cated peptides, two-peptide binding should
give rise to combinatorial antigens. That is,
although short peptides are probably not
immunogenic because of homology with
self short peptides (14), two short peptides
bound to a single class II MHC molecule
should be fully immunogenic from the point
of view of potential T cell-specific recogni-
tion. With respect to the binding of full-length
peptides, Bhayani and Paterson have reported
the augmentation of an IE“-restricted cy-
tochrome ¢ peptide—specific response of T cells
by a bystander nonstimulatory peptide (15).
On the basis of these results these authors
suggested that two peptides might bind to a
single IE* molecule.

Irrespective of the immunological signifi-
cance of two-peptide binding to class II
MHC o heterodimers, this possible stoi-
chiometry must be recognized in any kinetic
analysis of the reactions of MHC molecules
with peptides.
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Periodic Hot-Spot Distribution on Io

ATSUSHI YAMAJT

The Jovian satellite Io has active volcanic hot spots. The point-to-point correlation of
the hot-spot distribution indicates that the hot spots preferentially make chains. The
arrangement of the chains is periodic with a typical spacing of 120 kilometers. The
chains exhibit concordant trends with stresses imposed by the tidal deflection of the
lithosphere, suggesting that the hot spots are formed along fissures in the lithosphere.
The typical spacing may be controlled by lithosphere thickness.

HERE HAS BEEN A RAPID ADVANCE

during the past two decades in our

understanding of planetary volca-
nism (1), one of the key phenomena need-
ed to develop models of the internal struc-
ture and evolution of terrestrial planets. In
this report, I discuss a way to investigate
the internal structure by looking into the
spatial distribution of volcanoes.

Since the Voyager missions discovered
active volcanism on Io, many tens of hot
spots have been identified from imaging
data (2, 3) (Fig. 1). Io is about the size
of Earth’s moon (R}, = 1820 km). How-

Department of Earth Sciences, College of General Educa-
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Fig. 1. Mercator projection of

ever, infrared observations show that the
satellite discharges as much energy as
Earth, and most of the energy emanates
from the hot spots (3, 4). Jupiter’s power-
ful tides bend and flex the interior of Io as
it moves in an eccentric orbit, resulting in
frictional heating in the interior and active
volcanism (5). The tides tend to deform the
satellite into a triaxial ellipsoid. The tides
with the ellipsoidal symmetry are the en-
gine of Io’s tectonics; therefore, the sym-
metry of surface tectonic features would
suggest the dynamic processes going on at
depth.

I examined Io’s hot-spot distribution us-
ing the self-correlation function of discrete
points.  Self-correlation is defined as

hot spots in the eastern hemi-
sphere of Io where Voyager im-
ages have the best resolution
(3). Closed circle, hot spot; thin
line, arc on a small or great
circle; thick line, stress trajecto-
ry induced by the migration of
the tidal bulges (16). The X and
Y axes point to Jupiter and the
trailing direction of the orbital
motion, respectively. The Z axis
points to Iographic north.
Three groups of small circles are
drawn with the poles 10°N,
133°E; 57°S, 74°E; and 33°S,
7°E. The angular distance be-
tween the small circles is con-

45N

+45°s

stant for each group.

180°E
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for a function h(_x) (6). The position of the
ith hot spot is denoted by p,, so that

N

hoo = (LN) 28 -p)  (2)

is an expression of the hot-spot distribution

where 3(x) is the delta function and N is the

number of hot spots. For the distribution A(x),
we obtain the self-correlation:

1 N
Co= = Soax-@-p)l (3
i

which I call the point-to-point correlation
(PPC). Figure 2 shows a graphical expression
of the correlation. The PPC corresponds to the
disposition of the terminal points of r; = p; —
p; for all the couples of i and ; with the initial
point moored at one position (Fig. 2) (7, 8).
Given a certain point p;, the r;; values coincide
with the positions of the hot spots just trans-
lated by p;, so that a calculation of the PPC
involves the translations of the points. If there
is periodicity along a certain direction in the
hot-spot distribution, the density of the termi-
nal points shows periodic maxima along that
direction. Even if the periodic structure has
undergone phase modulation, the repre-
sentative spacing would be marked by the
maxima at the sides of the origin r; = 0. In the
case where there is no correlation in the distri-
bution, the terminal points would be randomly
plotted and their density would exhibit spher-
ical symmetry.

Figure 3 shows the plot of PPC for the hot
spots on Io (9). The plot is by no means
randpm but exhibits an amount of regularity
that is surprising in view of the dispersed
hot-spot distribution. There are linear clusters
across the plot in Fig. 3A as indicated by the
arrows, implying that the hot-spot loci have
long-distance correlation (~2 Ry,). In fact, the
linear patterns are side views of planar clusters.
The central part of the PPC is taken at close-up

to show the short-distance correlation
(Iry| < 0.5 Ry,) that brings out the pattern of a
lattice with regular spacings (Fig. 3, B and C).

