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Abstract

Localized deposits of aliphatic organic-rich material have been found on the surface of
dwarf planet Ceres, and based on mineralogical context, it has been suggested that
these organics formed within Ceres (De Sanctis et al., 2017). However, no obvious
source and exposure mechanism can be inferred from the geological settings of the
organic-rich terrains. The alternative hypothesis is that the organics were delivered
from an exogenic source via impact (Pieters et al., 2018). We numerically simulate the
thermal degradation of aliphatic organics delivered to Ceres during hypervelocity
impacts, as well as the thermal degradation and excavation of organics from the
subsurface. Our models show that exogenic delivery of aliphatic organics is inefficient,
as most of the spectral signature of the organic species would be thermally degraded
and diluted by mixing with target material in the ejecta blanket of a given crater.
Instead, our models suggest that the formation of Ernutet crater excavated a
subsurface reservoir of aliphatic organics from a depth of 3-6 km, bringing it close to
the surface, where it could be subsequently exhumed by small craters and landslides,
compatible with observations.

1. Introduction

Localized organic-rich regions have been detected on the sur- face of Ceres by the
Visible and Infrared Mapping Spectrometer (VIR) onboard Dawn spacecraft. The
presence of organic molecules is unambiguously inferred by a spectral signature
between 3.3 and

3.6 ym (De Sanctis et al., 2017). While the exact nature of the or- ganic species is
undetermined, they are thought to be of aliphatic structure (De Sanctis et al., 2017;
2018a; 2018b; Kaplan et al., 2018; Vinogradoff et al., 2018). Unequivocal detections of
organ- ics on Ceres’ surface are largely confined to a single region about 100 km across,
within and near Ernutet crater (Pieters et al., 2018), but at least one other small region
has been suggested to display aliphatic organics (De Sanctis et al., 2018a,b).

Ernutet is a 53.4 km diameter crater in Ceres’ northern hemi- sphere (Fig. 1), and is



located in a relatively ancient, heavily cratered region of the dwarf planet’s surface
(Marchi et al., 2016). While the age of the crater’s formation is unknown, it has a some-
what fresh rim, so it likely is the youngest large crater formed in this region (De Sanctis et
al., 2017). The spectral signature of or

ganics is prominent within the southwest and northwest quadrant of the crater floor and
proximal ejecta blanket, and corresponds spatially to an enrichment in magnesium- and
calcium-rich car- bonates (Fig. 1).

Ceres, being a water ice-rich, geologically active world that may have had (or still has)
subsurface liquid briny water, is a potentially viable and relatively accessible
astrobiological target for future ex- ploration (Castillo-Rogez et al., 2018). As such,
determining the origin of cerean organics is a question of great interest. In addi- tion to
Ceres, organics have been detected at the surfaces of other C-type bodies such as 24
Themis (Rivkin and Emery, 2010) and 65 Cybele (Licandro et al., 2011), as well as on
Saturn’s moons la- petus, Hyperion and Phoebe (Clark et al., 2005; Dalle Ore et al.,
2012; Dalton et al., 2012; and Cruikshank et al., 2014). These bod- ies and Ceres likely
accreted a substantial fraction of their organics from the solar nebula. However, in the
case of Ceres, these organics could have been processed in a hydrothermal system,
which may have also been conducive to the widespread production of new or- ganics
(Marchi et al., 2019).

The first detection of organics near Ernutet crater using Dawn’s visible and near infrared
imaging spectrometer is limited to a 100-

380 m spatial resolution (De Sanctis et al., 2017). In addition, a more precise localization
of organic-rich regions (at 35 m/px) within Ernutet crater has been obtained using visible
band ratios from Dawn’s multispectral framing camera, allowing for a more nuanced
understanding of the organics’ geologic context (Pieters et al., 2018). Moreover, VIR data
taken at a resolution of less than 100 m has been used to infer organic abundances and
association with other mineralogical species (De Sanctis et al., 2018a,b). Pieters et al.
(2018) found that the detected organics are largely associated with small, fresh craters,
suggesting either relatively recent deliv- ery or relatively recent excavation from the
cerean subsurface. As such, two main scenarios by which Ernutet organics could be ex-
posed at the surface are possible:

- Exogenic organics could be delivered via small, organic-rich as- teroids or comets. In
this scenario, one would expect that the signatures of delivered organics would be evenly
distributed across the cerean surface. The organics would need to have been delivered
fairly recently (10s-100s Myr) so that their in- frared signature would not have been
degraded by the effects of radiation and interaction with the solar wind (Marchi et al.,
2019).

