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Supplementary tables and figures cited in the main article

Period MTP | Avg. heliocentric distance | Spatial resolution
1 August 2014 - 2 September 2014 MTPO006 3.54 au 13-98 m/pixel
8 April 2015 - 5 May 2015 MTPO15 1.83 au 23-39 m/pixel
25 August 2015 - 22 September 2015 | MTP020 1.28 au 78-107 m/pixel
17 November 2015 - 15 December 2015 | MTP023 1.78 au 25-36 m/pixel
31 May 2016 - 28 June 2016 MTP030 3.20 au 3-8 m/pixel

Supplementary Table 1. Timing of the spectral-slope maps of Fig. 1. The corresponding Rosetta
Medium Term Planning (MTP) phases are indicated, along with the comet average heliocentric distance
and the spatial resolution of VIRTIS observations.



ROI | Latitude Longitude | Morphological region
1 -30°-0° | 120° - 150° Imhotep
2 15°-30° | 135° - 150° Imhotep/Ash
3 —-15°-0° | 255° -270° Hapi/Seth
4 0°-10° 350° — 359° Hatmehit
5 | =75°--60° | 120° — 150° Imhotep/Bes

Supplementary Table 2. Latitude and longitude intervals of the ROIs defined in Fig. 1. The last column
indicates the morphological regions where the ROIs are located, following the regional nomenclature

from!.
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Supplementary Figure 1. Insolation over the ROI 1. The incident solar flux at the surface from August
2014 to September 2016 has been computed at five positions, corresponding to the ROI corners and centre
by means of the SPICE tool?. This result in five different curves that are superimposed in the plot (as a
consequence only four of them are visible). The insolation curves account also for the diurnal cycle on the
comet surface, thus, in a single rotation the Solar flux on the ROI 1 is zero at night and maximum at noon.
Note that in the present visualisation such day-night variability is not resolved. The curves of the five
positions have been averaged to produce an average insolation curve of the ROI 1 (not shown). We report,
as a black dashed line, the upper envelope of this curve, computed over a running box of approximately 10
comet rotations, representing the temporal evolution of the maximum flux over the ROI 1.
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Supplementary Figure 2. 63/4x and maximum surface temperature from August 2014 to
September 2016 for the ROI 1. 6,,4x (solid line) is not defined before November 2014 and
approximately after August 2016, as surface temperature in the ROI 1 is < 205 K and cannot sustain
water-driven activity>.The maximum surface temperature (dashed line) is computed from August 2014 to
September 2016 by assuming the maximum solar flux over the ROI 1 shown in Supplementary Fig. 1.
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Supplementary Figure 3. Average erosion rate in the ROI 1. The curve is obtained after averaging
over a 10-day running box.
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Supplementary Figure 4. Temporal evolution of the BP areal fraction for different values of «. The
normalized BP areal fraction is reported versus time, for different behaviors of fco, as a function of the
index a. For each simulation we adopted figp = 0.5 and K = 0.0001 h~! and WEB size L = 1 m and
L.=0.1 m?*. Such values allow the simulations to be far from a saturation regime, with maximum values
of BP(1) < fWEB-
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Supplementary Figure 5. Normalized BP(¢) curves for different values of L. In these simulations we
adopted L. < L, K =0.0001 h™! and fiygp = 0.5. For illustrative purposes, the selected values of L. and
K are chosen to provide a negligible effect of the additional erosion of the BPs from CO; activity. The
positions of the local maxima for the different cases are indicated by dashed lines. The position of #374x is
indicated with a solid line. The derived delay of the BP(¢) maximum with respect to the maximum in the
activity is ~ 1.5 days, = 10 days and ~ 46 days for L=0.1 m, L =1 m and L = 5 m, respectively. The
delays, as estimated with Eq. 13 and E(#y74x) = 5.5 cm/day are = 0.9 days, ~ 9 days and ~ 46 days, in
good agreement with the results from the numerical integration for L=0.1m,L=1mand L=5m,
respectively. All the curves reach a plateau at the end of the investigated time interval. These correspond
to the cessation of water-driven erosion (E(#) = 0), which preserves the residual BPs in the simulation.
However, in this regime, water ice sublimation, although not able to erode the surface, would cause
dehydration of BPs?, which eventually disappear. This effect is not included in the present model.
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Supplementary Figure 6. Best fit models of the BP temporal evolution over the ROI 1. The BP areal
fraction (diamonds and error bars), as derived from VIRTIS data including the corresponding
uncertainties, is compared with models (solid lines) for L=0.1,0.5,1 ,2 m and a@=2. The best fit values of
Jwep are reported.
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Supplementary Figure 7. Characterisation of the WEB size lower limit. The temporal evolution of
the BP areal fraction over the ROI 1 (diamonds and error bars), as derived from VIRTIS data including the
corresponding uncertainties, is compared with an ideal model assuming fywrp = 1 and @ = 2. The value of
L is chosen as the smallest one for which the obtained evolution of BP() is still considered compatible
with observations.
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Supplementary Figure 8. BPs,,, as a function of the WEB size L. For each point the bars span from a
minimum to a maximum value, corresponding to the extreme BPs,,;; values obtained by combining
Eip =4 m, 10 m, and L, = 0.1 m, 0.13 m. The grey band represents BPgs,,;, values compatible with the
6% upper limit of water-active areas in the active southern hemisphere.
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1 Spectral-slope computation and mapping

