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a b s t r a c t 

The Dawn Framing Camera repeatedly imaged Ceres’ North Pole quadrangle (Ac-1 Asari, latitudes > 66 °N) 

at a resolution of ∼35 m/pixel through a panchromatic filter, enabling the derivation of a digital terrain 

model (DTM) and an ortho-rectified mosaic. Using this dataset, a photo-geologic map and stratigraphy, 

complemented with absolute model ages of impact craters, were produced. We identified the following 

key surface features: an ancient 4.5 km high isolated dome with a non-impact origin; recent lobate mate- 

rials on crater interiors possibly formed as high-speed flows of collapsed rim material; and recent bright 

areas in permanently shadowed regions (PSRs), which we interpret as ice accumulation mostly by infall 

of exogenic material. Crater morphologies and dimensions do not differ from those in other quadrangles, 

suggesting the widespread influence of a rheologically weak target during the crater formation process. 

There is a paucity of lobate materials associated with impact cratering, in contrast to previous identifica- 

tions with lower spatial resolution imagery. 

© 2017 Elsevier Inc. All rights reserved. 
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1. Introduction 

With a diameter of 940 km and a density of 2160 kg m 

−3 Ceres

is the largest and most massive intact body in the Main Aster-

oid Belt. The successful orbital operations of the Dawn spacecraft

around Ceres ( Russell et al., 2016 ) enabled the Framing Camera

(FC) instrument ( Sierks et al., 2011 ) to collect comprehensive op-

tical imagery of the surface ( Nathues et al., 2015 ). The derived

global geological characterization allows for reconsideration and

expansion of knowledge of Ceres’ surface and interior properties

and its evolution. Impact craters dominate Ceres’ surface geology

as they are globally widespread and can occur at a high spa-

tial density ( Hiesinger et al., 2016 ). The relation between crater
∗ Corresponding author. 

E-mail address: ruesch@protonmail.com (O. Ruesch). 
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0019-1035/© 2017 Elsevier Inc. All rights reserved. 
hapes (i.e., diameter and depth) and morphologies (e.g., central

eak, central pit and terraces) indicate that Ceres’ outer shell be-

aves with a weak rheology at short timescales (during impact

rater formation), reminiscent of the crust of icy satellites (e.g.,

anymede) ( Hiesinger et al., 2016 ). However, the majority of im-

act craters have kept their original shape and therefore did not

ndergo viscous relaxation. This implies that on a longer timescale

he outer shell behaves with a relatively stronger rheology, mod-

led as a shallow subsurface composed of a mixture of rock-salts

ith less than 30–40% by volume of water ice ( Bland et al., 2016 ).

ubsurface ice abundance and surface temperature have been sug-

ested to control the morphological variation of flow features asso-

iated with impact craters ( Buczkowski et al., 2016; Schmidt et al.,

017 ). Different types of flow features have been proposed and

orresponding planetary analogs have been suggested, including

ce-cored flows on Earth, long-runout landslides on Iapetus and

ampart ejecta on Ganymede and Mars ( Buczkowski et al., 2016;

https://doi.org/10.1016/j.icarus.2017.09.036
http://www.ScienceDirect.com
http://www.elsevier.com/locate/icarus
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2017.09.036&domain=pdf
mailto:ruesch@protonmail.com
https://doi.org/10.1016/j.icarus.2017.09.036


O. Ruesch et al. / Icarus 316 (2018) 14–27 15 

S  

i  

fi  

m  

v  

t  

t  

o  

c  

i  

2

 

o  

(  

w  

t  

g  

A  

l  

H  

s  

t  

i  

v

2

 

m  

d  

e  

a  

r  

u  

s  

a  

t  

l  

b  

u  

b  

o  

a  

o  

o  

e  

f  

w  

d  

a  

b  

f  

t

 

r  

o  

c  

t  

a  

s  

a  

w  

p  

(  

i  

i

3

 

C  

a  

f  

o  

R  

(  

(  

d  

d  

d  

2  

I  

f  

m  

s  

a  

t  

t  

r  

w  

i  

t  

s  

A  

5  

i  

g  

J  

l

4

4

 

d  

u  

i  

l

 

i  

a  

o  

r  

(  

R  

a  

t  

h  

h  

m  

g  

c  

6  

F  

c  

c  

s  

F  

f  

t  

t  
chmidt et al., 2017 ). Dawn also observed unexpected morpholog-

cal expressions of possible internal activity. These are exempli-

ed by Ahuna Mons, a ∼17 km wide and ∼4 km high dome, whose

orphological features are explained by a cryovolcanic process in-

olving highly viscous extrusions ( Ruesch et al., 2016 ). An addi-

ional discovery enabled by Dawn FC observations and specific to

he polar areas of Ceres is the identification of permanently shad-

wed regions (PSRs) in crater interiors where ice could potentially

ondense from an exosphere or accumulate as a consequence of

nfalling exogeneous material ( Schorghofer et al., 2016; Platz et al.,

016 ). 

The quadrangle area of this study (Ac-1 Asari) is centered

n Ceres’ North Pole and extends to latitudes down to 65 °N
 Williams et al., 2017 ). The photo-geologic map presented in this

ork allows us to investigate the aforementioned features. Relative

o areas on Ceres at lower latitudes, the Asari quadrangle is distin-

uished by the lowest surface temperatures ( ∼70 K, e.g., Hayne and

haronson, 2015 ) and presence of cold traps. The stability and

ongevity of subsurface ice increases with increasing latitude (e.g.,

ayne and Ahronson, 2015 ), suggesting that in this study area sub-

urface ice is potentially closer to the surface than at lower lati-

udes. These characteristics make the north polar region of Ceres

deal for studying the geology of potential surface and subsurface

olatiles. 

. Method 

Photo-geologic mapping is a discretization of the surface geo-

orphology into units formed by one or more geologic processes

uring a certain period of time (e.g., Wilhelms et al., 1987; Tanaka

t al., 2009 ). Visual investigation of morphology, surface texture

nd roughness, and topography of the entire quadrangle was car-

ied out at a scale of 1:10 0,0 0 0. These surface characteristics were

sed to define several units (also referred to as materials), pre-

ented in Section 4.1 . Contacts between the units were defined as

ccurate, approximate, inferred or gradational. The “accurate” con-

act defines boundaries identified with an accuracy of 100 m or

ess along the units. The “approximate” contact was used for the

oundary of morphologically muted and degraded units where the

ncertainty of the location of the actual contact is estimated to

e up to 500 m. The term “inferred contact” was used in shad-

wed areas, where the uncertainty is as large as the extent of the

reas. “Gradational contact” was used to represent the boundary

f impact ejecta material, where gradation into adjacent units can

ccur over a distance of up to ∼4 km, and is consistent with the

mplacement mechanism of the material. Areal, linear and surface

eature classes were used to define specific morphologies found

ithin units. Impact craters are mapped as areal features and are

efined as small, if the diameter is in between 5 and 10 km, or

s large, if the diameter is larger than 10 km. Linear features have

een mapped with a minimum length of 5 km. In addition, a sur-

ace feature class is used to map texture variations only, such as a

hin layer of mantling material. 