- A reservoir of endogenic organics could have been excavated from the subsurface. The
exposure of this reservoir in the near surface may be related to the formation of Ernutet
crater, which may have uplifted deeply seated organics from depth when it formed. The
organics within this reservoir could be primordial or produced locally, for instance, within
a hy- drothermal system (e.g., Schulte and Shock, 2004). Subsequent, small, recent
impacts would have exposed the organic-rich material at the surface.

Organic molecules can become unstable at the high tempera- tures experienced during
impacts. When this happens, the carbon- carbon bonds within a given molecule can
break, a process we call here ‘thermal degradation’. The temperature-induced breaking
of C-C bonds leads to the progressive loss of CH2- and CH3- groups, which in turn leads
to the progressive suppression of the char- acteristic aliphatic spectral absorption



between 3.3 and 3.6 um. The kinetics of this process are governed by a temperature de-
pendent Arrhenius type equation described in more detail below (Section 3). Kebukawa
et al. (2010) studied how the 3.3-3.6 ym spectral absorption feature decayed with
increased temperature for both insoluble organic matter within many meteorites, as well
as for bulk samples of the organic-rich meteorite Murchison. They were able to derive the
kinetic constants for the suppression of aliphatic spectral absorption, which we employ as
an empirical ba- sis for our modeling. While this data is somewhat limited in that it is not
specific to shock-induced thermal degradation (experimental data from flyer plat or shock
tube experiments would be prefer-

able, but do not exist to our knowledge), it is sufficient to capture the general behavior of
cerean-like organics that are exposed to high temperatures.

To better understand if organics can be delivered to the surface of Ceres via impact in
such a way that they remain mostly intact and in large enough quantities to be detected,
we use numerical models of the impact process coupled with a thermal degradation
model describing the breakdown of aliphatic organics and suppres- sion of their spectral
signature.

2. Methods

2.1. Impact simulations

To quantify the impact induced thermal decomposition of or- ganics delivered to Ceres,
we first model the impact of organic-rich bodies into Ceres using the iSALE-3D shock
physics code (Elbe- shausen et al., 2009; Elbeshausen and Winnemann, 2011). This
code is based on a hydrodynamic solution scheme described in Hirt et al. (1974). The
development history of iSALE-3D is de- scribed in Elbeshausen et al. (2009). This code
includes a strength model (Collins et al., 2004; Melosh et al., 1992; Ivanov et al., 1997), a
porosity compaction model (Winnemann et al., 2006; Collins et al., 2011), and various
equations of states appropriate for ge- ologic materials. Our simulations are run on a
three-dimensional half-space Eulerian (fixed cell) computational mesh. The initial tar- get
within our simulations is composed of a mixture of serpentine and water ice with a
constant temperature of 150 K, reflective of the surface temperature below the skin depth
of the cerean sur- face. Both components of our target mixture have semi-analytic
equations of state derived from the code ANEQOS for serpentine (Brookshaw, 1998) and
H20 (Turtle and Pierazzo, 2001). The tech- nique used to describe how mixed material
equations of state are addressed within our simulations is based on Pierazzo et al.
(2005) and is described in detail in Bowling et al. (2019). Construction of the mixed
material equation of state assumes mechanical and ther- mal equilibrium, an assumption
that is only valid for an intimate mixture ice and rock with grain sizes small enough that
thermal equilibration timescale is shorter than the timescale of shock com- pression
(lvanov and Pierazzo, 2011). The mass fraction of ice in our simulation targets is a
constant 20%, consistent with crustal ice concentrations derived from investigations of
Ceres’ observed topography (Fu et al.,, 2017). Ceres’ low density and high strength
suggests gas hydrates are abundant in Ceres’ crust (Fu et al., 2017). However, equations
of state for clathrate hydrates are not avail- able. Hence, in our simulation targets we
assume serpentine plays the role of the strong phase and assume a constant mass ratio
of serpentine to water ice of 4:1 (80% serpentine, 20% water ice). Ma- terial strength
parameters are the same as those used in Bowling et al. (2019).



