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2:00 p.m. Discussion and Nadine Barlow In Memoriam 
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10:15 a.m. Crater Studies via Remote Sensing Datasets 
3:15 p.m. PCC Nomenclature Committee Report and Open Discussion 

Friday, August 13, 2021 
10:00 a.m. Field and Laboratory Studies 
11:20 a.m. Laboratory and Computer Modeling of Impact Craters 
1:05 p.m. Wrap-Up Discussion and PCC Business 
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Wednesday, August 11, 2021 
INTRODUCTION AND WELCOME; PLANETARY CRATER CONSORTIUM BUSINESS 
10:00 a.m. CDT 
Chair:  Michelle Kirchoff 

Times Authors (*Denotes Presenter) Abstract Title and Summary 
10:00 
a.m.

Kirchoff M. R. * Introduction and Welcome; Brief Remembrance of 
Nadine Barlow 

10:10 
a.m.

Robbins S. J. * Meeting Logistics 

10:15 
a.m.

Kirchoff M. R. * PCC Business:  New Charter, New Council Member, 
New Chair, New Secretary 

Wednesday, August 11, 2021 
COMPUTER APPLICATIONS TO IMPACT CRATER STUDIES 
10:30 a.m. CDT 
Chair:  Michelle Kirchoff 

Times Authors (*Denotes Presenter) Abstract Title and Summary 
10:30 
a.m.

Purohit S. P. *   Gandhi S. G.   
Dubey N. B. 

Automatic Classification of Floor-Fractured Craters 
Using Machine Learning [#2018] 
This study aims at applying supervised machine 
learning based classification algorithms in 
automatically predicting the class of a Floor-Fractured 
craters(FFC) using the attributes derived from its DEM. 

11:00 
a.m.

Salvino C. S. *   Burt D. M. Objectively Quantifying Martian Lobate Crater 
Ejecta Patterns [#2025] 
Asymmetric ejecta patterns are seen with some 
craters on Mars; the etiology is unknown but may be 
related to the volatiles in the subsurface. Three 
methods of analytical modeling were developed to 
objectively quantify the degree of asymmetry. 

11:30 
a.m.

Break 
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CRATER-BASED SURFACE AGES 
11:45 a.m. CDT 
Chair:  Lillian Ostrach 

Times Authors (*Denotes Presenter) Abstract Title and Summary 
11:45 
a.m.

Rossignoli N. L. *   Di Sisto R. P. Cratering Model for the Mid-Sized Satellites 
of Uranus [#2020] 
We model the crater distribution on the five mid-sized 
Uranian satellites considering impacts by Centaur 
objects. The comparison of our results with 
observational crater counts allows us to further 
explore the impact history of these satellites. 

12:15 
p.m.

Burkhard L. M. *   Costello E. S.   
Cameron M. E. 

Uncovering Ganymede’s Past:  Crater Size Frequency 
Distributions on Nippur/Philus Sulci [#2033] 
We digitized more than 15,000 craters on Ganymede 
down to 100 m diameter. Here, we investigate the 
area of Nippur/Philus Sulci, where geologic units align 
on a single line of longitude, eliminating possible 
leading/trailing hemisphere disparities. 

12:45 
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Giguere T. A. *   Boyce J. M.   
Gillis-Davis J. J.   Rowland S. K.   
Stopar J. D. 

Aspects of Crater Rim Crests:  Improving the Accuracy 
of Absolute Model Ages [#2036] 
The use of high-resolution LROC NAC Digital Elevation 
Model (DEM) data to determine crater rim crests 
based on the change in aspect leads to improved 
diameter measurements, which directly improves the 
accuracy of absolute model ages. 

1:15 
p.m.

Break 

Wednesday, August 11, 2021 
LIGHTNING SESSION 
1:30 p.m. CDT 
Chair:  Kassandra Martin-Wells 

Times Authors (*Denotes Presenter) Abstract Title and Summary 
1:30 
p.m.

Sit E. C. L. * Exploring the Landing Site of Lunar Craters After 
Meeting NASA Apollo Astronaut [#2010] 
To demonstrate the process of studying the location of 
Apollo landing sites and equipment required for lunar 
crater photography. Then will provide case studies 
regarding observational astronomy and lunar 
photography by story-telling and examples. 



1:40 
p.m.

Burgener J. A. * Are the Fireball Orbits Associated with the Perseid 
Meteor Shower an Indication of a Previous Low Angle 
Skip Impact by Comet 109P/Swift-Tuttle? [#2017] 
The Perseid meteor shower due to Comet Swift-Tuttle 
has an exceptional number of fireballs each year. The 
orbits of the fireballs ranges widely. Results from 
software simulating a Skip Impact by Swift-Tuttle 
match the fireball pattern. 

1:50 
p.m.

Burt D. M. * Were Impactoclastic features on Mars Mistaken for 
Feature Deposited by Water or Wind? [#2009] 
Features in layered rocks on Mars that have been 
attributed to deposition by water or wind appear to 
have been mistaken for those caused by impact 
cratering and sedimentation. Examples are given from 
pyroclastic deposits on Earth. 

Wednesday, August 11, 2021 
DISCUSSION AND NADINE BARLOW IN MEMORIAM 
2:00 p.m. CDT 
Chair:  Michelle Kirchoff 

Times Abstract Title and Summary 
2:00 
p.m.

DISCUSSION 

3:00 
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In Memoriam for Nadine Barlow 



Thursday, August 12, 2021 
INTRODUCTION AND WELCOME; PCC ELECTION SPEECHES 
10:00 a.m. CDT 
Chair:  Michelle Kirchoff 

Times Authors (*Denotes Presenter) Abstract Title and Summary 
10:00 
a.m.

Kirchoff M. R. * Introduction and Welcome; Election Speeches 

Thursday, August 12, 2021 
CRATER STUDIES VIA REMOTE SENSING DATASETS 
10:15 a.m. CDT 
Chairs:  Jamie Riggs and Kassandra Martin-Wells 

Times Authors (*Denotes Presenter) Abstract Title and Summary 
10:15 
a.m.

Thaker A. D. *   Neish C. D.  
Blewett D. T.   Zheng Y. C. 

An Analysis of Radar-Dark Haloed Craters Using 
Chang’E-2 Passive Radiometry Data [#2016] 
We study lunar impact craters with ring-shaped 
structures surrounding them, having distinctive low 
radar returns, known as the ‘dark-halo craters.’ We 
use passive microwave emissions to characterize their 
regolith properties and evolution over time. 

10:45 
a.m.

Powers L. T. *   Martin-Wells K. S. The Spatial Relationship Between Tycho Secondary 
Craters and Distal Impact Melt Deposits [#2027] 
Analysis of Tycho secondary craters and distal impact 
melt locations in ray systems to the northeast and 
northwest of Tycho. 

11:15 
a.m.

Martin-Wells K. S. * The Relationship Between Diviner Rock Abundance and 
Local Slope at Tycho Distal Impact 
Melt Deposits [#2038] 
The relationship between maximum Diviner Rock 
Abundance and local slope is investigated at 111 
regions of distal Tycho impact melt. 