The technique used to calculate absolute model ages of units

equires crater size-frequency distribution (CSFD) measurements

n selected counting areas, in connection with production and

hronology functions ( Kneissl et al., 2011 ). In the mapping area,

he continuous ejecta blankets of crater materials have the most

dequate characteristics for this technique, as they formed in a

hort period of time without subsequent modification, and present

 homogeneous texture. On these units, CSFD measurement areas

ere selected avoiding crater clusters and shadows. Two sets of

roduction and chronology functions presented in Hiesinger et al.

2016) are used. The derivation of these functions for large objects

n the Asteroid Main Belt is described in O’Brien et al. (2014) and

n Schmedemann et al. (2014) . 
. Dataset 

The area of quadrangle Ac-1 Asari covers the North Pole of

eres down to latitudes of 65 °N ( Williams et al., 2017 ). For this

rea Framing Camera (FC) panchromatic images were acquired

rom the Low Altitude Mapping Orbit (LAMO) with a resolution

f ∼35 m/pixel and incidence angle varying from 75 ° up to 90 °.
aw FC images were calibrated, converted to radiometric units

 Schroeder et al., 2014 ), and ortho-rectified for mosaic production

 Roatsch et al., 2016 ). For photo-geologic mapping and figure pro-

uction, a linear stretch was applied using 2.5 times the standard

eviation of each ∼25-km large scene. The longitude system is

efined by the 400 m diameter impact crater Kait ( Russell et al.,

016 ). The nomenclature used in this study was defined by the

nternational Astronomical Union (IAU). Unnamed craters are re-

erred to using letters and their central coordinates. During the

osaicking process, it was unavoidable to use images with some

hadowed areas created by the low incidence angle and the vari-

ble topography ( Fig. 1 ). In addition to areas in shadow only at the

ime of the observations, a portion (0.13% of the hemisphere) of

hem is permanently shadowed ( Schorghofer et al., 2016 ). In these

egions photo-geologic mapping was hampered and investigations

ere performed separately using the reflected light of surround-

ng terrains (see Section 5.2 ). The incidence angle of the observa-

ions is not optimal for spectral investigations and therefore this

tudy does not include the multi-spectral images acquired by FC.

 digital terrain model (DTM) for the area was produced with a

-step software suite: photo-grammetric block adjustment, multi-

mage matching, surface point triangulation, digital terrain model

eneration and base map generation ( Preusker et al., 2011, 2015 ;

aumann et al., 2012 ). All elevations are reported relative to an el-

ipsoid (482 by 482 by 446 km), unless indicated otherwise. 

. Results 

.1. Map unit description 

The geologic map of quadrangle Asari is illustrated in Fig. 2 and

emonstrates the widespread occurrence of the cratered material

nit (94% of the quadrangle area) with scattered units related to

mpact craters. The characteristics of each unit are presented be-

ow. 

crt—cratered material: Unit characterized by a high density of

mpact craters of varying degradation states. Crater density for di-

meter larger than 10 km is measured at 9.8 × 10 −4 km 

−2 . The rim

f impact craters have been mapped and distinguished as raised

ims of small craters (5–10 km) and raised rims of large craters

 > 10 km) for rim crests appearing sharp at the mapping resolution.

ims lacking a topographic rise and with a highly cratered crest

re defined as degraded and have been mapped for crater diame-

ers larger than 5 km. On the crater floors, central peaks reaching

eights of ∼1 km relative to the floors, and width up to ∼10 km

ave been identified and mapped. The topography of this unit is

ainly controlled by that of superposing impact craters, as topo-

raphic lows are mostly circular and topographic heights are cir-

umferential to the lows. A crater worth mentioning is centered at

6.3 °E–6.5 °N and has a rare concentric property (within arrows in

ig. 1 B), i.e., it has a main circular rim with a diameter of ∼39 km

ontaining in its center a smaller and deeper (by 1.2 km) sub-

ircular low ∼13 km in diameter. The two craters have a cratered

urface and lack raised rims. In a few locations (white areas in

ig. 1 B), regions up to 4.5 km high relative to the surroundings are

ound sharing their boundaries with two or more impact craters. In

hese regions, the point of higher elevation is found close to one of

he craters rim, as shown in the topographic profile of Fig. 3 . Only
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Fig. 1. (A) Framing Camera mosaic of the Ac-1 Asari quadrangle on Ceres corresponding to latitudes > 66 °N from panchromatic images. (B) Shaded relief of the same areas 

as (A) with color-coded elevations derived from a digital elevation model (DTM). Blue areas correspond to elevations down to −4490 m and white areas to elevations up 

to + 9470 m. Two white arrows encircle “concentric” crater. Three white lines between labels SW and NE indicate position of topographic profiles shown in Fig. 13 . (For 

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 2. Geologic map of Ac-1 Asari quadrangle on Ceres in polar stereographic projection and associated legend. Named features are shown. 
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Fig. 3. FC mosaic with color-coded topography and topographic profile across 

A-B line. The topographic profile crosses two impact craters and a topographic high. 

Note how the highest point (arrow) is located close to the rim of one of the craters. 

On the topographic profile, solid squares pinpoint to crater central peaks and void 

squares to terraces. (For interpretation of the references to color in this figure leg- 

end, the reader is referred to the web version of this article.) 
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ne region of high elevation named Yamor Mons has different to-

ographic characteristics, and is mapped as a dome feature. 

Interpretation : The density of craters indicates that this unit

elongs to the oldest and most widespread terrain on Ceres

 Hiesinger et al., 2016 ). The major process responsible for the

ormation of this terrain is impact cratering, as is evident from

he topographic map. Even the largest topographically low areas

e.g., 280 °E–360 °E) might be relicts of ancient impact basins (e.g.,

archi et al., 2016 ). Topographically high regions are possibly accu-

ulations of ejecta and raised rim material from various impacts.

he origin of the concentric crater discussed above may be related

o the target properties. An impact on a weak layer superposing

 stronger layer results in a concentric crater if D / t L > 10, where

 is the main crater diameter and t L is the weak layer thickness

 Melosh, 1989 , p. 82). This layered target, if indeed present, is spa-

ially limited because nearby craters of smaller, equal or larger size

ack this characteristic. Cryovolcanism is not interpreted to con-

ribute to the formation of craters (e.g., calderas) because nested

raters on topographically high areas (e.g., Hiesinger et al., 2016 )

re not observed. There is no evidence for tectonic deformation

uch as linear troughs. 

dome areal feature: Positive topographic relief not associated

ith a crater rim and with the same texture as the cratered ma-

erial unit (i.e., highly cratered surface). Yamor Mons is the only

ome feature occurring in the study area at 12 °E–86 °N, with an

pproximately triangular shape in plan view, and reaching a height

f ∼4.5 km above the surroundings. 
Interpretation : Dome features on Ceres might be cryovolcanic in

rigin ( Ruesch et al., 2016 ). However, the cratered surface of Yamor

ons lacks pristine morphologies used to support this origin. A

etailed description of this unit is presented in Section 5.1 . 