There are a number of planar clusters in
the plot; however, they can be classified with
orientations. The planes are just like lattice
planes in a crystal. The geometrical implica-
tion of parallel clusters is simple: the hot-
spot distribution is periodic. The points in
the clusters correspond to either centérs or
junctions.of polygons on a sphere (Fig. 4).
The globe is accordingly paved with poly-
gons; in other words, hot spots make chains
(Fig. 1). The distance between planar clus-
ters, A, represents the spacing between the
chains. The spacing ranges from 60 to 150

90

Fig. 2. For the case where
there are four points on a
sphere (shown by the vec-
tors Py, P2, P3, and P+ in the
left panel), their PPC is
made by plotting terminal
points of the vectors r; = p;
— P (j =123, or4)
with the same initial point
(right panel).
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Fig. 3. Stereoscopic pairs showing PPC. Square, triangle, and circle show the direction of the X, Y, and
Z axis, respectively. (A) Plot of all the vectors r; for the hot spots with the marks of X and Z directions
at the distance 2 Ry, from the center of the plot, viewed from the —Y direction. Arrows indicate planar
clusters. (B and C) Short-distance correlation of the hot-spot distribution (|r;| < 0.5 Ry,), showing
planar clusters with the poles 33°S, 7°E; 10°N, 133°E; and 57°S, 74°E. The periodic hot-spot chains
that correspond to those clusters are shown in Fig. 1. The distance of clusters from the origin r; = 0
is shown.
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km, with 120 km the typical spacing.

Self-correlation is independent of phases.
This makes the method robust to phase
modulation (6, 7). Phase modulation in the
periodic distribution is shown by the dislo-
cations of the lines of hot spots in Fig. 1.

The precision of the positions of the hot
spots delimits the resolution of the present
analysis at 32 km (= angular distance 1°). The
positions are determined to a precision of 1°
(10). If we use Cartesian coordinates for lati-
tude and longitude, the spots are plotted at
some of the grid points that align at intervals of
1°. The grid pattern is periodic; however, lati-
tude and longitude are actually curvilinear co-
ordinates, and curvature has the same effect as
phase modulation in detecting periodicity. The
present method is robust to phase modulation.
Consequeritly, the grid pattern is mapped into
a lattice in PPC with 32-km spacing.

Looking into the fine structures in the PPC,
we see that the short-distance correlation is a
more useful approximation than the long-dis-
tance correlation because the global distribu-
tion of the identified hot spots would be
strongly biased by the heterogeneous resolu-
tion of the Voyager imaging data. Until the
forthcoming Galileo mission, which will make
more complete global mapping, the short-dis-
tance correlation is appropriate to investigate
the organized distribution of hot spots. In the
short-distance PPC, points gather about the
XY plane so that there are a number of hot
spots with closely spaced latitudes. However,
there is only the pseudoperiodicity with 32-km
intervals in this group (Fig. 3B). Although
statistical significance is not quantified, there
are three groups of parallel clusters with large
populations and remarkable periodicity in the
PPC (Fig. 3, B and C). The hot-spot chains in
Fig. 1 correspond to these clusters.

The volcanic features are geologically young
because of the fast sedimentation of volcanic
matérials at a rate of 0.1 to 1 cm year™* (11).
The volcanic features are as high as 0.1 to 1 km,
so that extinct volcanoes may be buried within
10* to 10° years. The organized hot-spot dis-
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Fig. 4. Schematic showing that points at the
centers of a polygonal network on a sphere (upper
panel) are mapped into planar clusters in their
PPC plot (lower panel). The distance between
clusters, A, represents the diameter of the poly-
gons.

tribution is, whatever the mechanism for it,
indicative of the recent tectonics of To.

There could be two explanations for the
distribution. First, if hot spots are the sur-
face expression of rising plumes in the man-
tle as they are on Earth (12), organized
Bénard convection in the asthenosphere
gives rise to a clear correlation (13). In this
model, the polygons are the manifestation of
convection cells, and the diameter of the
polygons suggests that the thickness of the
convection layer is tens of kilometers, for cell
size in Bénard convection is usually a few
times the thickness of the convection layer.
However, it remains unexplained what de-
termines the alignment of the polygons.

The other explanation is that the hot-spot
volcanoes make an array along fissures in the
lithosphere, for fracture systems often show
parallel and regular spacings. For the fissure
model, we could expect azimuths of the
hot-spot chains to be controlled by stresses
in the lithosphere that are imposed from
within and without the satellite. We know
little about the intrinsic stress. Extrinsic
stress is dominated by Jupiter’s tide. The
major axis of the tidal ellipsoid lies on the
instantaneous Io-Jupiter line. The orbital
eccentricity forced by resonant interaction
with the other Galilean satellites presumably
gives an angular velocity to the spinning of
o that is slightly faster than that of the
orbital motion, resulting in the westward
migration of the tidal bulges (14). The mi-
gration induces long-term stresses in the
lithosphere (15). The thick lines in Fig. 1

'show the trajectories of the greatest com-

pressive stresses in the lithosphere (16). Ex-
tension fractures tend to form nearly parallel
to the trajectories (17). Many of the chains
exhibit concordant orientations with the
stress field. Schaber (18) reported a number
of lineaments and grabens with a variety of
azimuths on Jo. In addition, he described
lava flows from fissures, which are nearly
parallel to some of the chains.

Accordingly, the fissure model seems more

probable than the convection model. If this is
correct, the typical spacing between the chains
may be controlled by the lithosphere thickness,
because fracture spacing is strongly dependent
on the thickness of the brittle layer (19).
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