11:45 
a.m.

Break 

12:00 
p.m.

Chertok M. A. *   Lucey P. G.   
Costello E. S. 

Rocky Ejecta Blankets of the Lunar Mare [#2023] 
We examine craters with rocky ejecta at the Chang’E 5 
landing site and compare with an older Mare study 
area. We find that rock abundance has a unique 
relationship with the mechanical properties 
of regolith. 

12:30 
p.m.

Jodhpurkar M. J. *   Ostrach L. R. 
Zellner N. E. B. 

Characterizing Moulton Crater and Its 
Immediate Surroundings [#2019] 
What mysteries lie / On the farside of the Moon / 
Moulton shows a glimpse. 



1:00 
p.m. 

Boatwright B. D. *   Head J. W. Mars Crater Modification in the Late Noachian II:  
Updated Criteria for Identifying Cold-Based Crater 
Wall Glaciation [#2028] 
We provide updated criteria for identifying cold-based 
crater wall glaciation on Mars based upon new 
findings of cross-cutting fluvial stratigraphy and 
transverse aeolian ridges. 

1:30 
p.m. 

 Break 

1:45 
p.m. 

Landis M. E. *   Dundas C. M.   
Hayne P. O.   McEwen A. S.   
Daubar I. J.   Byrne S.   Sutton S. S.   
Britton A.   Herkenhoff K. E. 

Two Dated Small Impacts on the South Polar Layered 
Deposits, Mars, and Implications for Near-
Surface Properties [#2030] 
We present results from observations of two dated 
impacts on the South Polar Layered Deposits, Mars. 
We preliminarily report depths to icier material buried 
below an SPLD dust mantling layer. 

2:15 
p.m. 

Robbins S. J. * Initial Work Building a Next-Generation Mars Crater 
Database:  A Case-Study of MC-09 (Tharsis) Craters in 
Context Camera Images Versus THEMIS [#2037] 
Discussion of a new effort at building a wide-ranging 
Mars impact crater database, including methods 
(those used and some experimental), lessons learned 
from before, and comparisons with past work. 

2:45 
p.m. 

Boyce J. M. * The Pitted Ramparts of Large Multi-Layered Craters on 
Mars:  Their Possible Formation Mechanisms and 
Their Implications [#2039] 
The rampart of the outer ejecta layer of large (i.e., > 25 
km dia.) martian multi-layered ejecta craters typically 
exhibit closely spaced pits. These pits are likely due to 
degassing of impact melt-rich breccia concentrated in 
these ramparts. 

 
Thursday, August 12, 2021 
PCC NOMENCLATURE COMMITTEE REPORT AND OPEN DISCUSSION 
3:15 p.m. CDT 
Chair:  Michelle Kirchoff 
 

Times Authors (*Denotes Presenter) Abstract Title and Summary 
3:15 
p.m. 

Boyce J. M. * Nomenclature Committee Report 

3:20 
p.m. 

 DISCUSSION 

 
  



Friday, August 13, 2021 
FIELD AND LABORATORY STUDIES 
10:00 a.m. CDT 
Chair:  Michelle Kirchoff 

Times Authors (*Denotes Presenter) Abstract Title and Summary 
10:00 
a.m.

Kirchoff M. R. * Introduction and Welcome 

10:05 
a.m.

Mitchell C. D. *   James P. B.   
Kring D. A. 

A Novel Approach to Bulk Density Estimation with 
Gravity Gradients at Meteor Crater, Arizona [#2034] 
This abstract outlines a new technique for determining 
shallow sub-surface densities utilizing gravity gradients 
at Meteor Crater. We outline the methodology for this 
technique and compare sampled densities against the 
calculated values. 

10:35 
a.m.

Horn M. *   Heinrich P. V.   
Hood D.   Herr A.   Webb A.   
James P.   Karunatillake S.  
Ermakov A.   Lorenzo J. 

Possible Pleistocene Impact in Louisiana as an Analog 
for Craters in Martian Duststone Settings [#2035] 
Petrography and geophysics are used to analyze a 2km 
circular depression in non-consolidated fine-grained 
sediment in SE Louisiana. Results encourage 
consideration of the feature as a terrestrial analog for 
martian duststone craters. 

11:05 
a.m.

Patton R. L. *   Watkinson A. J. Impactite and Shatter Cone Genesis via Super-Shearing 
Crack Propagation [#2012] 
Stress-energy balance in non-linear elastic media 
predicts a novel regime of super-shearing crack 
propagation. Impactite and shatter cone genesis can 
be understood in this context, as can size-morphology 
transitions in crater forms. 

11:35 
a.m.

Break 

Friday, August 13, 2021 
LABORATORY AND COMPUTER MODELING OF IMPACT CRATERS 
11:50 a.m. CDT 
Chair:  Jamie Riggs 

Times Authors (*Denotes Presenter) Abstract Title and Summary 
11:50 
a.m.

Alsemgeest J. *   Brouwer F. M. Thermodynamic Modelling of Hydrothermal Alteration 
in the Vista Alegre Impact Structure (Brazil) to 
Distinguish Between Different 
Alteration Stages [#2008] 
Thermodynamic modelling was used to constrain the 
evolution of hydrothermal vein sets in the Vista Alegre 
impact structure, Brazil. Together with other 
indications, this suggests that the dominant set results 
from excavated, pre-existing alteration. 



12:20 
p.m.

Suarez Cortes A. D. *   Flandes A.   
Durand Manterola H. J. 

Study of Planetary Impact Craters and Their Ejection 
Material Based on Low Impact Speed 
Laboratory Models [#2031] 
We introduce impact experiments at low impact 
speeds (10 m/s≥ vp ≤70 m/s) with a low-cost 
experimental setup and apply a similar analysis used 
by divers authors as in the case of laboratory impact 
experiments at much larger speeds. 

12:50 
p.m.

Robertson D. K. *   Pokorný P. 
Granvik M. M. S.   Wheeler L. C.   
Rumpf C. M. 

Latitude Variation of Flux and Impact Angle of Asteroid 
Collisions with Earth and the Moon [#2013] 
Flux to the poles is greater than the flux at the 
equator, by 22% for Earth and 55% for the Moon. 
Impacts near the equator are shallower and those at 
the poles steeper. Validation with observations is 
examined and risk to people is determined. 

1:20 
p.m.

Break 

Friday, August 13, 2021 
WRAP-UP DISCUSSION AND PLANETARY CRATER CONSTORTIUM BUSINESS 
1:35 p.m. CDT 
Chairs:  Michelle Kirchoff and Jamie Riggs 

Times Abstract Title and Summary 
1:35 
p.m.

DISCUSSION 

2:35 
p.m.

PCC Business:  Election Speeches Part 2; Voting on a New Chair, Council Member, Charter; 
Selection of Secretary; 2022’s PCC Meeting 

3:00 
p.m.

Adjourn 
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Ernstson K.   Poßekel J.   
Kurtz J. 