c—crater material: Unit characterizing material inside and out-

ide the raised, sharp-crested rims of craters ( Fig. 4 ). A paucity of

uperposed impact craters and consequently smoother appearance

ifferentiates this unit from the cratered material unit. The unit

lso identifies material associated with craters smaller than 5 km

n diameter which were not mapped as raised rim craters: for such

ases, the minimum width of the unit is defined at 5 km. Outside

he rim, most occurrences of this unit extend for ∼1 crater radius,

xcept for the crater at 28 °E–69 °N (the youngest in the quadrangle,

nnamed crater A) which covers a more extensive area ( Fig. 4 C).

everal textures are observed, such as partly overlapping features,

onded deposits and clusters of smaller craters ( Fig. 4 D). Inside

he rim, the unit involves the wall and floor of craters. The walls

an display superposed impact craters elongated in the downslope

irection or spurs, fan-shaped material and downslope lineations.

he contact is gradational with the cratered material unit and ap-

roximate with other crater units. 

Interpretation : Material exposed by impacts in geologically re-

ent times. Outside the rim, this unit corresponds to the ejecta

lanket and to surfaces modified by scouring and secondary im-

acts. Ponded deposits have the same morphologies as material in-

erpreted to be impact melt on the Moon and Vesta (e.g., Krueger

t al., 2016; Williams et al., 2014; Neish et al., 2014; Denevi

t al., 2012; Plescia and Cintala, 2012; Bray et al., 2010 ) and might

hare the same origin (e.g., Krohn et al., 2016 ). Buczkowski et al.

2016) identify a similarity between the crater material located

orth of unnamed crater A (28 °E–69 °N) ( Fig. 4 C and D) and flu-

dized ejecta blankets of rampart craters on Mars ( Carr et al., 1977;

enft and Stewart, 2008 ) and Ganymede ( Boyce et al., 2010 ). Fig. 4 C

nd D shows how the ejecta material (north of unnamed crater A

28 °E–69 °N)) is deposited on top of the floor as well as on the

all of a preexisting and juxtaposed crater interior (small arrow

ig. 4 C and D). The wall section that faces the source crater of

jecta material is also overlapped by ejecta. In this context a ram-

art morphology (i.e., increase in topographic relief at the termini

f the ejecta) is not observed. Instead, the ejecta morphology and

xtent is controlled by the preexisting topography of a juxtaposed

rater. 

cfh—crater floor material hummocky : Unit identified on the floor

f morphologically fresh impact craters, juxtaposed to the crater

aterial unit. The relief is irregular displaying few kms long, 50–

00 m high ridges, spaced ∼1 km, and boulders up to ∼370 m in

ize. 

Interpretation : Material representing mass wasting accumula-

ion, such as slumped blocks, mostly originating from the crater

all and terraces with a minor debris contribution from the cen-

ral peak. The presence of this material, together with the crater

oor smooth, crater terrace , and crater central peak presented be-

ow characterizes a complex crater morphology and distinguishes

t from a simple bowl-shaped crater ( Hiesinger et al., 2016 ). 

cfs—crater floor material smooth : Unit found in the same context

s crater floor material hummocky but lacking ridges. The unit has

opographic changes lower than 300 m over a distance of ∼4 km.

 possible embayment contact on adjacent units appears degraded

y impact cratering. The only crater hosting this unit is found at

60 °E–78 °N (unnamed crater B) and has a diameter of ∼30 km, the

ame size as craters hosting crater floor material hummocky . 

Interpretation : Possible origins for this unit include mobi-

ized impact melt, impact-triggered volcanism, or cryovolcanism

 Hiesigner et al., 2016 ). This unit is usually found for craters

 40 km in diameter, together with a central pit, pit clusters and

oor fractures ( Hiesigner et al., 2016 ). The formation of this unit
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Fig. 4. Examples of crater morphologies imaged by the Framing Camera. Acronyms refer to geologic units of Fig. 2 . Locations are given in Fig. 1 B. (A) and (B) are centered 

at 160 °E–78 °N (unnamed crater B), with and without superposed geologic map, respectively. (C) and (D) are centered at 28 °E–69 °N (unnamed crater A), with and without 

superposed geologic map, respectively. Small arrow indicates edge of ejecta material. Large arrow locates an ejecta light areal feature. (E) and (F) are centered at 350 °E–68 °N 

(unnamed crater D), with and without superposed geologic map, respectively. (G) and (H) are centered at 55 °E–67 °N, and show the optical FC image and contour lines of 

elevation each 50 m (bottom of crater is −700 m), respectively. (G) and (H) show a degraded crater with a highly cratered surface. Arrow indicates the scarp of a highly 

cratered terrace. 
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instead of a floor dominated by mass wasting deposits might be

the consequence of differences in target properties. 

ct—crater terrace material: Unit found along the wall of morpho-

logically fresh impact craters, with a step-like scarp and a sub-

horizontal platform (see topographic profile of Fig. 3 ). Terraces can

occur at multiple discrete locations within a crater, where rim sec-

tions are curvilinear and concentric (e.g., Fig. 4 A and E). In de-

graded craters the terraces are modified by superposing craters,

but can still be identified by their preserved relief ( Fig. 4 H). This

unit is found for crater diameters above 20–25 km. 

Interpretation : Mass wasting unit formed as a rotational land-

slide during the modification stage of complex crater formation

(e.g., Melosh, 1989 ). 

ccp—crater central peak material: Single or group of positive re-

lief features approximately located at the center of morphologically

fresh craters, distinct in texture from crater wall material (such

as lobate material ), and displaying a sharp (mapped with an un-

certainty of < 100 m) contact with adjacent materials. Sharp crests

and steep (20 °) slopes with downslope lineations are identifiable

( Fig. 4 A). 

Interpretation : Material uplifted from depth during the com-

plex crater formation process (e.g., Melosh, 1989 ) is the cause of

these features. Where the contact with floor material is not recog-

nized, central peaks are identified with a central peak point feature

( Fig. 4 E). 

l—lobate material: Unit characterized by a smooth, sloping sur-

face with longitudinal grooves and with steep margins at the front

(in the downslope direction) and on the sides. Upslope, the ma-

terial has slumped blocks and coincides with the base of a scarp,

located in the interior or at the rim of an impact crater. The lat-

ter crater is superposed on the rim of a larger, preexisting crater.

In planar view, the unit has lobes in the downslope direction, and

the width of the marginal scarp is considerably less than the half

of the entire lobe width. The steep-sided margins (steeper than the
loping surface) are recognized in Framing Camera images as well

s in the High Altitude Mapping Orbit (HAMO) DTM. This mate-

ial is found within Ghanan and Jarovit craters. Where degraded,

he material has a cratered surface: the relief is still preserved and

nables its identification and differentiation from crater terrace ma-

erial which has a sub-horizontal platform ( Fig. 4 G). Furthermore,

he longer axis of the lobate material is perpendicular to the crater

im, whereas the crater terrace material is extended parallel to the

im from which it originates. 