To explore the effect of impactor size on organic degradation we vary our impactor
diameters from 10 m to 4 km and keep the same model resolution of 40 cells per
projectile radius. We test both typical impact velocities appropriate for the asteroid belt

of 4.8 km s—1, as well as higher impact velocities expected in a

scenario in which Ceres was struck by an organic-rich comet at 10 km s—1 . To test the
influence of impact angle on thermal degra- dation of organics, our impact angles vary
from 30- to 90- relative to horizontal. Finally, we test impactors composed of both dunite
(Benz et al., 1989) (often used to represent asteroidal material), and of 50% porous ice
(representative of the density and shock

properties of a cometary impactor) (Turtle and Pierazzo, 2001).

2.2. Computing the thermal degradation of aliphatic organics within impactor and target

At the beginning of a given simulation, we place a Lagrangian tracer particle within each
computation cell of both the impactor and a region of the target strongly affected by the
impact shock wave. These tracer particles follow the flow of material, tracking the
evolution of temperature within a given parcel of the im-pactor or target through time. For
each simulation, this evolution is tracked with a temporal resolution of _t=D1000U, where
Dis the impactor diameter inm, and Uis the impactor velocity in ms—1. This is a very high
temporal resolution compared to the typical time at which a given parcel of material
spends at high temper-ature and pressures following the passage of an impact induced
shockwave (D/U; Melosh, 1989), but is necessary in order to ade-quately capture the
shock induced thermal degradation of organics within both the impactor and target.

Following the method described in Pierazzo and Chyba (1999), we compute the mass
fraction of aliphatic organics that have sur-vived thermal degradation (d) as follows: The
rate of thermal degradation within a given Lagrangian tracer at a given time is computed
as a function of temperature as

delta_d =—k3 (t)_t (1)

where
k =Ae —EO0 RT(t) (2)

is the Arrhenius rate constant, T(t) is the temperature of a given tracer at a given time,
_t=D1000Uis the time step duration, &(t) is the remaining mass fraction of aliphatic
organics within a tracer at a given time (initially 8(0) = 1), EO(109 kJ mol-1) and A(8.7
x104s—-1) are the experimentally determined activation energy and frequency factor for
degradation of aliphatic organics in insoluble organic matter (Kebukawa et al., 2010), and
Ris the universal gas constant (8.315 JK-1mol-1). Note that degradation of aliphatic or-
ganics may result in the creation of aromatic organics rather than full degradation
(Kebukawa et al., 2010). To avoid repetition, we will refer to aliphatic organics as
organics from this point on-ward. Finally, the mass concentration of organics is updated
as O(t+_t)=5(t)+_&. For reference to reach a fraction of surviving organics 6=10%
material would need to be heated to 800, 1000, or 1200K for 346, 13.1, or 1.47 seconds,
respectively. Within this for-mulation, the mass fraction of surviving organics 0is
independent of the initial concentration of organics within the pre-impact im-pactor or
target. To obtain a total concentration of organics 3, one can simply multiply &by the initial



concentration of organics of a given tracer. That is to say, for an impactor of mass
Mimpactinitially composed of =20% organics and a final mass averaged mass frac-tion
of 8=10%, the total mass of non-thermally degraded organics delivered to Ceres is

M = BdMimpact = 0.02Mimpact (3)

Reasonable values of (3 for solar system objects vary widely. A C-type main belt asteroid
may have organic concentrations of up to a few weight percent (Alexander et al., 2017),
while comets may have considerably higher concentrations of up to 50% (e.g., Bardyn et
al., 2017). In either case, if & is low, then the remaining mass of delivered, non-thermally
degraded organics is similarly small. Due to constraints on computational resources, our
simulations are ter- minated at the end of the transient crater growth. As a result, we do
not capture the mechanics of how post-impact organics become distributed during crater
collapse. This prevents us from describing in detail the final location of non-thermally
degraded impactor and target material. In some cases, this material may exceed Ceres’
es- cape velocity making our estimates somewhat conservative. Most of the shock
induced thermal degradation of both the impactor and target within our simulations
happens quickly, and has largely ceased by the time the transient crater has finished
growing. How- ever, degradation may continue after formation of the transient crater
making our calculations somewhat conservative.

