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a b s t r a c t 

Occator crater is one of the most recognizable features on Ceres because of its interior bright regions, 

which are called the Cerealia Facula and Vinalia Faculae. Here we use high-resolution images from 

Dawn ( ∼35 m/pixel) to create a detailed geologic map that focuses on the interior of Occator crater and 

its ejecta. Occator’s asymmetric ejecta indicates that the Occator-forming impactor originated from the 

northwest at an angle of ∼30–45 °, perhaps closer to ∼30 ° Some of Occator’s geologic units are analo- 

gous to the units of other complex craters in the region: the ejecta, crater terrace material, hummocky 

crater floor material and talus material. The geologic units that make Occator unique are the bright Oc- 

cator pit/fracture material (this is the unit that corresponds to the Cerealia Facula and Vinalia Faculae) 

and the extensive, well-preserved lobate materials. We propose that the lobate materials are a slurry of 

impact-melted and non-impact-melted target material, which flowed around the crater interior before 

solidifying to form deposits geomorphologically consistent with impact melts elsewhere in the Solar Sys- 

tem. We sub-divide the lobate materials on the basis of their surface textures. It is likely that knobby or 

smooth lobate materials form if the lobate material entrains or does not entrain blocks, respectively. Post- 

impact inflation is suggested to form the hummocky lobate material. The Vinalia Faculae formed within 

the hummocky lobate material. We find that the knobby lobate material and the outer edge of the Cere- 

alia Facula formed prior to the central pit. The central dome formed after the formation of the central pit, 

while the majority of the Cerealia Facula (besides the outer edge) could have formed, continued to form 

and/or have been modified after the formation of the central pit. The Cerealia Facula may have initially 

been emplaced in a similar process to the Vinalia Faculae, and the surface of the Cerealia Facula appear 

to have somewhat darkened over time. The insights into Occator crater and its faculae derived from our 

geologic mapping will be synthesized together with inputs from all of the studies in this special issue in 

Scully et al. (2018a ). 

© 2018 Elsevier Inc. All rights reserved. 
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. Introduction 

Ceres was first explored from orbit by the Dawn mission, which

eached the dwarf planet in March 2015. Ceres is the only dwarf

lanet located in the inner solar system and is the largest ob-

ect in the asteroid belt, with triaxial elliptical dimensions of
∗ Corresponding author. 

E-mail address: jennifer.e.scully@jpl.nasa.gov (J.E.C. Scully). 
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83.1 ± 0.2 km, 481.0 ± 0.2 km and 445.9 ± 0.2 km ( Russell et al.,

016 ). Dawn has explored Ceres using its Framing Camera (FC)

 Sierks et al., 2011 ), Visible-Infrared Mapping Spectrometer (VIR)

 De Sanctis et al., 2011 ), Gamma Ray and Neutron Detector

GRaND) ( Prettyman et al., 2011 ), and gravity science investiga-

ion ( Konopliv et al., 2011 ). Dawn data confirms that Ceres is

artially differentiated into a rocky interior and a more volatile-

ich outer layer ( Park et al., 2016; Russell et al., 2016 ), which is

n average 41 . 0 +3 . 2 
−4 . 7 

km thick, based on a dynamic isostasy model

https://doi.org/10.1016/j.icarus.2018.04.014
http://www.ScienceDirect.com
http://www.elsevier.com/locate/icarus
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2018.04.014&domain=pdf
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( Ermakov et al., 2017a ). The outer layer is a mixture of phyllosili-

cates and/or carbonates, salts and/or clathrate hydrates and < 30–

40% water ice by volume ( Bland et al., 2016; Fu et al., 2017;

Hiesinger et al., 2016 ). Mass wasting has exposed water ice on

the surface (e.g. Combe et al., 2016; Hughson et al., 2018 ), sput-

tering of near-surface water ice is interpreted to form a tran-

sient atmosphere ( Villarreal et al., 2017 ), and surficial water ice is

thought to occur in permanently shadowed craters ( Ermakov et al.,

2017b; Schorghofer et al., 2016; Platz et al., 2016 ). Water ice and/or

volatiles are interpreted to be involved in the formation of dom-

ical features, pitted terrain and lobate flows ( Buczkowski et al.,

2016; Ruesch et al., 2016; Schmidt et al., 2017; Sizemore et al.,

2017 ). The surface has a relatively low average single scattering

albedo of 0.09–0.11 ( Li et al., 2016 ) and is composed of a mixture

of ammonia-bearing phyllosilicates, magnesium-bearing phyllosili-

cates, carbonates and a dark component ( De Sanctis et al., 2015 ).

There are ∼500 impact craters > 20 km in diameter spread across

the surface, and both simple and complex crater morphologies are

present ( Buczkowski et al., 2016; Marchi et al., 2016 ). The transi-

tion from simple craters to complex craters occurs at a diameter

of ∼7.5–12 km ( Hiesinger et al., 2016 ). For more details about Ceres

and Dawn’s exploration, see Scully et al. (2018b) . 

Occator crater is located in Ceres’ northern hemisphere (20 °N,

239 °E), is a complex crater and is ∼92 km in diameter ( Fig. 1 a). It

is one of the most intriguing and recognizable features on Ceres’

surface because it contains regions in its floor, called faculae, that

are much brighter than Ceres’ average: a single scattering albedo

of 0.67–0.80 versus 0.09–0.11 ( Li et al., 2016 ). Moreover, the aver-

age visual normal albedo of the faculae is six times Ceres’ aver-

age ( Schröder et al., 2017 ). The central region is called the Cere-

alia Facula and the faculae in the eastern crater floor are called the

Vinalia Faculae ( Fig. 1 b). There is a ∼9 km wide and ∼800 m deep

central pit within the crater, which contains Cerealia Facula and a

∼30 0–70 0 m high central dome ( Schenk et al., 2016; Nathues et al.,

2015 ). While the majority of Ceres’ surface has a uniform compo-

sition ( Ammannito et al., 2016 ), Occator’s faculae are mostly com-

posed of sodium carbonate ( De Sanctis et al., 2016 ). In addition to

the faculae, there are also extensive lobate materials within Occa-

tor’s floor ( Fig. 1 b), which have been proposed to be impact melt,

or mass wasting deposits from crater-wall collapse, or cryovolcanic

flows (e.g. Jaumann et al., 2017; Krohn et al., 2016; Nathues et al.,

2017; Schenk et al., 2016 ). 

Occator crater was mapped as a part of the Dawn team’s global

mapping project, during which the surface of Ceres was divided

into fifteen regions, called quadrangles ( Williams et al., 2018 ). Oc-

cator crater is located on the border of two of these quadrangles:

the larger portion of the crater is located within Occator quadran-

gle ( Buczkowski et al., 2018a ) while the smaller portion is located

within Ezinu quadrangle ( Scully et al., 2018c ). Occator crater was

included in both of these quadrangle maps, which are displayed at

a scale of 1:1,0 0 0,0 0 0. These maps illustrate the broad-scale geo-

logic units and features within Occator crater. However, minimum

dimension criteria were applied, which resulted in the omission

of small-scale details. For example, geologic units that are < 5 km

wide and linear features that are < 5 km long or spaced at < 3 km

were not included in the quadrangle maps. 

Here we present a detailed map of the interior of Occator crater

and its ejecta. There are no minimum dimension criteria applied

throughout this map. However, the scale of the features that can be

mapped is limited by the resolution of the basemap ( ∼35 m/pixel)

(see Section 2.1.1 ). The aim of this focused and detailed mapping is

to provide new insights into Occator and its faculae. These insights

can, in turn, be combined with additional studies to illuminate the

driving forces behind the formation and evolution of Occator and

its faculae ( Scully et al., 2018a ). Whether the driving forces be-

hind the faculae’s formation are entirely impact-derived/exogenic,
ntirely endogenic or a combination of both will lead to a new

nderstanding of the processes and conditions in Ceres’ past, and

otentially in its present. For further details about our motivation

or studying Occator crater and its faculae, see Scully et al. (2018b) .