Interpretation : Mass wasting deposits originating from the col-

apse of crater rim material subsequent to an impact probably

orms this material. The influence of water ice on the mobiliza-

ion of the lobate material has been suggested ( Buczkowski et al.,

016 ) and is considered in Section 5.3 . 

Ejecta light areal feature: Mantling extending outward in a ray

attern from the crater material of a morphologically fresh crater

 Fig. 4 C) describes these features. The features are brighter than

he surroundings and have longitudinal lineaments. For unnamed

rater A (28 °E–69 °N), the feature extends up to 5 crater radii. 

Interpretation : Distal ejecta facies where surface scouring and

isturbance by ejecta fragments occurred (e.g., Melosh, 1989 ). 

.2. Absolute model ages 

Crater size-frequency distribution (CSFD) measurements ( Fig. 5 ,

able 1 ) were performed on continuous ejecta blankets of craters

 Fig. 6 ) centered at the following coordinates: unnamed crater A

t 28 °E–69 °N, unnamed crater B at 160 °E–78 °N, unnamed crater

 at 48 °E–78 °N, unnamed crater D at 350 °E–68 °N and unnamed

rater E at 135 °E–68 °N. Overall, we found that the superimposed

rater size-frequency distributions have a similar shape as the

unar Derived Model (LDM) production function, aside from a

igher density of craters at larger diameters which can be ex-

lained by pre-existing impacts, and the resolution rollover at



O. Ruesch et al. / Icarus 316 (2018) 14–27 19 

Fig. 5. Crater size-frequency distribution measurements on the ejecta blanket of 4 craters with isochrones from a lunar derived model (A, B, C, and D) and an asteroid 

derived model (E, F, G, and H). (A), (B), (C), and (D) are, respectively, craters at 28 °E–69 °N, 48 °E–78 °N, 160 °E–78 °N and 350 °E–68 °N. (E), (F), (G), and (H) are the same craters 

as in the sequence A, B, C, and D. 

Table 1 

Summary of crater size-frequency distribution measurements for the ejecta blanket of four craters. The measurements are fitted to a lunar derived model (LDM) and an 

asteroid derived model (ADM) described in Hiesinger et al. (2016) . 

LDM ADM 

Ejecta 

blanket 

location 

Count area 

(km 

2 ) 

Ncum 

( ≥1 km) 

Error on 

Ncum 

( ≥1 km) 

No. crater 

fitted 

AMA (Ma) Error on 

AMA (Ma) 

Ncum 

( ≥1 km) 

Error on 

Ncum 

( ≥1 km) 

No. crater 

fitted 

AMA (Ma) Error on 

AMA (Ma) 

28E −69N 563 6.92E −04 2.96E −05 546 12 1 1.90E −03 2.21E −04 74 10 1 

48E −78N 119 1.54E −03 1.07E −04 209 26 2 3.74E −03 8.82E −04 18 20 5 

160E −78N 731 1.47E −02 1.15E −03 162 252 20 1.70E −02 2.25E −03 57 89 12 

350E −68N 801 5.79E −03 1.88E −04 948 99 3 7.39E −03 1.51E −03 24 39 7 
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maller diameters ( Fig. 5 ). The Asteroid Derived Model (ADM) pro-

uction function consistently models a lower density of impact

raters with decreasing diameters relative to the measured CSFD

 Fig. 5 ). Because of the differences between CSFD measurements

nd the ADM production function, the diameter range for the ap-

lication of the ADM is less constrained than for the LDM ( Fig. 5 )

nd therefore only LDM absolute model ages for the craters are

resented in the stratigraphic summary of Fig. 7 . The oldest mea-

urable age is ∼252 ± 20 Ma for the unnamed crater B at 160 °E–

8 °N, the youngest is 12 ± 1 Ma for the unnamed crater A at 28 °E–

9 °N with extensive ejecta and ejecta rays. For the unnamed crater

 at 135 °E–68 °N, discrepancies between the CSFD and both LDM

nd ADM production functions were found preventing the calcula-

ion of an absolute model age. 

.3. Stratigraphy 

The material units of the quadrangle can broadly divided into

n old unit, i.e., the widespread cratered material unit with con-
emporaneous Yamor Mons and young units related to impact

vents up to ∼30 km in diameter, for which an absolute model

ge has been derived. Differences between the CSFD measurements

f the young craters and the ADM production function might be

xplained by evoking two conditions proper to Ceres. Relative to

he rock-dominated, ice-free Vesta, the density of Ceres’ outermost

hell is less constrained, and might lead to incorrect assumptions

or the target properties. The range between minimum impact ve-

ocity ( ∼150 m/s) and escape velocity ( ∼519 m/s) on Ceres is larger

han at Vesta (369 m/s versus 213 m/s) and thus more favorable

or secondary cratering. The contribution of distant, non-clustered

econdary craters might affect the measured crater-size-frequency

istributions. However, we note that similar discrepancies between

he ADM production function and CSFD measurements were found

n Vesta (e.g., Kneissl et al., 2014; Ruesch et al., 2014 ), and thus the

nfluence of conditions proper to Ceres on the CSFD measurements

s considered minor. Future improvements on the production func-

ions (e.g., O’Brien et al., 2014; Schmedemann et al., 2014; Ivanov,

001 ) should need to take these differences into account. 
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Fig. 6. Crater size measurements for (A) crater at 28 °E–69 °N, (B) crater at 48 °E–78 °N, (C) crater at 160 °E–78 °N and (D) crater at 350 °E–68 °N. 

Fig. 7. Time-stratigraphic chart presenting the key units of the Ac-1 Asari quadrangle. Only crater units for which an age was determined are shown. AMA refers to Absolute 

Model Ages derived with the Lunar Derived Model. 
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5. Highlighted features 

5.1. Yamor Mons 

Yamor Mons has an approximately 25 × 15 km triangular shape

in plan view, an elevation of 9.5 km relative to the ellipsoid, or

4.5 km relative to surrounding terrains, and four main 20 °−40 °
steep walls oriented approximately northeast, east, south and

northwest. In the summit area, the highest elevation is reached by

an elongated 4 km long peak oriented northwest-southeast. A rela-

tively flat area approximately 1 km wide is found west of the ridge

( Fig. 8 ). 

The northeast wall has a relatively constant slope of 35 °–40 °,
the highest of all flanks (profiles in Fig. 9 ). The bottom of the

northeast profile is concave upward, a characteristic shared by all

the flanks of the dome. Most of the east wall has a slope of ∼30 °
slightly decreasing near the summit, creating a slightly concave

downward profile. The south wall has two distinct sections: the

eastern side of the south wall, has a relatively constant slope of

∼24 ° (profile S2 in Fig. 9 ), whereas the western side has a con-

cave downward profile (S1 in Fig. 9 ). The northwest wall is the

least steep of the dome flanks, with a maximum of ∼20 °. The slope

slightly decreases near the summit (starting ∼3 km before highest

point), similar to the east profile. 