The experiments of Kebukawa et al. (2010)only went up to temperatures of 573K while
much of the material in our simulated impacts reaches temperatures exceeding 1000K.
To determine the activation energy and frequency factor, Kebukawa et al.
(2010)produced fits to their data assuming a range of kinetic reaction mechanisms. Of
their three favored mechanisms, the activation en-ergy and frequency factor from their
best fitting mechanism (used here) produces the lowest degradation rate at temperatures
ex-ceeding 1000 K. The experiments of Kebukawa et al. (2010)were performed on
insoluble organic matter in an inert atmosphere, so there is no external source of oxygen,
which could enhance degra-dation of organics at high temperatures. As previously stated
the experiments of Kebukawa et al. (2010)are performed at standard pressure. The high
pressures occurring in a shock can enhance or-ganic degradation by lowering activation
energies or causing the condensation of carbon into larger, non-aliphatic clusters (Manaa
et al., 2009; Koziol and Goldman, 2015). Although our simulations assume asteroid-like
impactors are non-porous, many asteroids are rubble piles with up to ~50% porosity
(Walsh, 2018). Inclusion of porosity or use of more compressible materials tends to
increase post shock temperatures (Melosh, 1989) and would enhance ther-mal
degradation. Thus, our assumptions regarding thermal degra-dation and survival of
exogenic organics are conservative and tend to underestimate the amount of
degradation that should occur during an impact.

3. Results

3.1. Survival of exogenic delivered organics

The principal factors controlling the amount of delivered organics that survive a given
impact are impactor velocity, impactor size, and impact angle. A more precise and
thorough quantifica- tion of each of these factors influence is described in detail in the
study of Pierazzo and Chyba (1999) which investigated the impact delivery of amino
acids to early Earth. Thus, we will only briefly summarize key points in the context of our
cerean simulations.

In general, higher impact velocities enhance thermal degradation. This is because higher



velocities result in higher shock temperatures within the impactor, which in turn leads to a
corresponding increase in the decay rate k. As such, organics contained within an
‘asteroid-like’ impactor are considerably more likely tosurvive than in a ‘comet-like’
impactor, as the latter has double the impact velocity, on average, for Ceres. In the case
of D=10 m, and an impact angle of 45- , the mass averaged surviving fraction of organics
is 10% in asteroidal impacts, as opposed to <1% in cometary impacts (Fig. 2 Avs. C; Fig.
3). Due to the necessarily modest resolution of 3D calculations, volume estimate
precisions under 1% should be viewed with caution.

—100%

\

410%

soluebu Bulureway

asteroid asteroid comet asteroid .
D=10m D=10m D=10m D=100m

g=a52 6=30° =452 g=145>
U=4.8km/s U=4.8km/s U=10km/s U=48km/s

Target 1%

Fig. 2. Provenance plots of impactor organic concentrations following impact delivery to
Ceres. This plot shows the degree of thermal degradation experienced by Lagrangian
tracer particles initially contained within the impactor, mapped back to their pre-impact
location. The tracer particles shown here are from a slice through the center of the
impactor. The impactor direction of motion is from top to bottom and from left to right. (A)
45 dunite ‘asteroid-like’ impact, D=10 m, U = 4.8 km s—1 . (B) 30- dunite ‘asteroid-like’
impact, D=10 m, U=4.8 km s—-1 . (C) 45- water ice ‘comet-like’ impact, D=10 m, U = 10
km s—1 . (D) 45- dunite ‘asteroid-like’ impact, D=100 m, U = 4.8 km s—1 . The highest
rate of survival is in scenario B, with a relatively low impact velocity, small diameter, and
highly oblique impact angle. Increasing either the impact angle (A), the impact velocity
(C), or the impactor size (D) strongly increase the degree of experienced thermal
degradation
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Fig. 3. Time series of thermal degradation within impactors delivered to Ceres. The
dashed line shows the mass averaged thermal degradation of organics for all La-
grangian tracer particles originating in the impactor for a 45- dunite ‘asteroid-like’ impact,
D =10m, U = 4.8 km s-1 (corresponding to Fig. 2, Panel A). The top of the gray region
shows the thermal degradation of a 30- dunite ‘asteroid-like’ impact, D = 10 m, U = 4.8
km s-1 (Fig. 2, Panel B). The bottom of the gray region shows the thermal degradation of
a 45- water ice ‘comet-like’ impact, D = 10 m, U = 10 km s-1 (Fig. 2, Panel C). For most
cases, the rate of thermal degradation has largely dropped off well before the transient
crater has finished growing (~ 20-30 sec).

