduction of Voyager results 

(Matson et al., 1981; Morrison and Tedesco, 1980; Sinton, 1980a, 

1980bj Sinton et aI, 1980). 

The limitations for the above analysis are numerous. Fit'st, 

days ide equilibrium surface temperatures are assumed for TO in 

equation (2.2) and TE in equation (2.3) when in reality the best 

Figure would be the daily mean temperatures. Mean temperatures would 

be somewhat lower, thereby increasing the total thermal flux over that 

calculated using the day side assumption (T4-T6 would be larger). 

A problem with imagery however, exceeds this limitation. Due to 

differences in image processing. the same dark caldera mapped from 

different images can often show different areas of the darkest 

deposits. Most of the images are contrast enhanced such that in many 

cases what appears as uniformly darkest floor deposits actually 

consist of varying shades. This indicates that the darkest deposits 
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Fig. 9. calculated latitudinal dependence of heat flow fro~ 10. The 
model assumes that each observed dark caldera has the average fractional 
area of darkest deposits given in Table 2, and that these darkest areas 
have transient temperatures of the range shOlm. The assu:~p tio!'! is that 
dark deposits are stable black or dark brOlm sulfur !:1elts. Nu::1bers are 
higher for low latitudes becaus'e of the greater nur,.1ber of dark calderas 
there. Numbers increase again at higher latitudes because the largest 
calderas currently are located at high latitudes. 
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are often much smaller than those mapped here. Thus any estimates of 

heat flux from an analysis of darkest areas which assumes that the 

darkest areas are also the hottest areas, will invariably over 

estimate the thermal flux. Therefore, a more careful analysis using 

carefully calibrated or similarly processed imagery would be more 

valuable. Such imagery was not available for this study, but an 

analysis as proposed by equation (2.1) still may provide a first order 

insight into whether the observed thermal flux may be the result of 

the existing dark calderas. The error on latitudinal distribution 

yield the same conclusions as those for Figure 4. The main purpose of 

this discussion is not latitudinal variations, but global radiant heat 

flow. 

The lowest global flux value which corresponds to the case 

inwhich the warmest areas of calderas are at about 475 K, also exceeds 

the upper limit of power calculated to be dissipated by tidal forces 

(Yoder, 1979; Cassen et al., 1982). However, two hot spots mapped 

here in detail were observed by Voyager to have temperature components 

at less than 600 K (Pearl and Sinton, 1981; Pearl et al., 1979). 

Therefore the assumption of maximum temperature between 475 and 600 K 

for the average black sulfur surface may be correct. 

The important point is not that the thermal output derived is 

similar to other observat ional estimates, but rather that the total 

flux observed could be accounted for by the known number and area of 

various deposits in dark calderas using reasonable estimates of 

material properties. This means that almost all of the heat flow for 

Io may be controlled by 112 calderas, or, if calderas were all of the 
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average size and same age, by 36 ca1der~s. [f this is the case, only 

one caldera need become inactive in orqer to reduce the global heat 

flot., by - 1 percent. The heat flot., betwelen 100 to 200 north is 

o . 0 I 0 
3 to 4 times that at 30 to 40 north: alild the heat flow at 50 

to 600 north is about twice that at :300 to 400 north. If 

calderas have the type of temperature distdbution presented in this 

conservative model, then the global d~stribution of heat loss can 

rapidly change, as has been observed (Sintonl et al., 1980: Witteborn 

et al., 1979) according to the distribution of calderas. Literally, 

Io can instantly liberate any heat acq~ired" and it can do so as a 

function of latitude, if necessary, mere~y by, increasing or decreasing 

the size and frequency of calderas. Th~ prelva1ence of dark calderas 

at mid-latitudes could imply that heat \nput by tidal dissipation is 

strongest in these areas, but this interpretation does not explain the 

excess. Perhaps as ,Consolmagno (1980b) has 

suggested, latitudinal variability of h~at flow on Io is a cyclic 

process. Judging from the short term variability of thermal flux from 

Io (Witteborn et a1., 1979; Sinton, 1980b, 1981; Sinton et a1., 1980), 

a single observation of latitudinal diff~rences in thermal loss rates 

need not imply anything about the planet on a geological time scale. 



CHAPTER 3 

PLUl4ES AND PLUME DEPOSITS 

The purpose of this section is to review and clarify some 

aspects of the geologic association of plumes, their geographic 

distribution and physical characteristics. Instead of addressing all 

of their characteristics, only the more perplexing aspects are 

reviewed here and will be discussed in the numerical models to appear 

later. 

plume distribution 

Strom et al. (1979) initially suggested that active plumes 

observed on Io were confined to about ± 45
0 latitude, and later 

studies seem to confirm this (Strom and Schneider, 1982), as do the 

observations and maps presented here. There are numerous deposits on 

the surface similar to those associated with active plumes, so 

presumably these "plume deposits" record the site of previously active 

plume volcanism. "Plume depos its" are dark and/or bright diffuse 

rings often surrounding dark diffuse cores or dark calderas, and they 

are generally 100 km or larger in diameter. Basically, Io plumes are 

the shape volcanic ash and gas clouds would take in a near vacuum like 

the atmosphere of Io; the shape and extent is dominantly ballistic. 

Small, generally dark and diffuse deposits associated with calderas 

margins are discussed in the following section, and differ in many 

respects from large plumes. 
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The location of all known active plumes during Voyager 1 and 

Voyager 2, and of plumes active between the two Voyager encounters are 

mapped in Figure 1 together with plume deposits. The plume deposit 

near Aten Patera and Surt have been identified as having erupted in 

between the two Voyagers (McEwen and Soderblom, 1983; strom and 

Schneider, 1982). The diameters of active plumes portrayed on the map 

are averages of the range reported for each plume by Strom and 

Schneider (1982) from limb measurements, many of which are smaller 

than surface plume deposit diameters suggesting diminishing sizes of 

plumes with time. 

The distribution of plumes is one of the more intriguing 

aspects of Io. Plumes and plume deposits may be uniformly distributed 

in longitude; but the area of fewest plumes is also the area of lowest 

resolution (Fig. 10) which suggests that where resolution is lowest 

some plumes are undetected. As typical plume diameters greatly exceed 

100 km and the maximum resolution (west of 0
0 

longitude) is 40 km, 

it is difficult to attribute the lower number of plumes and plume 

deposits near 00 ± 900 longitude to resolution alone. 

number of plumes there may be real. 

The lower 

Careful examination of all available imagery of Io shows a 

dearth of plume depos its at high latitudes, especially higher than 

55 0 S and 45
0

N. 

There may be an inverse correlation between number of plumes and total 

area of dark calderas in a given latitude band over the latitude range 

of plumes. Figure 4 and Figure 11 show that dark calderas are least 

abundant at 35 0 Nand 45 0 S, whereas plumes and plume deposits are 
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Fig. 10. Global distribution of plumes and plume deposits. 
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Fig. 11. Latitudinal distribution of plumes. (a) Numbers per latitude 
band. (b) Numbers per unit area. Solid horizontal tide rrarks on the 
left represent active plumes and dashed horizontal ticks are plur:1es 
active between Voyagers 1 and 2. 
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most abundant at 3SoN and 4S oS. Uniformly high plume abundance 

occurs across low latitudes, whereas dark caldera total area is 

greatest at low latitudes. 

McEwen and Soderblom (1983) have suggested that the largest 

plumes are more common in the general sub-Jupiter hemisphere. 

Although more plumes have occurred at the anti-Jupiter point (Fi·gure 

11) some of the largest plumes have occurred in the longitude zone 

270
0 

to 360
0

, or within 90
0 

of the sub-Jupiter point (Figure 

12). Whether this represents a statistical variation or a 

time-averaged condition for 10 plumes cann.ot be convincingly argued 

from existing data. 

Plume Source Areas 

Plumes originate from two types of sources (1) caldera margins, 

and (2) fractured and uplifted terrain or grabens. And two distinct 

types of plume deposits are noted as earlier pointed out by Strom et 

al., 1979: (1) large sub-circular plumes, and (2) small diffuse, 

usually dark depos its which are characteristically smaller than the 

host caldera. 

The actual size of the vent for the plumes is probably a small 

fraction of the size of the main caldera with which the eruption is 

associated. As discussed by Strom et al. (1979), the source of Pele 

was somewhere in the vicinity of a dark, and from IRIS measurements 

(Pearl and Sinton, 1982), hot, black depression 24 km long and 8 km 

wide (Fig. 13). It is located near a y-shaped graben with bounding 

scarps 1 to 2 km high surrmounting a domical bulge in the surface. As 

with several other active volcanic areas on la, the thermal source for 



PLUMES AND PLUME DEPOSITS 
WEIGHTED BY SIZE 

360 I { l / <:: ' '> / / t<:¥1) I I 180 I ( :') ( ::::...,. -cr:::::: '=<' I 0 1 ~ t < ;; > .. _ . r .. ~ . 

No. per 10
6 

km
2 

x plume diameter 
P>>>A I I I - ~ 1 . - ;i,..._ ·.J 

NO COVERAGE 0 

Fig. 12. Global distribution of plumes weighted by size. 



Fig. 13. Oblique high resolution view of source area for plume 1 
(Pele). Note theY- shaped graben and the small source 
area for the eruption column. (FDS 16391.30, clear filter). 
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Pele can be resolved into at least two areas of differing temperature 

(Pearl and Sinton, 1982), with a small area of 6 kID equivalent radius 

at 654 K and a large area of 80 kID equivalent radius at 175 K. 

Considering what is known about the thermodyn~aics of plumes (Reynolds 

et al., 1980; Kieffer, 1982), it seems likely that the source of Pele 

is the smaller and hotter of these two areas. 

The detailed topography of plume sources is not known, but some 

characteristics may be inferred from plume deposits preserved on the 

surface of 10 from inactive or recently inactive plumes. For example, 

several plume deposits seem to originate at the margins of calderas 

(Fig. 14). This is not unexpected as many pyroclastic eruptions 

associated with terrestrial calderas occur along margins where ring 

fractures and slump faults act as conduits for erupting magmas and 

gases. 

Long-li ved plumes may be respons ible for pyroclastic mantling 

of what originally was complex albedo structure in most calderas. 

Thus a caldera need not be dark in order to be "act i ve". The plume 

deposition from plumes 2 and 9 (Loki) may have caused the partial 

brightening of the northern half of the Loki Patera dark caldera 

between Voyager 1 and 2, either because the bright plume deposits 

covered the existing dark surface, or because the plume deposit cooled 

the existing dark (hot?) surface. 

Detailed aspects of Inti Patera and Nashu Patera (Fig. 14) may 

be relevant to the nature of plume sources. Deposits associated with 

these calderas have dark cores centered on the caldera margins. The 

details of the source are obscured a very low level active, 
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Fig. 14. Examples of plume-like deposits centered on caldera margins 
(FDS 16390.42, clear filter). 
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small-type dark diffuse plume at the time of the Voyager flyby cannot 

be excluded - but judging from the slight offset of the dark core 

towards the caldera interior, it appears that the source lies near the 

base of the caldera walls. If the dark depos its are plume depos i ts 

which were erupted ballistically at ejection angles down to and below 

the angle of the adjoining caldera wall, a non-deposition shadow would 

be cast exterior to the caldera along a zone ballistically occulted 

from the source by the caldera wall. The implication then is that the 

dark core was deposited at a different phase or at lower average 

ejection angle (lower energy?) phase of the eruption. This is 

inferred from the fact that the large bright ring is relatively 

circular and concentric to a point on the caldera margin near the dark 

core, whereas the center of the dark core is offset toward the caldera 

interior. 

