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A B S T R A C T

To assess the potential habitability of Jupiter's moon Europa, it is important to understand its chemical compo-
sition (Hand et al., 2007). Young terrain features on Europa's surface likely consist of material up-welled from the
liquid water source below (Wilson et al., 1997; Pappalardo et al., 1998; McCord et al., 1999; Figueredo and
Greeley, 2004; M�evel and Mercier, 2007), encoding relevant compositional information. A major science
objective of NASA's Europa Clipper mission is to characterize the composition of young terrain features using data
acquired on close flybys. The Surface Dust Analyzer (SUDA) is an in situ instrument that collects and analyzes the
composition of individual grains (Kempf et al., 2012), which are ejected from Europa's surface by a continuous
bombardment of interplanetary impactors (Krüger et al., 1999, 2003; Goode et al., 2021). By applying a
dynamical model of these particles, we compute the probability of SUDA's detections originating from a given
feature along the flyby trajectory based on Monte Carlo (MC) simulations. The time-of-flight (TOF) mass spectra
that characterize the chemical composition of individual grains, results in a time series of various compositional
types along the flyby. We present here a method to analyze a time series of compositional spectra recorded by
SUDA that provides a robust estimate for the abundance of compositional types on the surface, spatially resolved
for features along the ground track of the flyby. By demonstrating the association of compositional detections with
geological sites of origin, data collected by SUDA can be used to infer the compositional ground truth for terrain
features on Europa.
1. Introduction

Jupiter's ocean world Europa is one of the most compelling places in
the solar system to test hypotheses on habitability and search for life
(Chyba and Phillips, 2001; Marion et al., 2003; Hand et al., 2007). To
determine whether or not Europa is habitable (Marais et al., 2008), we
must identify the chemical constituents of the subsurface ocean. To this
end, a major science objective for NASA's Europa Clipper mission is to
characterize the composition of young geological features on the surface
using data collected on close flybys (Lam et al., 2018). These features
likely possess material sourced from a subsurface ocean showing high
abundances of hydrated salts (Wilson et al., 1997; Pappalardo et al.,
1998; McCord et al., 1999; Figueredo and Greeley, 2004; M�evel and
Mercier, 2007). In this paper, we examine the capability of the Surface
Dust Analyzer (SUDA) on Europa Clipper to identify the overall compo-
sition of high-priority young features on Europa's surface.
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1.1. Background

The composition of young terrain features on Europa has remained an
active and controversial area of study. Early investigations using data
from the Near Infrared Mass Spectrometer (NIMS) aboard the Galileo
spacecraft have found the non-water ice component of dark young terrain
mainly consists of hydrated salts (McCord et al., 1998, 1999). The
water-ice band distortions seen in the NIMS data are well matched by
linear mixture models for various species of hydrated salts (Dalton, 2007;
Shirley et al., 2010; Prockter et al., 2017). Indeed Prockter et al. (2017)
show that younger dark terrain has significantly higher abundances of
hydrated salts than older light terrain. However, the specific type(s) of
salts present on Europa have yet to be identified. With the current data,
the competing hypotheses that the spectra are showing sulfuric acid
hydrates (Carlson et al., 2005) cannot be eliminated. Decoupling the
abundance of hydrated salts, sulfuric acid, and other non-ice components
on Europa's surface will play an important role in identifying the
endogenous material emplaced in Europa's young terrain by a subsurface
nuary 2023
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ocean.
Additional investigations using ground-based telescopes (Ligier et al.,

2016) and the Hubble Space Telescope (HST) have utilized high spectral
resolution near-infrared (NIR) (Brown and Hand, 2013; Hand and Brown,
2013), UV (Trumbo et al., 2022), and visible-wavelength (Trumbo et al.,
2020) spectra to investigate the non-ice component of Europa's surface
composition. Brown and Hand (2013) hypothesize that the young terrain
in the trailing hemisphere contains MgSO4, which they suggest is a
product of sulfur radiolysis of MgCl2, NaCl, and KCl endogenously
deposited on the surface. Sodium chlorides were identified in the leading
hemisphere (Trumbo et al., 2019, 2022) during HST observations using
UV and visible-wavelength spectral features, consistent with the irradi-
ation of NaCl, and is spatially correlated with chaos (i.e. young) terrain.
Since NaCl, MgCl2, and KCl are difficult to distinguish in the visible and
IR spectra, unambiguously identifying such species will likely require in
situ analysis of sputtered gas species (Brown and Hand, 2013) or samples
ejected directly from the surface by micrometeoroid bombardment
(Postberg et al., 2011a; Kempf et al., 2012; Goode et al., 2021).