The Enigmatic Sachsendorf Bay Structure (Oderbruch, Northeast 
Germany):  Evidence of a Pleistocene/Holocene Meteorite 
Impact Event [#2022] 
A previously postulated major impact structure in northern 
Germany finds support from high-resolution Digital Terrain Models. 
Previous hypotheses of the formation of this geologically alien 
structure by glacial and tectonic processes are rejected. 

Poßekel J.   Ernstson K. The So-Called “Sölle” Late Pleistocene Circular Formations in the 
Brandenburg and Mecklenburg-Vorpommern Federal States 
(Northern Germany):  Evidence of Meteorite Impact Crater 
Strewn Fields [#2024] 
The theory of dead-ice formation of the so-called Sölle, which, in the 
tens of thousands, characterize large areas in northern Germany, is 
rejected, and at least for a large part of the circular structures a 
meteorite impact genesis is assumed. 

Rappenglück M. A.   Poßekel J.   
Ernstson K. 

Mars and Moon on Earth:  Formation of Small Terraced Impact 
Craters and Ground Penetrating Radar Investigations [#2021] 
Small terraced impact craters on the Moon and Mars have 
comparable equivalents on Earth, occurring in large numbers in the 
Chiemgau impact crater strewn field in Germany. They are described 
in high-resolution Digital Terrain Models and with detailed 
GPR measurements. 

Schmidt G. Evidence for a Metallic Asteroid Source from Chicxulub Impact Crater 
Sediments at the Yucatán Peninsula in Mexico:  A Re-Interpretation 
of Literature Data [#2002] 
The most likely source for the PGE signature (literature data) in 
Chicxulub Crater sediments is an iron asteroid. The source crater 
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extinction has therefore not yet been identified. 
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THERMODYNAMIC MODELLING OF HYDROTHERMAL ALTERATION IN THE VISTA ALEGRE 

IMPACT STRUCTURE (BRAZIL) TO DISTINGUISH BETWEEN DIFFERENT ALTERATION STAGES 
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1
 and F.M. Brouwer

1
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1
Geology and Geochemistry Cluster, Faculty of Science, Vrije Universiteit 

Amsterdam (De Boelelaan 1085, 1081HV Amsterdam, The Netherlands; j.alsemgeest@vu.nl). 

 

 

Introduction:  Hydrothermal systems provide a 

possible habitat for life [1–3], and are therefore a 

prime target for the search for life outside Earth. 

Hydrous minerals have been observed in impact craters 

on Mars [4], inviting two possible interpretations: these 

minerals have been formed by an impact-generated 

hydrothermal system [5–8], or they preexisted in the 

crust and were excavated by the impact [9–11]. If the 

first is the case, impact craters may provide a widely 

available habitat for life on Mars, and therefore it is 

essential to understand the origin of these minerals. 

Because of sampling limitations on Mars, an 

analog impact structure on  Earth is more likely to 

provide an answer to this issue [12,13]. If evidence for 

hydrothermal alteration is present, the Vista Alegre 

impact structure in Brazil is one of the very few 

suitable structures on Earth, because its basaltic target 

rock is similar to Martian target terrain [14]. However, 

sampling at Vista Alegre to date is limited to only few 

locations [15,16], and no hydrothermal alteration has 

been reported. 

In this project, evidence of hydrothermal alteration 

was recovered from three locations within the Vista 

Alegre impact structure. Detailed petrographic and 

mineral chemical analyses was followed up with 

thermodynamic modelling to constrain the 

development of different alteration stages and thereby 

distinguish between different possible causes for 

hydrothermal alteration. 

Methods: Scanning Electron Microscopy was used 

together with Raman Spectroscopy to determine the 

mineralogy of alteration stages present in Vista Alegre. 

Randomized thermodynamic reaction path modelling 

was performed in PHREEQC, in combination with the 

phreeqc.r package for R, to obtain constraints on the 

thermochemical evolution of each of the alteration 

stages. The randomization was done to take into 

account uncertainties in mineralogy, initial water 

composition, dissolution type, temperature, and 

pressure. 

Results: Despite small crystal sizes and limited 

sample material, three different stages of hydrothermal 

alteration were identified: two vein sets (Fig. 1) and 

one type of localized alteration. The dominant vein set 

consists mainly of chabazite, with occurrences of 

stilbite and several other zeolites, calcite and 

phyllosilicates. The second vein set carries calcite, 

quartz, minor Fe/Ti-Oxides, two potential zeolites and 

one potential phyllosilicate. The localized alteration 

consists of saponite and Fe-oxides that replace feldspar 

crystals in the basalt. Notably, several of the zeolites 

occurring in the dominant vein set were also identified 

as fragments in impact breccias collected from the 

Vista Alegre area. 

Within the dominant vein set, stilbite and calcite 

occur as euhedral crystals surrounded by chabazite 

(Fig. 1a). Other zeolites occur in a similar 

configuration to stilbite. The thermodynamic 

modelling suggests formation temperatures between 

80-240°C for calcite, 110-250°C for chabazite, 10-

70°C for the other zeolites, and 20-210°C for the 

phyllosilicates.  

For the second vein set, the first zeolite (zeolite 1) 

occurs as euhedral crystals surrounded by calcite (fig. 

 
Fig 1. a: dominant vein set, with chabazite filling the spaces between 

calcite. Phyllosilicates occur at the vein border. b: secondary vein 

set, showing calcite and zeolites in the centre of the vein, and quartz 
together with phyllosilicates, zeolites and Fe-Oxides in the outer 

parts. Figures reproduced from [17]. 
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1b). Thermodynamic modelling indicates that here, 

calcite was stable between 130-240°C, quartz between 

25-95°C, zeolite 1 between 60-150°C, zeolite 2 

between 30-90°C, the oxides between 60-240°C, and 

the phyllosilicate between 110-230°C.  

For the localized alteration, the stability range of 

saponite is extremely large and too few other minerals 

are available to arrive at constraints on their formation 

by thermodynamic modelling. 

Discussion: The occurrence of euhedral crystals of 

a mineral, surrounded by another mineral is interpreted 

as precipitation of the first mineral from a watery 

solution, followed by precipitation of the second. For 

the dominant vein set, this means a precipitation 

sequence including calcite/stilbite/other zeolites, 

followed by chabazite, and for the second vein set a 

precipitation sequence including zeolite 1, followed by 

calcite. This, in turn, suggests a temperature increase 

accompanied precipitation of the sequence of minerals, 

at least for the dominant vein set. 

In an impact scenario, rapid and short-lived heating 

is expected. Therefore, multiple minerals suggesting a 

protracted period of heating indicate that at least the 

dominant vein set is unlikely to be related to the 

impact. This is supported by the occurrence of the 

zeolite fragments in the impact breccias, which 

suggests that this vein set predates the impact, has been 

excavated by the it and was partly deposited as breccia 

fragments.  

Excavation likely played a dominant role in Vista 

Alegre compared to impact-generated 

hydrothermalism. If similar processes occur on Mars, 

hydrous minerals formed by impact-generated 

hydrothermal systems are suggested to be limited and 

observed hydrous minerals are more likely to represent 

excavated, pre-existing minerals present in the crust. 