Maps of spectral slope are produced following the approach described in ref.’> from photometrically
reduced data®, by converting the calibrated radiance factor (I/F=r X re flectance) measured by VIRTIS-M
nucleus observations into spectral single scattering albedo (SSA or w, Eq. 10)’. Such approach allows
us to minimise the spectrophotometric effects induced by the variation of observation geometry on the
surface reflectance and permits to compare acquisitions taken under different observation geometries
and at different times. Following the method adopted in previous studies™3, for each SSA spectrum the
spectral slope at visible wavelengths is computed as

ASSA 100%
Svis =|——— , (D
Al Jys5-08 5 SA0ss
where (A“ZiA )0.55_0 o is the slope of a linear fit in the 0.55-0.8 um interval, and S S Aq 55 is the single

scattering albedo at 0.55 pwm. Note that for the S y;g computation we express wavelength in 100-nm unit,
thus the S ys unit is %/(100 nm).

2 Correction of the effect of calibration residuals on Sy ;g

VIRTIS-M observations are performed by acquiring sequences of lines, which correspond to images of
the target through the spectrometer slit. The different lines, composed of 256 pixels (samples) each, are
put together to produce the final VIRTIS-M bidimensional image at a given wavelength’. An analysis
of the SSA spectral slope (S y;s) from VIRTIS-M hyperspectral images (cubes), revealed two residual
calibration issues which manifested as 1) a systematic correlation of S y;s with the sample position in the
VIS detector and 2) a positive correlation of S y;s with the VIS detector (CCD) temperature. Below, we
describe the empirical approach we adopted to correct the derived spectral slope in the visible for such
effects.

2.1 Correction for S ;5 sample dependence

In order to model and then correct the observed dependence of S y;s on the sample position (s) we selected
six VIRTIS-M hyperspectral images (see Supplementary Table 3) where the instrument FOV (field of
view) was fully occupied by the nucleus and with limited occurrence of shadows. Each hyperspectral
cube has been reduced to SSA (Eq. 10) and converted to a S y;s image by computing the spectral slope
for each pixel (Supplementary Fig. 9a). For each image 1, a median S, (s) profile along the sample
direction has been derived, by computing the median spectral-slope value for pixels corresponding to
different lines at the same sample (Supplementary Fig. 9b). Each of the different S|, (s) median profiles
has been normalised to its median value along the samples obtaining a Slope Correction Factor (S CF'(s))
profile. Finally, the median of the S CF'(s) profiles from the different images has been computed at each
sample position to obtain a final slope correction factor S CF(s) (Supplementary Fig. 9c). With the aim
to correct the derived spectral-slope images for the systematic dependence on the sample position, the
derived value of the spectral slope at a given s is divided by the value of the S CF(s) at the same sample
(Supplementary Fig. 9d).

2.2 Correction for S y;5 instrument temperature dependence

A comparison among VIRTIS-M spectral-slope images acquired in sequence evidenced that the average
value of the spectral slope in each image is positively correlated with the VIS detector (CCD) temperature
(also referred to as focal plane temperature) at the time of acquisition. Starting from the beginning of
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Supplementary Figure 9. Characterisation and correction of the S ;5 sample dependence. a) S y;s
image as derived from VIRTIS-M hyperspectral cube V_00418865371. Surface features deformation is
due to the spacecraft movement relative to the nucleus surface during acquisition. Notice the bluish band
on the right side of the image corresponding to samples with systematically lower spectral slope. b)
Svis (s) profiles from each line of the image (curves with different red colour tones) and the
corresponding median profile (blue thick curve). c) S CF'(s) profiles for each observation of
Supplementary Table 3 and median S CF(s) (black thick curve) with formal errors. d) S y;s image after
the application of the Slope Correction Factor.

