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Pre-Galileo Exploration

Pioneer 10, 3 Dec 1973
~321,000 km

Pioneer 11, 3 Dec 1974
~587,000 km
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Europa as seen by Pioneer 10



Pre-Galileo Exploration

Pioneer 10, 3 Dec 1973
~321,000 km

Pioneer 11, 3 Dec 1974
~587,000 km

Voyager 1, 5 March 1979 
2,870,000 km
30-100 km/line pair
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Europa as seen by Voyager 1



Pre-Galileo Exploration

Pioneer 10, 3 Dec 1973
~321,000 km

Pioneer 11, 3 Dec 1974
~587,000 km

Voyager 1, 5 March 1979 
2,870,000 km
30-100 km/line pair

Voyager 2, 9 July 1979
C/A ~205,000 km 
~20% @ ≥4.5 km/line pair
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Lucchitta and Soderblom (1982)



Voyager 2
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Lucchitta and 
Soderblom (1982)Voyager 2
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Lucchitta and Soderblom (1982)

Shaded relief map from Voyager data
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Lucchitta and Soderblom (1982)

Pixel scale Galileo coverage
≤6 km 82%
≤900 m 15.3%
≤200 m 0.54%
≤10 m <10 images
≤1 m none
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Geologic map of Europa (Leonard et al. 2024)
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Leonard et al., Global Geologic Map of Europa, 2024, https://www.usgs.gov/maps/global-geologic-map-europa
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Internal structure
Gravity measurements indicate differentiated 
interior: metallic core, rocky mantle, solid/liquid 
water layer ~80-170 km (Anderson et al. 1998)
Magnetometer showed changes in magnetic 
field consistent with current-carrying outer shell, 
e.g., global-scale ocean (Kivelson et al. 2000)
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Geological features 
appear consistent with 
ice shell overlying 
liquid water ocean

Kivelson et al. 2009

Schubert et al. 2009



Europa’s unique geology:
Bands, tectonic ridges, fractures
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most primitive form of cycloidal feature is ob-
served as a crack or trough (Fig. 2). These
features appear not to have undergone any sub-
sequent modification. Cycloidal features are
more commonly observed in high-resolution
Galileo images as double ridges (Fig. 3) [class
1 in Greenberg et al.’s (6) taxonomy], includ-
ing those imaged by Voyager. Double ridges
are the most common form of tectonic feature
observed on the surface of Europa. If double
ridges evolve from cracks in the ice, as pro-
posed by all ridge formation models for Europa
(6, 9–11), then the presence of cycloidal double
ridges suggests that their shape represents the
shape of the initial crack. Other arcuate features
show evidence of lithospheric dilation or
spreading of the crust (Figs. 3 and 4). Examples
of arcuate features that have been pulled apart
include wedge-shaped bands (12, 13) and
Thynia Linea (14). Even the enormous strike-
slip fault Astypalaea Linea may have been ini-
tiated as a cycloidal crack. Improved observa-
tion of the surface of Europa has provided
evidence that cycloidal features are not restrict-
ed to any portion of the satellite. Previous mod-
els for the formation of cycloidal and other
arcuate features depended on compression and
thrust faulting (3, 7), including an analogy to
island arcs on Earth (15). Galileo observations
of these features show no evidence of compres-
sion or subduction along them (Figs. 2 and 3).
Here we show how cycloidal features may form
as tension cracks, with their form being con-
trolled by the diurnal variation of tides (16).

As Europa orbits Jupiter, the amplitude
and orientation of its tidal bulge vary with an
85-hour period due to Europa’s orbital eccen-
tricity. The consequent diurnal stress varia-
tions were computed (6) with a model that
assumes an ice shell on top of a global ocean,
which allows a !30-m change in tidal am-
plitude over 42.5 hours (6). The magnitude of
the tidal stress is proportional to "(1 # $)/

(5 # $), where " is the shear modulus and $
is the Poisson ratio. For water ice, plausible
values are " % 3.52 & 109 Pa and $ % 0.33
(17). On the basis of this model, the stress
field for any location on Europa at any point
during its orbit can be computed.

Cycloidal cracks may form in response to
Europa’s tides in the following way: When the
tensile strength of ice is reached, a crack forms
perpendicular to the local direction of the ten-
sile stress and begins to propagate. Because
diurnal tidal stress changes, cracks propagate
across an ever-changing stress field, in both
amplitude and orientation. Thus, propagation
can follow a curving path until it reaches a
place and time where the tensile stress is insuf-
ficient to continue the propagation (Fig. 5). The
propagation may be dormant until a few hours
later, when the stress at the end of the crack
once again exceeds the strength. At that time,
propagation continues in a direction perpendic-
ular to the new orientation of tensile stress. The
shape of the crack then has a cusp, because the
orientation of the tidal stress field changes sub-
stantially during the period when the crack is
inactive.