Conclusion: Thermodynamic modelling was used 

to constrain the evolution of two hydrothermal vein 

sets in the Vista Alegre impact structure in Brazil. The 

modelling indicates a prolonged heating sequence, at 

least for the dominant vein set. Together with other 

indications, this suggests that the dominant vein is a 

result of pre-existing hydrothermal alteration that was 

excavated by the impact, suggesting impact-generated 

hydrothermalism plays a relatively minor role. In 

similar systems on Mars, observation of hydrous 

minerals is more likely explained by excavation than 

by formation in an impact-generated hydrothermal 

system. 
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MARS CRATER MODIFICATION IN THE LATE NOACHIAN II: UPDATED CRITERIA FOR 
IDENTIFYING COLD-BASED CRATER WALL GLACIATION. Benjamin D. Boatwright and James W. Head, 
Department of Earth, Environmental, and Planetary Sciences, Brown University, Providence, RI 02912 USA (benja-
min_boatwright@brown.edu; james_head@brown.edu). 

 
Introduction: We previously described a degraded 

Noachian-aged crater in Terra Sabaea, provisionally 
named “B,” that contained inverted fluvial channel net-
works and lacustrine deposits [1-2]. Crater B is not 
breached by fluvial channels and lacks depositional 
morphologies such as fans or deltas, which sets it apart 
from previously described open- and closed-basin lakes 
on Mars that are hydrologically connected to their sur-
roundings [3-4]. This “closed-source drainage basin” 
(CSDB) therefore represents a new type of paleolake on 
Mars. The lack of hydrologic connectivity, along with 
additional evidence of remnant cold-based glacial mor-
phologies within the crater, led us to hypothesize top-
down melting of a cold-based crater wall glacier as the 
source of runoff and sediment for the fluvial and lacus-
trine deposits, which produced one or more proglacial 
lakes within the crater [1-2]. This interpretation is con-
sistent with model predictions of the early Mars climate 
[5-7] and is the first potential geomorphic evidence of 
Noachian cold-based glaciation, sedimentation, and 
proglacial lake formation found on Mars. 

Using the geomorphic criteria established by our in-
itial studies of crater B, we conducted a wider regional 
survey in Terra Sabaea to search for further evidence of 
cold-based glaciation and glacially sourced fluvial and 
lacustrine deposits within degraded craters [8]. Here, we 
highlight an additional example from our survey that 
suggests geologic processes similar to those in crater B 
were acting at regional scales, and how this second ex-
ample may shed light on aspects of this era of Mars 
crater modification that we had not previously observed. 

Geology of the second crater: Our regional survey 
revealed 42 distinct inverted fluvial channel systems 
within a ~500-km radius of crater B [8]. Among these, 
approximately half were located in other unbreached 
(CSDB) craters that lacked evidence of either inflow or 
outflow channels as potential drainage sources. Of the 
unbreached craters, approximately one in three fell 
within the Type II classification of Mangold et al. [9] 
that are modified by fluvial activity but maintain faintly 
visible ejecta deposits, in contrast to Type I, whose 
ejecta deposits have been completely removed. Type I 
craters are thought to have formed mostly in the Noa-
chian while Type II craters formed in the Hesperian [9]. 

The unnamed second crater we highlight here is lo-
cated at 22.46˚S 46.19˚E, or ~250 km southeast of crater 
B (Fig. 1A; Robbins crater ID 21-000144 [10]). It is 
slightly smaller than B, with a diameter of 47 km. De-
spite being located in an Early Noachian highlands unit 
(eNh) [11], visible ejecta to the southwest suggests this 
crater is Type II and thus younger than B, which is Type 
I. Below we describe the notable geologic features 
within this crater and then compare them to our previous 
observations of crater B.  

Cross-cutting ridges. A single large, sinuous ridge 
network is exposed in the southwest floor of the crater 
(Fig. 1B). It is partly interrupted by multiple small, fresh 

impacts, but in the unobscured areas there is a clear dis-
tinction between the higher, flat-topped tributaries and 
the surrounding floor that suggests a downslope flow di-
rection toward the center of the crater. As in crater B, 
these ridges appear to be inverted fluvial channels with 
distinct proximal and distal morphologies. An isolated 
branch further to the south contains two superposed 
ridges. HiRISE images show a higher ridge flowing ap-
proximately N–S with two branches that curve off to the 
east (Fig. 1C). These branches superpose a lower pair of 
subparallel N–S ridges at a ~90˚ angle. Although indi-
vidual ridges may represent channel belts with multiple 
avulsions, the intersection of two stratigraphically dis-
tinct ridges is more likely representative of two separate 
channel-forming events [12]. Unlike in crater B, the 
channel cross-cutting in the second crater strongly sug-
gests that multiple episodes of fluvial activity occurred 
during this period of crater modification on Mars. 

Aeolian activity. The southeast floor of the crater has 
a more chaotic texture, although smaller inverted chan-
nels are visible here as well. The overall appearance of 
this area at HiRISE resolution is rough and pitted. The 
pit boundaries often have perpendicular sets of small 
linear ridges extending outward from them (Fig. 1D). 
These ridges closely match the description of topo-
graphically influenced transverse aeolian ridges (TARs) 
[13], linear dune-like features that form normal to the 
local wind field. Topographically influenced TARs do 
not readily appear in crater B, where they mostly occur 
as topographically independent ridges in wide, low-
slope plains. In some instances the TARs in the second 
crater are found in close proximity to the inverted chan-
nels. While both TARs and inverted fluvial channels can 
appear as quasi-linear ridges conforming to topography, 
the inverted channels tend to be flat-topped with some 
amount of sinuosity and branching, while the TARs are 
typically sharp-crested, linear, and subparallel. On av-
erage, the inverted channels we observe also have 
longer length scales (~1-5 km) than TARs (<1 km). 

Discussion: We have described in detail a second 
example of a crater containing features similar to those 
identified in the closed-sourced drainage basin crater 
“B” [1-2] as further demonstration of this style of crater 
modification on Mars. Major differences between this 
second crater and the original crater B include the iden-
tification of cross-cutting inverted fluvial channels and 
the close interrelationship between some inverted chan-
nels and transverse aeolian ridges, or TARs. In crater B, 
we interpreted the inverted channels as alluvial sedi-
ment lags that had become indurated, making them re-
sistant to erosion as surrounding unconsolidated mate-
rial was removed. Widespread deflation surfaces in 
crater B suggested that later aeolian activity was primar-
ily responsible for the removal of sediment within the 
crater. Thus, our overall interpretation of crater modifi-
cation in the Late Noachian can be updated in the fol-
lowing ways: 
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1. Fluvial channel formation within craters occurred 
in multiple episodes. The identification of inverted flu-
vial channels within a Type II crater suggests that this 
type of crater modification on Mars continued at least 
into the early period of Type II crater formation, beyond 
the end of the Noachian [9]. 

2. Alluvial sediment lags underwent topographic in-
version due to removal of material through aeolian de-
flation. Similar activity also led to the formation of pit-
ted terrain and transverse aeolian ridges. 