. Methods: geologic mapping 

.1. Data sources 

.1.1. Basemap 

Dawn returned data from Ceres during four orbital stages of de-

reasing altitude: Approach ( > 4400 km), Survey (4400 km), High

ltitude Mapping Orbit (HAMO, 1470 km) and Low Altitude Map-

ing Orbit (LAMO, 385 km). The basemap upon which we based

ur geologic map of Occator crater is a mosaic of clear filter

raming Camera LAMO images ( ∼35 m/pixel), made by the Ger-

an Aerospace Center (DLR) ( Fig. 2 ) ( Roatsch et al., 2017 ). The

lear filter’s panchromatic images have a wavelength range of 450–

20 nm ( Sierks et al., 2011 ). Due to the large brightness contrast

etween the faculae and the other materials in Occator crater, we

isplayed the mosaic of the data (in reflectance values) with differ-

nt stretches in ArcMap 10.3 software, which we used for our map-

ing (see Section 2.2 ). A standard deviation stretch with n = 10 is

ppropriate for mapping the majority of the crater and its ejecta.

 standard deviation stretch with n = 27 highlights the details of

he faculae. A standard deviation stretch with n = 60 emphasizes

righter regions within the faculae ( Fig. 2 a i–iii). 

.1.2. Supplementary datasets 

While we use the LAMO basemap to define the mapped fea-

ures, we also use supplementary datasets to assist with our anal-

sis of these features: 

• We use two shape models of Occator crater, both of which are

produced from clear filter Framing Camera LAMO images. One

is produced using the stereophotogrammetry (SPG) technique

by DLR (Fig. S1a) ( Jaumann et al., 2017 ) and one is produced us-

ing the stereophotoclinometry (SPC) technique by JPL (Fig. S1b).

The SPG shape model has a lateral grid spacing of ∼32 m/pixel,

a mean intersection error of + / −2.8 m, an intrinsic height ac-

curacy of ∼1.5 m and is referenced to a 470 km sphere. The

SPC shape model has a horizontal resolution of ∼800 m/pixel,

a vertical accuracy/absolute radial error of > 20 m and is refer-

enced to an ellipsoid with axes of 482,147 m and 445,930 m

( Park et al., 2016 ). A SPC shape model with a horizontal resolu-

tion of ∼100 m/pixel is now available, but was not used during

the time of our analysis. In order to compare the relative el-

evations between features, we use these shape models in flat,

plan views and we also use them to create profiles. While the

absolute values of elevation vary between the two shape mod-

els, the relative elevation differences between features are con-

sistent between both shape models. We also use perspective

views with no vertical exaggeration, which are made by over-

laying Framing Camera clear filter LAMO images onto the SPG

shape model of Occator (created by David P. O’Brien, Planetary

Science Institute). 
• Anaglyphs of parts of Occator crater also allow us to view

the crater in three dimensions (Fig. S2). These anaglyphs are

made from the clear filter Framing Camera LAMO images

( ∼35 m/pixel) by Thomas Platz (Max Planck Institute for Solar

System Research). 
• The photometrically corrected mosaic of clear filter Framing

Camera HAMO images, produced by DLR ( ∼140 m/pixel), allows

us to interpret whether the dark or bright appearance of re-

gions in the basemap is controlled by their intrinsic brightness

or by the solar illumination conditions under which they were
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Fig. 1. (a) The location of Occator crater on the global shape model of Ceres, which is overlain onto a global LAMO (Low Altitude Mapping Orbit) mosaic, in a Moll- 

weide projection. Hanami Planum and craters mentioned in the text are also labeled. This HAMO-based (High Altitude Mapping Orbit), global shape model is provided by 

DLR, is referenced to a 482 × 446 km biaxial ellipsoid and has a lateral spacing of 60 pixels per degree, corresponding to ∼135 m/pixel and a vertical resolution of < 100 m 

( Preusker et al., 2016 ). The global LAMO mosaic of clear filter Framing Camera images ( ∼35 m/pixel) is made by the German Aerospace Center (DLR). (b) Perspective view 

of Occator crater, with the Cerealia Facula, Vinalia Faculae, central pit, central dome and lobate materials indicated. The view has no vertical exaggeration and was made by 

David P. O’Brien (Planetary Science Institute). 
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observed (Fig. S3). The geologic units we map have interme-

diate brightness in the photometrically corrected data. When

necessary, we sub-divide each geologic unit into dark or bright

categories if they are distinctly dark or bright in the photomet-

rically corrected data. We define a sub-unit as dark, interme-

diate or bright with reference to their pixel values, which are

included for each unit in Section 3.2 . Methods by which Fram-

ing Camera data can be photometrically corrected are outlined
in Schröder et al. (2017) . c  
.2. Mapping approach 

We define our map area to extend from the center of Occator

rater to the farthest mapped extent of its ejecta blanket. To map

he crater, we used ESRI ArcMap 10.3 software, which allowed us

o georeference our mapping to the datasets and to measure the

ength, area, etc. of the mapped features. Using ArcMap we viewed

he basemap, the shape models, the anaglyphs and the photometri-

ally corrected data in plan view. We used the spatial analyst tool-
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Fig. 2. (a) The basemap for our geologic map of Occator crater is a mosaic of clear filter Framing Camera LAMO images ( ∼35 m/pixel), made by the German Aerospace Center 

(DLR) ( Roatsch et al., 2017 ). The inset figures (i–iii) illustrate the appearance of Cerealia Facula with a standard deviation stretch of n = 10, n = 27 and n = 60 respectively. (b) 

The interior of Occator crater, as it appears in our basemap. In both (a) and (b), the locations of the nine parts of Fig. 5 are illustrated. Both (a) and (b) are displayed with 

an equirectangular projection, in which the scale bar is valid at the equator and the distortion increases towards the poles. 
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bar in ArcMap to create profiles from the plan view of the shape

models. We viewed the perspective views separately, but alongside,

the data in ArcMap. 

The resolution of our basemap facilitated mapping at a scale of

1:10 0,0 0 0. We mapped all features that were identifiable at this

scale and did not use minimum dimension criteria. The small-
st mapped geologic unit is ∼600 m in its longest dimension.

ere we display the entire geologic map with a reference scale

f 1:1,50 0,0 0 0 ( Fig. 3 a), the geologic map of the interior of Oc-

ator crater with a reference scale of 1:50 0,0 0 0 ( Fig. 4 ) and the

eologic map of the center of Occator crater with a reference

cale of 1:250,0 0 0 ( Fig. 3 b). The legend in Fig. 4 applies to all
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Fig. 3. (a) Our entire geologic map of Occator crater and its ejecta, which is overlain onto the basemap. This map was created by mapping at a scale of 1:10 0,0 0 0, but 

is shown with a reference scale of 1:1,50 0,0 0 0 to make the symbols more legible in publication format. The legend is included in Fig. 4 . The map is displayed with an 

equirectangular projection, in which the scale bar is valid at the equator and the distortion increases towards the poles. (b) Our geologic map of the center of Occator crater, 

which is overlain onto the basemap. This map was created by mapping at a scale of 1:10 0,0 0 0, but is shown with a reference scale of 1:250,0 0 0 to make the symbols more 

legible in publication format. The legend is included in Fig. 4 . A high-resolution version of this figure is included in the supplementary material (Fig. S4). 

o  

m  

F  

t  

p  

m  

o  

(

f these maps. High-resolution versions of each of these geologic

aps are available in the supplementary material (Fig. S4 and

ig. S5). Following the Dawn science team’s practice of consulting

he United States Geological Survey (USGS) guidelines during the
roduction of the quadrangle maps ( Williams et al., 2018 ), we

ainly used map symbols based on the standardized symbol-

gy recommended by the USGS for planetary geologic features

 Federal Geographic Data Committee, 2006 ). 
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Fig. 4. Our geologic map of the interior of Occator crater, which is overlain onto the basemap. This map was created by mapping at a scale of 1:10 0,0 0 0, but is shown with 

a reference scale of 1:50 0,0 0 0 to make the symbols more legible in publication format. The legend is for all of the mapped features and also applies to Fig. 3 . The map is 

displayed with an equirectangular projection, in which the scale bar is valid at the equator and the distortion increases towards the poles. A high-resolution version of this 

figure is included in the supplementary material (Fig. S5). 
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3. Results 