In addition to these main walls, the dome topography is af-

fected by three impact structures ( Fig. 8 ). The smaller of the three

craters, approximately 8 km large and located west of the dome

summit, affected the flanks with its entire diameter, leading to an

asymmetric crater morphology controlled by the sloped surface, as

described by Krohn et al. (2014) . The second, ∼18 km large crater

only partly impacted on the dome flanks; the northwest section
f the crater wall corresponds to an additional, smaller dome wall

acing southeast and with an arcuate shape in plan view. The flank

odifications possibly created by the third crater, ∼13 km in diam-

ter and located north of the dome, differ from the previous two.

 larger proportion of the dome flank appears to have been af-

ected by the impact. The southern section of the crater wall does

ot follow a circular rim, as for the ∼18 km large crater, instead it

xtends all the way up to the dome summit crest. The resulting NE

acing flank’s steepness is higher than adjacent flanks. 

Fig. 10 shows the highly cratered texture of the dome. Small

mpact craters on the steepest walls (NE and E) have a downslope

lliptical shape, more pronounced than on the south and north-

est walls. Note how the northeast wall lacks smaller craters iden-

ifiable on the other walls, possibly the result of erased craters by

xtensive mass wasting on the steep surface. Beside impact craters,

o other morphological features are identifiable. 

.2. Shadowed areas 

The areas lacking direct solar illumination during the obser-

ation campaign usually coincide with the bottoms and walls of

mpact craters. To investigate the shadowed areas, the Low Al-

itude Mapping Orbit (LAMO) mosaic ( Roatsch et al., 2016 ) and

AMO single images have been stretched to highlight only the

ariation within the lowermost digital numbers (DN) (20 0–90 0

N) acquired by the FC and representing multi-scattered light re-

ected by the shadowed areas. The quality of the images within

hese areas varies considerably, depending, among others things,

n the presence and size of the illuminating surface, e.g., the di-

ectly illuminated crater wall. For the most strongly, indirectly

lluminated areas, impact craters and central mounds can be



O. Ruesch et al. / Icarus 316 (2018) 14–27 21 

Fig. 8. (A) Contour line of elevation each 200 m, centered on Yamor Mons, at 12 °E–86 °N. The positive relief is affected by several impact craters. (B) Contour line of elevation 

each 200 m centered on Ahuna Mons, 316 °E–10 °S (outside the Ac-1 quadrangle). 

Fig. 9. Topographic profiles of the flanks of Yamor Mons. Labels refer to the orien- 

tation of the flanks. For the south-facing side, two profiles (S1 and S2) are shown. 
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Fig. 10. (A) Location of close-ups on the contour line (each 50 m) elevation map 

centered on Yamor Mons. (B) FC LAMO image of the northeast, east and south walls 

of Yamor Mons. The south part of the elongated peak is in shadow. (C) FC LAMO 

image of the northwest wall of Yamor Mons. 
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dentified. Features within shadowed areas have been compared to

ermanently shadowed regions (PSRs) identified and mapped by

chorghofer et al. (2016) . This was performed by investigating the

AMO mosaic at low DN. Of the ∼100 PSRs, two hosted a circu-

ar area of higher ( ∼350 DN) reflectance (353.5 °E–77.5 °N, 78.5 °E–

6.1 °N) ( Fig. 11 ). Because the mosaic was not developed for such

nvestigations, the original, high spatial resolution of low DN pixels

as not completely preserved during mosaic production. To con-

rm that the rarity of brighter areas associated with PSRs ( ∼2%)

s real and not due to the resolution of the mosaic, 15 randomly

elected PSRs have been investigated with single LAMO images. No

dditional circular brighter areas were detected, neither were areas

arker than the surrounding. 

The two brighter areas range in size between 1.0 and 1.5 km

nd lie within PSRs ranging in size from ∼2 to ∼3 km ( Fig. 11 A,

 and C, D). The lower spatial resolution of the PSR extension

revents a detailed comparison between the boundaries of the

SRs and the brighter areas. We note, however, that the associ-

ted PSRs are relatively small compared to other regions a dozen

f km wide. The hosting simple bowl-shaped craters are 4.8 and

.5 km in diameter, have an aspect ratio of ∼1/5 and ∼1/7, and

re both morphologically fresh with sharp rim crest and an ejecta

lanket. The brighter areas are located at the bottom of the craters,

ith their center slightly ( ∼500 m) offset toward the west relative

o the deepest point of the floor. Their shape is circular to irregu-

ar, with a boundary varying from gradational (across ∼600 m, i.e.,
6 pixels) to sharp (across ∼300 m, i.e., eight pixels) toward darker

ones (DN < 310) of sloped floor and wall material ( Fig. 11 E). Sharp

ontacts are observed where darker downslope streaks reach, and

ven overlap, the brighter areas (arrow in Fig. 11 C). We note

hat brighter streaks are identifiable as well ( Fig. 11 C). Within the

righter areas, few possible craters up to ∼240 m are identified by

heir characteristic brighter and darker side of the wall ( Fig. 11 E).

ach side of the wall has a minimum of two pixels width. Ejecta

aterial is expected to be two pixels wide (one crater radius) but

as not observed. Crater rims are expected to be below one pixel

ize and are thus below the detection level of the available im-

ges. Possible darker lineaments of four pixel width (referred to as

roughs in Fig. 11 ) are observed extending for 10–15 pixels from

he area’s edge toward the interior. 

.3. Ghanan lobate material 

Another relevant feature of the North Pole quadrangle is the lo-

ate material found within the ∼70 km large Ghanan crater. The
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Fig. 11. (A) Stretched FC LAMO image (290–370 DN) centered at 353.5 °E–77.5 °N. (B) Morphological sketch of (A) with contour lines (in gray) of elevation each 50 m. (C) 

Stretched FC LAMO image (295–355 DN) centered at 78.5 °E–86.1 °N (Bilwis crater), and associated morphological sketch in (D) with contour lines (in gray) of elevation each 

50 m. E1 and E2 indicate the location of the profile in (E). (E) FC LAMO image profile across the brighter area. Note the variation around distance 2.2 km. 
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morphologically fresh appearance of the lobate material enables

detailed morphometric and morphologic investigations, which in

turn shed insights into its formation process. The 23-km long and

20-km wide lobate material extends from the rim of a ∼15-km

large crater downslope on the Ghanan crater’s interior. The smaller

crater is superposed on the NE rim section of the larger Ghanan

crater. 

