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a b s t r a c t
A recent study by Schmidt et al. (2011) suggests that Thera Macula, one of the “chaos regions” on Europa,
may be actively forming over a large liquid water lens. Such a process could conceivably produce a
thermal anomaly detectable by a future Europa orbiter or ﬂyby mission, allowing for a direct veriﬁcation
of this ﬁnding. Here, we present a set of models that quantitatively assess the surface and subsurface
temperatures associated with an actively resurfacing chaos region using constraints from Thera Macula.
The results of this numerical study suggest that the surface temperature over an active chaos region can
be as high as ∼200 K. However, low-resolution Galileo Photo-Polarimeter Radiometer (PPR) observations
indicate temperatures below 120 K over Thera Macula. This suggests that Thera Macula is not currently
active unless an insulating layer of at least a few centimeters in thickness is present, or activity is
conﬁned to small regions, reducing the overall intensity of the thermal signature. Alternatively, Thera may
have been cooling for at least 10–100 yr and still contain a subsurface lake, which can take ∼300,000 yr
to crystallize. According to the present study, a more sensitive instrument capable of detecting anomalies
∼ 5 K above ambient could detect activity at Thera Macula even if an insulating layer of ∼50 cm is
present.
Published by Elsevier B.V.

1. Introduction and objectives
Jupiter’s innermost icy Galilean satellite Europa appears to possess a ∼100 km deep briny ocean beneath its few-to-tens-of-kmthick outer ice shell (e.g., Greenberg et al., 2000; Billings and
Kattenhorn, 2005), as suggested by surface morphology (e.g., Carr
and et al., 1998; Hoppa et al., 1999; Pappalardo et al., 1999), and
Galileo magnetometer measurements (e.g., Khurana et al., 1998;
Kivelson et al., 2000). A wide variety of resurfacing features have
been observed, including small (< ∼10 km), dark subcircular
bumps or depressions (lenticulae), bands, ridges, regions of disrupted crust termed ‘chaos terrains’, and possible cryovolcanic features, which consist of apparent ﬂooding of portions of Europa’s
surface (e.g., Pappalardo et al., 1999). This suggests a strong possibility of ongoing endogenic activity, probably driven by tidal effects
caused by the Laplace resonance of Europa with Io and Ganymede
(e.g., Cassen et al., 1979, 1980; Greenberg et al., 1998; Hussmann
and Spohn, 2004), which is supported by a young average surface
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age of ∼40–90 Ma (Zahnle et al., 1998; Pappalardo et al., 1999;
Schenk et al., 2004; Bierhaus et al., 2009).
Many of these resurfacing events likely deliver warm material from depth to the near-surface and thus produce an associated thermal anomaly. Although the Galileo Photo-Polarimeter
Radiometer (PPR) instrument did not detect any endogenic anomalies, that may be due to its low resolution (see “Constraints from
Galileo PPR” section), and they may be detectable by a more sophisticated thermal mapping instrument on a future Europa mission. Abramov and Spencer (2008) modeled such anomalies as
bodies of warm ice or liquid water emplaced onto the surface,
predicting diurnal surface temperature variations over the thermal
anomaly, as well as detectable lifetimes, which ranged from tens to
thousands of years, depending on the initial thickness of the water
or ice layer. The study also predicted that the number of detectable
thermal anomalies on Europa should be on the order of 1 to 10, if
recent resurfacing is dominated by chaos regions and resurfacing
events occur at regular intervals.
Perhaps the biggest weakness of the Abramov and Spencer
(2008) work was that, at the time, there was a dearth of observational or theoretical constraints regarding the size or depth
of possible present-day water layers in the ice shell. This has
recently changed with the publication of Schmidt et al. (2011),
who analyzed topography and geomorphology of Conamara Chaos
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Fig. 1. Left: A nighttime brightness temperature map of part of Europa’s surface centered on Thera Macula (green outline), derived from the Galileo PPR observation 25EPDRKMAP01 taken in November 25th, 1999. Subsolar longitude was 40◦ W. The map was created by averaging the radiance observed from overlapping PPR ﬁelds of view, and
the black region results from missing data. The blue box shows the region covered by the smaller maps on the right. Right: Part of the same temperature map after subtracting the ﬂux expected from Thera Macula, assuming its nighttime temperature is 110, 120, or 130 K. An assumed Thera temperature greater than about 120 K requires
implausibly low background temperatures for the surrounding region to match the observed ﬂuxes. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)

