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Abstract: Although water vapour isthe main gaseous species observed in 67P/Churyumov-
Gerasimenko’'s (67P/CG) coma[1, 2] and water isthe major constituent of cometary nuclei
[3, 4], limited evidences for exposed water ice regions on the nucleus surface has been
found so far [5, 6]. The nucleus appears mainly to be uniformly coated by dark,
dehydrated, refractory and organic-rich material [7]. The absence of large regions of
exposed water ice seems a common finding on the surfaces of many of the comets observed
sofar [8, 9, 10].

Here we report the identification at infrared wavelengths of water ice on two debris
falls in the Imhotep region of the nucleus in which it has been exposed on the walls of
elevated structures and at the base of the wall. A quantitative derivation of the water ice
abundance in these regions indicates the presence of millimetre-sized pure ice grains,
considerably larger than in all previous observations|[6, 8, 9, 10]

While micron-sized water ice grains are the usual result of vapour recondensation in
ice free layers [6], the occurrence of millimetre-sized grains of pure ice as observed in the
Imhotep debris falls is best explained by grain growth of ice particles by vapour diffusion
in ice-rich layers, or by sintering. As a consequence of these processes, the nucleus can



develop an extended and complex layering in which the outer dehydrated crust [7] is
superimposed on water ice enriched layers. The stratigraphy observed on 67P/CG [11, 12]
is the result of evolutionary processes affecting the uppermost metres of the nucleus and
does not necessarily require a global layering to have occurred at the time of formation of

the comet.

Located in the bottom part of 67P/CG main lobe, the Imhotep plain is characterized by a 1
km x 1.5 km wide smooth terrain unit filled by very fine dust ///, 13]. The region is
circumscribed by elevated structures, some of them showing circular shape with well-defined
walls, which display erosion and mass wasting on their sides //4/. Rosetta’s navigation cameras
identified bright albedo patches (BAP) on the walls of two of these features (Fig. [): a flat-
floored raised circular structure with an external rim partially collapsed located at the Ash-
Khepry-Imhotep boundary at lon. 117°E, lat. 13°N (BAP#1) and a hill with a steep slope at lon.
180°-182°E, lat. 4°-10°S (BAP#2). Both areas are exposed towards the lower Imhotep plain
where the waste material is accumulated as boulders and debris at the bottom of the cliffs. These
deposits are located on relatively cold, collapsed walls of elevated structures and seem to be
recently exposed. The debris falls indicate material eroded and deposited at the base of walls.
The overall geological context points to a process in which limited amounts of bedrock material
break out of the wall and distribute as disrupted fragments at the bottom of the affected wall
regions. Mechanisms that can trigger the falls are related to water ice sublimation, water ice

metamorphism, thermal cracking or possibly impacts.

The best views of the two BAPs obtained by the Visual InfraRed Thermal Imaging
Spectrometer VIRTIS-M [15] are shown in Fig. 2. The description of these observations,
including the retrieval of the spectral parameters and the associated temperature maps, are

discussed in the Methods section.

In the two BAP regions, VIRTIS-M has detected prominent absorption features at 1.05,
1.25, 1.5 (partial), and 2.0 um (discussed later in Fig. 3). These spectral features represent a clear
evidence of the presence of water ice. When observing the water ice rich areas the 3.2 um band,

ubiquitously observed throughout the cometary nucleus and interpreted /7] as caused by the



presence of organic compounds, appears deformed by the strong 3.0 um signature of water ice.
This is the case of the Hapi active region, where it appears in form of transient deposits formed
in the upper layer of the surface by recondensation of water molecules sublimated from sub-

surface ice during the diurnal cycle /6.

With the aim of verifying the spectral properties of the observed water ice regions and to
study their persistence during the first few months of the mission, we have performed a temporal
analysis of the 2 um band appearance while we use the entire 1-4 pum spectral range to
quantitatively derive the water ice abundance and grain size. In Fig. 3 we show the 2 pm band
depth time series (see Methods section for analysis details) for a BAP#1 neighbourhood using all
the spectra measured in the period 23th September - 21th November 2014 (Fig. 3a-3b) and for
BAP#2 obtained between 2nd and 23th September 2014 (Fig. 3c). The persistence of the 2 um
band absorption is evident during these time periods, resulting in average values of 5.6-7.6% for

BAP#1 and 5.0% for BAP#2.