3.1. Regional setting of Occator crater 

Occator crater is located within a region called Hanami Planum

( Fig. 1 a). This region is ∼500 km wide, is topographically high and

has the strongest negative Bouguer anomaly on Ceres. This could

be explained by an underlying buoyancy-driven anomaly and high

rigidity/thick outer layer or by a relatively low regional density

( Ermakov et al., 2017a ). To Occator’s north, within Ezinu quadran-

gle, the ancient cratered terrain dominates the surface ( ∼3–4 bil-

lion years old) ( Scully et al., 2018c ). Some complex impact craters

have ejecta blankets that superpose the cratered terrain: Ninsar

(40 km diameter), Datan (60 km diameter) and Messor (40 km di-

ameter) ( Fig. 1 a). These impact craters are young (a few hun-

dreds of millions of years) in comparison to the cratered terrain,

and their interiors contain crater terrace material and hummocky

crater floor material, which are interpreted to form by collapse and

mass wasting shortly following the craters’ formation ( Scully et al.,

2018c ). More recent mass wasting has covered the walls of these

craters with talus material. Complex craters of a similar age are

also found to Occator’s south: Azacca (50 km diameter) and Lociyo

(38 km diameter) ( Fig. 1 a). These craters are also surrounded by

ejecta blankets and contain crater terrace material, hummocky

0  
rater floor material and talus material ( Buczkowski et al., 2018a ),

hich often have different spectral properties than the surround-

ng cratered terrain ( Longobardo et al., 2018 ). For example, Aza-

ca crater and its ejecta contain sodium carbonate ( Carrozzo et al.,

018 ). 

.2. Description of map units 

In the following subsections we discuss our observations and

nterpretations of each geologic unit in our geologic map ( Fig. 3

nd Fig. 4 ). In Table 1 , we list the symbols and RGB colors of each

f these units. 

.2.1. Crater material, dark crater material 

Observations: The majority of this unit is located around Occa-

or crater, mostly to the southeast. The crater material surround-

ng Occator superposes the cratered terrain and contains less im-

act craters than the cratered terrain, which give it a compara-

ively smoother texture ( Fig. 5 a) ( Scully et al., 2018c ). The bound-

ries between the crater material and the cratered terrain are

apped with approximate contacts because the exact locations of

he boundaries between the two units are not usually visible. The

ark crater material sub-unit is distinctly dark (pixel value: 0.01–

.05) in the photometrically corrected data, in comparison to the
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Fig. 5. The type areas for each of the geologic units in our geologic map, as they appear in the basemap. Each scale bar represents 10 km. The location of each panel is 

indicated in Fig. 2 and north is up in all panels. (a) Crater material: the white arrows indicate the margin of the crater material, which superposes the cratered terrain 

(located in bottom left of the frame). (b) The hummocky crater floor material fills the entire frame apart from a region of smooth lobate material, which is outlined by white 

arrows. (c) The crater terrace material is located from the top to the bottom of the center of the frame. (d) The smooth lobate material fills the entire frame apart from a 

region of crater terrace material in the bottom of the frame. The boundary between these two units is indicated by the white arrows. The smooth lobate material begins 

to transition into knobby lobate material at the top of the frame. (e) The knobby lobate material fills the entire frame. (f) The hummocky lobate material, whose northern 

boundary is indicated by the white arrows. (g) The Cerealia Facula portion of the bright Occator pit/fracture material, which is located in the center of the frame. The black 

arrows indicate the two small regions of hummocky crater floor material within Cerealia Facula. (h) The Vinalia Faculae portion of the bright Occator pit/fracture material, 

which is located in the center of the frame. The white arrows indicate the two small impact craters and their dark ejecta blankets, which superpose part of the Vinalia 

Faculae. (i) The talus material, which is located in the middle of the frame and fills the entire crater wall. 

Table 1 

The symbols and RGB colors for each of the geologic units within our map 

( Figs. 3 and 4 ). The units are displayed with a transparency of 50%. 

Unit name Symbol on map RGB color on map 

Crater material c 255-255-51 

Dark crater material cd 240-230-0 

Hummocky crater floor material cfh 217-149-148 

Crater terrace material ct 255-206-51 

Dark crater terrace material ctd 242-174-0 

Smooth lobate material ls 164-222-0 

Knobby lobate material lk 73-195-134 

Dark knobby lobate material lkd 45-125-90 

Hummocky lobate material lh 122-152-62 

Bright Occator pit/fracture material opfb 51-204-51 

Talus material ta 0-76-0 

Dark talus material tad 0-40-0 

i
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f  
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c  

p  
ntermediate brightness of the crater material (pixel value: 0.05–

.06). The dark crater material superposes the crater material and

s mostly located on the eastern side of Occator ( Fig. 3 and Fig.

3a). The exact location of the boundaries between the crater ma-

erial and dark crater material are not visible in the photometri-

ally corrected data, and thus we map them with approximate con-

acts. We also identify two small regions of dark crater material

nside of Occator crater, which surround two small impact craters

a few hundreds of meters in diameter) that superpose the Vinalia

aculae (see Section 3.2.7 ). 

Interpretations: We interpret this unit as ejecta that was

ormed by material ejected during the formation of Occator crater,

nd by the small craters that superpose the Vinalia Faculae. It is

ommonly observed that the order of the layering of ejecta de-

osits is reversed in comparison to the order of the layering of the



14 J.E.C. Scully et al. / Icarus 320 (2019) 7–23 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

t  

a  

p  

r  

t  

i  

a  

b  

s  

p  

(  

t  

a  

t  

p

 

p  

i  

g  

fl  

m  

o  

p  

l  

t  

m  

l  

t  

t

3

 

e  

T  

o  

s  

w  

e  

t  

m  

p  

p  

r  

d  

p  

m  

p  

b  

T  

a  

s  

p  

(  

t  

a

 

p  

S  

t  

o  

r  

(  

f  

t  

m  

o  
subsurface materials from which the ejecta was excavated. Thus,

we interpret that the dark crater material, which in order to be

visible must superpose the crater material, was excavated from

deeper within Ceres’ subsurface than the crater material. The con-

centration of the dark crater material on the eastern side of Occa-

tor could be explained by the inhomogeneous distribution of dark

source material: the dark source material may be more common

within the eastern subsurface or it may be more deeply buried

within the western subsurface. See Nathues et al. (2018) and

Raponi et al. (2018) for further discussion of the dark crater ma-

terial. 

3.2.2. Hummocky crater floor material 

Observations: This unit is located in the northern and western

parts of Occator’s floor and has an irregular/blocky surface texture,

which gives it a hummocky appearance ( Fig. 5 b). The unit shares

certain contacts with the crater terrace material and there is no

superposition relationship between them. It has an intermediate

brightness in the photometrically corrected data (pixel value: 0.05–

0.06). 

Interpretations: We interpret this unit as a mass wasting de-

posit, which infilled the floor as material collapsed from Occator’s

walls to the floor during/shortly after the formation of the crater.

This unit likely formed contemporaneously with the crater terrace

material, because neither superposes the other. 

3.2.3. Crater terrace material, dark crater terrace material 

Observations: The unit forms a ring around the interior of Oc-

cator crater and consists of steps, or terraces, which are roughly

concentric to the crater rim ( Fig. 5 c). The only breaks in this ring

are in the southeastern and northeastern quadrants of the crater,

where the knobby and dark knobby lobate materials superpose the

terraces (see Section 3.2.5 ). The terraces in the southwestern quad-

rant of the crater are approximately perpendicular to the terraces

in the southeastern quadrant, and they converge at a ∼90 ° bend

in the crater rim ( Fig. 6 ). The unit shares certain contacts with

the hummocky crater floor material and there is no superposition

relationship between them. The dark crater terrace material sub-

unit is distinctly dark (pixel value: 0.01–0.05) in the photometri-

cally corrected data, in comparison to the intermediate brightness

of the crater terrace material (pixel value: 0.05–0.06). The exact

location of the boundaries between the crater terrace material and

dark crater terrace material are not visible in the photometrically

corrected data, and thus we map them with approximate contacts.