The dark inner cores of both examples are typical of dark 

diffuse deposits on Io. As bright large diameter deposits may differ 

in composition from dark plume deposits (McEwen and Soderb10m, 1982) 

this raises the possib1ity that the bright ring and dark core in these 

samples also differ in composition. More specifically, the bright 

ring may be S02 deposits and the dark core may be a less volatile 

material, either sulfur or si1i~ate ash. For a given reservoir 

temperature at the erupt ing source, simple thermodynamics shows that 

S02 will have a higher eruption velocity and a larger ballistic 

range than vaporized sulfur (Kieffer, 1982 i Reynolds et 0.1., 1980), 

therefore the smaller diameter of the dark deposits could result from 

the lower kinetic energy of sulfur. Alternately, if the dark deposit 
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was erupted subsequeut to the bright depos it, then it may imply that 

eruptions are less energetic due to waning temperatures at the 

reservoir. In this case the difference in color is a function of 

eruption energy, degree of fragmentation, particle size, cooling time 

scale, and vesiculation; in other words, the albedo difference need 

not be related to composition. 

Dark diffuse deposits of possible small plume origin occur in 

numerous calde1."as but are not always associated with large bright 

plume deposits as in the example just cited above (Fig. 15). 

Generally, dark diffuse deposits are centered on or appear to 

originate from the contact between the caldera wall and the darkest 

floor deposits suggests this is where the thermal activity is 

concentrated. 

Small diffuse bright deposits may also show a distribution 

similar to that described for dark diffuse deposits above. At least 

three such deposits occur on the margins of Creidne Patera (Fig. 8a) 

where the caldera wall is juxtaposed with dark caldera floor deposits. 

The conclusion is that irrespective of the composition of the 

ejected material, small and large plumes originate near the base of 

th~ caldera walls, and late active plumes may be less energetic and 

confined to the thermally active portions of the caldera. This is 

consistent with the model of caldera structure outlined earlier. 

Calderas probably evolve through a sequence in which the floor 

"anneals" and then is locally rejuvinated by smaller and smaller pit 

craters and outflows indicative of waning melt volume, decreasing 

thermal energy and decreasing eruption size and volume. A 
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Fig. 15. Examples of diffuse plume-like deposits centered on caldera 
margins. (A) FDS 16391.40, (B) FDS 16391.50. 
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Fig. 15. (continued). 
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corresponding decrease in plume energy may result in smaller plume 

depos i ts associated with late stage eruptions. Therefore, eruptions 

may not cease abruptly, but rather, they may decay to smaller and 

lower levels with time. If this is the case, then the largest plume 

sites (Pele and Surt) may show evidence of lower level activity during 

the Galileo mission. 



CHAPTER 4 

110UNTAINS OF 10 

The main importa~ce of Ionian mountains is that they impose 

limits on the structure of la's crust. They attain heights up to 12 

Ian above the surrounding surfaces (Schaber, 1982; Strom, unpublished 

data), and are often sub-pyramidal in shape. strom says that they are 

uniformly distributed about the planet based on careful limb 

measurements, \Jhereas McEwec and Soderblom (1983) suggest that they 

are more common in the sub-Jupiter hemisphere based on terminator-

observations. 

Although evidence is sketchy, the concensus is that the 

mountains are probably silicate in composition, perhaps the high spots 

of a silicate crust on 10 protuding through a silicate-poor and 

sulfur-rich upper crust. The only quantitative support for this 

hypothesis is the fact that probable sulfur crustal materials would 

not have sufficient strength to maintain such topography at heat flows 

suggested as probable for inter-volcanic areas (Clow and Carr, 1980). 

However, as will be shown later in this paper, the conductive heat 

flow carried by the crust of 10 need not be high. Using the 

constraints of Clow and Carr (their Figure 6), mountains of sulfur 

could attain the observed heights with a heat flow of 0.010 Wm-
2 (10 

-2 -1 ergs em s ) which is a possible conductive heat flow for 10. On 

this basis the argument for silicate-like strengths is weakened. 

Circumstantial evidence still suggests that the mountains differ in 
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physical structure from typical Ionian surface materials, which 

numerous lines of evidence support as being rich in sulfur compounds. 

The surface texture of mountains in high resolution views 

suggests complexi ty not seen on other terrain types of Io. Haemus 

Mons, for example, shows two and possibly. three crossing linear trends 

composed of lines, ridges or furrows on the order of a kilometer in 

width. The massif is bulbuous and characterized by numerous scarps 

and furrows. These details, along with the fact that the main mass 

rises abruptly from a relatively featureless plain unit suggests a 

fundamental difference between the materials of the mountains and the 

composition of the surrounding plains. The net impression is that the 

plains materials are more mobile (less strength, or lower viscosity) 

than the mountain-forming materials which are more resistant. These 

observations suggest either a material of high strength protruding 

through a material of lower strength, or a youthful, recently built 

mountain on older eroded and leveled plains. The first possibility 

implies a resistant eroded, or exposed material; and the second 

possibility implies a dynamic support or dynamic construction 

mechanism. 

Schaeber (l982) has suggested that some of the massifs show 

summi t calderas or remnants of 'summi t calderas, and that they are 

therefore possible volcanic constructs. None of the features 

indicated are strongly convincing, and more detailed future imagery 

will be necessary to adequately test this interpretation. Also, the 

origin of the complex lineations, e.g., on Haemus Mons, remains 
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unaccounted for in this interpretation, unless there are at least two 

types of mountain-building processes on 10. 

The mountains could be ancient silicate topography 

(impact-related structures and early tectonism) exposed by ablation of 

a blanketing sulfur crust. The lineations on Haemus Mons in this 

interpretation could be layering as in a sedimentary rock or h.yered 

intrusion. If this is so then the layers are tilted vertically, as 

the linear features do not exhibit the rule of ltV' sit where they 

traverse valleys. 

Another possibility is that the massifs are exposed silicate 

intrusive structures, either exposed by (a) ablation of overlying 

volatile rich (sulfur-S02 ) crust, or (b) beginning as an intrusive 

near the contact between the s~licate crust and overlying sulfur-rich 

crust, and eventually becoming exposed through vertical growth above 

the top of the sulfur crust. Model (b) becomes Schaeber's 

interpretation when the intrusion builds itself above the surface of 

the sulfur crust and becomes volcanic. Ablation of 9 to 12 km of 

crust exceeds the limits on sulfur probably existing on 10, and 

certainly exceeds the upper limi ts of ablat ion calculated by Johnson 

and Soderblom (1982). Therefore, if the mountains are exposed 

silicate intrusions, or silicate topography, they have been uplifted. 

Regardless of composition, the presence of mountains implies 

something about the mechanical properties of the crust upon which they 

rest. The dynamic and volcanic hypotheses are similar from the 

viewpoint of what the mountains imply about the lithosphere. The 

dynamic argument asserts that the mountains may be recent or are 
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continuously re-newed in such a way that although it may be slowly 

sinking in a crust that is too weak to support it over long periods, 

it is maintained at an apparent height much greater than other\-lise 

possible by static support alone. The process is akin to volcano 

growth in the respect that material must be lifted above the average 

surface. 

Given the crustal density (pc)' the magma density (Pm)' 

and the height of the volcano (hv )' then the depth to the source 

(h ) is given by the hydrostatic equation 
c 

h c 
(p h )/(p -p ). 

m v c m 
(4.1) 

If the mountains were formed by silicate volcanism at or near their 

present heights, then the crust is 70 km thick for a 9 km high 

mountains, and 110 km thick for a 12 km high mountains. These 

thicknesses assume the height above the silicate surface is the same 

as the height above the visible surface. If a layer of sulfur or other 

non-silicates up to 5 km thick forms the outer layers of the planet, 

then the depth to the bottom of the thermal lithosphere is 120 and 150 

km respectively. 

stress differences attained within the crust beneath an 

hypothetical mountain of triangular cross-section have been treated by 

Jeffreys (1976). If at some depth there is virtually no strength, as 

in the case of a solid shell and a molten planetary interior, th(!n '~h,e 

mountain load must be supported by the thin crustal shell on which it 

rests. In general, if p is the density, g is the local gravity and 



62 

h is the height of a mountain, variation in surface load results in 

stress differences of abou'/; 113 pgh to 112 pgh. Sufficient 

strength must be available for a depth of 1/4 to 1/3 the width of the 

load. For a load 100 lan wide (or on the order of Haemus Mons) 

strengths capable of supporting the load must lie between at least 25 

and 33 lan deep. This establishes the minimum thickness for a silicate 

shell model and stresses of the order of 113 pgh to 112 pgh must 

be supported at this depth. 

Because it is possible that conductive heat flows are small, 

and silicate melting is deep, the isostatic case may be applicable. 

-3 Consider a mountain 10 lan high (h=10 lan, p 2. 5g cm ) "floating" 

in a medium of higher density (p 3.0g -3 cm ). In order to 

support the mountain, a "root" must be 50 lan deep. Therefore, the 

conducted gradient would have to be low enough that melting occurs 

deeper than 50 lan. Most of the heat flux from Io may be from hot 

spots, so lithospheres thicker than this are possible. Therefore the 

mountains of Io could be isostatic. The depth of the root depends on 

the thickness and density of typical crustal material. 



CHAPTER 5 

MECHANICAL MODELS OF VOLCANISM 

This chapter presents the results of numerical experiments in 

the hydraulics of magma intrusion under possible conditions on 10. 

Constraints are established on the size, thickness and depth of magma 

origin of possible intrusive magma bodies that would be responsible 

for the observed volcanism in the magma/sulfur interaction model. Of 

particular importance in this discussion is how the sulfur-rich outer 

layers of 10 may interact mechanically with intruding silicate magmas, 

and how such interactions will affect the nature of observed volcanism 

at the surface. An additional point to be considered is whether the 

observed conditions and dimensions of surface features on 10 can be 

inverted to yield information about the lithospheric thickness, or 

depth of magma origin. 

Probability of Silicate Melts 

Because the following models assume the presence of silicate 

melts, if is first necessary to establish why it is probable that 

silicate melts will exist on 10. The bulk of 10 is silicate in 

composition over which a relatively thin layer of sulfur and sulfur 

compounds probably make up the outer few hundred meters to few 

kilometers. Tidal dissipation due to the eccentricity of Io's orbit 

is sufficient to melt most of the interior if heat transfer were by 

conduction alone (Peale et al., 1979). Therefore, without strong 
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convective heat transfer, the heat of tidal dissipation in 10 will be 

great enough to melt its interior and silicate melts will exist. If 

convection is present, it implies large amounts of melting to yield 

the necessary fluid transport of heat. In other words, if thermal 

transfer in the silicate interior were by conduction, then heat 

removal from the interior of 10 would be too slow, heat would 

accumulate, and melting would eventully occur. Alternately, for heat 

to be liberated fast enough to prevent melting, then some form of 

convection or fluid transport of heat must be used. Even with 

subsolidus convection (Schubert et a1., 1981) melting of the upper 

layers of the mantle of 10 is expected as the heat is deposited there 

from the convection cells. Also, subsolidus convection will be 

confined to depths far exceeding the probable thickness of the sulfur 

crust. Consequently, even with subsolidus convection the heat must be 

transferred the rest of the way by conduction or advection. Even if 

only a small part of the heat budget is handled in this way, melting 

of deep silicates is inevitable. Because the volatile-rich layer of 

10 is unlikely to exceed 5 to 10 km on the basis of Io's mean 

-3 planetary density of 3.51 g cm and on cosmochemical arguments 

(Conso1magno, 1981a), the bulk of the convection in the lithosphere of 

10 can not be carried by a layer this shallow. Deeper materials must 

be responsible for most of the advective heat transfer if it is to 

occur at all. Thus the presence of silicate melts in 10 is extremely 

probable. 