A survey of crater superposition indicates that morphologies

resulting from an impact near the rim of a larger preexisting

crater falls broadly into two categories, depending on where ex-

actly the impact occurs. Where the new impact occurs mostly on

the preexisting crater wall, i.e., on a sloped surface, only a smooth

rim will develop downslope. In this first case, the morphologies

will be similar to those of an asymmetric crater described in

Krohn et al. (2014) with a smooth rim section downslope and a

sharp rim section upslope. Where the new impact occurs on the

preexisting rim, a new, relatively sharp rim between the interi-

ors of the new and old craters will form. The Ghanan superposed

crater belongs to this latter category: a sharp rim is clearly iden-

tifiable in the topographic profile across the crater ( Fig. 12 ). The

newly formed (southwest) downslope rim section of the super-

posed crater is ∼3 km in elevation, instead of the 4–5 km of the
reexisting Ghanan rim. The preexisting crater interior flanks vis-

ble northwest and southeast of the lobate material present two

ubdued terraces (1 identifiable in the profiles of Fig. 12 ) and have

n average slope of 15 °. The lobate material on the preexisting

rater flank has a shallower slope of 11 °. 
The morphology of the Ghanan lobate material is here de-

cribed from the superposed crater in the downslope direction. The

jecta blanket, sharp rim crest and brighter wall spurs of the su-

erposed crater are clearly identifiable and give to it a morpholog-

cally fresh appearance ( Fig. 13 B). The crater interior is hummocky

ith slumped blocks. The southwest downslope rim section con-

ists of a set of individual ridges with sharp crests ( Fig. 13 C). The

ongest ridge segment displays brighter spurs on its crest, starts

irectly from the non-collapsed Ghanan rim and extends for 9 km

n the northwest direction. Its flank facing NE toward the interior

f the superposed crater is ∼24 ° steep, whereas the flank facing

outhwest is approximately 10 ° steeper. At the base of the latter

ank, the proper lobate material unit starts and extends downs-

ope toward the center of Ghanan crater. Several shorter (1.5 km

ong) ridges complete the southwest downslope rim section. The

ides of the ridges present several slumped blocks (their scarps are

hown in Fig. 13 C), that are source regions of deposits terminating



O. Ruesch et al. / Icarus 316 (2018) 14–27 23 

Fig. 12. Topographic profiles across the lobate material and adjacent Ghanan impact crater rims and walls (unaffected by a superposing impact). Black vertical arrows point 

to the rim of the superposing crater, whereas void squares indicate the location of terraces on the unaffected walls of Ghanan crater. Location of profiles is shown in Fig. 1 B. 

Fig. 13. Ghanan lobate material. (A) Contour lines of elevation each 50 m centered at 40.0 °E–78.5 °N. (B) Same area as (A) imaged by FC during LAMO with location of close- 

ups (D) and (E). (C) Local-scale geologic sketch of area in (A). (D) Close-up of FC LAMO image. Smaller arrows indicate location of scarp partly overlapped by lobate material. 

Larger arrows point to a lineament crossing a subdued impact crater. (E) Close-up of FC LAMO image centered on a curvilinear trough. Arrows indicate a longitudinal groove 

crossing the trough. (D) and (E) are 6.5 km wide. 
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everal km downslope and mapped as a single lobate material unit

n the quadrangle map of Fig. 2 . 

As shown in the local scale map of Fig. 13 C, four main sub-

nits have been distinguished within the lobate material mapped

s a single unit in the regional scale map of Fig. 2 . The contacts

etween them are subdued and prevent unambiguous determina-

ion of the stratigraphic relationship. Therefore the sub-units se-

uence presented here is proposed and is not considered defini-

ive. The probable stratigraphically lower unit is the most extensive

nd dominates the southern area of the lobate material ( Fig. 13 C).

lose to the downslope terminus, subdued lineaments parallel to

he downslope direction are spaced a minimum of ∼600 m and are

 few km in length. This unit hosts a 9 km long, 2 km wide and

00–150 m high ridge, with an orientation slightly tilted relative to

he lineaments. A ridge is found along the eastern side of this sub-

nit, similar to a half-side levee. The stratigraphically higher and

econd most extensive unit is located on the northern area of the

obate material and has a smoother appearance relative to the pre-

ious unit ( Fig. 13 C). The unit warps several craters identifiable as

imless circular topographic lows (“covered” crater), the largest be-
ng 1.6 km in diameter (see crater symbols Fig. 13 D). A preexisting

errace identifiable outside the flow can be followed beneath the

nit where it is mantled by the unit (see small arrows Fig. 13 D).

he latter terrace separates the unit in an upslope lineament-free

rea and a downhill area with closely spaced (minimum spacing

f ∼400 m), slightly curvilinear lineaments oriented in the downs-

ope direction. These two sub-units ( Fig. 13 D) terminate abruptly

n lobate and sharp ( < 100 m uncertainty) contacts with the sur-

ounding Ghanan crater interior. Images at very low illumination

20 ° above the horizon) reveal how the lineaments consist of low

elief ( < 50 m) troughs and ridges, that run unaffected across the

nderlying topography, as indicated in Fig. 13 D and E. 

A superposed sub-unit is located in a narrow area at the center

f the lobate material and has more irregular borders and a con-

entration of boulders relative to the other units ( Fig. 13 D). It hosts

 7 km long, 1.6 km wide and 50–100 m deep trough parallel to

he previously mentioned ridge, as well as a discontinuous smaller

urrow, whose largest segment is 2 km long and 400 m wide. This

nit fills topographic lows of the previous unit that possibly rep-

esent underlying terraces of the Ghanan wall ( Fig. 13 C). Possibly
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Fig. 14. Topographic profiles across Yamor Mons (W–E and N–S) and across Ahuna Mons in the W–E direction. 
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postdating the unit is a small ∼3 km wide lobate area close to a

slumped block of the southwest rim section. 

A different set of lineaments with a radial distribution from the

superposed crater are recognized at the northern intersection be-

tween the rim scarps of Ghanan crater and the superposed crater

( Fig. 13 B). They might indicate deposition and/or scouring by ejecta

material of the superposed crater on top of the Ghanan rim as well

as on the lobate material. 

Three features can be used for thickness estimates of the lo-

bate material: (i) the widths measured from nadir and slopes of

the lobe fronts indicate an average of 330 m thickness at the toe,

(ii) at another location, the partial filling of a preexisting 1.6 km

large crater sets a maximum thickness of 320 m, assuming a crater

depth to diameter ratio of 1/5, (iii) the warping and uncomplete

burial of a terrace sets a maximum thickness equal to the eleva-

tion difference of 400 m. 

6. Discussion 

6.1. Montes 

Ahuna Mons is a dome feature close to the equator with com-

parable size and elevation to Yamor Mons ( Fig. 14 ), and proposed

to be cryovolcanic in origin ( Ruesch et al., 2016 ). The dome has

an elliptical basal shape of 21 by 13 km and reaches an elevation

of ∼4 km relative to surrounding terrains. There are resemblances

between the topographic profiles of the two montes ( Fig. 14 )

that could favor a common origin. The slightly concave downward

shape proper to the east-west profile of Ahuna Mons, and pro-

posed to be the result of viscous relaxation ( Ruesch et al., 2016 ),

is found for the east and south (S1) wall of Yamor Mons ( Figs. 9

and 14 ). The generally lower flank steepness at Yamor Mons might

be explained by the longer lasting impact cratering and mass wast-

ing processes ( Fig. 14 ). The topographic profile of Ahuna Mons is,

however, due to the presence of a ∼7 by 5 km large, relatively flat

summit ( Fig. 8 ). This feature is composed of a variety of morpholo-

gies (e.g., troughs and ridges, pits) that point to a volcanic ori-

gin ( Ruesch et al., 2016 ). Yamor Mons clearly lacks a distinctive

summit feature as well as associated morphologies. Whereas the

lack of preserved morphologies can be explained by a period of

longer-lasting impact gardening, the original topography and po-

tential summit feature should not have been affected by this pro-

cess. Additional information such as composition and gravity might

be required to elucidate the origin of this dome. 