1.2. Application of a Dust Analyzer

Utilizing a dust analyzer enables the identification of surface
composition with much higher precision than remote sensing can achieve
alone (Kempf et al., 2012). In situ analysis of the composition of material
sampled directly from the surfaces of both young and old terrain can
distinguish which material is endogenous versus exogenous. Spatially
resolving the sites of origin may help constrain whether sulfur-bearing
species on the surface originate from a sub-surface ocean or uniquely
originate via implantation from Io. The precise nature of compositional
species identification by dust analyzers provides a valuable opportunity
to make perspicuous measurements regarding the nature of subsurface
processes and thereby habitability at Europa.

It is advantageous to identify species and estimate abundances
belonging to individual features, particularly those that likely contain
material sourced from a sub-surface ocean (Pappalardo and Sullivan,
1996; Pappalardo et al., 1998; Schmidt et al., 2011). Identifying specific
compositional species and their relative abundances among different
geological features could help constrain the chemistry and conditions
beneath the surface (McCord et al., 1999). Hence, it is our goal to know
how spatially resolved compositional data acquired by SUDA corre-
sponds to the geology of surface features so that we may better under-
stand their origin and evolution, in particular with respect to what they
might tell us about the subsurface ocean. This paper presents the way in
which the SUDA data will be acquired during close Europa flybys over
terrain features as well as a method for analyzing the time-series of
compositional detections along a flyby over a feature in order to infer
compositional ground truth.

SUDA acquires compositional data from individual ejected submicron
dust and ice particles encountered along the trajectory of the spacecraft
during low-altitude flybys (<50 km). Since the sites of origin of the
ejected particles lie within a distance from the sub-spacecraft point on the
surface comparable to the spacecraft altitude (Postberg et al., 2011b),
these in situ samples correspond to feature composition through which
the ground track passes (Goode et al., 2021).

Ejecta clouds are produced at airless bodies in the solar system by the
continuous bombardment of interplanetary impactors and have been
directly detected at the Moon (Hor�anyi et al., 2015), Saturn's moon
Enceladus (Spahn et al., 2006; Kempf et al., 2010), as well as at the
Galilean moons (Krüger et al., 1999, 2000, 2003; Krivov et al., 2003) by
on board dust instruments. In the Jovian system, Jupiter's gravitational
focusing enhances both the number density and speed (Colombo et al.,
1966; Spahn et al., 2006) of interplanetary impactors, resulting in a flux
of impactors onto Europa's icy surface producing � 109 ejecta km�2 s�1

for ejecta particles> 200 nm in radius. SUDAwill encounter thousands of
samples from this ejecta cloud during a typical flyby with a Closest
Approach (C/A) altitude <50 km.
2

While the ejecta cloud for the Moon is asymmetric due to the sporadic
impactor sources (Hor�anyi et al., 2015), satellites deep within the grav-
itational sphere of influence of a massive planet (e.g. Jupiter) are
impacted by meteoroids whose orbital parameters are effectively ran-
domized. This results in a nearly isotropic flux onto the moon's surface
(Srem�cevi�c et al., 2005) where a nearly symmetric ejecta cloud was
observed at every Galilean moon on every flyby by the Galileo spacecraft.
This allows the ejecta cloud model for Europa to be applied anywhere
over the surface.

Ejecta particles enter SUDA and impact a metal target at the back of
the instrument at speeds dominated by the spacecraft speed relative to
the moon (4–6 km s�1) producing a cloud of neutral and ionized material
from the target and particle (Postberg et al., 2011b; Kempf et al., 2012;
Kempf et al., 2014). The ions at the impact site are separated by an
electric field maintained by ion optics and accelerated towards a detector
where the time-of-flight (TOF) mass spectra are measured.