and Thera Macula Chaos regions, and developed a conceptual
model that suggested the possible presence of a water lens ∼3 km
underneath Thera Macula that was liquid at the time of the Galileo
encounter. These new developments provide an opportunity to apply the existing thermal model to a potential actively forming
chaos region on Europa, with established constraints and estimates
of latitude, ice and water thickness, and initial temperatures, to
calculate what the thermal signature might be at the surface. The
overall goal is to assess whether the thermal anomaly associated
with Thera Macula, if one exists, is consistent with past data and
whether it could be detected (and therefore conﬁrmed) by a future
Europa orbiter or ﬂyby mission such as JUICE, which plans to conduct two ﬂybys of Europa, one of them over Thera Macula (Grasset
et al., 2013). In particular, we estimate surface temperature over an
actively forming chaos region, taking sublimation cooling into account, as well as estimate the amount of time a surface thermal
anomaly remains detectable after the active phase of formation
ceases.
2. Constraints from Galileo PPR
The Galileo Photo-Polarimeter Radiometer (PPR) mapped the
Thera region several times during Galileo’s Europa ﬂybys, but
found no signs of endogenic activity (Spencer et al., 1999; Rathbun
et al., 2010). Rathbun et al. (2010) determined the detection limits
in the highest quality PPR datasets by adding synthetic unresolved
thermal anomalies of various brightnesses to the data and noting
the brightness at which these became detectable above the background, and created separate maps for data taken in each of 3
separate ﬁlters: 17 μm, 27 μm, and an open ﬁlter. The strongest
temperature constraints come from the 25EPDRKMAP01 observation, obtained on Galileo’s 25th orbit of Jupiter on November 25th,
1999 UT, through PPR’s open ﬁlter. PPR scanned the Thera region
at night at a local Europa time of 2:40 am and an emission angle
of 50◦ . The projected diameter of PPR’s circular ﬁeld of view was
220 km × 340 km. It should be noted that actual surface kinetic
temperatures are slightly higher than the infrared brightness temperatures measured by PPR, because emissivity is less than unity

(Spencer et al., 1999). No ﬂux enhancement was seen at Thera’s location in the PPR data (Fig. 1, left). The region near Thera Macula
was mapped with a detection limit of 2 × 103 W str−1 in the open
ﬁlter (Rathbun et al., 2010), which, when adjusted for a nighttime
background temperature of 82 K and the calculated 4180 km2 area
of Thera, yields a surface temperature of 113 K necessary to output
the above power. The uncertainty in the detection limit is a factor of 2, which corresponds to an uncertainty in the temperature
of approximately 10 K. Therefore, if Thera Macula had a surface
temperature above 113 K, or 31 K above the observed background
surface temperature, across the entire feature, the PPR instrument
should have detected it. However, if only discrete regions within
Thera Macula are experiencing ongoing resurfacing, these regions
could be warmer and, with less aerial extent, go undetected.
In addition, we also employ a qualitative method of estimating
the maximum plausible temperature for Thera Macula. For a range
of assumed surface temperatures, we calculate Thera’s ﬂux contribution to each PPR ﬁeld of view, accounting for the fractional
ﬁlling factor of Thera’s 4180 km2 surface area in the ﬁeld of view
(never more than 6%) and subtract that ﬂux from the observed
ﬂux. We then produce a Thera-subtracted surface temperature map
of Europa (assuming blackbody radiation) for each assumed Thera
temperature by averaging the ﬂux from overlapping ﬁelds of view.
Subtracting the ﬂux from Thera temperatures of 120 K or greater
produces a cold spot at Thera’s location that is of a higher amplitude than cold spots seen elsewhere in the map (Fig. 1, right), so
we derive an upper limit of about 120 K for the nighttime temperature of Thera from this PPR observation, which is consistent with
the earlier calculation of 113 ± 10 K.
3. Numerical modeling
We employ a numerical thermal modeling code (available from
authors) to track the surface and subsurface thermal evolution of
Thera Macula. The vertical extent of the region of interest is only
a few kilometers, whereas the horizontal dimension of Thera is
∼70 km, allowing the application of a one-dimensional model to
this problem. The code makes use of a commonly used explicit
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Table 1
Summary of model runs. Layers are listed from top to bottom.
Run 1 – Baseline
3-km 235 K ice layer
3-km 273.15 K water layer
4-km 235 K ice layer