65 

Emplacement of Magmas 

Given the extreme tides on the Ionian crust, it is likely that 

tectonic stresses in the outer layers approach and exceed the tensile 

strength of the crust thereby generating fractures, pre-stressing the 

lithosphere, and providing access to the ,surface for deep silicate 

melts. As will be shown, silicate melts can not easily ascend into 

low density, low strength, and volatile-rich upper layers, and 

sill-like injection of silicate magmas will probably occur near the 

base of the sulfur-rich crust. 

Evidence for silicate melts at the surface of 10 is generally 

lacking or equivocable, whereas evidence for the presence of abundant 

S02 and sulfur iu considerable. Thus direct transfer of heat to the 

visible surface is considerable. Thus direct transfer of heat to the 

visible surface by displacing silicate melts to the surface directly 

from the interior may not take place. If silicate melts can transfer 

their heat to overlying sulfur-rich crustal materials, and continue 

the transfer of heat to the surface in the form of sulfur melts and 

sulfur vapor eruptions, efficient heat transfer from the interior is 

still possible. This is the basis for the sulfur-silicate magma 

interaction model, also referred to as the "magma trigger" model of 

Ioanian volcanism. The main purpose of this section is to evaluate 

the mechanics of silicate magma emplacement at the interface between 

the sulfur crust and the silicate subcrust with particular reference 

to the er.uption style and to the probable structure of the observed 

calderas on 10. 
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sill and Laccolith Emplacement of Magmas 

The fundamental assertion in this discussion is that silicate 

magma will ascend to the interface between the sulfur crust and 

underlying silicate crust and then intrude laterally with little or no 

upward advance except that due to accumulation of a subcrustal pile. 

vertical growth can occur like submarine volcanoes on the earth. B,t 

in general silicate magmas will be emplaced as sills or laccoliths 

(Fig. 16). 

Several factors will cause a silicate magma to move laterally 

at the crustal interfaces: the density contact between sulfur and 

silicate crust, the low tensile strength of sulfur (low horizontal 

strength) and the low melting point of sulfur (silicate conduits melt 

the surrounding sulfur walls). <For a rising magma the driving 

pressure (Pd ) can be taken as the difference between hydrostatic 

pressure acting on the top of the magma column (P) and the lithostatic 

pressure at the base of the crust (Pm)' This is the "static 

assumption" and the real value will depend on whether magmatic stress 

or tectonic stress is responsible for opening fractures. Thus, by 

eliminating terms for frictional loss in a viscous fluid due to 

conduit geometry, roughness and diameter, the simplified expression 

for magma driving pressure is (Pollard and Johnson, 1973; Wadge, 1977; 

Williams and McBirney, 1979), 

or expanded 

P-P 
m 
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silicate crust 

_____ ~~$~ __ ~r_C __ __ 

Fig. 16. Parameters used in calculation of laccolith ~oQels of ~agma 
intrusion. The interaction between sulfur and silicate magma occurs 
along the curved upper magma contact. The vertical scale is exaggerated 
by a factor of at least ten. 
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(5.1) 

in which P is the density of the overburden, h is the thickness s 

of the overburden measured at a given depth, Pm and Pc are the 

densities of the magma and crust respectively, and h is the depth 
c 

to the magma source. 

If the magma driving pressure at some point exceeds the least 

principal stress in the conduit, then tensile conditions will result 

in dike or sill formation. In general a sill will result when the 

magma pressure exceeds the hydrostatic stress (O'z> and the tensile 

strength ('0> of the intruded material such that 

(5.2) 

and 

(5.3) 

This may be expected in a layered material, or where a vertical 

density contrast occurs. A vertical dike will result if 

(5.4) 

and 
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where is the vertical principal stress, and are 

horizontal stress components, and '0 is the tensile strength of 

the wall rocks (Jaeger and Cook, 1976; Wadge, 1977). Failure first 

occurs when the prevailing value of O'z or 0'2 is exceeded, 

whichever is least. For the case of a silicate magma at the 

sulfur-silicate crustal interface with a magma overpressure, the 

conditions of (5.2) will be exceeded and silicate magmas will be 

injected as sill-like intrusive bodies at the interface. '0 may 

vanish for the Ionian case in which pure sulfur overlies a silicate 

subcrust and the conditions reduce to the requirement that the magma 

pressure exceed the weight of the overburden. However, the interface 

may be a complex layering of sulfur, silicate and sulfur-silicate 

compounds, with a finite strength as a silicate magma wall rock. In 

addition, thermal alteration and formation of sulfur compounds in the 

upper layers of the silicate crust may locally change the density and 

tensile strength of the upper silicate crust. Therefore, the formal 

criteria of dike and sill formation are retained to cover such 

variations. In the following mechanical models, the simple end member 

will be evaluated in which a pure sulfur crust distinctly contacts a 

silicate subcrust. 

The injected magma will take the form of a laccolith, in which 

the greatest thickness occurs near the center of the intrusion, and 

diminishes outward; the result is a plano-convex lens-shaped profile. 

In laccoli thic injection the amount of uplift of the overburden is 

controlled by the length of the intrusion and the thickness of the 
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overburden. In general, the plan shape of a laccolith would be 

circular if the resistance to bending of the overburden is the primary 

control over lateral movement of magma and along the intrusion plane. 

A small departure from a circular shape will require a very large 

bending moment in the short axis compared with that along the long 

axis (Pollard, 1969). The conditions in nature for which this may 

occur are limited and occur only for the basic model of laccolith 

injection. Sun (1969), for example, shows that grout injected at the 

base of wells typically forms elliptical - not circular - domains of 

swelling. Thus, it seems poss ib1e that other factors may be equally 

important in specifying the plan shape of a laccolith. 

The shape of the laccolith in vertical section can be specified 

(Pollard, 1969) for a given overburden thickness (h) and radius (r) so 

that 

2 
15 == 3P d(1-v ) 

16Eh3 { 
4 2 2 41. 

r - 2r x + x J (5.5) 

where v is Poisson's ratio, E is Young's modulus and x is measured 

from the center of the intrus ion. (A summary of the variables and 

overall geometry of the intrusive shape was given in Figure 16.) 

The maximum uplift (0 ) can therefore be related to the max 

radius of the laccolith and the depth to the source such that 

o max 
2 4 3 

3P
d

(1-v )r 116Eh , (5.6) 
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which is eq. (5.5) evaluated at x = 0, the center of the intrusion. 

Some results for a range of source depths and overburden thicknesses 

are shown in Figure 17 for laccoliths 15 and 30 km in radius. These 

results will be of critical importance later, when it is shown that 

the thickness of the intrusion governs the duration of a given 

volcanic plume. 

Substituting the expression for magma driving pressure (Pd ) 

and solving for depth to magma source (h ) we have 
c 

2 2 4 16& Eh /(3g~p(1-v )r -lp h/~p max s 
(5.7) 

where {).p At some lower limiting value of crustal 

thickness (h) the magma pressure will be less than the overburden 
c 

pressure of the sulfur crust such that 

P gh > P s m 
(5.8) 

and magmas will not erupt at the interface. Even for conditions such 

(5.4» silicate dikes cannot form in a 

sulfur crust. Therefore, "forbidden zones" can be def ined at depth 

hc above which magma cannot originate if it is to be erupted at the 

sulfur-silicate crust interface. 

Silicate magmas may easily melt volumes needed for injection, 

however, the melted sulfur must be removed, and unless suitable 

frac.tures are immediately available, sulfur melts so formed will 

remain in place, or they must move laterally along the plane which is 
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being wedged apart by the encroaching silicate intrusion. At some 

point the sulfur melt and/or vapor must be released if surface 

extrusion is to occur. It is useful in this context to evaluate the 

extent of fracturing of the overburden during laccolith emplacement. 

During bending of a plate, compression and extension will be 

significant at the center and the margins of the laccolith roof 

(Figure 18). As long as tensile bending stresses do not exceed the 

tens ile strength of the overburden magmas or sulfur melts wi 11 be 

confined to the plane of the laccolith. At the contact of the 

laccolith and the overburden, the horizontal stress (C1) can be 
x 

specified in terms of the radius, uplift and magma. driving pressure 

(Pollard, 1969). 

f1 
X 

2 4 3 (12oP
d

(1-v )r )/16Eh . (5.9) 

Typical results for a 10 km radius intrusion whose source magmas 

originate from various depths and are injected beneath a layer of 

various thicknesses are illustrated in Figure 19. Maximum tensiie 

stress occurs near the margin of the intrusion and stresses increase 

with increasing radius of the laccolith. An overburden of finite 

strength will tend to fracture and drain off sulfur melts or vapor 

when the tensile strength of the overburden is exceeded by bending 

stresses. Draining sulfur melts or vapor away from the contact will 

bring cooler sulfur overburden into contact with the intrus ion. The 

result will be a net advective transfer of heat from the intrusion to 

the sulfur melts which can be quickly removed to the surface along 
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Fig. 18. Orientation of tensile stress and co~pressive stress in the 
overburden during laccolith uplift (after Pollard, 1969). 
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Fig. 19. Stress in the overburden layers of a laccolith as a function 
of depth of magma origin and overburden thickness. Shown are the results 
for a laccolith radius of 10 k~ and for the lower one-half of the 
overburden. For the upper one-half of the overburden the sign of the 
stress on the ordinate would be reversed. The maxiw.lli~ radius of a 
laccolith may be close to the radius at which tensile stresses 
first exceed the strength of the overburden; vertical sulfur dikes 
would then occur near the margins of the intrusion. 
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peripheral fractures at the margins of the intrusion. In this way the 

intrusion loses heat faster than by conduction alone. 

The radius at which fracture may be expected to occur for a 

given tensile strength of the overburden is therefore a function 

primarily of the depth of origin of the magma and the overburden 

thickness (Figure 20). Once fractures form and advection starts, the 

intrusion quickly cools and ceases growth. As an example, in Figure 

20B, if the tens ile strength of a 10 km th ick overburden wi th a 

density p=2.0 -3 gcm is specified by the region bounded by the 

horizontal deahsed lines, and if the magma originates at 100 km depth, 

then fracturing of the overburden and eruption of sulfur melt or vapor 

will occur when the intrusion reaches a radius 15 to 20 km. For 

greater depths of origin the corresponding radius of first erupl:ion 

will be smaller, and for shallower depths of magma origin the radius 

will be larger. Alternately, for thinner overburdens, the radius will 

be smaller for a given depth of magma ori gin; and for a greater 

overburden thickness, the radius will be larger for the same depth of 

origin. 

Depth of Magma Source from Laccolith Radius 

From equation (5.6) the radius of a laccolith of a defined 

maximum thickness can be calculated for given depths of magma origin 

if the thickness of the overburden is known. Correlation between 

equations (5.6) and (5.9) could be useful in evaluating the thickness 

of the thermal lithosphere. 
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There are five variables of importance: overburden thickness 

uplift or intrusion maximum thickness (& ) , 
max intrusion 

(r) , depth to the source (h) 
c and tens ile strength of the 

overburden The following is an attempt to define 

appropriate ranges for each variable. The main purpose is to derive 

suitable ranges for the thickness of the lithosphere and the thickness 

of the sulfur crust. 