In addition to the amplitude and elastic
moduli, three additional parameters are re-
quired to model cycloidal features quantitative-
ly: (i) the crack initiation strength, which is the
magnitude of the tensile stress required to ini-
tiate cracking; (ii) the crack propagation
strength, which is the magnitude of the stress
below which crack propagation halts; and (iii)
the horizontal crack propagation speed. The
maximum diurnal tensile stress for Europa is
!40 kPa. However, most regions of the surface
are not stressed so much (6). Because cycloidal
features have been observed at numerous loca-
tions on Europa, we assume a crack initiation
strength of 25 kPa, which would allow crack
formation to be widely distributed. We assume
that the crack propagation strength is 15 kPa,

given that a crack is already initiated and fits the
observed geometries of cycloidal features.
Crack propagation stops when tensile stress
drops below 15 kPa. Finally, we adopt horizon-
tal crack propagation of 3 km/hour, for which
the rotating orientation of the diurnal stress field
generates curvature similar to that observed.
This speed is also consistent with the forma-
tion of cusps spaced between 75 and 150 km,
as observed; however, this speed is much
lower than that of elastic cracks, which travel

Fig. 2. Example of
a cycloidal crack or
trough observed near
the crater Manannán
(0°N, 238°W ), with a
key at the right high-
lighting the feature
with a white line.

Fig. 3. Cycloidal double ridges [class 1 in Green-
berg et al.’s taxonomy (6)] viewed in the north-
ern hemisphere of Europa (60°N, 80°W ).

R E P O R T S

17 SEPTEMBER 1999 VOL 285 SCIENCE www.sciencemag.org1900

Argadnel Regio (1.6 km/pixel, 990 km x 510 km)



Europa’s unique geology:
Bands, tectonic ridges, fractures
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Yelland and Ino Lineae         
(420 m/pixel, 238 km x 225 km)



Europa’s unique geology:
Bands, tectonic ridges, fractures
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Agenor Linea (50 and 220 
m/pixel, 135 km x 60 km)



Europa’s unique geology:
Bands, tectonic ridges, fractures
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Astypalaea Linea 
(40 m/pixel)



Europa’s unique geology:
Tectonic ridges and fractures
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Double ridge (20 m/pixel, ~17 km x 14 km)

6 m/pixel 
(oblique view, 
1.8 km across)



Europa’s unique geology:
Chaos, pits, spots, domes
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Conamara Chaos, enhanced color 
(~200 m/pixel, 250 km x 200 km)

Conamara Chaos, enhanced color 
(54 m/pixel)



Europa’s unique geology:
Chaos, pits, spots, domes
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Conamara Chaos (54 m/pixel, 42 km x 22 km)



Europa’s unique geology:
Chaos, pits, spots, domes
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Conamara Chaos,          
(9 m/pixel, 4 km across)



Europa’s unique geology:
Chaos, pits, spots, domes
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Thera and 
Thrace Maculae 
(220 m/pixel, 525 
km x 300 km)



Europa’s unique geology:
Chaos, pits, spots, domes
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Pits, spots and domes (180 m/pixel, 140 km x 100 km)Murias Chaos (235 m/pixel, 175 km x 180 km)



Europa’s unique geology:
Complex cross-cutting relationships
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Castalia Macula (50 m/pixel)



Europa’s unique geology:
Complex cross-cutting relationships

8 December 2025 Z Turtle – Galileo at 30 ! 2326 m/pixel, 16 km x 7 km



Europa’s unique geology:
Formation processes
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Daubar et al. 2024
Figure by G Collins

272 Europa

which shows for each combination of model and observa-
tion whether there is a natural explanation, whether special
circumstances are required, or whether the model does not
plausibly explain that observation.

8.1. Melting Through the Icy Shell

The visual similarity between chaotic terrain and terres-
trial pack ice inspired some to consider models in which
the plates are the equivalent of tabular icebergs floating in
an underlying ocean, and the matrix is composed of lower-
lying sea ice formed as the top of that ocean froze (Fig. 16a)
(Carr et al., 1998; Greeley et al., 1998). This is envisioned
to happen as a result of a heat source at the base of the icy
shell melting the overlying ice, creating a hole melted
through the ice and exposing the ocean below (Greenberg

et al., 1999; Thomson and Delaney, 2001). If the plates
observed in Conamara Chaos were free-floating icebergs,
their heights would indicate that the ice in those blocks was
0.5–2 km thick at the time they froze into the surrounding
matrix (Williams and Greeley, 1998).