The spectral analyses show no significant change of the bands centres and depths during
the period of observation, indicating that the ice is stable over that timeframe. After linear
spectral continuum removal, the 2.0 um band centre appears located at 2.04 um for BAP#1 (Fig.
3d), with an average band depth of 5%. A band centre located at wavelengths slightly longer than
2.0 um is diagnostic of crystalline water ice, as opposed to the amorphous phase which has the
band centre located at 2.0 um /76/. A secondary minimum of the 1.5 pm band, located at about
1.65 um is typical feature of water ice in the crystalline form while it is absent in amorphous ice
[17]; in Fig. 3e VIRTIS-M data partially show the long wavelength wing of the 1.5 um band
where the secondary minimum at about 1.65 um is clearly seen. Finally, in few well-resolved

pixels the weaker 1.05 and 1.25 pm bands of water ice have been also identified. (Fig. 3e).

VIRTIS-M reflectance spectra were modelled following the approach described in the
Methods section. The best-fitting result shown in Fig. 4a, for a representative spectrum of
BAP#1, corresponds to an areal mixing in which 1.2% of the pixel area is occupied by patches of
large grains of diameter around 2 mm for this specific case of pure water ice while the remaining
98.8% of the pixel area is composed of an intimate mixture of water ice (3.4%, grains of 56 pm
in diameter) and dark terrain (95.4%). As a result, the total amount of surface water ice on the

simulated spectrum correspond to about 4.6% for a pixel sampling an area of about 2.5 m x 2.5



m. By repeating this fitting technique on each pixel of the two high-resolution images shown in
Fig. 2c-2e, we have derived water ice abundance maps for the two debris falls in which intimate
and areal mixing of ice coexist within the dark terrain (Fig. 4b-4c-4d-4e). The maximum water
ice abundances, equivalent to about 1.2% and 4% for the areal and intimate cases respectively,
correspond to those of the bluish waste material accumulated at the base of the two debris falls.
A similar water ice abundance (6%) was observed by the Deep Impact mission on the 0.5 km®
wide water ice deposits identified, by using a linear mixing technique, on the surface of
9P/Tempel 1 /§].

The size range of ice grains that produces the best fits in the observed areas displays a
clear bimodal distribution (Extended Data Figure 1 of the Methods section), where 76% of the
pixels in the intimate mixtures have grain sizes between 33-72 um, and 68% of the pixels in the
pure ice patches regions have grain sizes between 1.4-2.6 mm. In a previous paper /6], we
showed that the diurnal mechanism of ice trapping in the dehydrated uppermost layer led to the
formation of ice grains of only few microns in diameter. Thus, the VIRTIS-M observations
indicate the presence of three different populations of icy grains on the nucleus surface, which
imply different growth mechanisms and different spatial and time scales for their occurrence.

Small water ice grains are the result of the fast condensation process occurring at each
comet rotation on the Hapi area in the thin (cm-sized) uppermost ice-free layers /6/. This is
consistent with Deep Impact observations of the size distribution of released ice grains
immediately after the impact event //8/. On the other hand, the occurrence of mm-sized grains
of ‘pure’ ice as observed over large areas (metre-sized) on the Imhotep debris falls, represents
the occasional exposure of deeper layers which have been subjected to a more complex history.
Assuming a size range of tens of micron as a typical size for ice grains present on the nucleus of
comets /8, 9, 10 and our results/, the observations of mm-sized grains can be explained by the
growth of secondary ice crystals from vapour diffusion in ice-rich colder layers and/or by ice
grains sintering /79, 20]. The energy necessary to activate these processes is provided by the
thermal heat wave penetrating into the subsurface layers and causing ice sublimation; the
additional contribution to the total energy balance derived from the amorphous to crystalline
phase transition should not be neglected although it is expected to represent a moderate
contribution /79/. Ice grain growth can profoundly alter the thermal evolution of the nucleus as it

causes a decrease in porosity (densification) and an increase in thermal conductivity. Models



show that the ice grain growth and the densification can encompass layers of several metres /20/
thus affecting the large-scale structural and thermal properties of the nucleus. Moreover, the
KOSI experimental results showed that, depending on the dust/ice ratio, more than 80% of the
sublimating ice was not released through the dust mantle but re-deposited at greater depths /21].
As a consequence, the observed stratification, which is one of the most prominent structural
features of 67P/CG [11, 12], would be the result of cometary evolution processes rather than a

remnant of the nucleus formation scenario.
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L egendsfor main figures