SUDA provides precise identification of surface salts on Europa
including trace amounts of NaCl and MgSO4 preserved in ice materials
(Kempf et al., 2012). The recorded spectra from each particle are cate-
gorized based on compositional abundances contained in the particle
(Hillier et al., 2007; Postberg et al., 2008, 2009). For example, particles
rich in salt or organic compounds (Postberg et al., 2018) show distinct
characteristics in the mass spectra compared to those from pure water
ice. Given the crater depth from interplanetary impactors (Koschny and
Grün, 2001), ejecta particles from Europa's surface carry compositional
information down to a depth on the order of a fewmm (assuming 10�8 kg
particles impacting Europa at 20 km s�1).

The time series of compositional types (i.e. compositional measure-
ments with associated time stamps) acquired over terrain features on
Europa is used to characterize the relative abundances of chemical spe-
cies belonging to the feature. In this paper, we examine the fourteenth
Europa encounter (E14) in the reference tour for Europa Clipper
(21F31v4). This flyby has a 35 km altitude closest approach (C/A) point
over Thera Macula with a ground-track that passes very near Thrace
Macula (Fig. 1 a), which is a typical flyby profile over a young terrain
feature in the current tour design. Both of these features are valuable
targets for compositional investigation since they likely present up-
welled material from beneath the ice crust (Wilson et al., 1997; M�evel
and Mercier, 2007).

The dark albedo that characterizes Thera and Thrace Macula is
indicative of their compositional distinctiveness from the surrounding
“background” terrain (Shirley et al., 2010; McCord et al., 2010). We
therefore assume material ejected from these features has compositional
abundances that result in TOF spectra that are likewise distinct from
ejecta originating outside the feature.

It is statistically known (Postberg et al., 2011b; Goode et al., 2021)
that most detections originate from within a nadir-projected circle on the
surface with a radius equal to the instantaneous spacecraft altitude. This
can therefore be used to represent SUDA's footprint showing the
approximate spatial resolution as a function of time (Fig. 1 b). It is clear
that low-altitude flybys directly over large features enables SUDA to
resolve the feature in its detections, such as in the case for Thera Macula.
However, small features such as the Dark Band, or adjacent features such
as Thrace Macula and Libya Linea, are more difficult to resolve.

Throughout this paper, three simulated compositional types repre-
senting the dominant non-ice component of young terrain features (type
A), intermediate non-water content (type B), and pure water ice (type C)
are assumed to be distributed based on their compositional abundances
within a feature. We make no assumptions regarding the specific non-
water ice component in young terrain features. It is reasonable to as-
sume that a given feature contains multiple compositional types that
contribute to detected ejecta particles. To reflect this, our analysis is
based on compositional setups where the fraction of ejecta perceived by
SUDA as belonging to a particular compositional type (referred to as Tf in
this paper) in the TOF spectra is defined for a given feature. For example,
ejecta originating from Thera Macula may appear as type A 80% of the



Fig. 1. The groundtrack for reference flyby (E14) wih a 35 km Closest Approach
(C/A) over Thera Macula (panel a) is shown with the nadir-projected circles
with radii equal to the instantaneous spacecraft altitude to represent the spatial
footprint of SUDA. Four select times along the flyby (t1, t2, t3, and t4) show
where most of SUDA's detections originate at the select times. The fractions of
the instantaneous SUDA footprint occupied by a given feature (panel b) quan-
tifies how features are resolved as a function of time. While most SUDA de-
tections originate from within the footprint, there is still some mixing in the
ejecta sites of origin. The small size of the Dark Band within the SUDA footprint
makes it difficult to separate from the background. Detections from Thrace
Macula at t4 are mixed with those from Libya. To derive the probability of a
detections originating from a feature, P(F), Monte Carlo (MC) simulations are
applied (panel c) tracking ejecta sites of origin.

Table 1
Ejecta model parameter values used in this study.