The probable maximum thickness of the intrusion (& ) 
max is 

established in a latter section of this study which considers the 

thermal history of a silicate/sulfur contact. & is tightly 
max 

constrained from these thermal results in the range - 10 m < 

C1 < 25 m. max The upper limi tis dependen t on the thermal 

advection efficiency of the interaction. Let 25 m b~ the maximum size 

compatible with the results from the thermal models. 

The overburden thickness (h) is poorly constrained. If h is 

the same as the thickness of the sulfur crust the cosmochemical 

argument applies. This simply assumes that 10 started out with 

chondritic abundances and has subsequently lost very little of them. 

In this case 10 may be expected to have a sulfur layer up to 5 kIn 

thick (Conso1magno, 1982a; Johnson and Soderb10m, 1982). If the 

mountains of 10 are silicates, then any sulfur crust is likely to be 

locally thin. There is no a priori reason why mountains in excess of 

20 kIn high cannot exist on 10, but such mountains are rare in the 

known sola ... system. And if the mountains are this tall (20 kID) then 

the sulfur crust would be much thicker than cosmic abundances imply. 

Although neither argument can be strongly opposed alone, both 
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observations suggest that it is more probable that the sulfur crust is 

relatively thin. In the following, the maximum probable thickness of 

a relatively pure sulfur crust is taken as 5 kID. 

In addition to the sulfur layer, it is possible that a shallow 

low density layer of the upper silicate crust resides beneath the 

sulfur active layer. Thus the density contrast across the sulfur 

crust - silicate crust boundary is likely to be more gradual than 

simple slab models suggest. In the first place, the contact is 

probably the site of strong thermochemical alteration and mass 

exchange, particularly those involving sulfur compounds. Fluid 

transfer in such a zone could yield rock alteration products radically 

different in density from the parent materials. Density increases may 

be enhanced in the lower zones of the thermochemical active zone 

(sulfides?) and density decreases may occur in the upper silicate 

subcrust through leaching of large ions during large scale fluid 

transport. Na
2
s and other possible sulfur compounds may be formed 

by interactions at the chemical interface during the interaction of 

sulfur with alkali-rich magmas. 

Thus, the depth at which the density first falls below that of 

the magma, and at which sulfur species first becomes abundant may be 

deeper than the depth to the base of the "sulfur crust", but shallower 

than the lower limit of the thermally altered upper silicate 

!JUbcrust. If a 2 to 5 km penetration into the silicate crust of for 

thermal and chemical alteration is allowed, then the density may drop 

below the magma density at a depth of 2 to 5 km below the sulfur 

crust-silicate crust contact. 
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Using this multi-layered multi-density model for the mid and 

upper crustal sections of Io, numerical experiments can show the 

effects on the intrusion of silicate magmas of this density profile. 

Figure 21 shows the distribution of magma driving pressure for 

hypothetical situations in which hydrostatic balance of magma and 

crustal columns could build volcanoes 5 and 16 km above the silicate 

subcrust. This corresponds to the two cases, one in which there are 

just barely surface manifestations of silicate volcanism, and the 

depth to the source is 44 km; and the other in which there are 

silicate volcanoes in excess of 11 km above the visible surface, and 

the depth to the source is 144 km. The crustal density increases with 

depth reflecting S02 and sulfur components in about the first 

-3 kilometer (p = 1. 8g cm ), and increas ing sulfur with depth to the 

base of the s·ulfur crust 

increases from an altered 

unaltered dense silicates 

and dense differentiates. 

section is developed (p 

(p 2.0g -3 Below this the density = cm ). 

siicate layer (p 2.5g 
-3 cm ) to that of 

(p 3.0g -3 unvesiculated basalt) cm 

At deep crustal layers, a more gabbroic 

-3 3.3gcm ) which extends to the thermally 

-3 active layer from which melts (p = 2.7g cm ) are derived. Other 

models are just as applicable. One in particular that should be kept 

in mind is a magma source which is far below a mid-crustal magma 

reservoir, and hydrostatically isolated from it. Mid-crustal magma 

holding chambers may be common on the earth where rising magmas 

encounter the Conrad discontinuity and are unable to ascend further 

due to the density contrast. 
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The strength of the crustal materials in each layer could 

increase as shown reflecting increasingly indurated and volatile-free 

materials. At about 20 krn all pores and cracks should begin to close 

because pressures at that depth should begin to exceed the strength of 

typical silicates to hold open voids. On 10 creep strengths may also 

be low because of the high thermal gradients (even for low conductive 

heat flow models). 

In either of the model cases above, maximum magma driving 

pressures are attained at ~ 10 krn depth. If the conditions of 

equations (5.1) through (5.4) are met, intrusions should occur. At 

depths between 5 and 20 krn, the conditions of equations (8) and (6) 

may be exceeded first, depending on material strengths. As a result, 

these layers may be dominated by vertical dike sheets. But, in 

general, shallower than 10 krn, laccoliths (equation (6) and (7» may 

be more likely. In any event, the magma driving pressure curves may 

cross the material strength curves near the silicate 

crust-sulfur crust interface transition zone. 

magmas under these conditions will be inhibited. 

Further ascent of 

A gradual interface between a silicate subcrust and an 

overlying sulfur crust will be further enhanced by the tendency for 

laccolithic intrusions to be injected at different depths due to 

differences in magma driving pressures and local differences in wall 

rock strength. Any of these conditions will result in the density 

change across the crustal interface being gradual rather than being a 

distinct transition. Thus intrusions will be distributed with some 
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probability function about a plane located near the chemical 

discontinuity between a sulfur crust and silicate subcrust. 

The tensile strength of the overburden (TO) will be small 

if it has the strength of typical moderately to poorly indurated upper 

crustal materials on most planets, and will depend in part on how 

homogenei ty of the material. Materials with a dens i ty low enough to 

be easily intruded by silicate magmas should be poorly indurated. 

Typical tensile strengths of surface materials on the terrestrial 

planets are in the range 50 bars < TO < 200 bars. 

The radius (r) of the lac'colith is uncertain. It is probably 

no greater than the radius of the associated surface caldera, and is 

probably somewhat smaller owing to the lower heat capactiy of sulfur 

compared to silicates. The radius of the laccolith should be no 

larger than the average radius of a single-stage (non-complex) caldera 

(between 15 and 20 km). In addition, the size of source calderas or 

source hot spots for active plumes may be indicative of active caldera 

sizes as opposed to inactive calderas. Identified sources in active 

calderas have minimum one-half dimensions of 4 to 25 km (strom and 

Schneider, 1982) so responsible laccoliths could have radii of this 

order. Let 20 ± 5 km be an average laccolith radius. 

Figure 22 is a compilation of laccolith thickness (or maximum 

uplifts) and depths of origin for magmas resulting in intrusions of 

various radi i and intruded beneath overburdens between 5 and 15 km 

thick. The depth of magma origin (h ) 
c 

from the constraints 

evaluated above is between 40 and 50 km (for h = 5 km), 75 and 200 km 

(for h = 10 km), and 120 km for h = 15). As the overburden may lie 
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within the range 5 to 10 tan, the depth to the magma source possibly 

lies at depths between 40 tan and 200 tan. A 200 tan thick silicate 

crust is more compatible with a low conductive thermal flux 

-2 (O.OIWm ), and a 40 kIn thick silicate crust is more compatible with 

a slightly higher thermal flux -2 (0.070Wm ). The differences are 

quite significant in terms of the upper crustal structure of 10 and 

will be discussed later. It is increasingly apparent that low 

conductive heat flow is necessary in order for 10 to support its large 

radiative heat flow budget, if an equilibrium model applies. 

otherwise, current observations of 10 just happen to have taken place 

during a high advective phase and conductive flows are normally high. 

-2 It may be unlikely that heat flows much above 0.07 WIn occur, a.s 

the 40 tan depth to melting with this thermal flux implies is near the 

minimum required to support the larger mountains on 10 and the minimum 

allowed depth of laccolithic magma origin. 

In detail free sulfur could be trapped in the transition 

between the sulfur crust and the unaltered part of the silicate 

subcrust, particularly as s ill-like bodies of magma surround. it from 

above and below, thereby trapping it into isolated pockets. As the 

silicate crust grows by overplating, such deposits would gradually be 

moved deeper into the crust. Some of it could be eventually recycled 

into melts, but structural pockets would probably not escape being 

replaced by magma when it is encountered by rising silicate dikes. In 

this way the upper silicate layers are likely to be devolatilized 

before induction into the lower silicate crust. 
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Summary of Model of Magma Intrustion 

On Io, silicate magmas are unable to intrude an overlying 

sulfur-rich crust and such magmas may instead spread out as laccoliths 

at the interface between the sulfur crust and silicate subcrust. The 

volume (diameter?) of silicate laccoliths supplying both thermal and 

mechanical constraints on surface volcanism must be smaller than the 

volume (diameter?) of the observed calderas because of the heat 

capacity contrasts. Depending on the thickness of the overburden, the 

magma driving pressures necessary to yield laccoliths of this size can 

be supplied by magmas originating from 40 to 300 km deep. The 

shallower depth is similar to that necessary to support the largest 

mountains on Io (Chapter 4), and the greater depth is similar to that 

determined from the upper limit on caldera separation distances 

(Chapter 2). 

The thickness of the overburden may be the same as the 

thickness of the sulfur crust, or, if the upper silicate subcrust is 

altered, or if it is rich in sulfur compounts, it may be much thicker 

than the sulfur crust. This overburden thickness may vary locally as 

the thickness of the sulfur crust and/or as the thickness of the 

alteration in the silicate subcrust. Locally the silicate subcrust 

may even occur at the surface. 



CHAPTER 6 

THERMAL MODELS OF VOLCANISM 

The main purpose of this section is to evaluate the thermal 

history of lava lakes and silicate intrusions, and the temperatures 

that may be expected to result from contact of silicate magmas and 

sulfur. The goal of this analysis is to determine if silicate magmas 

can directly heat sulfur to yield the observed volcanism as suggested 

by Conso1magno (1979). 

The starting assumption is that silicate melts exist in the 

Ionian interior, that the surface layers are rich in sulfur and sulfur 

dioxide, and that the silicate melts and sulfur are likely to come in 

contact with one another. The question is whether the observed 

volcanism can be explained by interaction or whether additional 

processes must be invoked. 

Numerical Methods 

The temperature at the contact between or wi thin sulfur or 

silicate, is governed by the applicable differential equation for 

one-dimensional heat transfer, 

(6.1) 

in which T is temperature, t is time, x is length and (l is K/cp or 
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thermal diffusivity. This can be recast into finite difference form 

such that the temperature t (T) of a central plane (m) overlain by 

plane (m-l) and underlain by plane (m+l) , all of which have a 

thickness (8x), after each time increment (8t) is given by 

t t-l 2 2 t-l t-l 
Tm Tm (1-2(K8t/cp8x »+«K8t/cp8x ) (Tm_1 + Tm+l ) (6.2) 

(Thomas, 1980). If K8t/cp8x2 is chosen to be equal to 1/2 by 

suitable choices of the value of 8x, then eg. (15) reduces to 

(6.3) 

provided that the thermal properties of the slabs defined by planes 

(m+l) , (m), and (m-l) are the same. This will be true for the contact 

between silicate melts and silicate solids, or sulfur melts and sulfur 

solids, but yields invalid results if extended across chemical 

discontinuities such as that represented by the contact of sulfur and 

silicate intrusions. By resetting 8x for the sulfur side of the 

contact the analysis can continue, but in this case the contact plane 

temperature is no longer defined by eg. (6.3). The special condition 

for the contact plane can be shown to be 

0.5 [t-l t-l / )0.5 
+ (2~tam_l) (Tm+l - Tm_l ) «2~tam+1 

(6.4) 
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(see appendix for proof), where Qm+l and Qm- 1 are the thermal 

diffusivities of the phases constituting the (m+l) and (m-l) planes. 