Figure 1. Rosetta NAVCAM context images of the two debris falls. Panel a) Imhotep region
showing BAP#1 on the Ash-Khepry-Imhotep boundary (white arrow) and BAP #2 on the
hillside (yellow arrow). Panel b) waste material and debris accumulated at the bottom of the
landslide eroding the side of the elevated circular structure. BAP #1 is not visible in the viewing
geometry of this nadir pointing image. Panel ¢) BAP #1 bright albedo patch caused by the
presence of water ice is clearly visible on this oblique view of the elevated structure wall. Panel

d) Similar viewing geometry identifying BAP#2.



Figure 2: VIRTIS-M observations of the two water ice debris falls. Panel a) Colour image
showing BAP#1-2 (white and yellow arrows, respectively). Panel b) Water ice-rich waste terrain
on BAP#1 is visible in blue colour on the right side of the circular elevated structure. Panel c)
Close-up acquisition on BAP#1 reveals the bluish colour of the water ice-rich unit. Panel d)
Temperature map showing the water ice-rich terrain at T<160 K. Panel €) Hill side image
showing BAP#2. Panel f) Temperature map showing the water ice rich terrain at T<180 K. All

colour images are obtained from B=1.3 uym, G=2.0 um, R=2.9 pum channels.

Figure 3: Spectral evidences of water ice. Panels a-b) 2 um band depth time series for BAP#1
in October (MTP008) and November (MTP009) 2014. Panel c) same as panels a-b) but for
BAP#2 on September (MTP007) 2014 dataset. Fluctuations are due to the varying signal to noise
caused by the changing illumination and viewing conditions during the observations. Panel d)
Median spectra derived from MTP008-009 datasets BAP#1 showing the 2 pum absorption
feature. Continuum-removed (CR) data show the spectral position of the band centre at about
2.04 um, compatible with water ice in crystalline form. The 2 um feature is not evident on the
BAP#2 median spectrum derived from the entire MTP007 dataset but it appears only on limited
observations, like the SP2237 one, marked by a blue dash line in panel ¢). Panel €) Comparison
of BAP #1 median spectrum where only the 1.65 and 2 pm bands are visible with a water ice-
rich pixel (SP1446, indicated by the blue dash line in panel a) which clearly shows the 1.05,
1.25, 1.5-1.65 and 2.05 um pure crystalline water ice absorption features. This spectrum can be
simulated with two end members, e.g. crystalline water ice and dark terrain (DT), as shown in

Fig. 4. Instrumental order sorting filter junction wavelengths are marked by grey box.

Figure 4: Water ice spectral analysis and spatial distribution. Panel a) BAP#1 water ice-rich
VIRTIS spectrum (black curve with error bars in red; at each wavelength the error corresponds
to the inverse of signal-to-noise ratio) and best-fit synthetic model (blue curve). The location of
the VIRTIS spectrum corresponds to the pixel indicated by an arrow in panels b-c). Instrumental
order sorting filters junctions wavelengths are marked by grey boxes. Panels b-c) Water ice
abundance maps for BAP#1 on observation I1 00371998843 (Fig. 2 panel c) in areal (b) and
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intimate (¢) mixing with dark material, respectively. Panels d-e) Water ice abundance maps for
BAP#2 on observation I1 00369369214 (Fig. 2 panel ¢e) in areal (d) and intimate mixing (e) with
dark material, respectively. Black pixels in panels b-e) correspond mainly to shadow areas whose
spectra are excluded from the analysis because they have a median signal-to-noise ratio <30, and
for which a satisfactory model fit was not obtained. Estimated relative error for retrieved

parameters is 20%.