Run 4 – 2-km water depth
3-km 235 K ice layer
2-km 273.15 K water layer
5-km 235 K ice layer

Run 2 – Warm upper ice
3-km 272 K ice layer
3-km 273.15 K water layer
4-km 235 K ice layer

Run 5 – 4-km water depth
3-km 235 K ice layer
4-km 273.15 K water layer
3-km 235 K ice layer

Run 3 – Low water temp
3-km 235 K ice layer
3-km 250 K water layer (latent heat
of freezing adjusted accordingly)
4-km 235 K ice layer

ﬁnite-difference method (e.g., Ketkar, 1999) to calculate transient
heat conduction. The model also includes convection in liquid water, latent heat of fusion, depth- and temperature-dependent heat
capacity and thermal conductivity, and, at the surface boundary,
radiative cooling, rotational modulation of insolation, absorption of
sunlight, and cooling by sublimation of surface ice (Eq. (1)). Convection within the ice is not included, as ice shells <5 km are
stable to convective overturn (McKinnon, 1999).
The model consists of 1000 standard horizontal slabs and two
boundary slabs at the top and bottom surfaces. Model temperatures are measured at nodes in the center of each slab. The resolution is 10 m per slab, with the exception of the uppermost slab,
which is 5 m, placing the central node at the surface. The temporal resolution of the model is 1500 s per timestep, which satisﬁes
conductive stability criteria at this spatial resolution. The modeled
material is assumed to be pure liquid water or ice Ih, depending
on the temperature, which is consistent with the phase diagram
of water under the conditions in Europa’s crust. The heat capacity
and thermal conductivity of ice in the model vary as a function of
temperature, as described by Murphy and Koop (2005) and Slack
(1980), respectively. The temperature of the upper boundary of the
model represents a balance between conductive heat ﬂux from below, thermal radiation to space, absorbed sunlight, and sublimation
cooling, which is described by the equation



κ

∂ T ( z, t )
∂z




z =0

= εσ T 4 (0, t ) − (1 − A ) F S (t ) + Lp v

m
2π R T
(1)

where κ is thermal conductivity, ε is emissivity, σ is the Stefan–
Boltzmann constant, A is the bolometric albedo, L is the latent
heat of sublimation, p v is the vapor pressure of ice, m is the
molecular weight of H2 O, R is the universal gas constant, and F S
is the time-dependent ﬂux of incident sunlight, which cycles as
Europa completes a rotation every 3.5512 Earth days. Bolometric
albedo and emissivity are set to typical Europa values of 0.55 and
0.9, respectively (Spencer et al., 1999).
The baseline simulation (Run 1) models Thera Macula as a 3-km
layer of 235 K ice, underlain by a 3-km layer of water at the freezing point of 273.15 K, which is in turn underlain by a 4-km layer
of ice at 235 K. The bottom boundary is set to a constant “deep
temperature” of 97.70 K, calculated by running the model with insolation as the only heat source. The lower ice layer represents the
diminishing plume at ∼235 K (Pappalardo et al., 1998), and the
upper ice layer represents ice blocks surrounded by a water/ice
matrix (Schmidt et al., 2011) with a mean temperature conservatively set to the same as the underlying plume. However, given the
number of unknowns in the model, additional runs were set up
to fully explore the possible parameter space (Table 1). One such
parameter is the temperature of the uppermost ice layer, which

Fig. 2. Surface temperatures above the Thera Macula hotspot following the cessation of the plume and the end of active chaos formation. With the exception of Run
2 (“Warm upper ice”), surface temperature evolution is essentially identical for all
parameters examined. Temperatures at timescales less than ∼101 yr after end of active chaos formation are not reported due to the relatively coarse spatial resolution
of the model.