The model of Greenberg et al. (1999) begins with the
first stage of melting, thinning the ice crust and producing
a pit. If melting progresses at a constant rate as the melting
front reaches the surface, then topographic highs such as
ridges, which may be isostatically supported regions of
thicker ice, would be the last areas to melt and may be
preserved as the floating plates within the chaotic terrain.
However, as the melting front nears the surface, its propa-
gation speed will be inversely proportional to its proximity
to the surface, due to thermal conduction through the ice
and radiation of the energy into space, so in actuality the

Fig. 16. Illustration of candidate chaotic terrain formation models: (a) melt-through; (b) diapirism; (c) brine mobilization driven by
diapirism; (d) brine mobilization driven by partial melt-through; (e) sill formation; (f) impact. See text for explanation of the models.Collins and Nimmo 2009 Barr and Nimmo 2029



Europa’s unique geology:
Impact structures
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Camulus (4.8 km diameter)

Dylan (5.1km diameter)

Schenk and Turtle: Europa’s Impact Craters 183

2.2. Craters on Europa

2.2.1. Simple craters. Extrapolation of the observed
Voyager crater population suggested that Europa should
have a significant population of kilometer-sized craters. In
the 20% or so of the surface mapped at better than 500 m
resolution, Galileo observed several thousand craters. Many
of these are smaller than 1 km across and appear to be dis-
persed secondary craters (Bierhaus et al., 2001). We con-
fine ourselves to craters larger than 1 km in diameter. Sim-
ple bowl-shaped craters are common at diameters <4 km
but few were observed at resolutions great enough to make
out morphologic details. Niamh (D ~ 4.5 km) is one of the
best-resolved examples (Fig. 2). Simple craters on Europa

have mean depth/diameter ratios of ~0.17 (Schenk et al.,
2004). They are the only simple craters on the icy satel-
lites, including Enceladus, which have depth/diameter ratios
of less than 0.2, the lunar value (Pike, 1977). The origin of
this anomaly is not understood.

2.2.2. “Normal” complex craters. The population of
known impact craters larger than 10 km across on Europa is
very limited (Fig. 3; Table 1). Nonetheless, we can see that
those craters <15 km in diameter or so have morphologies
consistent with those on the other Galilean satellites. The
dominant morphology at diameters between 4 and 20 km
is that of central peak craters. Examples (Figs. 4 and 5)
include Grainne (D ~ 14 km), Cilix (D ~ 19 km), and Maeve
(D ~ 21 km). These craters are indistinguishable from simi-
larly sized craters on Ganymede and Callisto. Complex cra-
ters on Europa feature narrow rimwalls similar to those on
Ganymede [roughly half the width of rim-walls in lunar cra-
ters (Schenk, 1991)], flat floors, and small central peaks or
peak complexes. A few flat-floored craters without central
peaks also exist in the size range 13–16 km. These include
Rhiannon (Fig. 6), first observed by Voyager. Although a
terrace or two can be seen in some of these craters (Figs. 4–
6), most notably in Cilix and Rhiannon, the narrow rimwalls
correlate with a general lack of coherent terrace wreath de-
velopment in complex craters on Ganymede (Schenk, 1991).
Hummocky rounded deposits are often seen at the bases of
these steep rimwall scarps at high resolution (Fig. 5), sug-
gesting that rimwall collapse may involve less-coherent ma-
terial than for lunar or mercurian craters.

2.2.3. Complex craters: Pwyll and Manannán. On
Ganymede and Callisto, central pit craters (Fig. 1) domi-
nate at diameters of ~40 km and larger, although examples
occur at diameters as small as 25 km. However, only three
craters larger than 25 km have been identified on Europa
(Table 1), and all have morphologies different from their
Ganymede counterparts. Indeed, at diameters greater than
~20 km on Europa, the standard complex crater landform

Fig. 2. Niamh, an ~4-km-diameter simple crater on Europa im-
aged at 30 m/pixel. Note hummocky debris on crater floor.

Fig. 3. Global map of known craters on Europa larger than 1 km. The extreme variation
in crater density is due to the large resolution range (<200 m to 4 km per pixel) inherent in
the available images used in global mapping. This nonuniformity makes determination of
possible global asymmetries and age dating impossible.