Interpretations: We interpret that this unit formed dur-

ing/shortly after the formation of the crater, as portions of the

crater walls collapsed in a coherent fashion to form the stepped,

or terraced, morphology. This unit likely formed contemporane-

ously with the hummocky crater floor material, because neither

superposes the other. More recent mass wasting and collapse has

also probably occurred on the steeply dipping terraces within this

unit. We suggest that the ∼90 ° bend in the southern crater rim

was formed when the actively collapsing sets of southwestern and

southeastern terraces converged together. There are other smaller

scale and more obtuse bends within the crater rim that also likely

formed because of the convergence of other sets of roughly per-

pendicular terraces. 

3.2.4. Smooth lobate material 

Observations: The lobate materials are located within two re-

gions of Occator crater: (1) they form an extensive deposit that

fills the southern and eastern parts of the crater floor and (2) they

form separate pond-like deposits at different elevations through-

out the crater interior ( Fig. 7 a). The smooth lobate material is lo-

cated at the southernmost and easternmost edges of the extensive

floor deposit. In the southern part of the extensive floor deposit,
he smooth lobate material superposes the crater terrace material

nd appears to have flowed between the terraces. Pond-like de-

osits of this unit also superpose the hummocky crater floor mate-

ial and crater terrace materials at different elevations throughout

he crater. These pond-like deposits have distinct, rounded margins

n plan view, which we map with certain contacts. This unit has

 smooth surface texture that distinguishes it from the other lo-

ate materials ( Fig. 5 d). We map the margins of the unit as lobate

carps when the unit displays distinct, rounded margins, super-

oses the substrate and forms an area of localized high topography

few tens to few hundreds of meters). The smooth lobate material

ransitions into both the knobby and hummocky lobate materials,

nd thus we classify their shared contacts as approximate. None of

he regions of smooth lobate materials display a clear origination

oint. 

Interpretations: We interpret this unit as flows that super-

ose the underlying units. We discuss the nature of this flow

n Section 4.1.3 . Underlying, pre-existing pinnacles or other topo-

raphic features could disrupt or break the smooth surface of the

ow. In order for the surface to remain smooth, the smooth lobate

aterial must be thick enough to bury any pre-existing pinnacles

r other topographic features, and/or these features must not be

resent below the smooth lobate material. However, the smooth

obate material is concentrated next to the terraces, and in ponds

hat superpose the terraces and hummocky crater floor material,

aking it more likely to be thinner in comparison to the knobby

obate material (see Section 3.2.5 ). Thus, the smooth surface tex-

ure of this unit may simply indicate that there is a lack of en-

rained blocks within the flow. 

.2.5. Knobby lobate material, dark knobby lobate material 

Observations: The knobby lobate material is located within the

xtensive floor deposit of lobate materials ( Fig. 5 e and Fig. 7 a).

his extensive deposit of lobate materials does not display a clear

rigination point. The knobby texture of this unit arises from a

mooth surface that is interspersed with irregular shaped mounds,

hich distinguishes it from the other lobate materials. The south-

astern region of the knobby lobate material superposes the crater

errace material. The terraces on either side of the knobby lobate

aterial trend in the same direction ( Fig. 7 b). In the northeastern

art of the crater interior, the dark knobby lobate material super-

oses the hummocky crater floor material and crater terrace mate-

ial in a sinuous deposit that appears to have flowed inwards. The

ark talus material along the crater wall obscures the origination

oint of the dark knobby lobate material. The dark knobby lobate

aterial sub-unit is distinctly dark (pixel value: 0.01–0.05) in the

hotometrically corrected data, in comparison to the intermediate

rightness of the knobby lobate material (pixel value: 0.05–0.06).

he knobby lobate material and dark knobby lobate material share

pproximate contacts. We map the margins of the unit as lobate

carps when the unit displays distinct, rounded margins, super-

oses the substrate and forms an area of localized high topography

few tens to few hundreds of meters). The knobby lobate material

ransitions into both the smooth and hummocky lobate materials,

nd thus we classify their shared contacts as approximate. 

Interpretations: We interpret this unit as flows that super-

ose the underlying units. We discuss the nature of this flow in

ection 4.1.3 . In the southeast, the knobby lobate material appears

o have flowed out over the center of a set of terraces that were

riginally connected, because these terraces trend in the same di-

ection on either side of the superposing knobby lobate material

 Fig. 7 b). Underlying, pre-existing pinnacles or other topographic

eatures could disrupt or break the surface of the flow, forming

he knobby texture. In order for this to occur, the knobby lobate

aterial must be thin enough to expose the pre-existing pinnacles

r other topographic features, and these features must be present
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Fig. 6. The terraces in the southwestern and southeastern quadrants of the crater, which are approximately perpendicular to one another and converge at a ∼90 ° bend in the 

crater rim. The terraces are illustrated in (a) the basemap and (b) in the perspective view, which has no vertical exaggeration and was made by David P. O’Brien (Planetary 

Science Institute). 

b  

t  

m  

t  

u

3

 

e  

p  

m  

p  

t  

r  

w  

u  

s  

f  

t  

t  

c

 

p  

fl  

r  

(

3

 

a  

a  

m  

r  

m  

S  

b  

b  

u  

a  

t  

g  

a  
elow the knobby lobate material. However, the knobby lobate ma-

erial is mostly located within the center of the crater, making it

ore likely to be thicker in comparison to the smooth lobate ma-

erial (see Section 3.2.4 ). Thus, the knobby surface texture of this

nit may simply indicate that it contains entrained blocks. 

.2.6. Hummocky lobate material 

Observations: The hummocky lobate material forms the north-

astern part of the extensive floor deposit of lobate materials. It su-

erposes the crater terrace material and the hummocky crater floor

aterial. This extensive deposit of lobate materials does not dis-

lay a clear origination point ( Fig. 7 a). The hummocky lobate ma-

erial has an undulating surface composed of sinuous troughs and

idges that are sometimes concentric to the margins of the unit,

hich distinguishes it from the other lobate materials ( Fig. 5 f). The

nit often displays distinct, rounded margins, superposes the sub-

trate and forms an area of localized high topography (few tens to

ew hundreds of meters), in which case we map the margins of

he unit as lobate scarps. The hummocky lobate material transi-

ions into both the smooth and knobby lobate materials. Thus we

lassify their shared contacts as approximate. 
Interpretations: We interpret this unit as flows that su-

erpose the underlying units. We discuss the nature of this

ow in Section 4.1.3 . The hummocky texture is suggested to

esult from post-emplacement modification, such as inflation

 Buczkowski et al., 2018b ). 

.2.7. Bright occator pit/fracture material 

Observations: This unit corresponds to the Cerealia Facula

nd Vinalia Faculae, which in the photometrically corrected data

re distinctly brighter than every other unit within the geologic

ap (pixel value: > 0.06). The majority of Cerealia Facula is a

oughly circular continuous deposit of bright material that is al-

ost entirely located within the central pit of Occator crater (see

ection 3.5 ). The majority of Cerealia Facula is partly surrounded

y an outer edge that forms a discontinuous halo of more diffuse

right material ( Fig. 5 g). The outer, diffuse edge of Cerealia Fac-

la tends to concentrate in between the topographic rises that are

djacent to the central pit ( Fig. 8 ). However, it does sometimes ex-

end up parts of the flanks of these topographic rises. These topo-

raphic rises may be the remnants of an initial central peak. Cere-

lia Facula superposes the hummocky crater floor material and the
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Fig. 7. The lobate materials within Occator crater. (a) The contacts surrounding all mapped regions of the smooth (ls), knobby (lk) and hummocky (lh) lobate materials are 

shown on the basemap. The mapped regions of lobate materials are similar to those shown in Scully et al. (2018c) , but units smaller than the minimum dimension criteria 

cut-off ( < 5 km wide) are shown in this figure. The lobate materials form both an extensive deposit that fills the southern and eastern parts of the crater floor and separate 

pond-like deposits. The lobate materials that are part of the extensive deposit are labeled with a ∗ and the separate pond-like deposits are not labeled with a ∗ . (b) This 

figure illustrates a portion of the knobby lobate material that superposes the crater terrace material. The dashed white arrows indicate the similar trend of the terraces on 

either side of the knobby lobate material. The large white arrow indicates the hypothesized direction of flow of the knobby lobate material over the terraces. There is no 

source region for this part of the knobby lobate material along the crater rim. There is also no contact between this part of the knobby lobate material and the rest of the 

knobby lobate material in the crater center, leading us to hypothesize that this part of the unit was formed when part of the extensive deposit of knobby lobate material 

flowed from the crater center over the terraces in the direction of the crater rim. 
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Fig. 8. The central pit, central dome, topographic rises and bright cap of material 

in perspective views (a) from the south to the north and (b) from the north to the 

south. The perspective views have no vertical exaggeration and were made by David 