Thermal Models of Sulfur "Lava Lakes" 

Two basic models for dark calderas can be evaluated. One model 

suggests that dark calderas are windows through a sulfur-rich crust on 

a molten sulfur ocean or "thiosphere" (Smith et al., 1979: Sagan, 

1979). The other model proposes that. they are analogous to 

terrestrial calderas with solid floors and either totally or partially 

filled by lavas. 

Thermal histories for "bottomless" calderas, that is, calderas 

with direct access to underlying liquid melts as a window on the 

thiosphere, can be calculated and show that wide calderas take up to 

several thousand years to form a sulfur crust 100 m thick. As solid 

sulfur is more dense than liquid sulfur, there would be a tendency for 

such crusts to sink and be replaced by liquid sulfur analogous to 

convection in terrestrial lava lakes. As a result, the formation of a 

crust on a "bottomless' lava lake would be difficult, if not 

impossible. 

The alternative model proposes that the mol ten fill of dark 

calderas overlies a "floor" from tens to hundreds of meters below the 

surface of the sulfur lake. Two thermal histories for different 

boundary conditions are shown in Figure 23. It is assumed that the 

cooling proceeds only by conduction in Figure 23A, but by both 

conduction and convection in Figure 238. The second case allows the 

solid crust which forms on the lake to sink to the base of the liquid 

section at the end of each time increment in the calculation. 
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Depending on the thickness of the lake (Fig. 24), the conductive case 

takes twice as long to cool to a solid state as the semi-conductive 

semi-convective case. For example, a 10 m thick lake which cools by 

conduction alone takes 115 days to completely solidify. But a 10 m 

sulfur lake in which the crust sinks as fast as it forms takes 66 days 

to completely solidify. As most Ionian calderas have walls which may 

exceed several hundred meters in height, the thickness of 

corresponding sulfur lakes could be on the order of 100 m. If the 

lake is 100 m deep, then the cooling time is 32 years for the 

conducti ve case and 19 years for the convective case. Cooling time 

thus goes up rapidly with increasing thickness (see Figure 24). 

There is no direct way of determining the thickness of cooling 

uni ts on the floors of dark calderas. The rapid changes in caldera 

albedo at Surt and Loki Patera may be instructive, as are the rapid 

changes in plume size and activity. Both phenomena appear to occur at 

least on a scale of weeks to months. The appropriate thickness of a 

sulfur cooling unit for changes to occur over these time spans would 

be less than tens of meters. 

The alternative is that the floors of dark calderas are never 

entirely flooded by molten sulfur. Although the local pondings can 

occur, the nature of the floor albedo' variations and apparent 

structure may be the result of extrus i ve flows of limited extent and 

irregular outline. The asymmetry of floor albedo deposits, 

particularly the association of darkest deposits with caldera margins, 

may indicate local flow fields formed by caldera-marginal extrusions 

(see Chapter 2). 
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The above thermal models were calculated for pondings of 

infinite width. Thus lateral conduction is ignored in the 

calculations. In actual lava flows, or lava lakes, lateral conduction 

to the surrounding walls of the caldera would be significant if the 

depth is a large fraction of the width. As most of the calderas are 

on the order of 30 to 60 kID wide, the depth would have to be in excess 

of 10 kID for lateral conduction to play a significant part in overall 

thermal loss, and for lateral conduction to affect the inner-most 

areas. If calderas are never deep lava lakes, then it appears that 

small scale pondings may be significantly affected by lateral 

conduction, and cooling times will be further reduced from those shown. 

Interaction of Sulfur with Silicate Melts 

The following is an attempt to estimate the probable 

temperature of the contact between a sulfur crust and a silicate 

magma, and the time period over which these temperatures can be 

maintained. The model assumption is that the contact between the 

sulfur crust and silicate subcrust is distinct and that rising 

silicate magmas, once having penetrated the silicate layer of the 

crust, are unable to ascend further and spread out in laccolithic or 

sill-like fashion. The dabi.il!; of the argument for this mode of 

silicate magma intrusion were presented in Chapter 5. For the present 

consider the magma to be injected as an infinitely long sill of 

uniform thickness. 

Once th~ magma is emplaced and beings to cool, conductive heat 

transfer is allowed to take place, thereby warming the base of the 

overlying sulfur and the top of the silicate subct'ust. By assuming a 
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magma sill of infinite length the problem reduces to one of 

one-dimensional heat transfer from a finite hot strip to two 

half-spaces above and below. 

The results, according to equations (6.1) through (6.4), show 

that for a given initial sulfur temperature and magma temperature the 

contact temperature is initially maintained (for several time 

increments) about halfway between the temperatures of the hotter and 

colder bodies (Fig. 25). This is an important point, as it 

illustrates that unless magma temperatures are far in excess of 1500 

K, and the sulfur crust is above the melting point, sulfur vapor will 

not approach the 1500 K temperature used in some previous calculations 

(Reynolds et a1., 1980; Kieffer, 1982. Therefore, the peculiar 

dynamics of Io plume volcanism cannot be explained using the kinetics 

of sulfur vapor at 1500 K. For example, if the initial sulfur 

temperature is 180 K and the intia1 magma temperature is 1500 K, then 

the initiB1 contact temperature between the sulfur and the magma will 

be ~ 700 K, or near the vapor point of sulfur at 1 bar. Any sulfur 

temperature above about 600 K will begin to yield vaporized sulfur for 

surface pressures on 10. 

The contact temperature remains near its initial value for a 

period of time which scales as the thickness of the intrusion (Fig. 

24). Because of the lower thermal conductivity of sulfur,· the 

conductive profile in Fig. 25 is asymmetric, and heat from the 

intrusion travels more slowly into the sulfur crust, and warms the 

silicate crust faster. 
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Fig. 25. Thermal history of the contact between a silicate "a~ 
sill or laccolith and an overlying sulfur crust with conductive 
heat transfer. The case sho\VTI assumes an initial mag:'.1a te;-::perature 
of 1500 k. 
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The contact temperature of the sul~ur drust and silicate magma 

is governed by eq. (6.4), and the signipcant initial high contact 

temperature can be calculated for a vari~ty olf starting temperatures 

of silicate magmas and a variety of temp~ratulres at the base of the 

sulfur crust (Fig. 26). Silicate melts wit,h temperatures between 

1200-1500 K are capable of generating sulfur v:apor in solid sulfur if 

the temperature of the sulfur is between l,.80K land 400 K. The reasons 

for the upper limit on sulfur temperature ~re g;iven later (see Chapter 

8). 

convecti ve Heat Transfer at the Su'lfur-·Magma Interface 

Before proceding with a discussion of some of the implications 

of the preceding model, it is necessarf to examine the role of 

advective heat transfer at the intrusion intelrface. As the contact 

with the intrusion will exceed the melting point of sulfur, and may 

exceed the vapor point, fluid transport of heal~ away from the contact 

may occur either by eruption of the sulfur melt/vapor to the surface, 

or by lateral movement in the sulfur cru~t. I The result would be a 

greater heat transfer than by conductio~ alone and the interface 

contact temperature will cool much morEl rapidly. To take this 

possible convective cooling into account, the temperature profile was 

evaluated for a sulfur-silicate magma conta~t as in Figure 25, but, in 

this case, all sulfur above the melting pqint Iwas removed at the end 

of each time increment, thereby simulating thermal transfer by 

convection at the boundary of a fluid-solid interface. 
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The results, illustrated in Figure 27, show that the 

temperature at the contact falls below the vapor point of sulfur in 

less than two time increments (see Fig. 24); At is - 1.5 weeks for 

a 10 m thick intrusion. For the same conditions with conductive heat 

transfer only, the contact remains above the vapor point for less than 

1.5 months. Thus advective heat transfer from the silicate magma 

intrusion to the surface is a more efficient means of heat transfer 

than conduction alone. 

Discussion of Results of Thermal Models 

Two significant points have been determined from these 

numerical experiments: (1) the contact temperature of a sulfur crust 

and silicate magma is likely to be in the range of maximum observed 

temperatures for 10 hot spots, which is about the vapor point of 

sulfur, and (2) the length of time over which sulfur vapor can be 

generated is from a few days to a few months. These values are for a 

probable range of boundary conditions, and it is useful to examine the 

contraints on variables in the system. 

Aside from temperatures of the silicate and sulfur, thermal 

properties, and the like, the thickness of the intrusion primarily 

determines the time scale over which temperature changes take place 

(Figure 24). For instance, in the convective model, a 100 m silicate 

intrus ion would yield sulfur vapor for about 3 years instead of 1. 5 

weeks as in the 10 m thick sill. 
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Fig. 27. Thermal history of the contact between a silicate ~gr.La 
sill and an overlying sulfur body with convective heat transfer. 
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Low Latitude Occurence of Plumes 

Tidal models suggest that most of the heat may. be deposited in 

polar regions, yielding the on-off characteristics and migrating 

volcanism of Consolmagno. HOTt/ever, Reynolds et a1. have noted that 

the tidal models examined to date may be too simple, and that 

additional boundary condition not considered in their calculations 

could alter the distribution of heat input. In other words, their 

model of dominantly polar tidal heat input may not be valid. If their 

original tidal model is correct, however, it is difficult to reconcile 

the observed lack of large plumes in the polar areas wi th a model 

which suggests that volcanism should be more vigorous there. 

Calderas and small plume deposits do occur in polar latitudes, 

but large plumes do not. The lack of abundant plume activity at high 

latitude~ may be governed by the low temperatures in polar latitudes, 

as discussed below. 

Consider an equatorial model with a sulfur temperature of 130 K 

near the surface, and a sulfur crust 5 kID thick whose basal 

temperature is about 180 K (low conductive heat flow). Allow:tng the 

equilibrium surface temperature to fall as the sine of the latitude to 

a minimum of about 80 K at the poles, two families of thermal profiles 

in the sulfur crust can be calculated for various heat flows (fig. 

28). Observations show that the active plumes are confined to within 

± 50° of the equator latitude the surfac~ temperature will be 40° 

lower (90 K) than the equatorial equilibrium value of 130K, and the 

temperature at the base of a sulfur crust 5 kID thick at 500 latitude 
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will be - 140 K. A 1500 K intrusion at the equator is capable of 

generating sulfur vapor. However, at 50° lati tude the same 

intrusion may not generate sulfur vapor because the starting 

temperature of the sulfur is too low. Even if sulfur vapor can form, 

it will be less energetic, and the resulting plumes will be reduced in 

size. Therefore, all other factors being equal, sulfur vapor plumes 

will be less easily generated at high latitudes than at low latitudes 

because of lower surface temperatures. The removal of material by 

plume ejection may be the cause of many calderas on Io. The dearth of 

plumes north or south of 500 latitude may also explain the smaller 

number of calderas there. 