Parameter Definition Value

Gsil Percentage content of silicate in the surface material 0%
Ke/Ki Percentage of the impactor's kinetic energy imparted to

the ejecta
30%

u0 Minimum ejecta speed from the surface 29 m/s
γ Slope of the ejecta speed distribution at the surface 2
α Slope of the ejecta size distribution 12/5
Rm Mean radius of Europa 1560.8

km
ψ0 Maximum opening cone angle of the ejecta launch

velocities at the surface
30 deg

Size
Threshold

Ejecta detection threshold of the instrument 200 nm
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time whereas ejecta originating from the background terrain may appear
as type C 90% of the time.

2. Simulation method

Our simulations employ the model of an ejecta cloud by Krivov et al.
(2003) using the parameters given in Table 1. Ejecta particle detections
are simulated by a Monte Carlo (MC) method introduced in Goode et al.
(2021), except while they considered a single circular feature with one
compositional type, we consider unique geological features on Europa
with multiple types distributed on the surface. We also apply actual
3

Europa Clipper trajectories with SUDA on the reference tour (21F31v4)
to simulate detections we expect to see. We assume that the ejecta launch
velocity distribution is the same everywhere on the surface of Europa
where the only differences between the features are their compositional
abundances. Furthermore, we assume that the probability of detection of
a type by SUDA depends only on the feature of origin and is not signif-
icantly affected by variations in encounter speed.

In a first step, we compile for a given flyby trajectory a profile of
expected particle number density from our implementation (Goode et al.,
2021) of the Krivov et al. (2003) dust cloud model. With the known
velocity and orientation of SUDA we convert this into an average rate of
grain detections on SUDA. From this rate we generate a synthetic time
series of detections employing Poisson-distributed time intervals be-
tween individual detections (Goode et al., 2021). In a second step we
generate for each detection a plausible grain velocity vector, drawing
random variates from the phase-space distribution of the Krivov et al.
(2003) cloud model (Goode et al., 2021). From the latter we can then
compute the points of origin for each detected grain. This allows us on a
given small segment of the flyby trajectory to infer the probability, P(F),
that a detected grain originates from inside a certain feature on the
surface based on repeating the MC of the flyby for 1000 runs (Fig. 1 c).
We run the same flyby trajectory again in a third step where we then
assign for all detections from each feature (or region on the surface) a
compositional type. These compositional types follow an assumed dis-
tribution of compositions corresponding to their feature (or region) of
origin. This distribution is fixed but different for young terrain features
and background terrain. As a result, we have a MC representation of the
whole measurement process for SUDA at a Europa flyby, which we repeat
for 50 MC runs. When SUDA carries out its measurement, then only the
time series of detections and their compositional types are known. In our
simulation we investigate how we can re-derive from this, knowledge of
the distribution of compositional types within the surface features as well
as the differences in composition between surface features and the
background terrain.

2.1. Simulating species detection time series

To simulate a stochastic time series of compositional types detected
by SUDA along a flyby, we set up an assumed ground-truth for each
feature's compositional distribution (Fig. 2). Each ejecta particle is
randomly assigned a species designation in the simulation according to
the ground-truth distribution for its region of origin. Each compositional
type recorded by SUDA forms its own time series of detections (Fig. 3 a).
This method assumes the compositional distribution is the same every-
where within the feature boundaries. The goal of this task is to generate a
synthetic time series corresponding to an otherwise unknown ground
truth. Small features such as the “Dark Band” between Thera and Thrace
Macula and the nearby feature, Libya Linea, are included to simulate the
effects of their compositional abundances on the time series of SUDA
detections due to their close proximity to the features of interest, namely
Thera and Thrace Macula.

mailto:Image of Fig. 1|tif


Fig. 2. Assumed ground truth setup for compositional abundance (Tf) distri-
bution in each feature used in this study. Type A represents high content of non-
water ice, type B represents an intermediate content, and type C represents
nearly pure water ice. Thera and Thrace Macula are set to be 80% type A given
their distinct low albedo in contrast to the background (i.e. surrounding terrain),
which is set to 90% type C. The Dark Band between Thera and Thrace along
with Libya Linea are set to the compositional ground truth shown to simulate
the effect of their material on the time series of compositional detections given
their close proximity.
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Given the distinctly low albedo of Thera and Thrace Macula, we set Tf
¼ 0.8 for type A (high non-water-ice content), Tf ¼ 0.1 for types B (in-
termediate mixture) and C (mostly water-ice) for both features. The
“background” domain refers to locations on the surface not belonging to
any compositionally distinct feature, where Tf ¼ 0.9 for type C and Tf ¼
4