P. O’Brien (Planetary Science Institute). 
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nobby lobate material. When there is a clearly observable bound-

ry we map a certain contact and when it is difficult to pinpoint

he exact contact between the outer, diffuse edge of Cerealia Fac-

la and the units it superposes, we map the boundary using an

pproximate contact. In one instance the bright material forms a

ap on the top of an otherwise dark hill on the southwestern mar-

in of the central pit ( Fig. 8 ). A dome is located within the center

f the central pit, and is entirely covered by the Cerealia Facula

right material. This dome is capped by a radiating set of fractures

see Section 3.5 ). The central pit is surrounded by concentric frac-

ures, which cross-cut the outer, diffuse edge of Cerealia Facula and

re proposed to form during the formation/collapse of the central

it ( Buczkowski et al., 2018b; Schenk et al., 2018 ). The morphology

f Occator crater is discussed in context with central pit craters

cross the solar system in Schenk et al. (2018) . 

The Vinalia Faculae are a cluster of roughly circular diffuse

right material deposits that are located to the east of the Cere-

lia Facula ( Fig. 5 h). Their diffuse morphology is reminiscent of

he discontinuous halo of diffuse material that makes up the outer

dge of Cerealia Facula. Vent-like structures are visible in the cen-

ers of some of the Vinalia Faculae deposits ( Ruesch et al., 2018;

athues et al., 2018 ). The Vinalia Faculae superpose the hum-

ocky lobate material and because an exact contact cannot be

inpointed between these two units, we map the boundary us-

ng an approximate contact. A set of fractures cross-cut the hum-

ocky lobate material and are associated with the Vinalia Faculae

 Buczkowski et al., 2018b ). Two small impact craters (a few hun-

reds of meters in diameter) and their dark ejecta superpose the

astern side of the Vinalia Faculae (see Section 3.2.1 ). 

Interpretations: We interpret that the outer edge of Cerealia

acula was emplaced before the formation of the central pit, be-

ause the concentric fractures, which likely formed during pit col-

apse, cross-cut the outer edge of Cerealia Facula. The cap of bright

aterial could have been stranded on the otherwise dark hill dur-

ng to the collapse of the central pit. There is no cross-cutting re-

ationship observed between the majority of Cerealia Facula and

he concentric fractures. Thus, the majority of Cerealia Facula could
ave formed, been modified and/or continued to form after the

ormation of the concentric fractures/central pit. The diffuse mor-

hology of the Vinalia Faculae and their vent-like central struc-

ures suggest they were formed by a ballistic process ( Ruesch et al.,

018; Quick et al., 2018; Nathues et al., 2018 ). The Dawn team’s

ynthesized interpretation of the formation mechanism of Cerealia

acula, the central pit, the central dome and the Vinalia Faculae are

resented in Scully et al., (2018a) . 

.2.8. Talus material, dark talus material 

Observations: This unit occupies Occator’s steeply sloping walls

 ∼30–40 °) and originates from the crater rim ( Fig. 5 i). The unit

as a smooth surface texture and contains individual lobes of ma-

erial that appear to originate from outcrops along the crater rim

nd cascade down the crater walls. This unit superposes the crater

errace material, dark crater terrace material, smooth lobate mate-

ial, knobby lobate material and dark knobby lobate material. We

ap certain contacts between this unit and the units it superposes.

here are dramatic small-scale variations in the brightness of both

he talus material and dark talus material on the scales of tens to

undreds of meters, because distinctly dark lobes of material are

ften adjacent to distinctly bright lobes of material. However, in

eneral the dark talus material sub-unit is distinctly dark (pixel

alue: 0.01–0.05) in the photometrically corrected data, in com-

arison to the generally intermediate brightness of the talus ma-

erial (pixel value: 0.05–0.06). The exact location of the boundary

etween the talus material and dark talus material is not visible

n the photometrically corrected data, and thus we map it with an

pproximate contact. 

Interpretations: We interpret that this unit formed as materials

f varying brightness cascaded from outcrops on the crater rims

own the crater walls. Thus, it is a mass-wasting deposit. Some-

imes brighter and darker lobes of talus material are juxtaposed

n scales of tens to a few hundreds of meters, indicating that ma-

erials of contrasting brightness can be juxtaposed on relatively

mall scales within Ceres’ subsurface. The superposition relation-

hips indicate that this is one of the youngest units within Occator

rater. It is likely that instabilities in the talus material and/or seis-

ic shaking from the formation of nearby, younger impact craters

riggered the mass wasting that formed this unit. 

.3. Point features in the geologic map of Occator crater 

Using the bright spot point feature, we map regions that

re < 500 m in size and are distinctly bright in the photometrically

orrected data (pixel value > 0.06). These bright spots are spread

hroughout the interior and ejecta of Occator crater, but they tend

o cluster around the Cerealia Facula and around Occator’s rim

 Fig. 4 ). Some bright spots are roughly circular and cross-cut many

ifferent types of geologic units ( Fig. 9 a). Within the centers of

he larger of these roughly circular bright spots are impact craters

rom ∼100 m to a few kilometers in diameter ( Fig. 9 b). The bright-

st of the roughly circular bright spots superpose Cerealia Facula

 Fig. 9 b). Bright spots also take the form of outcrops that occur on

lopes, such as the walls of Occator and the eastern face of the

argest topographic rise adjacent to the central pit ( Fig. 9 c) (see

ection 3.5 ). Bright elongate lobes originate from these bright out-

rops. 

We interpret that the roughly circular bright spots are small

mpact craters and their ejecta blankets, which are composed of

right material that was excavated from Ceres’ subsurface by the

mall impact craters. While some of the larger roughly circular

right spots contain impact craters a few hundreds of meters in

iameter, impact craters that are smaller than the resolution limit

f our data (less than ∼60–70 m in diameter) are likely within the

enters of the smaller roughly circular bright spots. The roughly



18 J.E.C. Scully et al. / Icarus 320 (2019) 7–23 

Fig. 9. The different types of bright spots in Occator crater. (a) Four roughly circular bright spots (indicated by white arrows). These are likely the bright ejecta deposits of 

impact craters that are smaller than the resolution limit of our data (less than ∼60–70 m in diameter). (b) Examples of bright spots within Cerealia Facula are indicated by 

black arrows. The thick black arrow indicates a bright spot that is a ∼140 m diameter impact crater surrounded by its bright ejecta blanket (also see Fig. 12 in Nathues et al., 

2018 ). (c) White arrows indicate four examples of bright spots that are outcrops that occur on slopes. These outcrops are often the source regions for bright, elongate mass 

wasting deposits. A particularly distinctive bright, elongate mass wasting deposit is indicated by the thick white arrow. 
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circular bright spots that superpose the Cerealia Facula are small

impact craters that excavated bright ejecta from below the surface

of the Cerealia Facula. Thus, this indicates that the Cerealia Facula

material is even brighter at depth and that the current surface of

the Cerealia Facula may have been somewhat darkened by mixing

with darker background material and perhaps by space weathering

( Bu et al., 2018; Palomba et al., 2018; Stein et al., 2018 ). The bright

spots that occur on slopes are outcrops of bright material that are

the source regions for bright, elongate mass wasting deposits. 

3.4. Linear features in the geologic map of Occator crater 

We map the rims of impact craters that are > 5 km in diame-

ter and classify them into two groups: raised rim impact craters

have rims with a fresh and sharp appearance while degraded rim

impact craters have rims with a comparatively rounded appear-

ance. The remaining linear features within and surrounding Occa-

tor crater have been studied in detail by Buczkowski et al. (2016),

Buczkowski et al. (2018a), Buczkowski et al. (2018b), Scully et al.

(2017) and Scully et al. (2018c) . Here we summarize the results of

these aforementioned publications. 