modeling suggests can exceed 260 K (e.g., Showman and Han,
2005), and is modeled here at the maximum plausible temperature of 272 K (Run 2). Also, the pressure of the buoyant force of
the plume against the ice overburden (Pappalardo and Barr, 2004),
as well as the presence of impurities (Head and Pappalardo, 1999;
Schmidt et al., 2011) can depress the freezing point of the liquid
water lens, and we modeled a water layer with a low temperature
of 250 K (Run 3). Finally, the work of Schmidt et al. (2011) estimated the thickness of the water lens at 2–4 km, and we include
models with water depths of 2 km (Run 4) and 4 km (Run 5).
4. Modeling results
For all simulations the modeled surface temperature drops almost immediately to ∼200 K due to a rapid heat loss by sublimation. This would be the equilibrium temperature if the plume
remains active, and heat continues to be supplied to the surface.
However, if plume activity ceases, active chaos formation will stop
and surface temperatures will begin to decline. Fig. 2 shows the
evolution of surface temperatures following plume cessation, and
the result is essentially identical for all runs except for Run 2,
which had a 272 K upper ice layer. This indicates that surface
temperatures are controlled primarily by conditions in the nearsurface, and the initial depth and temperature of the water, as well
as the initial temperature of the underlying plume, have little to no
effect.
The length of time that a thermal anomaly associated with
a cooling Thera Macula-like chaos region remains detectable depends on the sensitivity of the infrared instrument and the characteristics of the surface. Although temperature differences as small
as 1 K are in principle detectable from a Europa orbiter or ﬂyby
spacecraft, identiﬁcation of an endogenic anomaly requires correction for albedo and thermal inertia effects, which may be diﬃcult
to do with a precision better than 5 K (Abramov and Spencer,
2008). The preliminary speciﬁcations for the Sub-millimeter Wave
Instrument (SWI) on the planned Jupiter Icy Moon Explorer (JUICE)
mission will allow it to perform thermal observations with an absolute accuracy of 2 K or better, and spatial resolution better than
30 km/pixel (JUICE Science Requirement Matrix draft, May 2012),
which is signiﬁcantly smaller than the ∼70 km average diameter
of Thera Macula. We therefore present results for detection criteria ranging from 1 K to 5 K above ambient (Table 2), which range
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Table 2
Length of time that the surface thermal anomaly associated with Thera
Macula remains detectable after the cessation of plume activity. Detection
criteria are given in degrees above mean ambient surface temperature. Pure
consolidated water ice is assumed.
Detection criteria
Run 1 – Baseline
5 K above ambient
4 K above ambient
3 K above ambient
2 K above ambient
1 K above ambient

Detectable lifetime
(102.81 K)
(101.81 K)
(100.81 K)
(99.81 K)
(98.81 K)

1330 Earth years
2170 Earth years
3990 Earth years
9400 Earth years
71,600 Earth years

Run 2 – Warm upper ice
5 K above ambient (102.81 K)
4 K above ambient (101.81 K)
3 K above ambient (100.81 K)
2 K above ambient (99.81 K)
1 K above ambient (98.81 K)

2320 Earth years
3760 Earth years
6940 Earth years
16,200 Earth years
94,500 Earth years

Fig. 3. Temperature proﬁles for Run 1 (“Baseline”), showing the subsurface thermal
evolution of Thera Macula following the cessation of the plume and the end of
active chaos formation.

