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Supplementary Figure 1: Complex crater with central peak on Pallas. The top left image shows
a view of the southern hemisphere of Pallas, with squared luminosity scale to enhance brightness
variations. A zoom on crater Hoplon ((4, 8) = (230, -58)°, D, ~115 km) is shown at the top right.
The brightness profile of the crater along the three coloured segments (bottom panel) provides

evidence for the presence of a central peak.
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Supplementary Figure 2: The 3D-shape of Pallas significantly deviates from hydrostatic equi-
librium. Here, the (a-c) dimensions of Pallas are shown as a function of density (green cross)
compared to expected values for a similar-size body at hydrostatic equilibrium (black circles). Er-
ror bars are 3-0 uncertainties. Pallas’ shape significantly deviates from equilibrium considering its
current rotation period of ~7.8 h. The fitted ellipsoid in Supplementary Fig. 3 (blue cross), on the
other hand, is consistent with being at equilibrium, assuming a change of rotation period of 1.6 h.
This can be accounted for by the South-pole basin forming impact, or a similar-scale event. Such
ellipsoid could therefore represent the original, pre-impact shape of Pallas. The model assumes
a homogeneous interior for Pallas, which is supported by thermophysical modelling. The bottom
green circles represent solutions for an assumed heterogeneous Pallas. In this case, (a-c) is shifted

towards smaller values.



Supplementary Figure 3: Evidence for an large impact basin on Pallas. This equator-on view
of the ADANM shape model highlights the flattening of the South Pole of Pallas, possibly due to the
presence of a large basin alike Rheasilvia on Vesta. An ellipsoid fit rejecting southern latitudes
below -31 deg. (blue) could represent the original, pre-impact shape of Pallas. Such shape would

imply that the basin represents a volume of 6+1% the current volume of Pallas.
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Supplementary Figure 4: Available mass estimates for Pallas compiled from the literature.

References are provided in Supplementary Table 4.
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Supplementary Figure 5: Geophysical evolution scenarios for Pallas as a function of formation
time. From top to bottom: Ty = 3.5 Ma, Ty = 3.0 Ma, Ty = 2.5 Ma and Ty = 2.0 Ma, where T is
the formation time in Ma after the formation of CAls. Pallas was assumed to form as a mixture of
ice and rock with a mean density of 2.9 g/cm®. Black and white labels display isotherm values in
Kelvins. Partial dehydration of Pallas’ interior happens for Ty < 3.0 Ma. Considering the isotopic

ages of CM chondrites (Ty > 3.0 Ma), Pallas’ closest spectral analogues at 3 um wavelength, this

model predicts an homogeneous interior for Pallgs.
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Supplementary Figure 6: Surrounding of the Pallas family in the space of mean orbital el-
ements. All asteroids within the range of osculating a € (2.649;2.95)au, e € (0.05;0.4), and
I € (29°;38°) are shown. Colours indicate the geometric albedo py, when known, following the
right panel showing py vs. pr (blue corresponds to the lowest albedo values and yellow to highest
ones). Symbol sizes are proportional to diameters. Plausible interlopers are also indicated (green
crosses). Several mean-motion resonances J8/3, J13/5 and J5/2 (dotted or hatched) and secular
resonances s — S¢ — 85+ 86, & — S — 8¢ — 87 + &8, & — 25 + g¢ + S¢ (dashed) can affect the orbits of

the family members.
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Supplementary Figure 7: Orbital distributions of the synthetic Pallas family (green dots), com-
pared to the observed family (gray crosses). The families are shown in mean semimajor axis ay,
vs. mean eccentricity e,,. The underlying boxes are used to count bodies and compute the y* used
to evaluate the goodness of fit between simulations and observations. The colour scale indicates
individual contributions to the y? sum. The situation at the beginning of the simulation (top) and
the best fit at t = 1.68 Ga (bottom) are shown. The discrepancy below the J8/3 resonance is due
to contamination from the Barcelona family, and at low eccentricity e,, < 0.2 due to the Brucato

one!.
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Supplementary Figure 8: Goodness of fit of the synthetic family in our N-body simulations to
the observed Pallas family. The value of y? vs. time ¢ is shown together with the number of
boxes Ny in which synthetic and observed bodies were counted. For a perfect fit, y* =~ Nyoy. In
our case, the ratio reaches y?/Nyo, =~ 1.35. The horizontal dotted lines correspond to the best-fit
x? = 101 and to a typical scatter of y?(f). The number of synthetic bodies Ny (1) 1s also plotted