Scully et al. (2018c) and Scully et al. (2017) interpret that the

impact crater chains and furrows surrounding Occator are sec-

ondary crater chains that formed as material ejected during Oc-

cator’s formation bounced across and scoured the surrounding ter-

rain ( Fig. 10 ). Impact crater chains form when the ejected mate-

rial impacts and bounces across the surface, while furrows form

when the ejected material scours the surface. Many of the im-

pact crater chains and furrows surrounding Occator are radial to

the crater. However, in particular in the northeast and northwest,

there are furrows and some impact crater chains that are not ra-

dial to the crater. Non-radial grooves/furrows are interpreted to be

carved by the scour of debris ejected from the initial touchdown

of an oblique crater-forming impactor uprange of the crater cen-

ter ( Schultz and Crawford, 2016 ). These non-radial grooves/furrows

form prior to the deposition of radial secondary crater chains

( Schultz and Crawford, 2016 ). Thus, we propose that Occator’s non-

radial furrows and impact crater chains are from the early ejection

of material from the first touchdown of the impactor, while the ra-

dial impact crater chains and furrows formed during a later stage

of ejection of material. 

There is also a set of secondary crater chains called the Jun-

ina Catenae, which are oriented approximately east–west and are
ross-cut by the northern part of Occator crater and its ejecta

 Fig. 10 ). Only the portion of the Junina Catenae that are super-

osed by Occator and its ejecta are shown in our map ( Fig. 3 ). The

unina Catenae are interpreted to derive from the formation of the

rvara and Yalode impact craters ( Scully et al., 2018c; Scully et al.,

017 ). 

There are numerous pit chains and grooves within Occator

rater and within the ejecta blanket, which are interpreted as frac-

ures formed by a variety of processes ( Fig. 10 ) ( Buczkowski et al.,

018b ). For example, the pit chains and grooves that are concentric

o the central pit are interpreted as fractures that formed during

he collapse of the central pit ( Buczkowski et al., 2018b; Schenk

t al., 2018 ). These fractures cross-cut the hummocky crater floor

aterial, the knobby lobate material and the outer edge of Cere-

lia Facula. There is also an additional set of fractures, which are

ssociated with the Vinalia Faculae and cross-cut the hummocky

obate material ( Buczkowski et al., 2018b ). 

The southern portion of Occator’s ejecta blanket cross-cuts one

f the Samhain Catenae, which are pit chains and grooves that

re interpreted to be the surface expression of subsurface faults

r fractures ( Fig. 10 ) ( Buczkowski et al., 2016; Scully et al., 2018c;

cully et al., 2017 ). Grooves form when chains of pits elongate and

erge. Only the portion of the Samhain Catenae that are super-

osed by Occator and its ejecta are shown in our map ( Fig. 3 ). 

.5. Topographic features in the geologic map of Occator crater 

There are portions of Occator’s interior that have a distinct to-

ographic expression, but do not form a separate geologic unit.

he first such region is the central pit ( Fig. 8 ). Using the depres-

ion symbol, we map the break in slope between the edge of this

entral pit and the surrounding surface. The central pit is roughly

ircular, has an average diameter of ∼8–9 km and is ∼800 m deep.

ithin the central pit there is a central dome that is also roughly

ircular, has an average diameter of ∼3.5 km and is a maximum of

700 m high ( Fig. 8 ). We map the break in slope around the base

f the central dome using the dome symbol. 

There are three topographic rises within the hummocky crater

oor material, which are located adjacent to the western, north-

rn and eastern sides of the central pit ( Fig. 8 ). These topo-

raphic rises may be the remnants of an initial central peak. See

chenk et al. (2018) for further discussion of Occator in the con-

ext of central pit and central peak craters throughout the Solar
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Fig. 10. The impact-derived and tectonically-derived linear features in (a) the entire map area and (b) the interior of Occator crater. Cyan lines are impact crater chains 

and furrows, which make up secondary crater chains that are derived from the material ejected during Occator’s formation. Pink lines are impact crater chains and furrows 

that make up the Junina Catenae, which are secondary crater chains that derive from the formation of the Urvara and Yalode impact craters. Yellow lines are the Samhain 

Catenae pit chains and grooves, which are interpreted to be the surface expression of subsurface faults or fractures. Red lines are the pit chains and grooves within Occator 

crater and its ejecta blanket, which are interpreted as fractures. Only the portions of the Junina Catenae and Samhain Catenae that are superposed by Occator and its ejecta 

are shown in this map, in Fig. 3 and in Fig. 4 . The map is displayed with an equirectangular projection, in which the scale bar is valid at the equator and the distortion 

increases towards the poles.(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 
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further in Section 4.2 . 
ystem. Topographic rise A, to the west, is ∼9 km × ∼11 km around

ts base. It rises a maximum height of ∼1 km from the surround-

ng terrain to its highest point. Topographic rise B, to the north,

s ∼2 km × ∼4 km around its base. It rises a maximum height of

400 m from the surrounding terrain to its highest point. Topo-

raphic rise C, to the east, is ∼4 km × ∼7 km around its base. It
ises a maximum height of ∼700 m from the surrounding terrain

o its highest point. We map the break in slope around the bases

f A, B, and C using the topographic rise or hill symbol. The central

ome, central pit and surrounding topographic rises are discussed
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4. Discussion 

4.1. Insights derived from geologic mapping 

4.1.1. Direction and angle of Occator-forming impactor 

Asymmetric ejecta blankets are consistent with oblique im-

pactors, and in the case of impactors that impacted at an angle of

∼45 °, the ejecta in the downrange direction is thicker and more

extensive than the uprange ejecta. Moreover, the uprange ejecta

becomes almost non-existent when the impact angle reaches ∼30 °,
and the resulting impact craters become clearly elliptical at impact

angles of ∼10 ° (e.g. Melosh, 2011 ). As observed in Section 3.2.1 , the

majority of the ejecta surrounding Occator crater is located to the

southeast ( Fig. 3 a): the average distance from the crater rim to the

edge of the southeasterly ejecta is ∼130 km, while the average dis-

tance from the crater rim to the edge of the northwesterly ejecta

is ∼70 km. Whilst Occator’s ejecta is asymmetric, the crater itself

has a consistent diameter of ∼92 km. Therefore, these observations

are consistent with the Occator-forming impactor originating from

the northwest with an impact angle of ∼30–45 °. A northwestern

origination for the Occator-forming impactor is consistent with the

location of the non-radial furrows and impact crater chains to the

northeast and northwest of Occator (see Section 3.4 ), which indi-

cate that the uprange direction is roughly to the north. In addi-

tion, such non-radial furrows and impact crater chains are thought

to form during oblique impacts of ∼15–30 ° ( Schultz and Craw-

ford, 2016 ), indicating that the Occator-forming impactor had an

impact angle closer to the ∼30 ° end of the ∼30–45 ° range. 

4.1.2. Thicknesses of the faculae 

We previously described two small impact craters and their

dark ejecta blankets, which superpose the eastern part of the Vina-

lia Faculae (see Sections 3.2.1 and 3.2.7 ) ( Fig. 5 h). We interpret that

these impact craters excavated through the Vinalia Faculae to the

underlying darker material. The northernmost crater is ∼250 m in

diameter and the southernmost crater is ∼500 m in diameter. Both

are simple craters, because the Cerean simple to complex transi-

tion diameter occurs at ∼7.5–12 km ( Hiesinger et al., 2016 ). Using

the excavation depth value of a terrestrial simple crater, Barringer

crater ( > 0.08 times the final rim diameter) ( Shoemaker, 1963; Os-

inski et al., 2011 ), we find that these impact craters likely exca-

vated material from depths of approximately > 20 m and approxi-

mately > 40 m, respectively, within Ceres’ subsurface. Thus, in this

particular region, the Vinalia Faculae deposits are a maximum of

approximately > 20–40 m thick. Nathues et al. (2017) independently

estimate that the Vinalia Faculae are a few meters thick. 