3. The identification of inverted fluvial channels 
within an unbreached CSDB crater outside the original 
crater B suggests that the processes that led to the for-
mation of inverted fluvial channels and lacustrine de-
posits in the first crater – namely, cold-based crater wall 
glaciation and top-down melting – may have been ac-
tive at wider regional scales in the southern highlands. 

Future work: Beyond the two CSDB craters we  
 

have now described, we are continuing to study inverted 
fluvial channels that occur in breached craters and 
within non-crater topographic basins [8]. By applying 
the criteria we first formulated for crater B and now 
have broadened by incorporating a second example, we 
are working toward characterizing the full range of an-
cient glacial environments in the southern highlands in 
order to further test hypotheses of Mars climate evolu-
tion. 
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Hynek B.M. (2012) JGR 117; [11] Tanaka K.L. et al. (2014) 
USGS SIM 3292; [12] Hayden A.T. et al. (2019) Icarus 332; 
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Fig. 1. (A) 47-km crater located ~250 km southeast of crater B; blended CTX/MOLA DEM. (B) Southwest part of the crater 
floor with primary ridge network. (C) Multiple generations of cross-cutting ridges; HiRISE visible image. (D) Pitted terrain and 
transverse aeolian ridges in southeast crater floor.
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THE PITTED RAMPARTS OF LARGE MULTI-LAYERED IMPACT CRATERS ON MARS: 

THEIR POSSIBLE FORMATION MECHNISMS AND THEIR IMPLICATIONS: Joseph M. 

Boyce, Hawaii Institute of Geophysics & Planetology, University of Hawaii, Honolulu, HI 96822. 
 

1.0:  Introduction:  The ramparts of the 

outer most ejecta layer of large (those > ~ 

25 km diameter) multilayer ejecta craters 

(MLE) typically exhibit heavily pitted 

surfaces.  These have been given little 

attention [1], but provide important 

information about rampart formation, 

cratering, and the distribution of subsurface 

volatiles on Mars.  The close spacing of the 

pits and their morphology is reminiscent of 

the heavily pitted deposits found on the 

interior and ejecta blankets of Martian 

single layer ejecta (SLE) and MLE crater of 

all sizes [2] and are likely related.   

2.0: Background: Ejecta ramparts 

resemble ridges at the terminus of some 

geophysical flows [3].  Most researchers 

assume that ejecta ramparts are formed by the 

same processes that form the geophysical ridges 

[4-6].  This is because both are composed of 

poly-dispersive rock fragments that rapidly 

moved across the surface, and both 

typically contain and enhance population of 

coarse grain particles compared with the 

rest of the flows [7-11]. While this mechanism 

generally requires kinetic sieving, transport and 

accumulation of the large particles at the front of 

a dense granular flow, the likely role of the 

Martian atmosphere and the abundant subsurface 

ice should not be ignored in ejecta emplacement 

[12-15].  Because of the likely participation of 

these volatile sources in the ejecta emplacement 

process, we envision, similar to some previous 

workers [12-15], that following impact of the 

ejecta curtain on the surface, ejecta emplacement 

may be similar to emplacement of many 

pyroclastic density currents flows [16].  In these 

flows, the concentration of fluid (i.e., mainly gas) 

increases upward resulting in the lower portion 

typically behaving as a dense granular flow 

where ramparts can form by particle-to particle 

interaction (e.g., Kinetic sieving and 

accumulation of coarse particles at the flow 

front), while the fluid behavior of the upper 

portion is as a dilute Newtonian flow.  

3.0:  Ramparts – Outer Ejecta Layer of Large 

MLE Craters:  The morphology of Martian 

ramparts is a function of impact crater type [17-

20]. In addition, in some cases, the morphology 

of ramparts is also different between individual 

layers, e.g., such as on double layer ejecta type-1 

craters (DLE type-1) [9, 11].  

In the case of relatively large (> ~ 25 km 

diameter) MLE craters (the focus of this study), 

the ramparts of the outer ejecta layer are typically 

heavily pitted, highly lobate ridges (Fig. 1, 2, 3).  

The density of pits in these ramparts appears to 

be higher with increased crater diameter (Note: 

detail measurement of the pits has just started).   

Based on preliminary analysis, the average size 

of the pits appears to scale with size of the parent 

crater.   The sizes distribution of the pits on these 

rampart also appears to be unimodal, but skewed 

to small sizes from the average.  

4.0: Conclusions:  We suggest that, similar to the 

origin of the pits in the heavily pitted deposits [2], 

the closely-spaced rampart pits are formed by 

degassing of volatile-rich, impact melt-rich 

breccia in the ejecta.  We suggest that these 

materials concentrate in the outer ejecta layer for 

two reasons.  The first, the concentration of 

subsurface volatiles are most likely a function of 

depth. This means that the greatest volume of 

target material with the highest concentration of 

volatiles should be excavated early in the crater 

excavation process compared with material 

excavated later [21].  This material should be 

deposited furthest out.  The second reason is that 

because the pressure levels in a growing crater is 

a function of crater size [21], a greater volume of 

impact melt and vapor, and hence volatile-rich, 

impact melt-rich breccia [21], should be 

produced in which pits can form.        
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Fig 1. Outer rampart on the NE ejecta of the ~ 28 

km diameter crater Tooting (23N, 208E). Image 

is a portion of CTX F21_044077_2043_XN. 

 

Fig. 2 Outer rampart on the NW ejecta of the 38 

km diameter crater Kotka (19N, 169E).  Image is 

a portion of CTX K05_055379_2008_XN. 

 

Fig. 3 Outer rampart (at 4 crater radii from the 

rim) on the west ejecta of the 500 km diameter 

crater Mojave.  Image is a portion of CTX 

N02_063312_1869_XI. 
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Introduction:  It is accepted that the Perseids 

Meteor Shower in August is related to the comet Swift 

Tuttle. It is recognized that outgassing from comets as 

they orbit the sun will spread a cloud of dust along the 

orbital path. When Earth passes through such a comet 

debris trail, the larger particles burn in the atmosphere 

creating the meteor shower. Fireballs are also common 

with some comet debris trails. Fireballs are much larger 

objects than expected from comets outgassing, but their 

time of occurrence leads to the understanding that they 

are often associated with a particular comet. While it is 

probable that the larger particles leading to fireballs 

originated from larger pieces breaking off the comet, it 

is not clear why many would break off at different 

speeds and form the wide range of orbits that intersect 

at Earth’s orbit. An exceptionally large number of mid 

August fireballs are associated with Comet 109P/Swift-

Tuttle.  

Fireballs associated with Swift-Tuttle: William 

Cooke of NASA’s Meteoroid Environment Office / All 

Sky Fireball Network provides plots of the orbits of 

fireballs seen each day on the Spaceweather.com web 

pages. The largest number are associated with the 

Perseids and comet Swift Tuttle. They show a large 

range of orbits, with the necessary common factor that 

they all intersect Earth’s orbit in mid-August. Some 

have very short periods and others long periods. The 

image shown above is a diagram from William Cooke’s 

presentation of the orbital paths of 90 fireballs 

associated with the Perseid meteor shower in August, 

2014 [2]. Some years have high numbers – on August 

13, 2015, over 340 fireballs associated with the Perseids 

were seen in one day. A typical day will have less than 

10 fireballs occur, so the numbers associated with the 

Perseids is significantly higher. 