(using the other ordinate).
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Supplementary Figure 9: Intermediate results of the SPH simulations of the impact at the
origin of the Pallas family. The situation is shown as a cut-away in the (x,y) plane, with a
projectile flying in —x direction. At the time r = 200s, the fragmentation phase has ended and
the projectile is already gone. The impact velocity was vimp, = 12kms™, target size D = 513 km;
several combinations of the projectile sizes d = 51.3, 69.7, 94.8 km, and the impact angles ¢ = 45°,
60°, 75° were tested. The colour scale corresponds to the (logarithm of) fragment velocity. Black
dotted circles indicate the target and projectile at the point of first contact. Green lines show
typical distances fragments would fly on the time scale of their free fall in the given gravity field,

g = 0,21 ms™2. The simulations are ordered according to their specific energy Q/ Q5.
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Supplementary Figure 10: Cumulative size-frequency distribution (SFD) of synthetic families
(colours), compared to the observed Pallas family (black). The SFDs were computed after
the gravitational reaccumulation ended. The observed slope is shallow (—2.2) while the synthetic
ones are steep (about —5.0), implying significant subsequent collisional and orbital evolution of

the fragment population. The order of the simulations is the same as in Supplementary Fig. 9.
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Supplementary Figure 11: Cumulative size-frequency distributions N(>D) resulting from two

Monte-Carlo collisional models: the main belt and the Pallas family (left column); the main belt

and a synthetic family without the largest remnant (2) Pallas (right column). The main belt SFD

is plotted in blue and the family SFD in red; the respective initial conditions in cyan and orange,

and the observations are in gray; the bend at around D ~ 1 km is mostly due to the observational

incompleteness. The situation at time # = 100 Ma (top row), and ¢+ = 2000 Ma (bottom row) is

shown. There are always 10 runs with a different random seed in order to see lower-probability

events.
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Supplementary Table 1: Identified craters on Pallas. D. is the diameter and (4, ) the plane-
tocentric coordinates. Craters detected at multiple rotation phase angles were attributed names,
whereas those detected at a single epoch are designated by letters. Because (2) Pallas was named
after Pallas Athena, the greek goddess of war, we decided to name its main craters after ancient

greek names of weapons.

# Name D, (km) 4,5 ()
1 Hoplon 115 (230, -58)
2  Doru 110 (76, -40)
3  Sfendnai 110 (34, -35)
4  Akontia 100 (130, -68)
5 Xyston 95 (148, -43)
6 Toxa 78 (119, -48)
7  Xiphos 60 (247, -42)
8 Sarissa 54 (222, -44)
9 Kopis 53 (297, -76)
10 Aklys 92 (298, 38)
11 Spatha 68 (274, 50)
12 Sica 73 (246, 54)
13 Pilum 82 (185, 45)
14  Scutum 68 (350, 63)

Continued on next page
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Supplementary Table 1 — Continued from previous page

# Name D (km) 1,8 ()
15 Falcata 46 (224, 47)
16 Makhaira 49 (184, 60)
17 A 78 (184, -14)
18 B 67 (194, -42)
19 C 77 (7,2)

20 D 61 (17,-12)
21 E 92 (4, -38)
22 F 46 (299, -25)
23 G 27 (322, -52)
24 H 57 (15, -45)
25 ] 49 (153, 26)
26 K 56 (121, -2)
27 L 48 (23, 43)
28 M 50 (325, 50)
29 N 37 (355, 70)
30 O 45 (199, 54)
31 P 54 (214, 64)
32 Q 58 (321, 27)

16
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Supplementary Table 1 — Continued from previous page

# Name D (km) 4,8 ()
33 R 64 (80, 33)
34 S 52 (86, 50)
35 U 42 (262, 70)
36 V 72 (277, 36)
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Supplementary Table 3: List of optical disk-integrated lightcurves used for ADAM shape mod-
elling. For each lightcurve, the table provides the epoch, the number of individual measurements
N, the distance to the Earth A and the Sun r, the phase angle «, the photometric filter and the

bibliographic reference.