Independently of the origin, Yamor Mons, and its northeast

flank in particular, is an example of how domes on Ceres are

eroded and possibly destroyed by impacts. Large impacts on a

dome’s slope do not only affect and move material during the ex-

cavation and relaxation phases of crater formation, but possibly

trigger collapse of the entire upslope flank, well behind the final

crater diameter. 
.2. Shadowed areas 

Schorghofer et al. (2016) proposed that PSRs are cold traps with

onditions favorable for the deposition of water ice from, for exam-

le, an exosphere. Thus, the brighter areas we identified are can-

idate deposits of ice, which is consistent with recent results pre-

ented in Platz et al. (2016) . An alternative origin for the brighter

aterial might be debris from the impact target, the same as the

loping floor material. However, the separation of target debris and

oncentration into two distinct deposits (darker sloping floor and

righter area) seems unlikely. 

The fact that the pixels surrounding the possible impact craters

re not as dark as the sloping floor (profile in Fig. 11 E) indi-

ates that the impact did not excavate the entire ice deposit

own to the preexisting terrain. This suggests that a more recent

additional) deposition of ice occurred after the impact or that

righter material is as thick as the excavation depth, i.e., 20 m (e.g.,

elosh, 1989 ). 

Recent ice deposits may result from trapping of water

olecules in cold PSRs. Exospheric water molecules travel on bal-

istic trajectories around the entire surface of Ceres, and seasonally

eside at the winter pole where they might be preserved perma-

ently in the cold traps (e.g., Schorghofer et al., 2016 ). Therefore

ecent deposition from the exosphere is expected to have occurred

n all PSRs, and brighter areas should be more abundant than ac-

ually detected. As that is not the case, it appears more plausible

hat the brighter material is as thick as 20 m. In addition, the ac-

umulation rate from the exosphere is estimated at only 0.4 m/Ga,

onsidering minimum supply rates ( Schorghofer et al., 2016 ), and

he fresh-appearing hosting craters are less than 1 Ga old. The old-

st crater preserving fresh-appearing morphologies (e.g., sharp rim

rest at LAMO resolution, continuous ejecta blanket) for which an

ge could be derived is ∼250 Ma old. These observations suggest

hat other sources, such as infall of exogenic material, should be

onsidered as major contributors to the formation of the ice de-

osits. It is also unlikely that the brighter material represents ex-

osed ground ice. During the impact process target material ex-

osed on the floor of simple transient craters gets covered by sub-

equent mass wasting and is thus not visible in the final crater

oors (e.g., Melosh, 1989 ). Excavated material might remain ex-

osed in the upper walls in the form of spurs or on the ejecta,

ontexts different from those of the brighter material. 

The most recent ice deposition (the one responsible for the for-

ation of the area boundaries) has probably occurred before the

atest downslope mass movements on the crater wall took place.

his is indicated by the overlapping of brighter areas by darker

treaks. Such downslope events possibly occurred during the most

ecent, Occator epoch, characterized by fresh appearing crater mor-

hologies. A question remains on the nature of the brighter streak

 Fig. 11 D). The streak could be formed by ice moving downslope

r be an apparent feature created by inhomogeneous coverage of

nderlying ice by darker material. Other features with origins sub-
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ect so speculation with the currently available data are the faint,

arker lineaments on the ice deposits. The differences in shape and

engths between these lineaments and the darker streaks suggest

hat the origin is not associated with the presence of a darker ma-

erial on top of the ice. Instead, the lineaments might represent

roughs dissecting the brighter area. Troughs might form as a con-

equence of ice deposition on a topographically irregular surface,

r after ice deposition, perhaps due to sublimation and collapse. 

Overall, these interpretations derived from observations at the

mallest possible, pixel-scale resolution confirm that candidate ice

eposits exists in few locations in the north pole area of Ceres and

ere subject to recent modifications. 

.3. Lobate materials 

Ghanan lobate material originates in a setting that produces

he highest amount of material moving downslope. If the super-

osed impact had occurred closer to the Ghanan center, an asym-

etric crater morphology would have resulted with less extensive

ass wasting ( Krohn et al., 2014 ), i.e., disruption of the Ghanan

rater wall during the impact without subsequent collapse and

ownslope motion. If the impact had occurred farther away from

he Ghanan rim crest, it is conceivable that a shorter section of

he Ghanan wall would have collapsed. Instead, the scarps and

lumped blocks on the southwest rim of the Ghanan superposed

im indicate that the lobate material consists mainly of the col-

apsed Ghanan wall. Ejecta from the superposed crater is probably

 minor component to the lobate deposits. 

Ghanan wall collapse was possibly triggered by the displace-

ent of material at depth and structural uplifting at the rim during

he impact excavation phase. Structural uplift occurs from the rim

rest up to a distance of 1.3–1.7 crater radii (e.g., Melosh, 1989 ).

he various ridges forming the southwest section of the super-

osed crater rim suggest that the wall collapsed in different sec-

ions, each one possibly providing the source region of discrete

obate material. An estimate of the velocity provided by the im-

act event to the displaced material can be obtained by consider-

ng the velocity of the ejecta close to the rim. For a 15-km large

rater such speed is 26 m/s ( Melosh, 1989 ). “Covered” craters and

ineaments across them suggest that the lobate material, once ac-

elerated by the impact, advanced undisturbed by the underlying

opographic obstacles. The large central ridge and trough are pos-

ibly also the result of preexisting relief and their overtopping sug-

ests a high velocity flow (e.g., McEwen, 1989 ). The minimum ve-

ocity required to overtop a ridge of elevation h ∼150 m can be

stimated with v = (2 ∗g ∗h ) 0.5 (Eq. (1)) giving a value of 9 m/s un-

er Ceres’ gravity g, consistent with the speed provided by the im-

act. Longitudinal grooves or lineaments have been interpreted to

e the result of a high-speed landslide where the grooves form by

ifferential shear of debris traveling at different speeds and lat-

ral spreading (e.g., Lucchitta, 1979 ; McEwen, 1989 ). Although lon-

itudinal grooves are known to form in a variety of contexts, they

re reported to be more prominent in high-speed emplacements

 Dufresne and Davies, 2009 ). Another estimate for the velocity of

he lobate material can be obtained by considering a simple case

f a sliding block on an inclined plane. A sliding block traveling

or 25 km on an 11 ° sloped plane requires an initial velocity of

5 m/s for a friction coefficient of 0.6 (e.g., dry rock-on-rock fric-

ion) and 36 m/s for a lower friction coefficient of 0.1 (lubricated

aterials). The comparison of these values with the velocity pro-

ided by the impact suggests that the lobate material was em-

laced as a fast flow (few tens of meters per second) with possibly

 low friction coefficient. These considerations use simplistic con-

itions that need to be supported by more detailed modeling of

he effects of impacts on slopes and subsequent mass wasting pro-

esses. Nevertheless, they suggest that very slow movement such
s ice-cored flows on Earth might not be a representative analog.

ry granular flows, instead, should not be excluded, as they appear

o form impact-driven lobate material in a variety of surface condi-

ions, e.g., Mercury and the Moon ( Xiao and Komatsu, 2013; Boyce

t al., 2016 ). 