There are two small regions ( ∼1 km across) of hummocky crater

floor material within Cerealia Facula ( Fig. 5 g), which are similar

in scale and pattern to the small dark craters that superpose the

Vinalia Faculae. However, instead of being the dark ejecta blankets

of impact craters that excavated through Cerealia Facula, these re-

gions are likely mounds around which the faculae-forming mate-

rials flowed ( Schenk et al., 2018 ). Thus, because there are no rec-

ognizable small impact craters and dark ejecta blankets that su-

perpose Cerealia Facula, we cannot estimate the upper bound of

Cerealia Facula’s thickness. However, there are the bright spots

that occur on Cerealia Facula, which we previously interpreted to

be bright ejecta excavated by small impact craters ( Fig. 9 b) (see

Section 3.3 ). Many of the impact craters that we propose to be

at the centers of these bright ejecta blankets are below the res-

olution limit of our data (less than ∼60–70 m in diameter). For-

tunately, there is one impact crater that is unambiguously re-

solved, which is ∼140 m in diameter ( Fig. 9 b; also see Fig. 12 in

Nathues et al., 2018 ). Using the excavation depth value of Barringer

crater ( Shoemaker, 1963; Osinski et al., 2011 ), we find that this im-

pact crater likely excavated material from approximately > 11 m be-
ow the surface. Thus, Cerealia Facula is approximately > 11 m thick

n this region. 

.1.3. Nature of the lobate materials 

The lobate materials have been previously interpreted as im-

act melt, or as mass wasting deposits, or as cryovolcanic flows

e.g. Jaumann et al., 2017; Krohn et al., 2016; Nathues et al., 2017;

chenk et al., 2016 ). As described in Sections 3.2.4 –3.2.6, in our

eologic mapping we find that the lobate materials are located in:

i) an extensive deposit in the southern and eastern crater floor

nd (ii) in separate, pond-like deposits ( Fig. 7 a). All but one of the

egions of lobate material (the dark knobby lobate material) lack

n origination point. The dark knobby lobate material appears to

riginate near the crater wall. However, the superposing dark talus

aterial obscures the exact origination point of the dark knobby

obate material. 

The lobate materials superpose, and appear to have flowed

ut onto, the hummocky crater floor material and crater ter-

ace material. For example, the knobby material in the south-

ast of the crater appears to have flowed over the middle of a

et of originally connected terraces ( Fig. 7 b) (see Section 3.2.5 ).

e propose that the lobate materials are impact melt that was

ormed by the Occator-forming impact. This is consistent with

chenk et al. (2018) and references therein, and with the geo-

orphological characteristics of the lobate materials observed in

ur map: their location within an impact crater, the occurrence

f separate, pond-like deposits of lobate material at different el-

vations throughout the crater, and the lack of clear origination

oints for the lobate materials. We interpret that the melting oc-

urred during/immediately after the Occator-forming impact. The

mooth and knobby lobate materials grade into one another, which

ndicates that they are not completely separate units. We interpret

hat their textural differences are most likely to be due to blocks

reater than the resolution of the data ( > 35 m) being present in

he knobby lobate material, and not within the smooth lobate ma-

erial (see Sections 3.2.4 –3.2.5). The hummocky surface texture of

he hummocky lobate material, and its higher elevation than the

mooth and knobby lobate materials, are suggested to be due to

ost-emplacement inflation, where the surface cools but the inte-

ior liquid volume increases via high effusion rates and sustained

njection, possibly from a reservoir of material underlying Occa-

or crater (see Buczkowski et al., 2018b for full discussion). Thus,

he hummocky lobate material may have originally had a surface

exture similar to the smooth and/or knobby lobate materials, and

as later modified to become hummocky. 

Model ages derived from crater counts are a suitable test of

ur geomorphological-based interpretation of the lobate materi-

ls. If the lobate materials are impact melt, the lobate materi-

ls should have similar model ages to Occator’s ejecta. However,

f later processes, such as mass wasting or cryovolcanic flows

ormed the lobate materials, they should have younger model

ges than Occator’s ejecta. Nathues et al. (2018) interpret the

obate materials as a debris avalanche deposit originating from

ass wasting along the southeastern crater wall. Model ages de-

ived by Nathues et al. (2017) and references therein indicate

hat the lobate materials are significantly younger than the for-

ation age of Occator: ∼6.9 ± 0.9 Ma versus ∼34 ± 2 Ma, respec-

ively. These model ages are consistent with the lobate materi-

ls being formed by a later process, and not impact melt. How-

ver, Neesemann et al. (2018) identified an ENE-WSW trending

longated secondary crater cluster that cross-cuts a large part

f Occator’s southern ejecta and the southern part of the crater

errace material. They argue that including this crater cluster

n counts results in erroneously old model ages, and omit it

rom their analysis. Without the inclusion of this crater cluster,

eesemann et al. (2018) find almost identical ages for Occator’s
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Fig. 11. Correlation of Map Units, which illustrates the stratigraphic order into 

which we place the mapped geologic units. The oldest units are at the bottom and 

the youngest units are at the top. c/cd is the crater material/dark crater material. 

cfh is the hummocky crater floor material. ct/ctd is the crater terrace material/dark 

crater terrace material. ls is the smooth lobate material. lk/lkd is the knobby lobate 

material/dark knobby lobate material. lh is the hummocky lobate material. Opfb is 

the bright Occator pit/fracture material. ta/tad is the talus material/dark talus ma- 

terial. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

jecta, 21.91 ± 0.68 Ma, and the lobate material, 19.18 ± 2.00 Ma.

herefore, these model ages are consistent with the lobate materi-

ls being impact melt. 

Another test of our geomorphological-based interpretation of

he lobate materials is to compare the volume of the lobate ma-

erials to the volume of melted material predicted to form during

he Occator-forming impact ( Bowling et al., 2018 ). If the volume of

he lobate materials is less than the volume of melted material, the

obate materials can be an impact melt. However, if the volume of

he lobate materials is greater than the volume of the melted ma-

erial, the lobate materials cannot have formed in a solely impact-

riven process. 

We estimate the volume of the lobate materials by measuring

he total area of the lobate materials in our geologic map: ∼2141

m 

2 . We make profiles of the Occator shape models at various lo-

ations across the crater, in order to estimate the average thickness

f the lobate materials. Consistent with Buczkowski et al. (2018b) ,

e find that the hummocky lobate material is ∼200 m higher than

he surrounding materials. However, much of this height is likely

ue to post-emplacement modification ( Buczkowski et al., 2018b )

nd is thus not representative of the initial thickness of the lobate

aterial. Additionally, the profiles of the smooth and knobby lo-

ate materials do not allow for the estimation of conclusive thick-

esses. Therefore, we use a variety of assumed thicknesses to esti-

ate the volume of the lobate materials. Assuming that the aver-

ge thickness of the lobate materials is ∼1 m, ∼10 m, ∼100 m or

1 km, we derive volumes of ∼2 km 

3 , ∼20 km 

3 , ∼200 km 

3 or

20 0 0 km 

3 , respectively. Average thicknesses of ∼1 m or ∼1 km

re likely unrealistically thin or unrealistically thick. Thus, we pro-

ose that the intermediate volumes ( ∼20–200 km 

3 ) are closer to

he real volume of the lobate materials. 

Impact modeling predicts that while the Occator-forming im-

act would not be energetic enough to melt silicates and salts, ap-

roximately 10 0 0 km 

3 of target material would be heated above

he melting point of water ( > 273 K) during Occator’s formation

 Bowling et al., 2018 ), which is much greater than our estimate

f the volume of the lobate materials ( ∼20–200 km 

3 ). In this sce-

ario, a slurry of impact-melted water mixed with particulates and

oulders of unmelted silicates and salts would be formed. Thus, we

ropose that while mobile during the early stages of Occator’s evo-

ution, while the crater was still relatively warm, this impact slurry

owed around the crater interior before solidifying to form the lo-

ate materials. 

.2. Geologic history 

Based on the observations and interpretations derived from our

eologic map, we place the geologic units in stratigraphic order

 Fig. 11 ) and propose the following geologic history for Occator

rater: 

◦ The Samhain Catenae pit chains and Junina Catenae secondary

crater chains are pre-existing in the region that will later host

Occator crater. 