May 2015, corresponding to the end of the operations of the cryocooler used to cool down the IR detector,
the VIS channel acquisition mode has been reconfigured to operate with longer integration and repetition
times. This strategy has allowed the SNR of the VIS channel to be improved at expenses of a progressive
warming of the CCD and higher operating temperatures, resulting in a systematic change of the detector
response. In the following we report about the strategy used to correct this effect and homogenise the
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Cube Date Number of lines | Target distance [km]
V1_00418865371 | 9 Apr 2016 202 28.2
V1_00430446438 | 22 Aug 2016 120 4.9
V1_00431457438 | 2 Sept 2016 63 4.2
V1_00431742197 | 6 Sept 2016 57 3.5
V1_00433297397 | 24 Sept 2016 58 3.9
V1_00433665027 | 28 Sept 2016 82 21.1

Supplementary Table 3. List of the hyperspectral cubes selected to develop the S y;s sample
dependence correction, and corresponding observation circumstances.

response across the entire dataset, an operation necessary to compare data collected during the entire
duration of the mission. In Supplementary Fig. 10 a sequence of images, acquired in ~ 4.5 hours, with a
single cube acquisition time of approximately 30 minutes, is shown. A clear increase of the measured
spectral slope across the whole illuminated nucleus can be observed, from the first to the last acquisition,
along with the focal plane temperature. In order to correct for this effect, a statistical approach has been
developed to model the spurious increase of the measured spectral slope with temperature. To this purpose,
we assume that, for a given acquisition, the effect of the corresponding CCD temperature (7)) on the
average of the computed spectral slope across the nucleus after photometric reduction, can be modelled by
a multiplicative term f(7") according to the following relation

Svis(n,T) = Sy5(m) X f(T), 2)

where the index n indicates the nth hyperspectral cube and S, (n) refers to the intrinsic average spectral
slope of the surface. We assume that 7, ¢ is not correlated with the CCD temperature, then, by averaging
over different images ({ ),) acquired with the same 7', we obtain the following relation

(Svis (0, T))n =S yy5 (M)a X f(T). 3)

Given that the instrument was calibrated at a nominal operating focal plane temperature of 180 K we can
consider this temperature as the reference value at which the derived spectral slope is representative of the
intrinsic properties of the nucleus. Then we can set f(180 K) =1 which implies S ”“,IS (n) =Svyis(n, 180 K)
and

Svis(n,T)), =<{Svis(n,180 K)), x f(T), “4)

where (S y;s(n,T)), represents the average derived nucleus spectral slope as a function of the temperature
(slope-temperature profile), that, for brevity of notation, we rename as S y;s (7). It follows that Eq. 4 can
be now expressed as

Svis(T) =S vyis (180 K) X f(T) (&)

which provides a general relation between the computed VIS spectral slope, its reference value at 7 = 180
K, and the CCD temperature T during the acquisition. To estimate f(7) and S y;5(180 K) in Eq. 5, a set
of 10° slope-temperature profiles has been generated from VIRTIS-M observations acquired with different
CCD temperatures in the 160 K<T<200 K range. The slope-temperature profiles have been built with a
temperature sampling of AT = 1 K by extracting randomly from the VIRTIS-M S y;5 (n, T) distribution a
value of the VIS spectral slope for each temperature bin. Observations are taken from Rosetta Medium
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Supplementary Figure 10. Effect of S y;5 dependence on the CCD temperature. Sequence of S y;s
images from cubes acquired between 12 and 13 November 2015. The acquisition of a single cube took
approximately 30 minutes. Phase angle was ~ 61° for all the images, and additional observation
circumstances are indicated. Between the first and the last acquisition, the instrument progressively
warmed up, and the maximum focal plane temperature (FP Max Temp), where the CCD is located,13/21
increased from 176.6 K to 196.4 K. This produced a systematic increase of S y;s across the nucleus.
Colour bar values are given in %/(100 nm).
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Term Planning (MTP) sequences MTPO17, MTPO18, MTP022, MTP023, MTP024, MTP025, MTP026,
MTPO028 which were performed under variable CCD temperature conditions and sampled different phases
of the comet surface evolution. The 10° spectral-slope profiles have been modeled with a linear fit where
f(T)=A+ BT. We note that according to Eq. 5 the quantities derived from the linear fit are actually
given by S y75 (180 K) X A and S y;s5 (180 K) x B, which will be referred to as S A and S B, respectively. By
fitting the different 10° slope-temperature profiles a distribution for SA and S B is obtained, from which
we derived the average values SA = (=11.8 +3.5) %/(100 nm) and S B = (0.177 £0.021) %/(100 nm
K). The final values for A, B, and S y;5 (180 K) are straightforwardly derived by imposing f(180 K) = 1.
This gives B = (1 —A)/(180 K), from which it follows: A = —0.5+0.17, B = (0.0088 +0.00095) K~! and
Svis(180 K) = (20.001 £0.028) %/(100 nm). In Supplementary Fig. 11 we report the average of the 106
spectral-slope temperature profiles, and Eq. 5 as computed with the estimated average values of S A and
S B. It can be noted that the dependence of the computed spectral slope on the CCD temperature can be
effectively described by a linear relation.