Buczkowski et al. (2016) identified lobate flows on Ceres and

etermined their global distribution. Here we compare the lo-

ate flows distribution for latitudes > 66 ° from Buczkowski et al.

2016) to the geologic map and lobate material definition

 Section 4.1 ) of this study as well as with HAMO images. The

atter need to be taken into account as the Buczkowski et al.

2016) results were performed without the images of the low-

ltitude, LAMO phase of the mission, and hence were of lower

patial resolution than available in this study. In the quadrangle,

uczkowski et al. (2016) identify 10 lobate flows. Three of them

re positively detected in HAMO images and HAMO DTM by the

resence of steep marginal scarps, two of them correspond to lo-

ate material in the geologic map of Fig. 2 . The third lobate flow is

ecognized as degraded lobate material ( Fig. 15 A). Negative detec-

ions occur where terraces, slumped blocks, ejecta or hummocky

reas are identified instead of lobes with steep marginal scarps.

ig. 15 B and C presents the case for detection of hummocky ar-

as. The other morphologies are presented elsewhere in the study

see description of geologic units). Fig. 15 B shows a negative detec-

ion where an apparent lobate material in FC image is identified.

irst, the material lacks steep sided margins in the HAMO DTM

 Fig. 15 D). Second, the apparent margins in the FC image are as

ide as half of the lobe’s entire width ( Fig. 15 C). Third, the lobate

aterial is only apparent because its shape could be the result of a

uxtaposed impact crater and the edges of the material could cor-

espond to a section of a crater wall. In the negative detection of

ig. 15 C, steep sided areas are identified but do not form a lobate

hape, therefore lacking a diagnostic criterion of lobate material. 

A global latitudinal distribution of lobate flow morphologies

 Buczkowski et al., 2016; Schmidt et al., 2017 ) is not supported

ecause the paucity of flows (three) recognized in the quadran-

le is not statistically significant. We note that at latitudes > 30 °N,

here the crater density is higher relative to the rest of Ceres’ sur-

ace ( Hiesinger et al., 2016 ), a concentration of lobate material is

o be expected. Because lobate materials form as a consequence

f crater superposition (i.e., impact-driven collapse of preexisting

rater rim), their frequency is expected to be higher in a highly

ratered area. Also, we note that the depth difference for ice sta-

ility modeled between the equator (few tens of m depth) and

he poles ( < 0.5 m) is minor ( Schorghofer et al., 2016 ). Therefore,

ollowing this prediction, potential morphological differences be-

ween ice-free and ice-rich material should be evident only for

orphologies controlled by the shallow subsurface. For example,

etween craters less than 500 m in diameter (impact in ice-free

arget) and craters larger than ∼1.5 km (mostly in potentially ice-

ich target). Therefore, the lack of supporting evidence for a latitu-

inal control of lobate morphologies (at crater larger than 10 km)

s not surprising. 

Buczkowski et al. (2016) recognized three different types of lo-

ate materials on Ceres and draw similarities with fluidized ejecta

lankets on Mars and Ganymede or ice-cemented low-speed flows

n Earth. Key morphological differences between Ghanan lobate

aterial (“steep frontal toes”, “nested sets of parallel linear fur-

ows” for type 1 flow in Buczkowski et al., 2016 ) and Jarovit lo-

ate material (“long, fan-shaped”, “composed of platy sheets with

ounded tapered toes” for type 2 flow, Buczkowski et al., 2016 )

re not recognized in this study. Minor differences can be as-

ribed to the different locations of the superposed craters on the

reexisting rims and to age differences (i.e., Jarovit flow surface

s more degraded and cratered). Instead, the ubiquitous associa-

ion of lobate material to impact superposition (i.e., impact on a
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Fig. 15. Identification of lobate materials. Crosses and circles are locations of Buczkowski et al. (2016) . (A), (C) and (E) are FC HAMO images and (B), (D) and (F) are HAMO 

elevation contour lines each 50 m. (A) and (B) are degraded lobate materials centered at 354E–79N. Arrows locate the edges of a steep scarp. (C) and (D) are non-detection 

of lobate materials, centered at 54E-71N. Arrows indicate absence of steep scarp near a putative lobate feature. (E) and (F) are non-detection of lobate materials centered at 

260E-66N. Arrows point to a steep scarp without a lobate shape in plan view. 
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preexisting crater rim) in the quadrangle area suggests an origin

as high-speed debris flow due to impact-driven rim collapse. 

7. Conclusion 

The geology of Ceres’ North Pole quadrangle (90 °N–66 °N) pre-

serves an ancient, highly cratered terrain. The formation or modi-

fication of this terrain by cryovolcanism, a possibility suggested by

4.5 km high Yamor Mons, remains an open question as the pristine

morphological features of the potential dome have been erased by

impact cratering. Several impact craters up to ∼30 km in diame-

ter and associated lobate materials possibly formed in the recent

Occator epoch (characterized by fresh appearing crater morpholo-

gies.). Their pristine morphology and morphometry, as detailed in

this work, reveal the following: 

- Lobate materials in the north polar area of Ceres can originate

during impacts on a preexisting crater rim, possibly as high-

speed flow (few tens of meters per second). 

- Images at the highest available spatial resolution demonstrate

a paucity of lobate materials, in contrast to the identifications

with lower spatial resolution data. The paucity of lobate materi-

als at latitudes > 66 °N indicates no latitudinal control on abun-

dance of lobate material, which is instead a function of crater

density. 

- Permanently Shadowed Regions (PSRs) on crater interiors host

bright deposits interpreted as potential ice accumulations. The

rarity of the deposits relative to the abundant PSRs and the
deposit thicknesses suggest a possibly important role of exo-

genic material infall. Pixel-scale, photo-geologic analyses of FC

LAMO images reveal that the deposits were affected by downs-

lope mass movement during the recent Occator epoch. 

- A comparison between measurements of crater size-frequency

distribution and asteroid-derived and lunar-derived models of

crater production (ADM and LDM) reveals discrepancies, simi-

lar to differences found for the cratering record on the asteroid

Vesta. 
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