N Epoch N, A r a  Filter Reference

AU) AU) )

1 1951-06-30.4 31 2.66 341 130 V 3
2 1956-08-263 63 242 336 74 V 4
3 1956-08-29.2 42 242 336 77 V 4
4 1956-08-31.2 32 243 336 79 V 4
5 1963-02-046 60 1.44 213 233 V >
6 1963-02-126 49 146 212 241 V 5
7 1963-02-27.6 53 154 212 257 V >
8 1963-02-28.5 31 154 212 258 V 5
9 1965-07-28.7 52 254 342 98 V 6
10 1965-08-06.9 64 252 342 93 V 7
11 1965-08-23.7 63 255 341 102 V 6
12 1965-08-24.6 51 255 341 103 V 6
13 1968-02-11.1 20 137 221 17.1 V 8

14 1968-02-17.1 11 133 222 143 V 8
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Supplementary Table 3: continued.

N Epoch N, A r a  Filter Reference
AU) (AU) ()

15 1968-03-13.9 21 127 227 02 V 8
16 1968-03-30.0 57 134 230 9.1 V 8
17 1968-03-309 67 135 230 9.6 V 8
18 1968-04-21.9 41 156 235 186 V 8
19 1968-04-229 52 157 235 189 V 8
20 1969-08-26.9 50 291 334 169 V 8
21 1970-07-120 33 269 335 148 V o
22 1970-07-29.0 53 250 333 115 V ?
23 1970-08-06.0 59 243 332 96 V ?
24 1970-08-27.0 77 232 330 53 V ?
25 1970-10-049 82 246 325 126 V ?
26 1971-11-282 41 160 234 196 V 8
27 1971-11-29.2 91 1.60 233 197 V 8
28 1971-11-30.2 23 1.60 233 197 V 8
29 1973-04-04.1 45 185 266 151 C 10
30 1973-04-05.0 100 1.84 266 15.0 C 10
31 1973-04-07.1 60 1.84 267 147 C 10
32 1973-04-08.1 29 1.84 267 146 V 10
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Supplementary Table 3: continued.

N Epoch N, A r a  Filter Reference
AU) (AU) ()
33 1973-04-27.0 73 186 272 135 V 1
34 1973-05-08.0 105 191 274 142 V i
35 1973-05-13.3 56 194 276 148 V 12
36 1973-05-14.0 106 194 276 149 V t
37 1973-06-16.3 56 226 284 190 V 12
38 1974-07-109 60 259 341 11.7 V H
39 1974-07-13.9 73 258 341 115 V =
40 1974-07-149 56 258 341 114 V 1
41 1974-07-15.9 31 258 341 113 V 1
42 1974-07-189 30 257 341 11.1 V 1
43 1974-08-20.0 49 264 342 124 V 10
44 1982-03-21.3 34 148 242 94 V 13
45 1982-03-21.4 93 148 242 93 V 13
46 1982-03-22.2 37 148 243 92 V 14
47 1983-05-12.3 5 282 329 169 V 13
48 1983-05-12.4 10 282 329 169 V 13
49 1983-05-12.5 5 282 329 169 V 13
50 1983-07-17.0 8 2.57 336 125 V 15
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Supplementary Table 3: continued.

N Epoch N, A r a  Filter Reference
AU) (AU) ()
51 1983-07-19.0 52 257 336 126 V 15
52 1983-07-21.0 44 258 336 126 V 15
53 1984-07-04.4 77 282 329 170 V 16
54 1984-09-039 37 221 321 31 V 17
55 1985-11-29.3 8 156 223 225 V 18
56 1985-11-30.3 9 156 223 224 V 18
57 1985-12-01.2 8 156 223 224 V 18
58 1986-01-01.2 27 148 218 222 V 19
59 1986-01-11.2 27 149 217 227 V 18
60 1986-01-12.2 38 149 217 228 V 18
61 1986-01-17.2 31 149 216 231 V 18
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Supplementary Table 4: Mass estimates (M) of (2) Pallas collected in the literature. The 3 o
uncertainty, method, selection flag (accepted v or rejected X), and bibliographic reference are

reported for each estimate. The methods are defl: Deflection, ephem: Ephemeris.