Skip Impact possibility: Studies with iSALE 

impact hydrocode show that comets hitting Earth at low 

angles such as 5 degrees or less can skip and continue 

on a new path at similar speeds to the original orbital 

speeds. Such a skip will cause part of the comet to drag 

across the surface of Earth, and both portions of the 

comet and portions of the Earth’s surface will be carried 

into space at above Earth escape velocities. Such an 

occurrence would send some fragments at high speeds 

similar to or higher than the speed of the comet, and 

other fragments would be tossed at slower speeds, all 

depending on the location of the fragments during the 

impact event. It would be expected that such fragments 

would travel away from Earth on a wide range of orbits, 

with the common feature of all of the orbits being the 

 Orbits calculated from fireballs noted Aug 7, 2014  [2] 
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initiation point of the event: the skip impact of Swift 

Tuttle with Earth. 

A computer simulation [1] is presented to show the 

expected effect of a skip impact, and is used to calculate 

a series of orbits from the larger particles. The 

calculated range of orbits is large, similar to what is 

observed with the fireballs associated with the Perseids 

Meteor Showers. 

Conclusion: It is proposed that Comet Swift Tuttle 

has previously impacted Earth at a low angle, causing a 

skip event which sent fragments of the comet and of the 

Earth into the wide range of orbits seen in the fireball 

orbits associated with the Perseids Meteor Showers.  
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UNCOVERING GANYMEDE’S PAST: CRATER SIZE FREQUENCY DISTRIBUTIONS ON 
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Introduction:  Crater counts and size frequency dis-

tributions can be used to define the relative ages of ter-
rains and their individual geologic units. Using the base 
maps produced by Cameron et al. [1] and stitching high-
resolution Galileo Solid State Imaging (SSI) camera im-
ages [2] onto the base map, we digitized more than 
15,000 craters between 60°S-60°N on Ganymede down 
to 100 m in diameter. Our overall cumulative size fre-
quency distributions for Ganymede fit previous crater 
density measurements on Ganymede and Callisto [3]. 
Here, we investigate the area of Nippur/Philus Sulci 
(36.9ºN, 175ºE), where various geologic units align on 
a single line of longitude, eliminating the need to correct 
for possible leading/trailing hemisphere disparities. 
Several crosscutting bands of light terrain in the Nip-
pur/Philus Sulci site's three-frame mosaic with an aver-
age resolution of 100m/pixel show varying degrees of 
tectonic distortion, ranging from smooth and less dis-
torted bands to highly grooved and deformed terrain [4]. 
The chronology of tectonic activity implied by crosscut-
ting relationships [1,4] is consistent with our findings 
from analyses of crater densities on each unit. 

Methods:  During the mapping process for the geo-
logic map of Ganymede published by Cameron et al. [1, 
4], a large number of craters were digitized. Using 
ArcGIS, we expanded and refined the digitized craters 
to create a database of over 15,000 individual craters 
(844 at the Nippur/Philus Sulcus site) that could be used 
to derive cumulative crater size frequency distributions 
for geologic units of relatively small size. The size and 
location of craters within the areas of high-resolution 
Galileo SSI camera [2] images of Ganymede stitched 
into the basemap and sections of the equatorial mosaic 
60°S-60°N were mapped. Following the guidelines of 
the Crater Analysis Working Group [5], we produced 
plots of cumulative crater size frequency and count er-
rors. 

Discussion:  The crater counts for Nippur/Philus 
Sulci (Figure 1) demonstrate the effectiveness of this 
region to determine relative age of individual geologic 
units. Stretching from North to South, this region offers 
the opportunity to study four distinctive geologic units. 
To capture the crater size frequency distributions of 
each unit, we divided the site into four regions. The pro-
duced crater size frequency distributions reveal the rel-
ative age of the units within Nippur/Philus Sulci (Fig-
ure 2). 
 

Figure 1. Nippur/Philus Sulci site sectioned into four 
regions of distinct morphology: section A in the NE, 
section B covering Nippur Sulcus itself, section C cov-
ering Philus Sulcus, and section D covering a dark Mar-
ius Reggio terrain. Our counts are complete down to 
~300 m diameter craters in this area. 
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The Nippur/Philus Sulci crater size frequency distri-
bution (Figure 2) shows that the southern Marius Regio 
dark terrain (D) is older than its light northern neigh-
bors, which is consistent with stratigraphic findings. 
The produced crater size frequency distributions also 
support the inferred three main stages of tectonic defor-
mation identified by Cameron et al. [4], affirming that 
unit D was furrowed during the initial deformation pe-
riod (stage I). The prominent unnamed strained crater in 
unit D suggests that during stage II, possible right-lat-
eral shearing could have affected the region and formed 
unit A through normal faulting. The tectonic defor-
mation analysis concludes that unit B was formed dur-
ing stage III, which is also evident in the crater size fre-
quency distribution analysis presented. Unit C contains 
furrows trending NE-SW (whereas the youngest do-
mains trend more NW-SE), containing offsets of drag 
features along a simple shear axis and a few direct indi-
cators of strike-slip tectonism such as en echelon struc-
tures [4]. This makes area C difficult to date and place 
in a tectonic analysis. Our crater counts ranging from 
400 - 900 m in diameter (Figure 2) indicate that terrains 
C and A are of similar age. As our crater analysis is in 
excellent agreement with previous studies of the se-
quence and formation of tectonic events, we can use our 
method to expand upon the inferred history of Gany-
mede. 

 

 
Figure 2: Crater size frequency distributions for areas 
A, B, C, and D of the Nippur/Philus Sulcus site. a) It is 
apparent from its NE offset that the dark Marius Regio 
terrain D is oldest. For comparison, the crater density of 
the Gilgamesh Basin ejecta (Schenk et al. 2004, Table 
18.1) is plotted. b) The diameter range from 100 - 500 
m shows how terrains A and C are of similar age. 
 
 

References:  [1] Cameron, M. E. et al. (2018), 
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ley Data, v1 [2] Patterson, G.W., et al., 2010. Global ge-
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WERE IMPACTOCLASTIC FEATURES ON MARS MISTAKEN FOR FEATURES DEPOSITED BY WA-

TER OR WIND?  D. M. Burt, ASU School of Earth & Space Expln., Tempe, AZ 85287-1404, dmburt@asu.edu.

Introduction: Largely on the basis of abundant

terrestrial analogs, the cross-bedded and other clastic

rocks on Mars imaged by the three rovers Spirit, Op-

portunity, and Curiosity, were interpreted to have been

deposited by flowing or standing water or wind. On the

basis of prior field experience in pyroclastic rocks, my

co-workers and I instead interpreted the spherule-bear-

ing cross-bedded rocks at Meridiani Planum and Gu-

sev Crater (Home Plate area) and later the concretion-

and clay-bearing cross-bedded rocks at the bottom of

Gale Crater as probably having been deposited by

large-scale impactoclastic density currents (IDCs),

analogous to the smaller-scale pyroclastic density cur-

rents (PDCs) associated with terrestrial volcanoes and

or base surges related to surface nuclear blasts [1,2].