This model assumes that global conductive heat flow is ~niform, 

which may be incorrect. Tidal models currently predict that the 

highest heat input is in high latitudes. If this is true, then the 

conditions of Figure 28 are such that for a uniform thickness of 

sulfur crust, a higher heat flow curve should be used for high 

latitudes than for low latitudes. This would raise the temperature at 

the base of the sulfur crust, thereby effectively cancelling or 

exceeding the effect of lower surface tempertures. Consequently, if 

this is the case, plumes would be easier to form at high latitudes. 

Therefore, if the conductive heat flow at high latitudes is 

significantly larger, the only way the above model of plume occurrence 

can work is if the sulfur crust thins substantially poleward. From 

Figure 28, because of the assymptotic form of the heat flow curves, a 

modest decrease in sulfur crust thickness substantially reduces the 

temperature at the base of the sulfur crust. Thus, if the heat flow 
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at the poles is an order of magnitude greater than at lower latitudes, 

a ten-fold reduction in sulfur crust thickness would result in a 

substantially cooler basal temperature for the sulfur crust at high 

latitudes. In other words, if the difference in latitudinal 

conductive heat flow of the poles (Qp> and equator (QE> is such 

that 

than the above model of plume occurrence applies only if the thickness 

of the sulfur crust near the poles (Hp> and the equator (HE> vary 

by the same proportionality, such that 

yH . 
P 

Available data is inadequate to determine if such differences in 

sulfur crust thickness exist. This interpretation suggests that a 

useful area of investigation for the future would be to determine 

global differences in sulfur crust thickness, provided that better 

tidal models continue to enforce the current ones which suggest that 

tidal heat input is greater at high latitudes. 

Differences in sulfur crust thickness, such as those speculated 

above, may be related to differences in albedo; notably the darkness 

of the poles with respect to lower latitudes. One final possibility 

that should be considered is that the sulfur crust is absent or 

negligible at the poles, and the darkness of the poles is a 

consequence of a large percentage of the area there being covered by 

silicate (basaltic?> lava flows. The net conductive heat flow from 

high latitudes in this case could easily exceed the conductive heat 

flow from the lower latitudes, and, thus, more efficiently remove the 
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larger tidal input at high latitudes. Because there would be no 

sulfur crust at high latitudes, there would be no plume volcanism. 

Tidal tensile stresses in the crust could be larger at high latitudes 

for the same reasons that tidal friction could be larger at high 

latitudes. Silcate melts could therefore be more easily erupted at 

high latitudes because fracturing of the crust is more pravalent. 

These suggestions are offered as models for directing future research. 

Many factors can differ from locality to locality to change the 

results, but the overall effect is significant in that plausible 

variables can be used to explain the latitudinal variation in plume 

activity. The encouraging point is that a sulfur crust several 

kilometers thick, silicate magma at 1200-1500 K and largely convective 

heat flow could result in the observed plumes on Io, all of which are 

reasonable in the light of what we know about Io as a whole and 

planets in general. 



CHAPTER 7 

SUMMARY OF VOLCANIC MODEL 

The previous discussion has been an analysis of the 

significance of observed features of 10, and an interpretation of 

their possible modes of origin. The following is an attempt to 

synthesize the interpretations into a single coherent and unified 

model system. 

The model assumes that silicate melting possibly occurs between 

40 and 300 km deep, and magmas ascend through the crust as dikes (Fig. 

29A) . The amount of melt that must reach the surface to carry the 

nominal tidal heat input depends on the heat capacity and average 

temperature of the melt. In order for silicate melts at 1500 K to 

-2 move 1 WIn the average tidal input and the observed lower limi t 

thermal output for 10, four (4) average laccoliths (r = 20 km) must be 

erupted at the sulfur-s i1 icate crust interface per year. Ten such 

eruptions would are required if the magma temperature is 1200 K. This 

is well within the range of probable frequency of large thermal 

outbursts, which (Sinton, (1980a) has estimated to occur at the rate 

of up to 10 per year. This is also within the limits of the volume of 

silicate magma per year that would be 

necessary to mobilize sulfur to yield the inferred resurfacing rates. 

Because of the contrast in density and material strength at the 

sulfur-silicate crust interface, rising magmas will tend to spread out 

as subcircular laccoliths at a depth of between 5 and 10 km (Fig. 
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29A). Available magma driving pressures will be capable of injecting 

laccoliths on the order of tens of meters thick with radii of about 20 

Ian. 

Upon contact with the base of the sulfur crust, or with 

isolated high sulfur content altered upper silicate crustal materials, 

ifulfur melts and sulfur vapors will form at a temperature of about 700 

K (Fig. 29B). Due to the fact that the largest tensile stresses on 

the base of the overburden will be near the margins of the laccoliths, 

sulfur melts and vapor will be preferentially injected into the 

overburden at these locations and will be erupted at the surface, 

either as circular clusters of vents, or as isolated vents. The 

eruptions of sulfur vapor will result in plumes, and melted sulfur 

will yield sulfur flows. Because volume is removed from beneath the 

sulfur crust by this means, collapse and caldera formation will take 

place (Fig. 29C). Subsequent eruptions will continue along ring 

fractures. As the temperature falls at the contact between the sulfur 

crust and the silicate laccolith falls, vapor will cease forming and 

sulfur plumes will become inactive. Meanwhile sulfur melts erupted 

from the ring fractures will partially, or completely, inundate the 

caldera floor. High level sulfui:' melts, and heat conducted from the 

cooling intrusion will begin to melt and/or vaporize S02-rich, near 

surface materials. S02 plumes will therefore become active as 

sulfur plumes begin to wane (Fig. 29D). 

Because of the large permanent temperature difference between 

polar and equatorial latitudes, the temperature at the base of a 

sulfur crust in polar latitudes will be lower than at equatorial 
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latitudes. If the temperture of the sulfur crust-silicate intrusion 

contact is just at the vapor point for the system at the equator, then 

the contact temperature will be lower than the vaporization 

temperature near the poles. Consequently, the lack of large plumes 

above - 500 latitude may be the result of temperatures just below 

those necessary to yield sulfur vapor; S02 plumes can occur, but 

sulfur plumes can not. 

The entire process, from onset to cessation of sulfur plumes, 

takes a few days to weeks, and complete cooling of the thermal source 

takes months to years. During this time S02 plumes could remain 

active. If silcate magmas are supplied over a long interval, the 

laccoliths could accumulate above the sulfur-silicate crust interface 

until silicate volcanism occurs at the surface. The result would be 

surface silicate flows and, possibly, surface silicate volcanic 

constructs. By transferring heat directly from the zone of silicate 

melting to the surface, heat transfer becomes even more efficient and 

the global heat flow is enhanced while conductive heat flow is 

reduced. Consequently, surface silicate volcanism could characterize 

periods of high heat production or storage, and sulfur volcanism would 

characterize periods of lower heat production or storage. 



CHAPTER 8 

SPECULATIONS AND IMPLICATIONS OF MODEL FOR STRUCTURE OF IO 

The purpose of this chapter is to evaluate possible interior 

structure, chemistry and global thermal structure as it may follow 

from the foregoing models. Most of the previous results are based on 

or supported by circumstantial evidence. The proposed models will now 

be considered to see if they can adequately explain other phenomena on 

Io. 

There are four basic models of Io' s interior stl."ucture (1) a 

homogeneous planet with tidal heat deposited in a homogeneous sphere, 

(2) a solid shell with a molten intel."ior (Fig. 30A), (3) a solid shell 

where most of the heat is generated, underlain by a layer of partial 

melt, and then by an interior which is solid (Fig. 30B), and (4) a 

solid shell, a layer of pal."tia1 melt, and an intel."iol." in which most of 

the heat is generated (Fig. 30C). More complexity can be added with 

multiple shells, but these are the model end membel."s. These models 

can be further I."educed in refel."ence to the question of whether the 

heat is the l."esu1t of tidal dissipation in the shell, or tidal 

dissipation in the interior. The details of tidal dissipation in a 

thick shell are not clear (Cassen et al., 1981) and current theories 

pl."edict that a thin shell would absorb most of the tidal enel."gy (even 

a thin shell of the type in model B nnd C of Figure 30) which is 

decoup1ed from a solid interior by a thin zone of melting. In 
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addition, a thin shell may experience greater internal heat generation 

in polar latitudes (Peale and Cassen, 1978), although, as Cas sen et al 

(1982) have pointed out, any number of- variables could change this 

prediction. 

In general, the model results presented here are either 

consistent with uniform heat generation (per unit volume of the 

planet), nor with heat generation confined to a thin shell. Model (4) 

is preferred (Fig. 30e). 

Fundamental Control of Volcanism on Planetary Thermal Profiles 

Because of the high apparent heat input into 10, the assumption 

that has governed early speculation about the thermal structure of the 

planet is that melting would be shallower than in planets with lower 

thermal input. This may not necessarily be the case for the reasons 

given in the following discussion, and which elucidates an often 

overlooked fundamental point about volcanism. 

First, v·olcanism may carry most of the global heat flow. And 

as 0' Reilly and Davies (1981) have shown, where most of the heat is 

carried by volcanism, the remaining conducted heat will define the 

global thermal profile. The lower the conducted heat flow is compared 

to the volcanic (convective) heat flow, the greater the depth of 

melting. Second, volcanism is merely the result of the crossing or 

co-existence in time and space of two events: (1) the existence of 

melting, and (2) the existence of fractures that can transport the 

volcanic fluids to the surface. 

If the fluid cannot be transported from the depth of melting to 

the surface, then conduction takes over and the thermal gradient 
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increases. On 10, tidal stresses may provide the necessary tectonic 

fractures, and the depth of tidal fracturing may control the 

accessibility of deep silicate melts to the surface. Temperatures 

much above the melting point of sulfur at the base of the sulfur crust 

would result in an instability and rapid overturn, or con'lection in 

the sulfur crust. Thus the temperature at the base of the the sulfur 

crust may be buffered at - 400 K. This is the rationale for 

limiting sulfur temperature to - 400 K Fig. 26 

The argument applies for the silicate lithosphere in which the 

base is maintained at the melting point of silicates at whatever 

maximum depth the tidal or tectonic fractures operate. Thus, provided 

that a steady rate of fracturing occurs, the depth to melting is 

constrained by either the depth to which fracturing of the lithosphere 

penetrates and initiates convective heat transfer, or the depth to 

which melting first occurs for a given thermal gradient and heat 

I 

input. On 10, there is no lack of heat for melting at any depth, and 

therefore, the depth to melting may be controlled by the depth of 

fracturing or tidal stressing. This may be true of planets in 

general. Melting may occur at some depth in most planets but the 

existence of volcanism is dependent on a means of tapping the melts. 

The deeper the melting occurs, the less likely that fcactures tap the 

fluid. Fractures of greater depth are less likely to occur becaue a 

greater crack length requires a greater energy to foem. If only a 

given tidal energy is available for release as seismic energy, then 

the maximum depth of fracture propagation will be limited by the limit 

on tidal energy (Fig. 31). Therefore a planet with a low thermal 
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Fig. 31. How the depth to silicate melting :nay be controlled by the 
depth of tidal stressing in the outer layers of a hot planet. In 
(1) and (2) heat can be lost faster than it is generated te~poral 
and spatial frequency of vents; as a result, the lithosphere 
thickens until (3) when loss by the few given vents and conduction 
equals the thermal input. 
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budget will in general have less energy available for initiating the 

fractures necessary to tap its deeper magmas. In addition to abundant 

thermal energy, 10 also has strong stressing'due to body tides. 