0.1 for types A and B in the simulated ground truth. The Dark Band
ground truth is simulated as having a lower Tf for non-water-ice type A
ejecta given its higher albedo compared to Thera and Thrace. The Libya
Linea ground truth is simulated with Tf for type C close to that of the
background (Fig. 2).

Even in the case where detections are made directly over a compo-
sitionally distinct feature, multiple species will be mixed in the time se-
ries of detections. This is due to (1) ejecta originating from other
compositionally distinct regions reaching the instrument while over the
feature (Goode et al., 2021) and (2) the feature itself having more than
one compositional type. We now develop a method for associating
detected compositional types with surface features to characterize the
ground truth of the surface composition.

3. Characterizing the composition of surface features using SUDA
data

The probability of detections for a distinct compositional type
belonging to a feature correlates with proximity to the feature during a
flyby. The time series of various compositional types that make up the
surface can be divided into subsets of the total detected material giving
the detection fractions for each type. If we consider detections very near
the feature, such that all detections in a time interval originate exclu-
sively from the feature, then the detection fraction of each compositional
type corresponds exactly to the compositional abundances, Tf, on the
surface of the feature. Very far away from the feature, the detection
fraction of each compositional type corresponds to the abundances
outside the feature. In between these two limits, the relation between
compositional detection fraction and proximity to the feature is used to
infer the ground truth of compositional distributions within the feature.
Fig. 3. Representative result of a Monte Carlo (MC)
simulation of the reference flyby (E14) over Thera
Macula. The ground truth consists of three types with
abundances that depend on the feature of origin. Using
a 10 s time bin, the number of types detected (panel a)
is shown. We show the forward-modeled feature
probability, P(F), (from separate MC trials) in each
time bin for Thera and Thrace Macula as a function of
time along the flyby. The relative frequency of
compositional detections in each time bin is used to
compute the empirical probability, P(T), of a detected
ejecta particle being a given type (panel b). In this
case, it is clear that type A (red) detections are asso-
ciated with Thera and Thrace as probable sites of
origin. The compositional ground truth used in this
simulation is shown in Fig. 2.

mailto:Image of Fig. 2|eps
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The detection fraction of compositional types in each time bin, which
may have contributions from multiple features, is used to compute the
empirical probability of a detected particle belonging to a particular
compositional type in a given time bin along the flyby, P(T), where event
T corresponds to a detection belonging to a given compositional type
(Fig. 3 b). The conditional probability of event T given it originates from
a feature, P(T|F), is equivalent to the abundance of the compositional
type, Tf, inside the feature. Considering a single feature, the detected
particle either originates from the feature (event F) or from outside the
feature on the surface (event F0), such that P(F) þ P(F0) ¼ 1. The law of
total probability for event T is written as,

PðTÞ ¼ PðT jFÞPðFÞ þ PðT jF 0 ÞPðF 0 Þ; (1)

or

PðTÞ ¼ ðPðT jFÞ�PðT jF 0 ÞÞPðFÞ þ PðT jF 0 Þ: (2)

Assuming P(T|F) and P(T|F0) are constant (i.e. the type corresponding
to event T is time-independent), then the probability of a detected par-
ticle belonging to a given compositional type depends on the probability
of originating from the feature as the following:

PðTÞ ¼ αPðFÞ þ β; (3)

where α¼ P(T|F)� P(T|F0) (α 2 (�1, 1)), β ¼ P(T|F0) (β 2 (0, 1)), and αþ
Fig. 4. Probability of compositional type detection, P(T), versus feature origin proba
show a correspondence of the feature with each type. The vertical bars for the data
sitional abundance estimate (Tf in panels c and d) is computed using the coefficient
results. Ground truth used in the simulation is shown for comparison; however, this
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β ¼ P(T|F) gives the abundance of the detected ejecta compositional type
inside the feature. With P(F) forward-modeled from the MC simulations
and P(T) computed from the time series of compositional detections by
SUDA, the coefficients, α and β, are estimated by a least squares fit to the
data (Fig. 4 a and b).