# M (x10°°kg) Method Sel. Reference

1 3.16 +0.30 defi X 21
2 241 +1.55 defl 2
3 233+0.18 defl X 23
4  214+0.23 defl v/ 24
5 1.99 + 0.06 defl v/ 2
6  206+0.12 defi 26
7 2.04 £0.06  ephem v 27
8  2.04x0.17 defi 2
9  2.11+0.78 defi 29
10 2.04 +0.01 ephem v 30
11 2.01+0.60 ephem 31
12 218+0.18  ephem X 32
13 1.79 £ 0.27 defl X 33
14 2.01+0.39 defl v/ 34
15 2.06 £0.15  ephem v 33
16 2.07+0.51 defi 36

Continued on next page
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Supplementary Table 4 — Continued from previous page

# M (x10*°kg) Method Sel. Reference

17 1.96 +0.46 defl 36
18 2.06 +0.41 defl 36
19  1.88+0.71 defl v/ 36
20 206 +0.09 ephem 37
21 2.04+£0.10  ephem v 38
22 202+0.13  ephem 39
23 2.08 +0.05 ephem v 40
24 2.04+0.08 ephem 4
25 2.00 + 0.07 defl 42
26 2.05+0.04  ephem v 43
27 209+025 ephem M
28 205+0.05 ephem 4

2.04 £0.03 Average
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Supplementary Table 5: Input parameters for the Monte-Carlo collisional models of Ceres,
Vesta and Pallas. P; denotes the intrinsic collisional probability, vin, the median velocity of
collisions with the main belt population, D, the target diameter, p the bulk density, and d, the
projectile diameter needed to create a crater with diameter D, > 40km (inferred from the 7-

scaling?).

P; Vimp Dy 1Y% dp

107®km?a~' kms' km gem™> km

(1) Ceres 3.58 5.07 946 2.16 3.78
(2) Pallas 217 1149 513 2.89 242
(4) Vesta 292 529 525 346 4.27
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Supplementary Table 6: Initial conditions and selected results of the SPH simulations. d, de-
notes the projectile diameter, ¢y, the impact angle, Dy, the parent body diameter, Q.q the effective
strength?®, Q% the scaling law, M., the excavated mass, M the ejected mass. The impact velocity

was Vimp = 12kms™! in all cases.

dp ¢imp log(dp/pr) Qeff/QB Mex Mej

km  deg My, My,
69.7 45 2.6 0.106 0.0467 0.0581
94.8 60 2.2 0.103* 0.0241 0.0280
59.8 45 2.8 0.067 0.0270 0.0284
51.3 45 3.0 0.042 0.0156 0.0148
69.7 60 2.6 0.059* 0.0104 0.0100
1289 75 1.8 0.024* 0.0022 0.0013
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Supplementary Table 7: Input parameters for radioisotope decay heat calculation. See
Castillo-Rogez et al. (2007)* for references.
Parent Nuclide %A1 OFe 0K 22A1 3y 38y
Initial Isotopic Abundance (wt.%) 5x107> 107/ 0.01176 100 0.71 99.28
Half Life (Ma) 0.72 1.5 1277 14020 703.71 4468
Specific Heat Production (W/kg) 0.146 0.070 29.17x10® 26.38x10™° 568.7x107° 94.65x107°6

1. Nesvorny, D., Broz, M. & Carruba, V. Identification and Dynamical Properties of Asteroid

Families. In Asteroids IV, 297-321 (University of Arizona Press, Tucson, 2015).

2. Melosh, H. J. Impact cratering: A geologic process (New York, Oxford University Press,

1989).

3. Groeneveld, I. & Kuiper, G. P. Photometric Studies of Asteroids. II. Astrophys. J. 120, 529

(1954).

4. Wood, X. H. J. & Kuiper, G. P. Photometric Studies of Asteroids. Astrophys. J. 137, 1279

(1963).

5. Chang, Y. C. & S., C. C. Unknown. Acta Astron. Sinica 11, 139 (1963).

6. Chang, Y. C. et al. Light curves of Asteroids (IV). Chinese Astron. Astrophys. S, 434-437

(1981).
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Supplementary Table 8: Thermophysical material properties assumed in this study. Hydro-
halite is taken as a reference for the salts since it is the dominant species. Ice thermal conductivity
has a high dependence on temperature. On the other hand, the thermal conductivities of clathrates
show a weak dependence on temperature (see Durham et al. 20107 for a review). Both species

have high specific heat capacities.

Phase Je, K Cp Reference
kg m™ Wm ! K! Jkg ' K™
Ice 917 0.4685 + 488.12/T 185+ 7.037-T 48
Clathrate hydrate 1000 0.64 494 +6.1-T 4
Salt (hydrohalite) 2200 0.6 920 30
Mud 2200 1 2000 30
Rock (antigorite and clays) 2630 0.5-2.5 2000 31
Water 1000 0.56 4200 49
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