Once melts are tapped and advective heat transfer occurs, then 

the net conductive flow above that point will decrease and the melting 

depth will equilibrate to the new conductive heat flow. Thus, the 

easier it is to tap the magma region, then the greater the depth to 

melting. This would explain why a planet like 10 with enough heat to 

1i terally melt it to wi thin a few meters of the surface may have a 

thermal lithosphere almost as thick as a cooler planet. It also 

explains why the temperature at the base of the sulfur crust may be no 

greater than the melting point. 

Differentiation and possible Silicate Melting Temperature 

Magma temperatures for 10 are particularly difficult to predict 

because the amount of melting that has persisted over its history may 

have resulted in a more differentiated upper mantle than otherwise 

typical of small planets. Consequently, the melt ing temperature of 

mantle-derived melts will depend on the composition of the mantle. As 

the maintenance of high heat flow seems to be a prerequisite for 

structural evolution and chemical evolution of plane,tary bodies, then 

in terms of energy available for evolution, 10 is comparable to large 

planets such as the earth. Unless the bottom of the sulfur crust is 

far above the melting point the temperature of probable silicate melts 

is likely to be 1500 K, which is the upper range of temperatures for 

typical basaltic silicate melts. In other words, the silicate melts 
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could be silicic (1200 K) or basaltic <1500 K). If 10 is highly 

differentiated, then the melts may be closer to 1200 K. 

The 1200 K lower temperature imposed by eq. (6.4) is a limiting 

model which is worth briefly investigating because of its profound 

implications. If the chemical evolution of 10 is extensive, as may be 

surmised from its probable thermal history, then the 1200 K 

temperature may be a more reasonable for typical Ionian magmas. The 

plume lifetimes, magma-sulfur contact temperatures, and the fluid 

mechanics of the model developed thus far remain unchanged, and 

provided the silicate crust is also largely differentiated, then magma 

driving pressures will be similar. 

Evidence for silicic-low temperature magmas may be the high 

sodium and potassium associated with the 10 plasma torus (Brown et 

al., 19.74; Trafton, 1975). Several ideas about the origin of the 

sodium and potassium ions in the Io torus have been suggested. All 

generally assume that the source of the ions is sputtering or direct 

ejection from Io: (1) Io is rich in the observed elements relative to 

solar, lunar, or meteoritic abundances, (2) surface evaporites (salts) 

are common on Io, (3) Na and K are not absorbed after a sputtering 

evant as easily as other elements, and therefore their proportion in 

the torus exceeds their proportion in the crust of Io (Trafton, 1975; 

Fanale et al., 1974). A fourth possibility is that the crust of 10 is 

enriched in Na and K relative to the bulk planet due to igneous 

differentiation. 

High alkali abundances are characteristic of more 

differentiated magmas, due mainly to the increased partitioning of the 
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large ion Na and K in silicate melts during fractional 

crystallization. This results in abundant sodium-rich and 

potassium-rich varieties of feldspar (albite, orthoclase and 

anorthoclase), and, 1es~ frequently, sodium-rich fe1dspathoids. 

Terrestrial rhyolites and trachytes are characterized by K-rich dnd/or 

Na-rich compositions. Both undersaturated and saturated magma series 

often come in sodic (Na20 > K20) and potassic (K20 > Na20) 

varieties. The moderately undersaturated magma series of Hawaiian 

alkali basalt often yield sodic differentiates. Thus, given a 

potassium-rich source, or low degrees of partial melting in the 

presence of a fluxing volatile agent, the high sodium magmas of 

relatively differentiated composition and moderate melt temperature 

can be produced. Terrestrial trachytes and syenites are examples of 

high sodium-high potassium differentiates with melting temperatures of 

the order of 1200 K. The upper crust of 10 in this model would be a 

high alkali sodic differentiate akin to terrestrial 

anorthoclase-albite trachytes and syenites. 

Note that the heat flow necessary to initiate melting at the 

base of the sulfur crust (- 400 K) will be - 0.02 Wm-
2 . This is 

also close to the heat flow consistent with melting at 1200 K at a 

depth of - 80 kID. Therefore, the results suggest a thick crust 

(greater than 40 kID) of low conductive heat flow (less than 0.1 

Wm-2 ) . 

In general, if the model presented earlier for the latitudinal 

cut-off of sulfur vaporization is applicable, the temperature and 
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depth of origin of the magmas can be further constrained. The depth 

of the thermal sulfur crust will be specified by 

(8.1) 

in which Q is the heat flux out of the surface, K is the thermal s s 

conducti vi ty of the sulfur crust, llT, is the temperature difference 

between the base of the sulfur crust and the surface, and h is the 

thickness of the sulfur crust. This yields a unique heat flux from 

conduction into the base of the sulfur crust, isolated from that 

derived by convection to the base of the sulfur crust. Similarly for 

the silicate lithosphere 

(8.2) 

where K is the thermal conductivity of the silicate crust, llT2 is 

the difference in temperature between the bottom of the silicate 

lithosphere and the bottom of the sulfur crust, and hc is the 

thickness of the silicate thermal lithosphere. Equations (8.1) an!i 

(8.2) assume that heat production within the crusts are minor, which 

may not be applicable, but will serve as base models. If heat 

production is important, the thickness of the silicate lithosphere is 

reduced. Because we do not know the vertical or lateral tidal 

dissipation functions accurately, it is difficult to evaluate these 

equations realistically. Therefore for a base model consider the case 

with minor heat production above the base of the thermal lithosphere. 



Combining equations (8.1) and (8.2), 

h 
c 
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(3.3) 

yields the thickness of the silicate thermal lithosphere. By 

substituting the range of sulfur crust basal temperatures for 

appropriate silicate magma temperatures necessary to yield sulfur 

vapor at 700 ± 500
, the depth of the silicate thermal 

lithosphere (h) can be plotted as a function of the sulfur crust c 

basal temperature and silicate magma initial temperature (Fig. 32). 

The results indicate that for nominal sulfur vapor temperatures of -

700 K, the depth of the thermal lithosphere must increase as the magma 

temperature is increased. Several previous results indicated a 

possible depth to the source magma of - 100 km. This is why a 

silicic magma with a temperature of - 1200 K seems most applicable, 

and why sodium and potassium may be enhanced in the upper silicate 

crust from their abundance in the 10 torus. These are not firm 

results because heat generation in the crust has been ignored, and 

because the model of lati tudinal plume cut-off has been implic i tly 

assumed. 

Heat Input and the Deep Structure of 10 

In the model above the temperatures at the base of the sulfur 

crust and the base of the silicate li thosphere are buffered by the 

melting point of the two phases involved. Greater heat production in 

the lithosphere than that necessary to yield the above models would 

violate these conditions, and the required lifetimes, temperatures, 
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and latitudinal distribution of plumes and hot spots would remain 

unaccounted for. Therefore, the model requires that the outer layers 

of the planet not be the most important heat sink for tidal strain. 

A crust with a thickness necessary to meet the minimum 

requirements for Ionian mountains and possible laccoliths. is not 

possible if all of the tidal dissipation takes place in an outer 

shell. Under current tidal theory, more uniform heat dissipation 

would result if decoupling of the outer layers from the interior of 

the planet were avoided by avoiding total melting at any distinct 

depth. Once the outer layers are isolated from the interior, the 

outer shell must absorb most of the tidal strain and as a consequence 

is rapidly heated. Pockets of partial melting or pockets of complete 

melting, even if distributed along a uniform depth would insure that 

decoupling is avoided and tidal dissipation is more uniform. However, 

conductive heat transfer in a solid planet would be unable to move the 

heat from the deep interior fast enough and melting would occur 

anyway, thereby causing the thin shelled case. Melting is avoided if 

interior heat is moved subsolidus convection (Schubert et. al., 

1981), which may be realistic and applicable for a low viscosity 

mantle. This would result in a dominantly solid planet, a moderately 

homogeneous mantle, and possibly less outer shell heating. 

The details would work as depicted in Figure 33. Tidal 

dissipation would occur uniformly within the dominantly silicate body 

of the planet. In the deep mantle, temperatures would rise and mantle 

viscosity would b~ reduced, thereby enhancing subsolidus convection 

velocities. Near the outer layers subsolidus convection would not be 
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favored, because the temperatures and rheology would be inhibitive. 

Consequently, heat must travel the remaining distance either by 

conduction or by convection. The subsolidus convection would deposit 

heat at the top of the convection cells to initiate melting at the 

bottom of the outer silicate layers of the planet. The resulting 

melts could be erupted toward the surface, yielding a more efficient 

and rapid transfer of internal heat than by conduction alone. The 

process avoids altogether large scale melting, and heat transfer takes 

place by a combination of subsolidus convection, convection of 

silicate magmas and convection of sulfur melts. A relatively minor 

component of the heat flow (- O.1'fo) from the top of the zone of the 

partial melting is transferred to the surface by conduction (Fig. 34). 
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results o.~ the numerical experiments. 



CHAPTER 9 

CONCLUSIONS 

Several aspects of the volcanology and structure of 10 have 

been examined, and a model. for the origin of the observed 

distribution, lifetime and temperature of plumes and hot spots is 

proposed. 

The calderas of 10 are currently more numerous in low latitudes 

than in high latitudes and have typical diameters in the 30 km to 60 

km range. Average distances between calderas is 233 ± 103 km which 

may be indicative of the depth to the responsible magmas or thermal 

source for volcanism. And caldera clusters occur at intervals of 

about 500 km which may be the width of typical mantle convection cells. 

Calderas have interior structures which are generally circular 

and which suggest structural control by ring fractures formed during 

collapse. In addition, smaller calderas within primary calderas are 

often displaced toward the boundaries of the enclosing caldera walls, 

suggesting continued evolution after initial caldera collapse, and 

indicate concentration of activity toward caldera-marginal fractures. 

This is also true of interior dark deposits which may be the result of 

the most recent activity. 

Using model temperature profiles for various albedo deposits on 

the caldera floors, it is found that the average caldera floor is 

covered by the darkest, and possibly hottest, deposits over about 10% 

of the floor area. -2 The observed heat flow from 10 of about 1 Wm 
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can be accounted for if 10% of the area of all calderas is covered by 

hot areas with temperatures between - 500 K and - 600 K. 

Where the resolution is adequate to determine the source, 

plumes appear to originate near the margins of calderas. This is 

consistent with the observed structure of calderas which also 

indicates that effusive activity is common on caldera margins. Plumes 

o and plume deposits are confined to within 50 of the equator, as are 

dark-floored calderas. 

The mountains of 10 are important to interpretations of the 

lithospheric structure. If they are non-volcanic, then about a 30 km 

solid crust is necessary to support the tallest (approximately 10 km 

high) . If the mountains are volcanic, then hydrostatic arguments 

suggest that source magmas of silicate composition were delivered to 

the summit from a depth of greater than 100 km. 

The main purpose of this study has been to examine the 

emplacement and interaction of silicate magmas with a sulfur-rich 

crust. Because of the extreme probability of silicate melting in 10 

and sulfur-rich crustal upper layers, the interaction of silicate 

melts with sulfur near the surface (5-10 km) is extremely likely. And 

due to the complexity of interaction and alteration that may take 

place at the chemical interface between the sulfur crust and silicate 

subcrust, the density and chemical change between the sulfur and 

silicate crust may be gradual. 