METHODS SECTION

VIRTISM (Visble and InfraRed Thermal Imaging Spectrometer, Mapping
channel) is the VIS-IR hyperspectral channel /75] aboard Rosetta. The instrument performs
0.25-5.1 um spectroscopy by using two separate detectors, a CCD for the 0.25-1 um and a
HgCdTe for the 1.0-5.1 um ranges, respectively. The spectral sampling is equal to 1.8 and 9.7
nm/band for the two channels, respectively. Both spectral channels share the same telescope
equipped with a scanning mirror to build hyperspectral cubes. The instrumental Field of View
(FOV) is equal to 3.7° with an Instantaneous Field of View (IFOV) of 250 urad. The slit aperture
is therefore acquired by 256 spatial samples. The raw data are converted to I/F by applying the
calibration pipeline /22, 23, 24] and the corrections derived from in-flight data /25, 26].

OBSERVATION CAMPAIGNS: during the Philae pre-landing phase, four different
nucleus mapping campaigns have been carried out by VIRTIS-M: the first in August 2014,
during the MTP006 mission period, when the spacecraft was orbiting between 50-100 km
distances from the nucleus with 25°-40° solar phase angle. In this period a large number of
observations was executed at constant solar phase (about 30°) with spatial resolution of 12.5 to
25 m/pixel, including the observation shown in Fig. 2a in which both debris falls are shown. The
second phase occurred in September 2014, during MTP0O7, when the spacecraft was at about 30
km distance with 60°-70° solar phase angle. During this campaign both debris falls were
observed by VIRTIS-M in oblique view with a spatial resolution of about 7.5 m/pixel (Fig. 2b-
2e). The third campaign (MTP008) was executed in October 2014 when the spacecraft orbited
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along the nucleus’ terminator in circular orbits at 20 and then 10 km distances, resulting in
observations with a spatial resolution of 5 to 2.5 m/pixel taken at solar phase angle of 90°.
During the 10 km orbit VIRTIS-M acquired the best view of the waste material at the bottom of
the BAP#1 (see Fig. 2c). Finally, the last campaign was executed from end of October to mid
November 2014 in preparation of Philae lander release when the spacecraft’s trajectory was on
elliptic orbits between 10 and 20 km distances with VIRTIS-M continuing to monitor the nucleus
with spatial resolution between 2.5 and 5 m/pixel with solar phase angle between 70° to 100°.
During this period the visibility of the BAP#1 continued to be good while BAP#2 was no longer

visible.
To take into account the local irregular topography we have expanded the range of

coordinates over which our spectral analysis is performed to lon. 114°-120°E, lat. 11°-15°N for
BAP#1 and to lon. 178°-184°E, lat. 2°-12°S for BAP #2. Overall, the best viewing of the two

BAPs occurs during off-nadir pointing sequences and during Rosetta’s terminator orbits where

the emission angle on the exposed walls is smaller. The analysis of VIRTIS geo-referenced
images of these areas shows that a total of 7,495 and 7,204 VIRTIS pixels in dayside
illumination conditions are located above BAP#1 and #2, respectively. The corresponding 2 pm
water ice band depth above these points is shown in Fig. 3a-b-c for the different MTP intervals.
Fluctuations are due to the variable water ice distribution above the local rough topography with

different illumination and viewing geometry occurring during Rosetta’s orbits around the comet.

THERMAL IMAGES for the two more resolved observations of the debris fall regions
are shown in Fig. 2d-2f at the same scale of the corresponding images in reflectance. VIRTIS-M
data are used to derive the surface temperature by modelling spectral radiance in the 4.5-5.1 pm
range adopting a Bayesian approach /27/. The retrieved temperature of a given point of the
nucleus’ surface is a function of the local terrain properties (albedo, composition, grain size,
roughness, thermal conductivity, volatiles sublimation) and illumination geometry (solar
incidence angle, local solar time, time since last shadow occurred). As a consequence of the large
obliquity of the spin axis with respect to the orbital plane, the southern hemisphere, where the
Imhotep plain is located, is considerably less illuminated than the northern hemisphere until few

months before perihelion passage (which occurred in August 2015). This affects the average
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temperatures measured on this region which are much lower than the ones measured on the
smaller nucleus lobe and in the north part of the larger one /2, 28/. On the Imhotep plain, the
MIRO experiment has measured a maximum diurnal subsurface temperature of about 120 K with
both millimetre and submillimetre channels /2] while modelling VIRTIS-M data a diurnal
surface temperature of 180-190+15 K has been inferred /28/. Such thermal conditions are
favourable for preserving water ice on the surface /29/. In addition, Fig. 2d-2f clearly shows that
BAP#1 and #2 are on average cooler than nearby terrains. In the thermal image of BAP #1,
VIRTIS-M has measured a temperature lower than 160+30 K on pixels where water ice features
are more prominent. On BAP#2, the temperature is below 180+15 K. This means that in both

regions the water ice is close to the sublimation regime /29/.