When an impactor collides with the cerean surface, a shock- wave propagates from the
point of impact upwards towards the back of the impactor, heating material to very high
temperatures. Material remains at high temperatures until a rarefaction wave propagates
downwards from the back of the impactor and into the target. The amount of time (1)
spent at high temperature after the passage of the shock wave, but before the arrival of
the rarefaction wave is directly dependent on the size of the impactor, and can be loosely
approximated as 1 = D (Melosh, 1989). As such, organic species can survive delivery in
dust- to centimeter- scale impactors, but are thoroughly eliminated in meter to kilome- ter
scale impactors, unless they are slow. After release from high pressure, material
temperature may still be high enough to cause degradation of organics. We test this
dependence on impactor size for cerean impactors by comparing the relative survival
rates be- tween D=10 m and D=100 m impactors (Fig. 2 A vs. D). In the case of D=10 m,
and an impact angle of 45- , the mass averaged rate of survival is 10%, whereas in the
case of the 100 m impactor, the survival rate is a much lower at 1.6%. This means that,
unless they are relatively slow, only relatively small impactors may be capable of
delivering significant organic signatures to Ceres. Considering this and the lack of
evidence that Ernutet was created by a highly oblique impact, it is unlikely that detected
organics were delivered by the Ernutet forming impactor (D=2-4 km).

The angle of impact in a given collision also plays an important role in determining the



quantity of organics that are thermally degraded. In general, the lower the impact angle
(measured from horizontal), the lower the amount of organic material that is destroyed.
This is because impacts at low angles, in bulk, reach lower post-shock temperatures, and
spend less time at high temperature

between shock and rarefaction arrivals. For D=10 m impactors, the amount of organics
destroyed in a 30 impact is ~4 times smaller than in a 45- impact (Fig. 2 A, B; Fig. 3).
This implies that low angle, relatively small impacts can deliver exogenic organics to the
surface of Ceres fairly efficiently. However, such low angle impacts are relatively rare
(e.g., the probability of an impact occurring at an angle less than 30 is 25%)
(Shoemaker, 1962). Often times to account for the effect of impact angle on shock
heating, the vertical component of the impact velocity of a corresponding oblique impact
is used as the impact velocity in a vertical impact simula- tion (Elbeshausen et al., 2009;
Pierazzo and Melosh, 2000). Thus, a lower velocity impact may preserve organics in a
similar way to more oblique impacts at higher impact velocities. For example, an impactor
striking the target vertically at 2.4 km/s would pre- serve a similar amount of organics as
our 30° impact simulation at 4.8 km/s. By combining the impact velocity probability
distribution (Marchi et al., 2016; Hiesinger et al., 2016) with the probability of an impact
occurring at a given incidence (Shoemaker, 1962), we find 41% of small impacts (D=10
m) occurring on Ceres could preserve at least the same fraction of organics as the
simulation with 4.8 km/s impact velocity and 30- impact angle (Fig. 2 B). As dis-cussed
above, the fraction of impactor that might preserve organics decreases as impactor size
increases.

Of the 41% of the small impacts that may preserve organics, 49% occur at impact angles
less than 30- . In an oblique impact more impactor material would be incorporated in
distal ejecta rather than being emplaced locally (e.g. Elbeshausen et al.,, 2009). So
although oblique impacts tend to preserve more organic ma- terial (Fig. 2) this material
may escape Ceres or be diluted and spread over a larger area than in a vertical impact.
Moreover, if small low-angle low-velocity impacts were responsible for deliv- ery of
organics, we would expect a high proportion of elliptical craters associated with organic
material. We estimate that about 28% of these potentially organic preserving craters
should be el-

liptical assuming an onset of elliptical craters at 20- (Elbeshausen et al., 2013). A high
fraction of elliptical craters in the populationof small craters associated with cerean
organics is not apparent (Pieters et al., 2018).

Studies of impactor survival show that the rear surface of the impactor experiences
relatively low shock pressures and heating (Potter and Collins, 2013). One might expect
this material has a high organic survival fraction. Organic survival, however depends on
the integrated temperature history of the material. For 10 m impactors striking at 4.8 km
s—1 the contact and compression timescale is only a few milliseconds and decay of
organics occurs on a much longer timescale (Fig. 3). We find that cool material from the
back of the projectile is warmed as it spreads out lining the growing transient crater.