Silicate magmas will rise through the silicate lithosphere 

until they encounter either lower density altered silicates or sulfur 

near the crustal interfaces. Sulfur and sulfur compounds dominating 
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the upper crust will be unable to support vertical dikes of silicate 

magma and intrusions will tend to spread out parallel to the sulfur 

crust-silicate crust interface in the form of laccoliths. For 

laccoliths no larger than average caldera dimensions and less than 100 

m thick at their centers, the depth to the source of the magma will be 

between 40 and 300 km, depending on the exact diameter of the 

laccolith. The concentration of tensile stress near the margin of the 

laccoli th may provide channels for sulfur melts and vapor, as well as 

pre-stressing the sulfur crust such that caldera collapse may take 

place along these fractures. This may account for the tendency for 

post-caldera collapse eruptions to occur on the caldera margins. 

Thermal models of cooling rates for ponded hot sulfur suggest 

that surface flows and ponds may be no more than several tens of 

meters thick. Sulfur flows, or ponding 100 m thick, takes far longer 

to cool than the time scale of apparent albedo changes of hot spots on 

Io. However, data regarding changes at hot spots are sparse. 

When the silicate intrusion encounters sulfur crustal materials 

it will either melt the sulfur or vaporize it depending on the 

temperature of the silicate magma and the temperature of the sulfur 

crust prior to contact with the magma. Probable contact temperatures 

are on the order of 700 K which is about. the vapor temperature of 

sulfur. Thus sulfur vapor at or near 1500 K as assumed in earlier 

thermal kinetics papers on plume mechanics is unlikely, and the upper 

limit will probably be close to 800 K. This is near the upper limit 

for hot spot temperatures observed by Voyager and earth-based thermal 

studies. Thus volcanic plumes 011 Io may be the 
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result of hot silicate intrusions vaporizing sulfur crustal material. 

The probable lifetime of large plumes may be of the order of several 

weeks to several months, which is best duplicated in thermal models 

with silicate intrusions no more than several tens of meters thick. 

Four to ten such eruptions per year would account for the observed 

heat flot., given magma temperatures of 1500 K and 1200 K respectively .. 

Because the temperature of the contact depends critically on 

the pre-existing temperature of the sulfur, sulfur vapor may not be 

generated at high latitudes. At 500 north or south the surface 

equilibrium temperaures for low conductive heat flow will be about 

400 cooler than equatorial values. As the lower surface temperature 

directly lowers the temperature at depth by the same number of 

degre~s. For the assumptions of uniform heat flow, then, if the 

contact temperature was 400 above that necessary for vaporization 

at the equator, the contact temperature will be less that that 

required for vaporization at a distance of 50
0 

in latitude from the 

equator. This may account for the lack of plumes in high latitudes. 

As the requirement for S02 plumes would differ, polar plumes may be 

more S02 rich. 

In general the model of plume compositions of McEwen and 

Soderblom (1982) is consistent with the model of thermal energy 

sources discussed here. In their model, the large, short-lived plumes 

(Surt, Aten Patera, Pele) are sulfur rich, and smaller, longer-lived 

plumes (Prometheus) are S02-rich. This is consistent with the idea 

of a cooling igneous silicate intrusion. Initial cooling would be 
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rapid and subsequent cooling will be slow, so less time will be spent 

at high temperatures than at low temperatures. 

The structure of Io, in particular the regions in which tidal 

dissipation occurs, remains one of the main problems "in interpreting 

the volcanology of Io. T.he models presented here suggest a depth to 

silicate melting somewhere between 40 to 300 kID. This is based on the 

average separation of volcanoes, mountain support, and intrusion 

mechanics plus several other arguments. The preferred values are 

about 70 to 100 kID, but supporting evidence is not explicitly 

determined. The preferred model of interior structure is one in which 

the base of the sulfur crust is maintained at or near its melting 

point by efficient excess heat removal through vigorous convection. 

Silicate melting occurs at either 1200 or up to 1500 K depending on 

whether the magmas are silicic or mafic, respectively. Given the long 

hot thermal history of Io, the crust may be relatively 

differentiated. High sodium and potassium characterize some silicic 

differentiates on the earth such as alkali rhyolite and trachyte. If 

the crust of Io is silicic, this may account for the sodium and 

potassium observed in the Io orbital torus. 



APPENDIX A 

CALCULATION OF CONTACT TEMPERATURE 

BETWEEN TWO DISSIMILAR MATERIALS 

t Referring to Figure A.I, T is the plane for which the temper
m 

sture at time t == 0 is desired and is given by eq. (6.3) of Chapter 6. 

If the thermal conductivity (K) of the planes above (m-I) and below 

(m+I) are similar, and if the thickness of the slabs of material be-

tween the planes is given by 

fiX == (2a fit) 0.5 , (A. I) 

where a is K/cp, and fit is the time increment. If the two conduc-

tivities are not similar, then the thickness of the overlying ( flX
m

_
l
) 

and underlying (flXm+l) slab need to be adjusted accordingly. The 

t derivation of the contact temperature of plane T is given as follows 
m 

referring to Figure A.I. 

+c (Tt - 1 _ Tt-1)/( Xm+l + Xm_1) tan a = alb := m+1 m-l 
(A.2) 

and also 

tan a flT/6 X
m

_1• (A.3) 

Because 

Tt = t-l + fiT T m m-I 

then substituting into (A.2) and (A.3) 

Tt - 1 t-l t-I 
Tt == + (flX

m
_

l
) Tm+l - Tm_1 

m m-l 
t:.Xm+1 + flXm_1 

(A.4) 
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Fig. A.l. Geo~etry of the proof for equation (16), Chapter 6. 
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or expanding 8X, 
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Tt = Tt - 1 + (28ta )0.5 (Tt - 1 _ Tmt_-l1)/(2am+l 8t)0.S 
m m-l m-l m+1 

(A.S) 



APPENDIX B 

TABLE OF CONSTANTS USED IN CALCULATIONS 

T (melting 
m temperature) 

T (vapor 
V temperature) 

(thermal 
K conductivity) 

(thermal 
K diffusivity) 

(heat 
~ capacity) 

(thermal 
Cl expansion) 

(typical 
U viscosity) 

p (density) 

10 constants used: 

radius 

gravity 

density 

sulfur 

385 K 

4 -1 -1 -1 4.5xlO erg em K a 

-3 2-1 2.5xlO em s 

6 -L-1 9.5xlO erg g l{ 

1.8 - 2.0g em-3 

8 
== 1.82xlO cm 

-2 
= 179 em a 

-3 
a 3.51g cm 

137 

silicate 

1200-1500 K 

5 -1 -1 -1 2xlO erg cm K a 

-3 2-1 5.3xlO em s 

2.5 - 2.7g cm-3 



APPENDIX C 

DERIVATION OF DIFFERENCE EQUATIONS AND 

METHODS OF THERMAL CALCULATIONS 

The relevant differnetial equation for one-dimensional transient 

heat flow is 

( C.l) 

The object is to reduce this to a finite-difference equation suitable for 

calculating thermal transient profiles. Calculation equations are made 

by replacing the derivatives of temperature in the differential equation 

by estimates of their values. The difference solution begins by dividing 

the system into slabs of thickness ~X (Fig. C.l) and denoting time incre-

ments such that t-l is the present, and t is one time increment in the 

future (t-l + ~t, where ~t = 1). The actual thermal profile in Figure 

t.l is shown as a solid line, and is approximated with the dashed straight 

line. 

The heat balance between planes is as follows. The average tem-

perature gradient in the section between planes m and m-l is 

(C.2) 

Likewise, for the lower slab the average temperature gradient will be 

(C.3) 

Thus the internal energy of plane m will depend on the heat balance from 

energy entering or leaving from slabs above and below. In other ~vords, 

in Figure C.l, the net heat flow from adjacent planes tmvards plane m 
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Fig. C.l. Conceptual basis for finite difference solution of the 
differential equation of transient heat flow. 
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during each time increment must equal the increase in internal energy of 

material at plane m, 

t 
cp~X (T 

m m 

1 ~t 

(C.4) 

The terms to the left of the equality are energies, and the term to the 

right specify internal heat contained. Solving for T!, which is the next 

or future value of temperature at m, then we get 

T! = T!-l 1-2(~t/cp~X2) + (~t/cp~X2)(T!=i + T~i) (C.S) 

Further reduction by letting (~t/cp~X2) = 1/2 simplifies this so that 

the calculations are simple two operation step-wise arithmetic procedures 

(equation 6.3, Chapter 6). A sample calculation is shown for Figure 2.3, 

a 10 m thick sulfur lava lake cooling by conduction in Table 3.1. The 

lake is divided into slabs, each one meter thick and the surface is 

assumed to chill immediately (with respect to t) to 130 K at the start 

of the calculation. 

These calculations were simple emough to perform on a desk cal-

culator (HP-41), especially in the examples plotted here inwhich a small 

number of slabs were used. For the convective analysis in Figure 23B 

and Figure 27 two different methods of iteration were used. For Figure 

23 slab sinking was modeled by replacing the lower two nodal planes of the 

lava lake by the upper most two nodes at the beginning of each iterative 

calculation. For Figure 27, all nodal planes above the silicate intrusion 

(within the sulfur crust) and above the melting temperature of sulfur 
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were replaced by displacing all overlying nodes down as many nodes as 

where above the melting temperature. In other words, if at the end of 

a previous calculation 3 nodes were above 390 K, then the values of 

temperatures in the overlying nodes where displaced downward 3 nodes 

and the iteration commenced once again. This simulated eruption of all 

material above 390 K to the surface and away from the contact. 

Because the expression (~t/cp~X2) contains terms that are depen-

dent on thermal properties of the material the thickness of slabs must 

change across boundaries inwhich thermal properties change. Because 

K/cp of sulfur is lower than that of silicates, then ~X must become 

thinner in the sulfur crust. 
2 

Equation 6.3 (Chapter 6) assumed (K~t/cp~X ) 

= 1/2, so in order for ~t to remain the same across a chemical interface 

~x must be 

(2K~t/cp)0.5. (C.6) 

As a result, in calculating the thermal profiles for sulfur-silicate 

magma contacts, the slab thickness was made thinner in the sulfur than 

in the silicate magma (see Figure A.1). 

Program calculations proceedly roughly as follows: (1) calculate 

node number N = m-1+1, where m-n is initially set such that m-n« m (far 

above the contact plane, m), (2) if m-n< m, let ~x = ~X (sulfur), (3) 

calculate temperature using equation (6.3), (4) when N=m-n+1=m, calculate 

temperature using equation (6.4), (5) when N> m calculate temperature 

using equation (6.3), and set ~x = ~x (silicate). In this way the cal-

culation steps downward from arbitarily high in the sulfur crust through 

the sulfur-magma contact and then through the magma. 
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TABLE C.l. SAMPLE CALCULATION FOR SULFUR LAVA LAKE TEMPERATURES 

1 2 3 4 5 6 7 8 
increment t(days) surface sulfur lake sulfur crust 

0 0 130 500 500 500 500 130 130 130 
1 92 130 316 500 500 316 130 130 130 
2 184 130 316 408 408 408 223 223 130 
3 276 130 270 362 408 316 316 177 177 
4 368 130 246 340 340 362 246 246 153 
5 460 130 235 293 351 293 304 200 200 
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