Craters >1 km diameter (Schenk and Turtle 2009)
Distribution reflects wide resolution range of imaging coverage
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Impact structures
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Grainne (13.5 km diameter)
Diarmuid (7.8 km diameter) 

Brigid (8.5 km diameter)

Maeve (20.4 km diameter)



Europa’s unique geology:
Impact structures

Large craters are shallower 
than for other icy satellites, 
interpreted as reflecting weak 
rheology in the lower crust 
during crater collapse

8 December 2025 Z Turtle – Galileo at 30 ! 27
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al. (2006) used the widths of the ring graben in Tyre and
Callanish in an attempt to constrain icy shell properties.
They estimated the depth to the brittle-ductile transition to
be 1200–1700 m and heat flows to be in excess of 100 (and
possibly 200) mW/m2. Whether these estimates are realis-
tic remains to be seen; for comparison, estimates of elastic
lithospheric thickness based on loading over much longer
timescales by europan ridges average ~200 m (Hurford et
al., 2005).

3.3. Depth Versus Diameter

The rim-to-floor crater depths of larger craters on Europa
are shallower than smaller complex craters, in contrast
with the canonical trend of increasing depth with diame-
ter observed on all other planets (e.g., Pike, 1974, 1988;
Schenk, 1989, 2002). This rollover in the depth/diameter
curve (Fig. 17) occurs within a narrow diameter range (8–
12 km). It also occurs at diameters smaller than those for
which morphologic disruption occurs. Cilix, for example,
is shallower than would be predicted for its diameter, al-
though it displays no obvious anomalous morphologies. The
multiring features have relief of 100 m or less, as confirmed
by the new stereo results of Callanish (Figs. 11a,b).

As discussed in section 2.3, the shallow topography of
complex craters is probably not a viscous relaxation effect,
but rather a direct result of crater collapse, consistent with
numerical simulations (Turtle and Ivanov, 2002) and mor-
phological interpretation (Kadel et al., 2000). Pwyll is the
youngest complex impact crater known on Europa, with a
bright ray system that extends several thousand kilometers
(Fig. 8d) (e.g., Bierhaus et al., 2001). Viscous relaxation
could proceed on relatively short geological timescales in
sufficiently warm ice, but relaxation preferentially preserves
short-wavelength morphologic features despite reduction in,

or complete removal of, long-wavelength topographic am-
plitude (e.g., Parmentier and Head, 1981) and when seen
elsewhere has not been observed to disrupt central uplifts
or destroy rim coherence (e.g., Passey, 1983; Dombard and
McKinnon, 2006; Schenk, 2006). Therefore, the anomalous
appearances of the rims and central structures in these cra-
ters, and by association crater depth, must be the result of
collapse and modification processes, which occur on time-
scales of minutes (e.g., Melosh, 1989), rather than millennia.

The most likely origin of the depth/diameter rollover is
that, as crater size increases, the excavation cavity and the
hemispheric zone surrounding it (which is involved in the
modification process) penetrate more deeply into a highly
mobile layer at depth (Schenk, 2002). Thus larger craters
are more sensitive to the properties of the deeper icy shell.
Schenk (2002) argues that craters in the 8–25-km size range
exhibit an enhanced degree of crater modification due to
the very weak rheology of the warm lower part of the icy
shell, consistent with the simulations of Turtle and Ivanov
(2002). The largest impact features, Tyre and Callanish, are
formed and modified in a shell that is essentially without
strength as far as the impact process is concerned. Ring
tectonic theory (e.g., McKinnon and Melosh, 1980) requires
that these craters effectively form in a weak asthenosphere
with only a thin brittle cold surface layer that is structur-
ally negligible compared to the thicker layer underneath.
The transitions to these modified crater landforms begin
with the rollover in the depth/diameter curve at ~8 km,
related to penetration into the warm ductile center of the
shell. The transition from modified central peak craters to
multiring structures at ~30 km is related to excavation into
the lower part of the icy shell, indicating that the icy layer
may be on the order of 19 km thick (Schenk, 2002), with
an effective uncertainty of 5 or 6 km. This estimate is based
on the rule of thumb that the rheology at a given depth
affects transient craters of that scale, and is consistent with
the lower limits determined by Turtle and Pierrazo (2001)
and Turtle and Ivanov (2002) and the morphological inter-
pretation of Kadel et al. (2000).

Ganymede and Callisto are also believed to possess liq-
uid water oceans at depth (e.g., Kivelson et al., 2002, and
Khurana et al., 1998, respectively). The difference in crater
morphology between Europa and the other icy Galilean sat-
ellites may be related to the depths of these oceans (Schenk,
2002). That on Ganymede is believed to be considerably
deeper, >100 km (Kivelson et al., 2002). Thus, under pres-
ent conditions (and in the past), much larger craters would
be required on Ganymede to sense warmer ice layers or the
ocean itself. Central dome craters on Ganymede and Cal-
listo only manifest transitional morphologies at diameters
>175 km, at which point, like Pwyll and Manannán, poorly
developed rim structures are observed (Schenk et al., 2004).
Perhaps these large craters on Ganymede and Callisto also
sensed the deeper warmer layers beneath.