SPECTRAL MODELLING: A quantitative spectral analysis of the composition of
BAP#1-#2 has been performed using Hapke’s radiative transfer model /30/ as described in /3/].
The two regions have been modelled using a complex mixture of two spectral endmembers:
crystalline water ice, simulated by using optical constants measured at T=160 K between 1 and 4
um /17, 33, 34, 35], and a "dark terrain" (DT) unit corresponding to the average spectrum of the
comet’s surface after the application of photometric correction /32/. Both endmember spectra
are shown in Fig. 3e in the 1.0-2.3 um spectral range. The analysis has been performed on
spectra normalized at 2.3 pm in order to rule out uncertainties on the radiometric and
photometric accuracy as well as errors on the local geometry information, due to unresolved

shadows and roughness.

In Hapke’s theory /30] the ratio of the bidirectional reflectance r(i, e, g, A) of a semi-

infinite medium taken at two wavelengths A and A can be expressed as:

w(A)K Hoe

T(i, e, q, )\) _ An foetpe [BSH(g)p(97 )‘) + H(w()‘)v MOG/K)H(U}()\), :ue/K) - 1] S(Z7 €9, H)BCB(Q, /\)
r(ise.g, M) 2QUE e [Bop(g)p(g, Ao) + H(w(No), e/ K) H(w(No), pre/ K) = 1] S(is e, 9, 6) Ber(g, A)

where 7, e, g are the incidence, emission and phase angle, respectively; w is the single
scattering albedo (SSA); K is the porosity of the medium; p(g, 4) is the single particle phase
function; e, u. are the effective cosines of the incidence and emission angles, differing from the

1o and u because of the effect of surface roughness; H(w, u./K) the Chandrasekhar functions
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describing the multiple scattering components; Bsu(g) the shadow hiding opposition effect term;
Bea(g, 4) the coherent back-scattering opposition effect; S(i, e, g 6) the shadow function
modelling large scale roughness and 6 the average surface slope. As we are taking a ratio, all the
terms that do not depend on wavelength will disappear in eq. 1). In particular, the porosity K and
the roughness embedded in the S(i, e, g, 6) shadow function are removed. Moreover, during the
VIRTIS-M observations described in this paper the solar phase was fixed at g=95°. As a
consequence the shadow hiding effect is negligible and this implies posing the terms Bsyand Bcp

equal to 1.
In summary eq. 1.) will be simplified as follows:
r(i,e,g,A) _ wA) [ plg,A) + H(wA), poe/ K)H(w(N), pe/ K) — 1

P9 h)  w0) [p(g o) + H{w(h), e/ K)VE (w(ho) e/ K) 1) =)

In addition, for the dark terrain component, which makes up the majority by far of the
material present on the nucleus surface, the contribution of the porosity and of the roughness to

the multiple scattering term is a second order effect. Thus we can assume poe/K=.

Eq. 2 represents the formulation to be used to derive the normalised reflectance of a single
material but it can be straightforwardly extended to the case of a linear combination of
reflectances, maintaining the simplifications described above. In this relation the parameters to
fit are: the phase function p(g) and the single scattering albedo w, which can be modelled using
the optical constants and the grain size. The phase function p(g) derived by /32/ is used in the

spectral modelling.