from ∼103 to ∼105 yr. This implies that if Thera Macula was actively resurfacing at the time of the Galileo encounter, as suggested
by Schmidt et al. (2011), the associated thermal anomaly should
still remain detectable for the next ∼103 yr, even if the plume has
diminished or ceased.
The possible subsurface evolution of Thera Macula (Fig. 3) is
also of interest, because a large body of liquid water underneath
a thin ice crust would be a prime landing site for future missions. Our baseline model predicts that the time for a 3-km liquid water lens underneath Thera Macula to freeze completely is
2.85 × 105 yr, which is consistent with an estimate by Schmidt
et al. (2011) of 105 –106 yr. This duration is inﬂuenced by the initial temperature of the water and its assumed initial thickness, and
ranges from 2.15 × 105 yr for a 2-km water layer to 3.43 × 105 yr
for a 4-km water layer. A presence of a 15-m insulating surface
layer (see below) extends the lifetime to 3.54 × 105 yr.
Simulations discussed so far assumed pure, consolidated, crystalline water ice. However, Voyager and Galileo observations of
Europa (e.g., Spencer et al., 1999) found that the thermal inertia of the surface is ∼7 × 104 erg cm−2 s−1 K−1/2 , or ∼30 times
lower than that of solid water ice (Hansen, 1972), implying a
highly unconsolidated surface. The thermal inertia of the Thera
Macula region is likewise ∼7 × 104 erg cm−2 s−1 K−1/2 (Rathbun
et al., 2010). The fact that the thermal inertia of Thera Macula is unremarkable compared to the surrounding areas might
appear to be a circumstantial argument against active resurfacing in that region. It should be noted, however, that the pro-

Table 3
Surface temperatures associated with an insulating layer (TI = 7.0 × 104 erg-cgs)
overlying warm ice at a constant temperature of 235 K. Note that although the absolute temperatures are signiﬁcantly different between dawn and afternoon for each
insulating layer thickness,  T due to endogenic heating is essentially the same.
Insulating layer
thickness

Time of day

Surface
temperature
(K)

Degrees above
ambient
(K)

15 m
15 m
1m
1m
27.5 cm
27.5 cm
7.5 cm
7.5 cm

dawn
afternoon
dawn
afternoon
dawn
afternoon
dawn
afternoon

90.70
104.68
92.99
106.97
98.16
112.12
108.19
122.04

0.13
0.12
2.42
2.41
7.59
7.56
17.62
17.48

cesses responsible for low thermal inertias, and their timescale,
are largely unknown (e.g., Rathbun et al., 2010). In addition, an
unconsolidated surface can also be formed by the turbulent disruption of the ice/water matrix during freezing as a result of nucleation and growth of vapor bubbles (e.g. Cassen et al., 1979).
In fact, the model of Schmidt et al. (2011) does not predict surface ﬂows or ponded material, rather unconsolidated ice cracked
and modiﬁed by the refreezing of the lens, and entrained water
would be expected, as seen in ice mélange associated with calving fronts and collapsed ice shelves (e.g., Amundson et al., 2010;
Scambos et al., 2009).
To evaluate the effects of the near-surface insulating layer with
a thermal inertia of 7 × 104 erg cm−2 s−1 K−1/2 , several additional
simulations were conducted. An end-member scenario was assumed, in which the lower thermal inertia is due solely to lower
thermal conductivity. The results (Table 3) indicate that an insulating layer of 7.5 cm would have been suﬃcient to mask
the thermal signature of 235 K ice to Galileo PPR, which required ∼30–40 K above background for detection. A more sensitive, higher-resolution thermal mapping instrument, however,
could permit detection even if over 1 m of insulating material is
present.
5. Conclusions
Galileo PPR detected no signs of endogenic activity at Thera
Macula with a detection threshold of ∼30–40 K above background.
Results of the numerical study suggest that the equilibrium surface
temperature above an actively forming Thera Macula-like chaos
region would be ∼200 K, and, once active formation ceases, the associated hotspot would remain detectable from visiting spacecraft
for at least ∼ 103 yr, possibly for as long as 105 yr, depending
on the capabilities of the instrument, and if consolidated ice is
assumed. The results further indicate that the time for a 3-km liquid water lens underneath Thera Macula to freeze completely is
2.85 × 105 yr, which is consistent with the Schmidt et al. (2011)
estimate. The presence of a near-surface insulating layer, as well
as reduced aerial exposure of the warm material, can decrease the
thermal signature. For Galileo PPR, an insulating layer of only a
few centimeters would have been suﬃcient to render the thermal
anomaly undetectable. According to the present study, a more sensitive instrument could detect activity at Thera Macula even in the
presence of an insulating layer of several meters, for a ∼1 K detection limit, or ∼50 cm, for a ∼5 K detection limit.
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