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Introduction: Io is a remarkably complex volcanic 

and tectonic world. Replete with towering mountain 
blocks [1] and lava flows that cover virtually the entire 
surface [2], Io’s internal heat energy is supplied by tidal 
interactions with Jupiter and its neighboring moons [3]. 
Chief among the satellite’s most notable landforms are 
the paterae, broad depressions commonly filled with 
lavas and which are distributed across the surface [4]. 

The largest patera on Io is Loki, situated in the moon’s 
eastern hemisphere. Some 203 km in diameter [4], this 
patera features a prominent “island” in its center [5]. Dark 
lines that cross this island are suggestive of tectonic 
lineaments—in which case, this island is a fractured 
crustal block. If so, this block gives us valuable insight 
into the tectonic state of Io’s lithosphere. 

The Loki Patera Island: Seen with the Voyager 1 
Imaging Science Subsystem narrow-angle camera data, 
the island is distinctly polygonal in outline and 
measures approximately 125 × 105 km in spatial extent 
(Figure 1). A prominent lineament about 85 km long 
strikes ENE across the island, with two additional linear 
features (55 and 30 km long, respectively) striking to the 
SW and abutting the first. Each of these linear features 
is ~2–3 km across, and morphologically consistent with 
extensional tectonic structures. By that argument, these 
lineaments are either tensile fractures (i.e., joints), or 
paired, antithetic normal faults (i.e., graben). 

The NE margin of the island shows a kink consistent 
with the upper portion of the island being translated to the 
SW by left-lateral fault motion (see arrow in Figure 1 
inset). Smaller polygonal “islands” are present to the NW 
and SW of the larger block, and the dark patera floor is 
dotted with bright spots that may be locally high-standing 
topography and/or surface deposits [6]. 

Near-Infrared Mapping Spectrometer (NIMS) data 
returned by the Galileo mission indicate that both the 
patera floor and the material within these fractures are 
warmer than the island and the plains surrounding the 
patera [5]. Moreover, comparison of image data of Loki 
Patera from the Galileo and Voyager missions indicate 
that the island and its constituent fractures show no 
resolvable change in position or size over the 
intervening years [5]. Together, these observations may 
reflect how at least some paterae on Io form. 

Paterae Formation: A survey by Radebaugh et al. 
[4] of ~80% of the moon’s surface imaged with Galileo 
data identified 417 paterae, of which 42% have straight 
or irregular margins. As large, irregular depressions 

overwhelmingly associated with lava flows, paterae 
have frequently been interpreted as the Ionian 
counterparts to calderas on Earth, Venus, and Mars 
[e.g., 7]. Yet calderas on those worlds form via the 
eruption or withdrawal of substantial magma volumes, 
and no such corresponding deposits are recognized 
proximal to the Ionian paterae [e.g., 8]. 

Instead, the ponding of silicate magma at shallow 
depths may undermine the overlying crust, particularly 
if it is SO2 rich and porous [8]. Under this scenario, 
collapse of the magma chamber roof would be readily 
enhanced by pre-existing extensional fractures in the 
crust—such as those that cross the Loki patera island—
causing the roof to fragment and founder into the 
chamber beneath. The roof material might even be 
subsumed by lava entirely, accounting for why there are 
few similar, fractured islands in other paterae. 

Fractured Lithosphere: The fractured block in 
Loki, the finding of 42% of paterae with straight 
margins that end at sharp corners [4], and even that 
some patera walls are steep and stand kilometers tall 
(such as the margins of Chaac Patera, which are 2.7 km 
high and have slopes of 70° [4]), implies strong normal 
fault control on the formation of at least some paterae. 

Figure 1. Loki patera and its central island. The inset shows 
a structural sketch of the fractured block. Major extensional 
fractures are shown with thick black lines; squares denote 
inferred normal fault footwalls. This is a portion of the 
global, 1 km/pixel Voyager–Galileo merged color mosaic. 
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And there are reasons to expect substantial 
extensional deformation of the upper Ionian lithosphere. 
Temporally and spatially localized waning of volcanic 
activity could lead to large, horizontally compressive 
stresses at depth but extension of the upper crust [9], and 
deep-seated thrust faulting also yields normal faulting at 
the surface [10]. These normal faults may penetrate to 
depths of several km [10], consistent with the great 
heights and slope angles of the Chaac Patera walls, for 
example. Such fractures would efficiently conduct 
ascending magma to the surface, and are more likely to 
form than thrust faults in the first place, given that rocks 
are weaker in extension than in compression. 

Of course, thrust faults are widespread on Io, with 
the straight margins of the moon’s enormous mountain 
blocks also taken as evidence of tectonic control [1] 
(Figure 2); these mountain-bounding fractures are 
thought to be high-angle thrust faults [11]. Yet, even 
within these uplifted blocks, there is considerable 
extensional deformation, manifest as the scarp-parallel 
lineaments on the back scarps of the Hi’iaka Montes 
[12], for example (Figure 2). It may be, then, that the 
upper lithosphere of Io features a pervasive fracture 
network formed by a combination of tidal, subsidence, 
and thermal stresses [9]—with large, deep-seated thrust 
faults and widespread normal faults dominant at deeper 
and shallower crustal levels, respectively, and fault 
reactivation leading to localized instances of strike-slip 
motion, transpression, and transtension [12]. 

Implications for Io: A highly extensionally 
deformed upper, brittle lithosphere on Io accounts for 
several separate but related sets of observations. To wit, 
extensional structures: 

1) Explain why the central island in Loki has a 
polygonal outline and appears dissected by fractures, 
because it is a formerly coherent block atop the patera 
magma chamber that broke apart as that chamber, and 
the patera, grew [8]; by this interpretation, the island 
block has behaved in a mechanically similar way to 
fragmenting pack ice; 

2) Account for the straight margins of a substantial 
number of Io’s paterae [4], with pre-existing joints and 
normal faults in the crust forming the boundary(ies) of 
paterae as shallow magma chambers erode and cause to 
collapse the overlying roof material [8]; 

3) Provide ready conduits for magma to reach the 
surface; indeed, normal and transtensional faulting is 
more conducive to magma ascent than thrust faults, given 
that crustal shortening results in negative elongation 
whereas extension opens accommodation space; and 

4) Might offer planes of weakness for the mountain 
blocks to move up along—at least, originally: Schenk 
and Bulmer [11] proposed that uplifted blocks rise along 
“deep-rooted, high-angle reverse faults...” but, for 
horizontal compression, thrust faults form with low dip 
angles. Ahern et al. [12] drew a comparison between 
Io’s mountains and Laramide-type uplifts in the western 
United States, which are bounded by high-angle thrusts. 
But those Terran structures are reactivated normal faults 
that originally formed via crustal extension [e.g., 13]. 

Outlook: The finding of joints, normal faults, and 
graben at scales smaller than can be resolved by Voyager 
and Galileo images; of fault linkage along patera margins; 
and of features such as the Loki island having in fact 
moved, would support the view that Io’s upper 
lithosphere is heavily extensionally fractured. Future 
flyby or orbiter missions to Io would return sufficiently 
resolved images to test this hypothesis. 
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Figure 2. Extensive lineaments mark much of the plateaux of North and South Hi'iaka Montes (white arrows), two notable 
mountain blocks on Io adjacent to Hi'iaka Patera. The base image is Galileo SSI observation I25ISTERM01b (360 m/pixel). 
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