Unlike on the Moon or Mercury, IDC deposition

was possible during early bombardment owing to the

relatively thick atmosphere of early Mars, as well its

abundant water (ice or brines). Unlike on Earth, IDC

deposits should have been preserved on Mars, at least

in part, owing to the lack of plate tectonics and the loss

of significant atmosphere after about 3.5 Ga [3], by

which time heavy bombardment had largely ceased.

Gradual removal by wind and IDC scouring would

have been the main types of erosion, with glaciation

probably being local.

On Mars, variable late diagenesis was caused both

by neutral groundwater inside Gale Crater, forming

primitive smectite clays and typical aqueous concre-

tions [4], and by surficial acid condensates (acid frost

or mist), forming both acid and neutral sulfates near

the surface [5], especially in joints. These acid conden-

sates were probably related to volcanism or to the im-

pacts themselves (or both). Such aqueous diagenetic

features should not be confused with any related to pri-

mary water deposition and could include clays trans-

ported by impact reworking of earlier altered rocks.

Need for Reinterpretation: In many aspects, lay-

ered clastic rocks deposited by density currents formed

by blasts can superficially resemble those deposited by

other means. In this regard, terrestrial layered rocks de-

posited by explosive volcanism have commonly been

mistaken for aqueous or aeolian deposits [2]. The 1980

explosive eruption of Mount St. Helens, WA, and earli-

er observations of layered deposits related to surficial

nuclear testing, caused many such deposits to be rein-

terpreted as blast related. Is such a reinterpretation ap-

propriate for Mars? Are impactoclastic blast beds very

common on Mars? Given the abundance of ancient im-

pact craters, and former presence of a thick atmos-

phere, they certainly should be, even if analogous ter-

restrial examples are lacking.

Ambiguous Features:  Below I discuss some easi-

ly mistaken features common to both impactoclasitic

deposits and other deposits. Given the lack of pre-

served terrestrial impactoclastic beds, most of my ex-

amples will come from pyroclastic deposits [6,7],

which should at least texturally resemble those that

were deposited by impacts [8].

Rounded cobbles.  An early observation inside

Gale Crater was local layers containing abundant semi-

rounded cobbles. This rounding need not indicate wa-

ter, contrary to conventional interpretations. Instead, it

indicates abrasion of clasts against other clasts, what-

ever the transport agent (water, air, or a fluidized medi-

um). Abrasional rounding can be observed not only in

stream deposits, but also in landslide deposits, in pyro-

clastic flow deposits, in impactoclastic flow deposits

(e.g., near the Ries Crater, Germany), and of sand

grains in aeolian deposits (as common on Mars as on

Earth, but not attributed to water). Rounded cobbles

confined to a stream channel (not seen in Gale Crater)

would have been more definitive of water.

Cross-bedding. Nearly all the layered rocks on

Mars are cross-bedded, mostly at low angles. This fea-

ture has been interpreted as aeolian (modified by aque-

ous) at Meridiani Planum (despite the relatively poor

sorting, high content of spherules, and generally low

angles), as pyroclastic inside  Gale Crater (despite ap-

pearing nearly identical to the basaltic sandy beds at

Meridiani Planum, including spherules), and, owing to

the finer grain size and near-parallel bedding, as lacus-

trine near the bottom of Gale Crater (despite the ubiq-

uitous cross-bedding and primitive basaltic composi-

tion, with clays being diagenetic). Typical dune forms

with much better sorting and higher angles of cross-

bedding occur higher in the section at Gale Crater. The

high-energy planar scouring evidenced by low-angle

cross-bedding on Mars is typical of neither aqueous

nor aeolian deposits, but it is typical of density current

deposits (although high angle dune forms can also

form in blast beds, especially if the grains stick to each

other). The lower energy, finer-grained IDC deposits at

the bottom of Gale Crater may simply occur further

from their source than the deposits of Meridiani Pla-

num and Gusev Crater.

Spherules. Impacts and explosive volcanism can

produce a variety of spherule types, mostly small and

glassy. The largest, sometimes not considered spher-

ules at all owing to their clastic nature, are accretion-
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ary lapilli, formed by mutual adhesion of sticky parti-

cles during fumarolic steam condensation in a turbu-

lent cloud (just as hailstones form by ice condensation

in a thunderhead). If the cloud is acid and iron-rich (as

on Mars), flakes of specular hematite could crystallize

in the fumarolic cloud, as apparently happened at Meri-

diani Planum and Gusev. Owing to their suspension in

a turbulent gas, the spherules tend to be well-sorted at

a given locality, having fallen out of the cloud when

they reached a maximum permissible size (the largest

are about 7 mm at Meridiani Planum; most are closer

to 4-5 mm). Despite lacking any distinctive features,

such as flattening along bedding or penetration by bed-

ding (clumping also occurs among sticky accretionary

lapilli [9]), the spherules were mistaken for diagenetic

concretions at Meridiani Planum. Typical diagenetic

concretions of various types do occur inside Gale Cra-

ter and were correctly identified [4].

Figure 1. Spherical accretional lapilli found in PDC
deposits, Kilbourne Hole maar, NM. Similar spherules,
richer in Fe, have been found at Meridani Planum and
Home Plate, Gusev Crater, on Mars.

Polygonal Joints. Polygonal jointing is common in

various rock types, and can form for several reasons,

including shrinkage. In sediments this feature can form

by drying of mud, whereas in pyroclastic rocks (and

presumably impactoclastic rocks) it forms by cooling

and steam loss.  A distinctive feature of sedimentary

mud cracks is that they are filled with sediment from

the overlying layer. The polygonal joints mistaken for

mud cracks in Gale Crater are filled with the same Ca-

sulfate veinlets that fill almost all joints on Mars, and

so they fail this simple test.

Festoon Bedding. On Earth this type of trough

cross-lamination is typically forms in aqueous depos-

its. At Meridani Planum apparent troughs resulting

from erosion of horizontal beds along joints, imaged

from above by the mastcam, were misinterpreted as

this feature. Figure 2 shows that this type of erosion al-

so causes “festoons” to appear in pyroclastic beds, if

they are imaged from above. This is clearly an erosion-

al feature misinterpreted as a depositional feature ow-

ing to viewing angle.

Figure 2. Trough- or festoon-like erosion forms in
PDC deposits, Koko Crater maar (road cut), Oahu,
HI. Such erosion forms, viewed from above, were mis-
taken for water deposits in Meridiani Planum, Mars.

Ballistic Ejecta. Ballistic ejecta are typically

formed by impact cratering, as well as by explosive

volcanism (for which they are called volcanic bombs

that can form bomb sags in pyroclastic beds). A puta-

tive bomb sag (more likely a geometric misinterpreta-

tion resulting from a high view angle) at Home Plate,

Gusev Crater was mistakenly used to classify the beds

as pyroclastic, rather than impactoclastic, ignoring the

fact that ballistic ejecta are typical features of impacts.