By using Eq. 5 and the results of the linear fit, the spectral slope for a given pixel S "'j 15 (T) can be
translated to its reference value at 180 K, § €IS(18() K), by means of the simple relation S 518(180
K)=(S$ €IS(T))/ f(T). In Supplementary Fig. 12 we show the sequence of spectral-slope images of

30 — —

Sy [%/(100 nm)]

N l ] I l N l ] I
160 170 180 190 200
CCD temperature [K]

Supplementary Figure 11. Sy ;5-CCD temperature average profile. Sy;s and the CCD temperature
are correlated and their relation has been fitted with the linear model (black curve) of Eq. 5 and
SA=-11.8%/(100 nm) and S B =0.177 %/(100 nm K). We indicate as a grey band the 98% confidence
interval for the predicted values in the linear regression: at 200 K the width of the confidence interval is
~ 6% of the best fit value, and reduces to ~ 4% at 180 K. These can be considered as conservative
estimates of the error on the correction for the spectral-slope dependency on the CCD temperature.

Supplementary Fig. 10 after correcting for the CCD temperature dependence, demonstrating that the
spurious increase of spectral slope with temperature has been properly corrected.

3 Spectral modelling

We describe the cometary surface as a geographical (or areal) mixture of the cometary dark terrain (being
poor in water ice and having a low albedo) and BPs. The corresponding reflectance can then be expressed
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Supplementary Figure 12. Correction of the S ;s dependence on the CCD temperature. The same
sequence of Sy;s images from Supplementary Fig. 10, after correction for the CCD temperature effect on
the computed spectral slope. Colour bar values are given in % /(100 nm).
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as a linear combination of the radiance factor of the dark terrain (//Fpr) and of the BPs (I/Fgp):
I/F =(1-fpp)I/Fpr+ fePl/F P, (6)

where fgp is the areal fraction of BPs. By applying a simplified version of the Hapke model” it has been
shown® that, far from the opposition effect region, the dark terrain radiance factor for comet 67P can be
expressed as

wpr(d)  Hoe

Hpr(A,8)S (i e,8.0), (7
4 Hoe T Me

I/Fpr =

where the contribution of multiple scattering is considered negligible given the low albedo of the surface,
and with 7, e, g being the incidence, emission and phase angles, respectively, o, and p, the effective cosines
of the incidence and emission angle, wpr(A) the single scattering albedo of the dark terrain, I1p7(4,g)
the single particle phase function of the dark terrain and S (i, e, g,6) the shadowing function of the surface,
depending on the roughness parameter 6. Always referring to the Hapke theory, the radiance factor of the
BPs can be expressed as

wgp(A) ) _
I/Fpp =200 0 117000, 9) + HOwpp, o) Hwsp.je) — 118 (iy e, 8.0), 8)
4 :qu"',ue

where H is Chandrasekhar’s function and accounts for multiple scattering. The BPs, similarly to the rest
of the surface, are composed of pebbles. In the BPs, pebbles are agglomerates of cometary dark terrain
and water ice, thus we model them as an intimate mixture of these two end-members. This implies that
the BP single scattering albedo can be expressed as a linear combination of the dark terrain (wpr) and
water ice (wy) single scattering albedos:

wgp = fiwr+ (1 - fi)wpr, 9

where f; is the ice fractional cross section in the BPs. In our simulation we assume a reference value of
f1 =0.5, in line with the estimated dust-to-water-ice volume ratio of ice-rich features on comet 67P10- 11
For the single scattering albedo of the comet’s dark terrain we use the spectrum provided for the "bottom"
region in ref.®. For the water ice case, in a mixture with a substantial amount of comet’s dark terrain
material, we can assume a constant value of w; = 1. This, given the low absorption coefficient of water ice
in the investigated spectral range (0.55-0.8 um )'?, is an excellent approximation of the corresponding
single scattering albedo spectrum as obtained from Hapke’s modelling over a wide interval of grain sizes,
from sub-um- to mm-sized particles. As mentioned above, the spectral slope S y;s has been derived after
reduction of VIRTIS-M I/F measurements into single scattering albedo, which according to ref.% is
provided by the following general equation

_1 [ FVIRTIS Moe + He 4
HDT(/L g) ,UOe S(i$e9g’ é) .

w(d) (10)

Given this we apply Egs. 6 to 10 to reduce the radiance factor of an ice-hosting area into the corresponding
"effective single scattering albedo", w, s, obtaining

Werf = ((1 — [BP)Wpr(DIpr(4,8) + f3P(WEP(D[IDT(A, 8) + H(WpP, toe ) H(WBP, le) — 1]))/ lpr(4,8),
(11)
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where we assumed [1gp = [1p7 and Ipy is from ref.f. This quantity is then used to compute the spectral
slope to be compared with the S y;s temporal profiles measured by VIRTIS-M for the ROI 1. The best fit
of the spectral slope at each given time provides the corresponding areal fraction of BP in the investigated
ROI (fzp).

For the Hapi region we also modelled the effects of a minor enrichment of water in the dark terrain. This

is obtained by modifying the single scattering albedo of the dark terrain wpr in Eq. 7 into wj),., where

W;)T = fI*WI + (1 _f[*)WDT (12)

with f;" representing the ice fraction.

4 Dust ejection rate on March 2015 and water-driven erosion in Imhotep

Assuming Imhotep as the main source of activity in March 2015, we estimate from cometary activity
modelling (see Methods) an average daytime erosion rate E 4,y of 5.6 cm/day and a gas emission rate Q4 (T)
of 5x 107 kg/m?/s as computed at the maximum temperature experienced in Imhotep (T =247 K, see
methods and Supplementary Fig. 2). With this value of Q, the maximum liftable size of the ejected dust is
1 cm (ref.!3). In this period, GIADA measured a dust flux of 20-40 kg/s for particle sizes <1 cm. The total
dust flux if Imhotep were uniformly ejecting sub-cm dust can be computed as Qy = A - pg - Eqqy 2600
kg/s, where A ~ 5 km? is the Imhotep area'* and py ~ 800 kg/m? is the average dust density'>. This value
is 65-130 times larger than the one measured by GIADA, implying that approximately only 0.8-1.5% of
Imhotep is ejecting sub-cm dust.

5 Semi-transparent dehydrated crust scenario

One of the outputs of the water-driven activity model by ref.? is the smallest size s,, of the ejected dust,
ranging from about 1 mm at a heliocentric distance of 3.5 au, down to 10 wm at 67P’s perihelion (1.23 au).
Assuming the surface would develop a dehydrated crust as the effect of water-ice-sublimation'®-13 s,
would represent its thickness, being the maximum depth at which sublimation may occur without removing
dust. Let’s assume that this crust is sufficiently shallow and porous to be transparent to VIRTIS, which then
can receive light scattered by the ice-rich layers below the crust, upon attenuation by the crust’s optical
thickness. In particular, for decreasing crust optical depths, the signal coming from the subsurface ice
undergoes a smaller attenuation and the resulting spectral slope of the surface would become progressively
bluer. If most of the nucleus has about the same ice content below the crust, for a given crust thickness,
the colour observed by VIRTIS is a proxy of the nucleus ice content.