The time series data from the flyby are used to plot P(T) versus P(F).
For Thera Macula (Fig. 4 a), the trend clearly shows a dependence of P(T)
on P(F) for type A and C where we can fit Eq. (3) to data acquired by
SUDA after a flyby. The positive slope (α > 0) of the fit for type A in-
dicates that Thera is contributing this type to SUDA's detections, which is
consistent with the compositional type being more abundant inside the
feature than outside the feature. On the other hand, the negative slope (α
< 0) of the type C fit indicates that it is mostly contributed to SUDA's
detections from outside Thera. The lack of dependence for type B (α � 0)
clearly indicates that it is found in similar abundances outside and inside
the feature. The sum of the coefficients from the fit to the data gives the
abundances of each compositional type in the feature (Fig. 4 c and d).

Using the trends in the time series data returned by SUDA versus MC-
derived feature of origin probabilities, the compositional abundance es-
timate agrees well with the otherwise unknown ground truth used in the
simulation of flyby E14 in the reference tour design. While Fig. 4 a and b
are representative results from a single MC run, the compositional
abundance estimate shown in Fig. 4 c and d are averaged results from 50
MC runs where the error bars are the 1σ deviations in the MC results. The
bility, P(F) (panels a and b) from a representative single MC run are plotted to
show the fractional uncertainty based on the Poisson distribution. The compo-
s of the fits. The vertical lines on the bar plots show the 1σ deviation of 50 MC
information is not known a priori for this analysis.

mailto:Image of Fig. 4|eps
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compositional abundance estimates are more precise and accurate for
Thera than for Thrace on this flyby trajectory due to the less favorable
ground track geometry for the latter feature. Since the spacecraft passes
directly over Thera while only passing near the edge of Thrace, the
maximum feature probability, P(F), is lower with fewer detected ejecta
particles originating from Thrace. While a trend can still be seen for
Thrace in P(T) versus P(F) (Fig. 4 b), the data are of lower quality for the
least-squares fit used to estimate the compositional abundance from the
coefficients of Eq. (3).

3.1. Varying flyby parameters

C/A position for better flyby geometry with respect to Thrace Macula.
The quality of the compositional abundance estimate, Tf, for Thrace is
improved compared to that of the original flyby. The Tf estimate for
Thera Macula is both less accurate and has a larger 1σ deviation in the
MC runs. Since only one realisation of the estimate will be computed
Fig. 5. Same situation as in Fi

6

during the mission, the P(T) versus P(F) trend (from a single MC run)
indicate the lack of precision that can be assumed about the composi-
tional abundance ground truth estimate.

Since the flyby trajectory in the reference tour has favorable geometry
for acquiring the ground truth of Thera Macula but not for Thrace Mac-
ula, we adjust the flyby so that the C/A is instead placed over Thrace to
examine the effect on compositional abundance estimate accuracy. The
nominal E14 flyby is adjusted by moving the C/A point East by 10� and
South by 1� (Fig. 5). The groundtrack passes directly over Thrace Macula
while passing North of Thera. The species abundance estimate for Thrace
is now more precise and accurate while that of Thera is degraded
compared to the nominal (i.e. original) case. This demonstrates the
importance of overflying the feature in order to acquire accurate ground
truth estimates.

The quality of the species abundance estimate also depends on alti-
tude since there are fewer detections due to the decreasing ejecta cloud
density with altitude and the fact that species are more mixed with sites
g. 4 but with an adjusted.

mailto:Image of Fig. 5|eps
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of origin further away from the spacecraft groundtrack (Goode et al.,
2021). We adjust the C/A altitude up from 35 km to 50 and 100 km on
the original trajectory and compute the species abundance estimate for
Thera Macula (Fig. 6). The quality of the species abundance estimate
results at 50 km C/A is similar to that at the nominal 35 km, albeit with a
slightly larger 1σ deviation from the MC runs. At 100km C/A, on the
other hand, the species abundance estimate results are practicably un-
usable. The reason for this is clear from the P(T) versus P(F) (Fig. 6 c)
where the maximum feature probability is much lower and the relative
species number uncertainties are larger due to the low number of
detections.