This warming of cool material is mainly due to shear heating (Kurosawa and Genda,
2018; Wakita et al., 2019) (Figure S1), but is also accompanied by a similar heating of
cool material through numerical diffusion. Although this mixing of hot and cold material
and numerical diffusion of heat may be a result of our resolution, such mixing occurs in
nature at late times in the cratering pro- cess, as evidenced by clastic impact melts and
impact breccias. The timescale for material to come to thermal equilibrium depends on
the size of the cold clasts though. The region of lightly shocked near surface material is
relatively thin for spherical impactors (Potter and Collins, 2013), however, and we expect
the uncertainty introduced by numerical diffusion is smaller than uncertainties de- scribed
previously.



3.2. Survival of endogenic excavated organics

Although organics detected on the cerean surface occur over a wide area, most are
localized within the interior and proximal ejecta of Ernutet crater. Because of this, it is
possible that the Er- nutet impact itself played an important role in allowing organics to be
detectably localized on the dwarf planet’s surface. In this scenario, the formation of
Ernutet crater may have uplifted, and partially exposed a deep, organic-rich reservoir at
the cerean surface.

We model the formation of an Ernutet-like cerean crater fol- lowing the impact of a D=2.8
km dunite impactor into an 80% serpentine, 20% water ice target to quantify the amount
of thermal degradation experienced by excavated and uplifted target material.

The impactor size is chosen based on the scaling laws of Johnson et al. (2016), and
assuming an impact angle of 45- and an impact velocity of 4.8 km s—1 . Because we hold
this impactor size constant, the final transient diameter changes in our simulations
depending on impact angle and only the 45- produces the correct final crater size
according to scaling laws.

Fig. 4 shows provenance plots (Lagrangian tracer particles at their pre-impact locations)
of the thermal degradation of target material for an Ernutet-like crater following impacts at
90- , 45- , and 30- . In each case, the region immediately below the impact site, where
the shock pressures and temperatures are highest, is strongly depleted in organics. This
depleted material largely stays within and coats the bottom of the transient crater floor.
The gray shaded regions in Fig. 4 show the location of pre-impact mate- rial that is
ejected beyond the transient crater rim, and the arrows show the direction of motion for
that ejection. Our simulations make no assumption about the pre-impact location or
presence of endogenic organics, but by analyzing the provenance of ejecta, our
simulations provide some constraints on possible depth of ori- gin and degree of
degradation of any organics that may have been present in Ceres’ interior. The majority
of ejected material expe- riences little to no impact-induced thermal degradation. As
such, the Ernutet collision could have excavated a subsurface endogenic reservoir from
a pre-impact depth of up to 4.8 km, in the case of a 45- impact, and deposited it on the
surface without efficiently destroying the component organic molecules (Fig. 4B).
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Fig. 5. Volume of impactor and target material within the ejecta of Ernutet crater. The
x-axis is the distance from the crater center in units of crater radius, and the y-axis
shows the volume of impactor and target material ejected from the crater expressed in
units of impactor volume. Bin sizes are 1 crater radius, and account for Lagrangian
tracer particles in the downrange quadrant (90 deg aperture) of the transient crater.
Note that bins overlap due to the small number of impactor tracers ([1-2], [1.5-2.5], [2-
3], [2.5-3.5], etc.). Throughout the ejecta blanket, impactor mate- rial is heavily diluted
by target material, further reducing the chances of spectrally identifying its organic
signature.

4. Discussion

Our simulations of thermal degradation within small impactors suggest that it is unlikely
that the organics observed at Ernutet crater were delivered by the Ernutet impactor. First,
the mass frac- tion of organics that would survive when a kilometer sized im- pactor
striking the cerean surface even at a relatively low 30- impact angle would likely be lower
than the aliphatic organic frac- tions inferred of ~4-9% for the organic rich regions of
Ernutet crater by VIR (De Sanctis et al., 2017). Secondly, this impactor material would be
further mixed with target material within the ejecta blanket. Fig. 5 shows the relative
mass fractions of impactorand target material within the downrange ejecta blanket for our
45- Ernutet-forming scenario. In a given portion of the ejecta blan- ket, the ratio of target
to impactor material, by volume, is ~100.