The thickness s,, depends directly on the surface temperature’: the higher the temperature, the smaller
sm. It follows that, for a given amount of subsurface ice, the colour measured by VIRTIS should provide a
direct measurement of the crust thickness and by consequence of the surface temperature. Independent
measurements of colour (VIRTIS-M VIS channel) and temperature (from thermal emission by means
of the VIRTIS-M IR channel'®-?) evidence that this is not the case: VIRTIS in fact measures different
temperatures in areas having the same colour, and different colours in areas having the same temperature.
In particular, this is found when the average spectral slope in Hapi and Imhotep are compared. In August

#We stress here that the temperature sampled by the VIRTIS-M IR channel refers to the first some tens of microns of the
surface, as reported in ref.'”. Nonetheless, this quantity can be safely compared to the surface temperature at depth-zero inferred
by ref.?. In fact, it can be shown that ref.? predicts a maximum temperature drop of 0.5 K over a characteristic 100-pm depth ,
being much smaller than the model uncertainty on the surface temperature (< 10 K) and also smaller than typical formal error
on the temperature value inferred from VIRTIS-M IR channel observations (~ 1K).
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2014, when the comet was at approximately 3.5 au, Hapi was characterised by an average spectral slope
of (17.7£0.7) % /(100 nm), as derived by averaging VIRTIS-M observations falling in an area comprised
in the latitude 60°-75° and longitude 270°-315° intervals, and the surface temperature is of the order of
220 K (ref.!”). Such value of the spectral slope is comparable with the colour observed in Imhotep in June
2015 (= 1.45 au, after VIRTIS-M-IR cryocooler failure in May 2015), when the surface temperature would
be significantly higher: this can be inferred from the measured'® T = 232 K in Imhotep already in April
2015 (= 1.9 au). Moreover in April 2015, Imhotep’s spectral slope is S y;s = (19.9+£0.7) %/(100 nm), a
value larger than Hapi’s, which is characterised by a lower temperature. The above discussions indicate
that the surface colour variability observed by VIRTIS cannot be explained in terms of crust thickness
variability over an ice-rich layer.

Moreover crusts thinner than the pebble size 2R are also inconsistent with the model? itself. Such a
size 2R can be interpreted as the size of the dust agglomerates which have been assumed isothermal?, so
that the gas pressure due to diffusion inside the agglomerates overcomes the tensile strength bonding the
dust particles to the pebble. The pebble radius R drives the water loss flux Q, from the nucleus’: the larger
the radius R, the smaller the flux Q,, and the larger the nucleus area A required to fit the observed water
loss rate Q,, = AQ,. In August 2014 we have Q,, = 1.2 kg/s (ref.??), which, with a pebble radius R =5
mm and the corresponding water loss flux Q =2.3x 1077 kg m™2 s/, yields A = 5 km?. Measurements of
Hapi’s erosion have shown that on August 2014 the entire Hapi region was uniformly eroded?'. Since
Hapi has A ~ 2 km? (ref.!*), we obtain that the size of the isothermal units where gas diffusion occurs
is at least 4 mm (all the water flux coming from Hapi). Assuming that all northern fallout deposits of
total A = 10 km? (ref.!#) behave as Hapi>?, we get the upper limit of the size of the isothermal units of
20 mm. Since the best estimates of the radius of the pebbles is R =5 mm (ref.23), we can conclude that
the sunlit pebbles are almost perfectly isothermal. Given that the dehydration of isothermal pebbles is
necessarily uniform in all their volume, the crust of cometary nuclei must be at least one pebble thick.
This also makes it impossible to explain surface colour variability in terms of crust thickness, as a crust
thicker than 2R =1 cm would be completely opaque to observations at visible wavelengths.

6 Post-perihelion fallout effects

The BP temporal evolution models of Fig. 3 with WEB size L = 0.5 -1 m provide a good match to
the observed behaviour up to December 2015. Later, the predicted evolution overestimates the amount
of BPs observed on the surface. We interpret the steeper-than-simulations BP fraction decrease after
perihelion as the effect of the fallout of material ejected at perihelion from the southern hemisphere and
then covering the BPs. Such process is not explicitly included in our surface evolution model, whereas
its post-perihelic effect was anticipated by requiring our simulations to match the BP temporal evolution
only up to September 2015 (maximum blueing). As shown in Supplementary Information section 7 and
Methods, the fallout material has an average water-ice content of a few percent when ejected by the
southern hemisphere. If the fallout material gets dehydrated to an average dust-to-water-ice mass ratio
8 > 107 after ejection, once deposited on the surface (in particular on the BPs), it results in nucleus spectral
reddening and in a reduction of the effective estimated BP fraction. Ref.?> estimates the fallout at 80%
of the ejected mass. Southern erosions from 4 m (ref.25, eroded surface of 20% of the total one) to 10 m
(ref 3, eroded surface of 10% of the total one) imply an average fallout on the nucleus 0.6—0.8 m thick.
Starting from mid-May 2016 and up to early August 2016, the insolation conditions in Imhotep are such
that accumulated fallout material with 103 < § < 10* (Supplementary Fig. 2) would undergo water-driven
erosion. This would allow fallout self-cleaning, and, with the erosion rate reported in Supplementary Fig.
3, we estimate a total erosion of ~ 0.5 m from mid-May 2016 to early August 2016, when water-driven
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erosion stops. This value differs from the average amount of fallout blanketing 67P surface less than the
depth of the CO, sublimation front, indicating that the Imhotep region self-cleans from fallout by August
2016, thus exposing a pristine surface at the next inbound phase. This also indicates that the net erosion in
the Imhotep region during one orbit?! is mostly CO,-driven, and that CO,-driven erosion effectively can
expose WEBSs starting from roughly February 2015, ensuring the replicability of the seasonal colour cycle
at each orbit.