3.2. Varying ground truth

Prior to each flyby during the Europa Clipper mission, we will not
know a priori how compositionally distinct, if at all, a feature will be as
seen in SUDA's data. It is important that the compositional abundance
estimate reflect the actual ground truth, or at the very least not produce
misleading results if the data are inadequate for computing an accurate
result. In the adjusted case above, the trend in P(T) versus P(F) for Thera
shows that the species abundance estimates should not be trusted. In
other words, the quality of the estimate during the mission is evident
based on the trend in the data.

To examine cases where the ground truth can vary from what we
expect as stated in section 2 and shown in Fig. 2, we lower the type A
abundance in the simulated Thera Macula ground truth (exchanging non-
water ice type for more water ice type) and compute the compositional
abundance estimate from MC runs of the nominal E14 flyby in the
reference tour design while leaving the ground truth for the rest of the
features unaltered. In the case where Tf for type A from Thera is 0.5, the
Fig. 6. Compositional abundance estimates for Thera Macula with adjusted C/A alti
from one run) decreases in quality with increasing altitude resulting in a less accurate
over the feature.
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slope of P(T) versus P(F) (Fig. 7 a) is less than in the case of higher
abundance, although the still positive slope indicates a correspondence of
the feature with this type (i.e. the type is clearly coming from this
feature). The subsequent compositional abundance estimate agrees well
with the ground truth (Fig. 7 b). Setting Tf for type A to 0.1 makes the
compositional distribution of Thera Macula nearly identical to that of the
background terrain (i.e. the feature is not compositionally distinct). The
approximately flat slopes of the fit lines in the P(T) versus P(F) trend
(Fig. 7 c) indicate little to no correspondence of the feature with any
detected compositional types resulting in a compositional abundance
estimate that also agrees well with the ground truth, where type C (i.e.
pure water ice) dominates the surface composition of Thera Macula.

4. Summary and conclusions

The time series of compositional types obtained by SUDA during
flybys over terrain features provides a direct estimate of the composi-
tional abundance ground truth. MC simulations, based on the dynamical
phase space of the ejecta particles (Krivov et al., 2003; Goode et al.,
2021), that are performed on the known trajectory for the spacecraft with
SUDA are used to compute the probability of a detection originating from
a feature, P(F), during a time interval along a flyby. Compositional
detection times obtained on the flyby are binned to compute the
empirical probability of a compositional type detection, P(T), during the
same time interval along the flyby. Using the law of total probability, we
apply data obtained by SUDA to acquire the compositional ground truth
for a feature on the surface of Europa via the P(T) versus P(F)
relationship.

This method is effective for whatever compositional abundances that
may exist in a feature along the flyby trajectory and will also work if the
tude at 50 and 100 km on E14. The data for the P(T) versus P(F) trend (shown
compositional abundance estimate (averaged from 50 MC runs) at 100 km C/A

mailto:Image of Fig. 6|eps


Fig. 7. Various compositional ground truths for Thera Macula and the resulting compositional abundance estimates: Tf. The data for the P(T) versus P(F) trend (shown
from one run) show clear trends that correspond with the given compositional ground truth. The resulting accuracy of the Tf estimate is independent of ground truth.
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feature is not compositionally distinct from the surrounding terrain. As
expected, compositional type abundance estimates for the ejecta
compositional ground truth of a terrain feature is most precise and ac-
curate for low altitude flybys directly over the feature. If the TOF spectra
indicate molar abundances of chemical compounds, the ejecta compo-
sitional type abundance, Tf, computed here can be used to infer the molar
abundance on the feature's surface. The ground truth estimates provided
by SUDA can be combined with other methods of measuring surface
composition (e.g. near infrared and UV spectroscopy) to provide a ho-
listic understanding of the nature of geological terrain features and the
knowledge they provide regarding Europa's habitability.
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