Because the impactor material would likely be turbulently, later- ally mixed within the

ejecta blanket (Johnson and Melosh, 2014), this would further reduce the concentration
and ability to detect exogenically delivered organic material. This mixing would, in ef-
fect, add an additional term (y ) to equation (3) to account for the mixing

v BOMimpact = (1%)(20%) (10%) Mimpact = 0.0002Mimpact



As such, the two effects combined would reduce delivered organics well beyond the orbital
detection threshold for any reason- able impact scenario. This mixing result also has
implications for other solar system bodies. The origin of dark material on asteroid Vesta
has been suggested as contamination by infalling impactors (McCord et al., 2012). Our
results suggesting that impactor mate- rial is diluted by a factor of 100 within the ejecta
blanket of craters suggest that darkening seen on Vesta only requires a very small fraction
of impactor material. Alternatively, our assumptions may overestimate the amount of
mixing and dilution, or it may be pos- sible that impact delivery resulted in substantial
deposition of dark material, later remobilized by subsequent collisions.

Based on our modeling results, we propose that a subsurface layer or region rich in
organics and carbonates existed within 5 km of the surface at some point in Ceres’ history
prior to the formation of Ernutet crater. When Ernutet crater formed, a portion of this
reservoir was excavated beyond the transient crater rim, but the organic material
contained within was not substantially thermally degraded. During the collapse of the
transient crater, a portion of this excavated reservoir was slumped back into the crater,
coating a portion of the crater floor. Over time, organics at the very near surface were
degraded by exposure to cosmic rays and solar wind (e.g., Marchi et al., 2019), but
relatively recent, small craters that form within this now shallow organic reservoir can
efficiently fur- ther excavate and expose organic-rich material.

It should be noted that in our oblique Ernutet-forming impacts, the depth of excavation is
greater in the downrange direction than in the uprange direction (Fig. 5). Because the
organics observed within Ernutet crater are largely contained within the southwest
quadrant of the crater floor and proximal ejecta blanket, it is possi- ble to further infer that
the Ernutet-forming impactor collided with Ceres on a NE to SW trajectory. In this scenario,
the excavation flow was only deep enough to reach the subsurface organic-rich reservoir
in the downrange direction. For example, if the impact

angle was 45- , and the top of the reservoir lies between 3.5 km and 4.5 km depth, a
portion of this reservoir would only be excavated in the downrange direction. In addition,
this deeply exca- vated material would be ejected at relatively low velocities (rep- resented
by the bottom-most streamline in Fig. 4A). This could further explain why the Ernutet-
related organics are prominently seen in the proximal ejecta from the crater. However, it is
impos- sible to say with any certainty that this is the depth at which the organic-rich
reservoir existed in the pre-impact surface. An alter- nate explanation is that the reservoir
varied in depth laterally, and extended closer to the surface or only existed in the SW
quadrant of the pre-impact surface.

5. Conclusions

We modeled the thermal degradation of aliphatic organics dur- ing impacts on Ceres to
understand if the organics detected on the dwarf planet were produced endogenically or
delivered from



an exogenic source. Our models demonstrate that exogenic impact delivery is inefficient
on Ceres, except for the case of very small (D<10 m) and relatively slow or oblique
impacts, with the major- ity of delivered Murchison-type aliphatic organics being destroyed
by thermal degradation following the passage of the impact shock wave through the
impactor. Instead, our models suggest that the formation of Ernutet crater excavated and
exposed a subsurface organic-rich reservoir from 3-6 km depth, probably following an
oblique collision with an asteroid impinging on the surface from the northeast.

Our models imply that the organics detected on Ceres are pri- mordial or formed in situ at
some point during the dwarf planet’s evolution. The exposure of fresh organics by small
impacts likely applies to other planetesimals at which organics have been found, such as
Themis (Rivkin and Emery, 2010). Ceres is volatile-rich, with the upper crust being
composed of at least 30% and perhaps as much as 60% water in volume, in the form of
ice or gas hy- drates. It is likely that the subsurface hosted considerable volumes of liquid
water in the past (Castillo-Rogez et al., 2018). Our re- sult confirms the long-time
expectation that Ceres is a target of astrobiological significance (e.g., Castillo-Rogez and
Lunine, 2012). Because it is relatively accessible, in comparison to the icy moons of the
giant planets, Ceres is a compelling target for future astro- biological investigations of
prebiotic chemistry in the solar system. Better understanding the fate of impactor material
is an impor- tant endeavor. Future modeling efforts combining impact simula- tions that
cover a larger range of impact conditions with monte carlo accretion models could be used
to predict the expected dis- tribution of impactor material and surviving organics. Further
lab- oratory work on the shock processing of organics would improve our confidence in the
conclusions presented here and be of broad astrobiological interest.
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