An important caveat to the modeling results is that al-
though the morphologies of Europa’s craters can put a lower
limit on the depth to a subsurface layer of weak material,

Fig. 17. Depth vs. diameter curve for Europa, showing rollover
at diameters >8 km. Simple craters (solid dots), central peak cra-
ters (open circles), distorted central peak craters (crossed circles),
and multiring basins (circles with error bars) are shown. Figure
modified from Schenk (2002).

100 MOORE ET AL.

FIG. 4. Digital topography models (DTM) of europan craters Cilix, Manannàn, and Pwyll have been generated from stereo coverage of these features using
a parallax-measuring image autocorrelation algorithm. The vertical exaggeration is 4 : 1. Solid lines are DTM results; dashed lines are inferred topography over
areas of no data connecting areas for which there are data. The abbreviations represent, P, pedestal; R, rim; CP, central peak; D, deposit contact. See text under
observations of individual craters and the Crater Topography section for details.

We find two obvious and interesting deposits just inside and
outside Manannàn. The inner deposit, which is largely confined
within the crater rim, forms a rolling surface that is textured with
small blocks or hills <100 m across (crater floor unit in Fig. 6,
see cf). At the margin of the deposit, near the crater rim, the
hilly texture gives way to a roughly radial texture and ultimately
a lobate margin. This marginal presentation is best seen where
this deposit is in contact with the patch of dark ejecta (Fig. 7A,
arrow). The contact here is broadly lobate. We interpret crater
floor material to be mostly impact melt that collected within the
initial cavity of the crater and in some places lapping over the
eastern crater rim (as at point “D” on theManannàn topographic
profile in Fig. 4, and Fig. 7A, arrow).
The second deposit is material seen just outside the crater rim.

We are not (yet) referring to the dark patches but instead the
thick, radially lineated deposit of continuous ejecta (continuous
ejecta unit in Fig. 6, see ce). The margin of this deposit is lobate
in many places. Individual lobes are typically 1 to 1.5 km long
and up to∼500 m wide. Examples of these lobes can be seen in

Fig. 7B (arrows). This deposit was described from E11 data as
a “pedestal” deposit by Moore et al. (1998), who proposed that
pedestal topography around craters on Europa formed by minor
glacier-like deformation of warm continuous ejecta deposits of
mostlywater ice. If this hypothesis is valid, then the lobes associ-
atedwith this depositmay representwarm, plastically deforming
ice coming from the lower portion of the deposit. Alternatively,
the lobes may be a different material emerging (draining?) from
or under the main pedestal deposit.
The dark patches on the pedestal deposit appear as coalesc-

ing radially arrayed streaks with diffuse boundaries in some
locations (Fig. 5). Surface texture within the dark patches is
similar to adjacent brighter patches elsewhere within the con-
tinuous ejecta unit, so if the dark materials are deposits they are
too thin to be resolved, or at least sufficiently thin that the un-
derlying surface shows through. The dark patches most likely
represent a veneer of primary, late-stage ejecta emplaced ballis-
tically on top of an earlier pedestal deposit, although an erosional
origin or albedo patterning in a coherent ejecta unit cannot be



Europa’s unique geology:
Impact structures

8 December 2025 Z Turtle – Galileo at 30 ! 28

Callanish (~29-47 km estimated equivalent 
final rim diameter, Moore et al. 2001)

Tyre (~44 km estimated equivalent 
final rim diameter, Moore et al. 2001)

Tegid (~28 km diam., Moore et al. 2001) 



Relative geologic timeline (Leonard et al. 2024)
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Vance et al. 2023
Artist credit: D. Hinkle



Many outstanding questions
Nature of the ice shell and ocean?

Thickness, structure, thermal profile, and internal dynamics of ice shell 
Potential for transfer of material between the ocean and the surface
Composition and habitability of ocean

Formation processes for geological features?
Role(s) of convection, intrusive, and/or extrusive cryovolcanism 
Global tectonics and relationships
Balance of extensional and compressional tectonics 

Recent or current activity?
Potential plume eruptions

Nature of silicate mantle and deeper interior

Z Turtle – Galileo at 30 ! 31

McKeown et al. 2024 
https://doi.org/10.384

7/PSJ/ae18a0

8 December 2025
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With deep gratitude to the 
entire team who designed, 

built, and operated the 
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