◦ The Occator-forming impactor originates from the northwest

with an impact angle of ∼30–45 °, perhaps closer to ∼30 °
When it impacts the surface, ejecta is thrown in all direc-

tions, with the majority being thrown in the downrange di-

rection. The majority of the ejecta has an intermediate bright-

ness. On the eastern side, darker ejecta is excavated from

deeper within Ceres and superposes the intermediate bright-

ness ejecta. The source material for the dark ejecta may have

been more common within the eastern subsurface or may have

been more deeply buried within the western subsurface. See

Nathues et al. (2018) and Raponi et al. (2018) for additional

discussion of Occator’s dark ejecta. Secondary crater chains are
also formed around Occator crater, as material ejected during

the formation of the crater impacts, bounces across and scours

the surface: non-radial features form early, due to the first

touchdown of the impactor, while radial features form during

a later stage of ejection of material. 

◦ Shortly after the initial impact, crater-wall collapse and mass

wasting leads to the formation of crater terrace material and

hummocky crater floor material within the interior of Occator.

The convergence of sets of collapsing terraces form ∼90 ° bends

in the crater rim. 

◦ The energy derived from the impactor heats and melts some

of the target material. This slurry of impact-melted water and

unmelted silicate/salt blocks would be mobile for a geologically

short timescale after the impact (approximately less than a few

millions of years). See Bowling et al. (2018) for additional dis-

cussion about impact-derived energy. 

◦ While mobile, the lobate materials superpose the crater ter-

race material and hummocky crater floor material before so-

lidifying in place. A large region of lobate material concen-

trates in the southern and eastern crater floor, and smaller

ponds also form throughout the crater floor at different eleva-

tions. It is likely that knobby and smooth surface textures form

if the lobate material entrain or does not entrain blocks. See

Schenk et al. (2018) and Nathues et al. (2018) for additional dis-

cussion of the lobate material. 

◦ The outer edge of Cerealia Facula is emplaced prior to the

formation of the central pit, because the concentric fractures,

which likely formed during pit collapse ( Buczkowski et al.,

2018b; Schenk et al., 2018 ), cross-cut the outer edge of Cerealia

Facula. On account of the concentric fractures cross-cutting the

knobby lobate material, the pit collapse must also have hap-

pened after the solidification of at least part of the knobby lo-

bate material. A portion of Cerealia Facula may also have been
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left stranded on the top of a dark hill during the collapse of the

central pit. See Buczkowski et al. (2018b) for additional discus-

sion of the fractures within Occator. 

◦ The central pit and its concentric fractures form. Schenk et al. 

(2018) suggest that the central pit formed via the ‘melted up-

lift model’, where a liquid water central uplift drained into

fractures, leaving behind a central pit. The majority of Cere-

alia Facula (approximately > 11 m thick), which is not cross-cut

by the concentric fractures, may have been formed, modified

and/or continued to form after the formation of the central

pit. Schenk et al. (2018) propose that the majority of Cerealia

Facula formed as brines flowed out of fractures along the pit

walls, eventually accumulating in the central region before the

loss of the liquid portion left behind a bright, salty residue.

The faculae-forming brines could also have been emplaced on

the surface via salt-rich water fountaining ( Ruesch et al., 2018 ).

There are lines of evidence that indicate these brines could be

entirely due to the Occator-forming impact, but there are also

lines of evidence that suggest an endogenic component to their

formation (see Scully et al., 2018a for a full discussion). 

◦ The distinctly hummocky texture of the northeastern part of

the extensive deposit of lobate material is suggested to be

due to post-emplacement inflation ( Buczkowski et al., 2018b ).

There are no clearly defined stratigraphic relations to indicate

whether this occurred simultaneously with, before, or after the

formation of the Cerealia Facula and the central pit. 

◦ The Vinalia Faculae (a maximum of approximately > 20–40 m

thick) are emplaced, superposing the hummocky lobate mate-

rials. The diffuse nature of the Vinalia Faculae suggests that

they were formed via a salt-rich water fountaining mechanism

( Ruesch et al., 2018 ), which can easily occur in Ceres’ surface

conditions ( Quick et al., 2018 ). The uplift of the hummocky lo-

bate material is proposed to form fractures ( Buczkowski et al.,

2018b ), which allowed the Vinalia Faculae-forming materials to

reach the surface (see Scully et al., 2018a for a full discussion). 

◦ The central dome forms within the Cerealia Facula (e.g. Quick

et al., 2018; Ruesch et al., 2018; Schenk et al., 2018 ). As it

forms, the bright Cerealia Facula material on top of the dome

is fractured in a radial pattern. There are no clearly defined

stratigraphic relations to indicate whether the dome formed be-

fore, after or contemporaneously with the Vinalia Faculae (see

Scully et al., 2018a for a full discussion). 

◦ Geologically recent mass wasting events form talus material,

mostly on the walls of Occator crater. This mass wasting may

result from instabilities in the talus material and/or seismic

shaking from the formation of nearby, younger impact craters.

Some of this mass wasting exposes bright material, which form

bright, elongate mass wasting deposits. 

◦ Geologically recent impacts form small impact craters ( ∼100 m

to a few kilometers in diameter) throughout Occator and

its ejecta, which excavate and expose bright material from

the subsurface. The brightest material is excavated on Cere-

alia Facula. See Bu et al. (2018), Palomba et al. (2018) and

Stein et al. (2018) for additional discussion of darkening of the

faculae materials. Comparatively darker material is excavated

from below, and deposited on top of, the Vinalia Faculae by

small impact craters. One of these dark ejecta blankets super-

poses the fractures associated with the Vinalia Faculae, indicat-

ing that the impact occurred after the formation the fractures. 

5. Conclusions 

The aim of this work is to use focused, detailed geologic map-

ping of the interior of Occator crater and its ejecta to provide new

insights into Occator and its faculae. These insights are one group

of inputs that will be used to identify the driving forces behind
he formation of Occator and its faculae. These inputs, and inputs

rom all of the studies in this special issue, will be synthesized to-

ether in Scully et al., (2018a) , with the aim of leading to a new

nderstanding of the processes and conditions in Ceres’ past, and

otentially in its present. The main inputs derived from this study

re as follows: 

1. The crater terrace material, hummocky crater floor material and

talus material within Occator are also found within other com-

plex craters in the region. The geologic units of Occator crater

that make it unique are the Cerealia Facula, the Vinalia Faculae

and the extensive, well-preserved lobate materials. 

2. On the basis of geomorphological evidence derived from our

geologic map and on impact modeling ( Bowling et al., 2018 ), we

propose that the lobate materials are a slurry of impact-melted

and non-impact-melted target material that flowed around the

crater interior prior to solidifying. This interpretation is consis-

tent with Schenk et al. (2018) and one set of model ages of

Occator ( Neesemann et al., 2018 ). The lobate materials are dis-

cussed further in the synthesis of this special issue ( Scully et al.,

2018a ). 

3. At least part of the knobby lobate material and the outer edge

of the Cerealia Facula were emplaced prior to the formation

of the central pit. The majority of Cerealia Facula may have

formed, continued to form and/or have been modified after the

formation of the central pit. 

4. We identify one set of stratigraphic relations within the Ce-

realia Facula region and another set stratigraphic relations

within the Vinalia Faculae region. However, our mapping does

not identify any clearly defined stratigraphic relations between

these two sets. Set #1: The outer edge of the Cerealia Fac-

ula formed prior to the central pit. After the formation of the

central pit, the dome formed and the majority of the Cerealia

Facula may have formed, continued to form and/or have been

modified. Set #2: The Vinalia Faculae formed after the hum-

mocky lobate material. 

5. The diffuse morphology of the Vinalia Faculae is reminiscent of

the Cerealia Facula’s discontinuous outer edge of diffuse ma-

terial. This suggests that the Cerealia Facula may have initially

been emplaced in similar process to the Vinalia Faculae. It is

possible that the majority of the present-day Cerealia Facula is

morphologically dissimilar to the Vinalia Faculae because of the

continued formation/modification of the Cerealia Facula and the

formation of the central dome. 

6. The Cerealia Facula material that is underneath the surface is

even brighter than the surficial Cerealia Facula material, as in-

dicated by small impact craters and their ejecta blankets that

superpose the Cerealia Facula. Thus, the surficial Cerealia Fac-

ula material has likely somewhat darkened since it was initially

emplaced. 
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