The ongoing self-cleaning in Hapi (upper left panel in Fig. 1) exposes a much bluer interior of the
chunks composing the fallout than the ongoing self-cleaning in Imhotep (upper right panel in Fig. 1), i.e.
the fallout in Imhotep has an average ¢ significantly larger than in Hapi. Since Hapi is a nucleus concavity,
opposite to convex Imhotep, the different fallout’s ¢ may be related to the dominant fast (ballistic) fallout
into Hapi with respect to a much slower (spiraling down from bound orbits>’) fallout into Imhotep, in fact
lasting many months (Fig. 3). The fast ballistic fallout into Hapi occurs during Hapi’s polar night, and
exposes water ice in the chunk crust by thermal inversion®. In the orbiting chunks of the slow spiraling
fallout, this process occurs at every eclipse to sunlight by the nucleus, triggering the erosion of the chunks
(with ¢ low enough) as they exit out of the eclipse back to sunlight. This process selects a slow spiraling
fallout much drier than the fast ballistic one.

7 The colour of Hapi

According to our result, the activity over a large part of the comet surface can be explained by discrete
sources (BPs) scattered in a larger dehydrating surface. The same description, however, cannot be applied
to the Hapi region, which in fact was uniformly active in August 2014?!. With a surface temperature as
high as T= 220 K (ref.!”), activity in Hapi is possible if the whole surface is characterised by § < 10°
(ref.?). As mentioned above, in August 2014 (3.5 au), a reference value for the Hapi spectral slope
is Syrs = (17.7+£0.7) %/(100 nm). The observed colour is matched either modelling Hapi’s surface
as a homogeneous intimate mixture of the comet dark terrain and 1-1.5% water ice (6 ~ 131-200), or
assuming an areal mixture of water-ice-enriched dark terrain (intimate mixture with 0.2 % volume of ice,
corresponding to § ~ 10%) and 1.1-1.9% of BPs. Both these paradigms are compatible with Hapi being
uniformly active in August 2014, and require roughly a total ice volumetric abundance of 1% (= 0.5%
in mass), in agreement with independent estimations”! obtained by measurements of Hapi’s erosion
rate, which provide an ice mass fraction of 1.2 +0.8%. Hapi and the other northern deposits on 67P, are
probably covered by fallout, emitted by the active southern territories close to perihelion®*. This process
is supported by our estimation of the average water-ice abundance in Hapi (= 1%) as obtained from
VIRTIS-M observations, being fairly close to the amount of water ice inferred on Imhotep at perihelion.
Compatibly with the result of our simulations, which provides a larger fraction of BPs exposed on the
surface for increasing CO; erosion, the volumetric ice fraction in Imhotep, in fact, can be considered a
lower limit of the abundance of exposed ice in the southern hemisphere at perihelion, given the more
intense insolation conditions in the latter case'’ consistent with an additional loss of water ice after
ejection”. As all Hapi is expected to be characterised by § < 10°, water ice has to be intimately mixed
with the refractory materials at sub-pebble scale across the whole surface. This requires redistribution
and mixing of the water ice coming from the southern BPs. In this respect, we may expect that, as
a consequence of the fallout, the ice-rich chunks originating from the southern BPs would be evenly
distributed across Hapi at spatial scales of several-chunks-size. In addition, further homogenisation of
the water ice distribution at sub-pebble scale can be provided by the diurnal cycle of sublimation and
re-condensation observed in Hapi, which acts on the scale length of the diurnal thermal skin depth, of the

order of few centimetres2°.
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