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Introduction: Most mountains on Io are formed
through tectonic mechanisms, since few observed
seem to be volcanic [1-3]. Volcanism may still play an
important role in mountain formation, however, e.g.,
as indicated by the now famous degree-2 anticorrela-
tion between mountain and volcano distributions [1,4-
6]. Three major hypotheses for mountain formation
that have been proposed are a) convection-modified
subsidence, which states that burial of older volcanic
layers by new ones (subsidence) creates large, global
compressional stresses [1,7], which are modified by
degree-2 mantle convection resulting in two broad
regions each of compression and relative tension [1];
b) plume-focused subsidence, where subsidence
stresses are focused by upwelling mantle plumes im-
pinging on the base of the crust to produce isolated
mountains [8,9]; and ¢) thermally-modified subsidence,
which proposes that mountains are formed by a com-
bination of thermal and subsidence stresses, the former
created in the crust due to localized or regional reduc-
tions in eruption rates, which cause strong increased
conductive heating [4,10,11].

Here, we summarize our results from modeling
thermoelastic stresses created by eruption rate in-
creases/decreases in Io’s lithosphere (crust), and the
implications these stresses, along with subsidence
stresses, have for thrust faulting and mountain forma-
tion [10,11]. In addition, findings from a spherical
harmonic statistical analysis of the mountain and vol-
cano distributions are presented [5,6]. Given that each
hypothesis introduced above predicts different distri-
butions, these results may indicate which hypothesis is
most likely to apply to Io. Results of a statistical analy-
sis of mountain strike orientations and implications for
Io’s global stress field are discussed as well [12]. Fi-
nally, the uncertainties in our understanding of lo’s
tectonic regime are reviewed.

Thermal Stresses: [o’s heat is advected through
the crust by magma [13]. Therefore, when the eruption
rate changes, the crust’s temperature profile adjusts
and thermal stresses are produced. To determine if,
and when, thermal stresses (with or without subsidence
stress) reach failure, different rate decreases/increases
were modeled. The initial, steady-state thermal stress
produced by the temperature change due to continual
burial was also included. Our modeled crust is hori-
zontally confined and viscously relaxed at the base.
Different scenarios of the asthenospheric heat budget
as related to eruption rate changes were considered.

We found that the initial, compressional, steady-
state thermal stress is already in failure near the base
of the crust. When the eruption rate is decreased, the
region of the crust in compressional failure moves into
the lower mid-crust. The faults may then breech the
surface, resulting in mountains. Moreover, when sub-
sidence stresses are combined with thermal stresses,
the region in failure widens — a potentially powerful
condition for orogenesis. If decreasing volcanism im-
plies crustal thinning, compressional thermal stresses
in failure are forced closer to the surface, and observ-
able faulting is even more likely.

Mountain and Volcano Distributions: Convec-
tion-modified subsidence predicts that concentrations
of mountains and volcanoes should be degree-2 anti-
correlated. Plume-focused subsidence predicts moun-
tains should be adjacent to individual volcanic fea-
tures, and thus positively correlated at all degrees. Fi-
nally, thermally-modified subsidence predicts concen-
trations of mountains and volcanoes should be anticor-
related at any low degree. To determine the relation-
ship between these distributions [1], they were ex-
panded into spherical harmonics [14]. The spectral
power per degree for each distribution [15] and the
correlation coefficient per degree between the distribu-
tions [14] were calculated.

As previously shown in counting circle analyses
[1,4], mountains are distributed in two regions
~antipodal to each other (Fig. la). Spectral power
peaks at / = 2 and is statistically significant, with a
subsidiary peak at / = 1 and less power at higher de-
grees. The (normalized) volcano spectral power distri-
bution has a very strong peak at / = 2, with less signifi-
cant power at /=1 and little power for / > 3. This distri-
bution also shows two concentrations ~antipodal to
one another (Fig. 1b).

Statistical analysis shows that mountainous regions
are anticorrelated with respect to the volcanic ones at
low degrees, with greater or lesser levels of statistical
significance at degrees 1 and 2, depending on the
weighting assigned to the mountain distribution. This
is consistent, in part, with the hypothesis of Schenk et
al. [1] that mountain formation should occur in regions
that are anticorrelated from the volcano distributions
with a degree-2 pattern, because of the modification of
global subsidence stresses by large-scale, / =2 convec-
tion in the mantle, but does not obviously explain the
behavior at other low /. The anticorrelations at low
degree are contradictory to plume-focused subsidence,

2245 pdf



Lunar and Planetary Science XXXVI (2005)

-50 -30 -10 10 30 50 70

Figure 1. Hammer equal-area projections of the spherical harmonic
expansions of the a) mountains (1 < /< 4) and b) volcanoes (1 </<
6). The dots show actual positions.

because positive correlations at all degrees are pre-
dicted. Thermally-modified subsidence is consistent
with our analysis, because the predicted anticorrelation
should occur at all low degrees. There is, however, a
rising level of positive correlation at large degree (/ >
10). This is consistent with the hypothesis that, locally,
volcanism can induce tectonism and vice versa, and
thus with observations that show such structural inter-
actions [8,9].

Mountain Strike Orientations: The fact that the
mountains are concentrated into two regions
~antipodal to each other [1,4-6] indicates a natural
symmetry for the global stress pattern. We statistically
explored the mountains’ dominant horizontal orienta-
tions for patterns in a coordinate system that aligns a
“north-south” tectonic axis with the ~center of the
mountain concentrations. These patterns are tested
against that of the stress field produced in a plastically
yielding, axially symmetric cap responding to globally
uniform compression combined with in-plane com-
pression applied at the cap edge.

We find that for all reasonably sized representa-
tions of the mountain concentrations (“caps”), the
strike orientations in the region outside of these caps
are random. The orientations within the caps, however,
preferentially align with lines of “latitude” (Fig. 2).
Stress calculations in the caps predict thrust faults that
align with lines of “latitude” as well.
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Figure 2. Histogram of mountain strike orientations. Percentage
shown is the confidence with which this distribution is not random
based upon a standard chi-squared calculation. Most orientations
align with lines of “latitude.”

Conclusions: Thermal stresses produced in Io’s
crust by eruption rate decreases are large enough to
fracture the crust. When subsidence stress is included
and/or the crust thins, powerful conditions develop for
building mountains at [o’s surface. This type of forma-
tion mechanism predicts that mountains are built
where volcanism is decreasing, and therefore agrees
with the spherical harmonic analysis. Analysis of
mountain strike orientations demonstrates that moun-
tains in the concentrations are preferentially aligned
with lines of “latitude” in our rotated system (Fig. 2).
This pattern matches that produced in an elastic-plastic
“cap” responding to a global compressional stress re-
gime that combines subsidence stresses with an ori-
ented in-plane compression. The latter may be pro-
duced by enhanced volcanism outside of the caps (ob-
served) or by the basal drag induced by tidal-heat-
driven convection. The characteristics of the latter are
still quite uncertain, and so the stress levels induced in
Io’s lithosphere are as well. The very existence of
plumes in a strongly internally heated mantle is also
questionable; indeed, conventional thermal convection,
as opposed to porous flow, may not be taking place at
all [16].
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