We are dealing with two end-members and we have used areal and intimate mixing modalities in
the simulations: in the areal mixing the surface is modelled as patches of pure water ice and dark
terrain, with each photon scattered within one patch. In the intimate mixing model the particles
of the two end-member materials are in contact with each other and both are involved in the
scattering of a single photon. In intimate mixing the single scattering albedo of the mixture is the
weighted average, through their abundance P, of the Dark Terrain (DT) and Water Ice (WI)
single scattering albedos. Thus the w(4) is given by w(4)=w(2)pr Ppr + w(4)wr Pw:. In the areal
mixing (linear mixing) instead, the two components are treated independently. For the dark

terrain we have used the w(4) value retrieved from the photometric correction /32/, while to
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describe the water ice contribution we explicitly calculated the w(4) from the optical constants
and from the grain size, which represent the parameter to be fitted. Furthermore, after extensive
tests, we have been able to fix the value of the phase function p(g=95°)=0.5. With the approach
described above the model’s free-parameters are the percentage and grain size of the water ice in
the intimate mixed phase, and the percentage and grain size of the water ice in the areal mixed

phase.

Before fitting, the observed spectra are corrected for spikes, out of statistics signals and
for instrumental artifacts. The best-fitting result, an example of which is shown in Fig. 4a, is
obtained by applying the Levenberg-Marquardt method for nonlinear least squares multiple
regression. In this specific case, the best matching spectrum corresponds to an areal mixing
where 1.2% of the pixel area is modelled with large grains (size distribution peaked around 2
mm in diameter) of pure water ice while the remaining 98.8% of the pixel area is composed of an
intimate mixture with 3.4% of water ice (size distribution peaked at 56 pm in diameter) with the
remaining 95.4% of dark material. The distribution of the areal and intimate grain sizes appears
to be monodispersed (Extended Data Figure 1) and grouped in two very different families: small
grains of 50-60 um diameter size in the intimate case and large mm-size grains in the areal case.
When we say that our fit requires particles of average sizes of 2 mm, this means that, from a
photon point of view, the medium is essentially continuous at scales of 2 mm. This implies that
any discontinuities (e.g., voids) within a volume of 2 mm radius should be smaller than the

wavelength.

NAVCAM IMAGES REFERENCES Rosetta NAVCAM context images of the two

debris fall shown in Figure 1 are:

e ROS CAMI1 20140823T184003, taken on 2014-08-23T18:40 from a distance of 64.8 km
(panel a). The BAP#1 on the Ash-Khepry-Imhotep boundary at lon. 117°E, lat. 13°N is
indicated by the white arrow. The BAP #2 on the hillside placed at lon. 180°-182°E, lat. 4°-

10°S is indicated by the yellow arrow;

e ROS CAMI1 20140914T121933 , taken on 2014-09-14T12:19 from a distance of 30.7 km

(panel b). The image shows the waste material and debris accumulated at the bottom of the
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landslide eroding the side of the elevated circular structure. BAP #1 is not visible in the

viewing geometry of this nadir pointing image;

ROS CAMI1 20140914T141723, taken on 2014-09-14T18:40 from a distance of 30.6 km
(panel c¢). BAP #1 bright albedo patch caused by the presence of water ice is clearly visible

on the oblique view of the elevated structure wall;

ROS CAM1 20140915T021834, taken on 2014-09-15T02:18 from a distance of 29.9 km
(panel d). This image shows a viewing geometry identifying BAP#2 similar to panel c. Note
a secondary smaller bright layer on the right of the primary.

VIRTISM HYPERSPECTRAL CUBES REFERENCES Rosetta VIRTIS-M

observations of the two BAP shown in Figure 2 are the following:

I1 00367585390, taken on 2014-08-25T11:04 with an integration time of 3 sec and a spatial
resolution of 12.5 m/pixel (panel a);

I1 00369364114, taken on 2014-09-15T01:09 with an integration time of 3 sec/line and a
spatial resolution of 7.5 m/pixel (panel b);

I1 00371998843, taken on 2014-10-15T13:01 with an integration time of 3 sec/line and a
spatial resolution of 2.5 m/pixel (panels c-d);

I1 00369369214, taken on 2014-09-15T02:34 with an integration time of 3 sec/line and a
spatial resolution of 7.5 m/pixel (panels e-f).
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LEGEND FOR EXTENDED MATERIAL FIGURE

Extended Data Figure 1: Water ice grain size distribution derived on the BAP#1. Grains are
present in two monodispersed distributions with maxima at 56 um and at 2 mm corresponding to
the intimate and areal mixing classes, respectively. The histogram is computed by selecting only
pixels showing a water ice abundance greater than 2% for the intimate and greater than 0.3% for

areal mixing.
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