Conclusions:  My conclusion, summarized in more

detail elsewhere [10] is that it is easy to mistake fea-

tures of different types of clastic rock for each other.

Therefore, a careful reinterpretation of Mars sedimen-

tary features is needed, to allow for the likelihood that

some, if not most, were caused by impact sedimenta-

tion.
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ROCKY EJECTA BLANKETS OF THE LUNAR MARE.  M. A. Chertok1,2, P. G. Lucey2, and E. S. Costello1,2, 
University of Hawai’i at Manoa, 2Hawai’i Institute of Geophysics and Planetology (mchertok@hawaii.edu). 

 
 
Introduction: The lunar regolith is formed by the 

bombardment of meteorites which pulverize the lunar 
surface forming a layer of fragmental debris. Regions of 
thinner regolith are expected to be rockier because 
smaller impactors are able to penetrate the regolith and 
excavate bedrock. As the regolith matures and thickens, 
fewer rocks are expelled. 

The large age differences among some mare units 
offers a controlled opportunity for understanding the ef-
fect of impact exposure on the rockiness of the surface 
owing to the similarity of the substrate. In this study, we 
compare the very young Chang’e 5 (CE-5) landing site 
to the much older and more impacted Mare Humorum 
[1, 2].  Crater counts at CE-5 suggest this surface has 
undergone ~2.5-4 times less impact exposure than typi-
cal 3.5 Ga mare surfaces like Humorum [1].  

In this work we report on the analysis of cumulative 
size-frequency distributions of rocky craters collected 
from CE-5 and Humorum. Our analysis features these 
controls: 1) substrate is limited to a single type (mare), 
2) the regolith is thin enough such that all craters we can 
resolve in the study areas penetrate to bedrock and have 
the capability of ejecting rocks, and 3) the surfaces dif-
fer widely in reported impact exposure time.  

Study Area: The CE-5 study area is in the Oceanus 
Procellarum, which includes the CE-5 landing site (cen-
tered on 42.795N, 52.095W) and the second study area 
is in Mare Humorum (centered on 22.812S, 40.166W). 
Each study site is 60x60 km (3600 km2). The model age 
of this region of Humorum was reported as 3.45 Ga [1] 
and the CE-5 site was estimated to be 1.21-2.07 Ga [3-
7]. 

Data:  We use shaded relief imagery generated from 
the merged LOLA/Terrain camera DEM data set for the 
crater counting [8] and rock abundance is quantified us-
ing thermal inertia data from LRO Diviner following 
Bandfield et al. (2011) [9]. 

Methods: All craters counted are larger than 200m 
in diameter, which ensures the impactors penetrated to 
bedrock. Secondary impacts are included in the counts 
to capture the entire crater population, as this study did 
not intend to determine absolute model ages for the 
study areas. Rock abundance is quantified as the aver-
age values of the ejecta from the crater rim to one crater 
radius from the rim. Cumulative size-frequency distri-
butions are measured for the total crater population in 
each study area, and also each of 10 percentiles of ejecta 
rock abundance. To more directly compare the mare 
study areas with one another, 90th percentile parameter 

minima for Humorum are applied to the CE-5 study area 
cumulative size-frequency distribution.  

Results and Discussion: We computed log-space 
histograms (Figure 1) and cumulative size-frequency 
distributions for the rockiest craters in the CE-5 and Hu-
morum study areas. The shift in distributions between 
Humorum and CE-5 show that, contrary to expectation, 
impacts on the older Humorum surface are much more 
productive at excavating rocks than the younger CE-5 
surface. This is also confirmed by the cumulative size-
frequency distributions where only 6 CE-5 craters were 
equally as rocky as the 100 (90th percentile) rockiest cra-
ters in Humorum. Two hypotheses may explain this re-
sult: The original mare surfaces may have protoliths that 
developed mechanical differences during emplacement 
[10], or somewhat older surfaces are more fragmented 
making it easier for less energetic impactors to expel 
rocks.  

Future Work:  We plan to expand our crater counts 
to include many more ages using units defined by Hie-
singer et al. (2001, 2003) [1, 3]. Ultimately, more data 
is needed to separate age from protolith. 

References: [1] Hiesinger et al. (2000), JGR, 
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477, 1-51., [5] Morota et al. (2011), EPSL, 302, 255-
266., [6] Jia et al., (2020), EPSL, 541, 116272., [7] Wu 
et al. (2018), JGR, 123(E12)., [8] Barker et al. (2016), 
Icarus, 273, 346-355., [9] Bandfield et al. (2011), JGR., 
116(E12)., [10] Head & Wilson (2020), Geophys. Res. 
Letters, 47(20). 

Figure 1: Log Histogram of CE-5 and Humorum 
ejecta rock abundance distribution. 
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THE ENIGMATIC SACHSENDORF BAY STRUCTURE (ODERBRUCH, NORTHEAST GERMANY): 
EVIDENCE OF A PLEISTOCENE/HOLOCENE METEORITE IMPACT EVENT  K. Ernstson1, J. Poßekel2 
and J. Kurtz3, 1University of Würzburg, D-97074 Würzburg, Germany, kernstson@ernstson.de 2Geophysik Poßekel 
Mülheim, Germany, jens.possekel@cityweb.de, 3Kreuzweg 7, D-15326 Podelzig, Germany, tauthob@hotmail.de. 

 
Introduction: A situation that has been contro-

versial and problematic for geologists as an alien 
element for a very long time exists in northern 
Germany on the border with Poland (Fig. 1) with an 
extremely unusual geomorphological feature that is 
linked to the very conflicting explanatory models of 
tectonic origin or glacial formation. These basically 
unsatisfactory explanations were contrasted about a 
decade ago with a model that attributed the particular 
structural features to a major Pleistocene or Holocene 
impact event. The model, which was proposed by a 
local researcher extremely familiar with the area (the 
present author J.K.), had many and clever approaches 
and basically plausible rebuttals against tectonic and 
glacial models, was published on the Internet [1], but 
was not further noted by the established geology. Here 
we report on a new approach to the impact model that 
was recently made when the tremendous possibilities 
of the Digital Terrain Model (DTM) were recognized 
and used. A detailed description of the topographic, 
geomorphologic and geologic situation and the impact 
hypothesis derived from it is discussed in [1]. Here, on 
the other hand, only the important new findings, which 
have resulted with the DTM and generally from impact 
research, are presented in the form of an abstract. 

 
The Digital Terrain Model (DTM): The DTM is 

available and has been used in this study in highest 
resolution with a 1 m grid and a vertical resolution of 
10 - 20 cm (DGM 1 in Germany. 

The Sachsendorf topographic bay structure: The 
Oderbruch is an area almost 60 km long and 12 to 20 
km wide through which the Oder river flows, and 
which lies significantly lower than its surroundings. 
The southern end of the Oderbruch is also called 
Sachsendorf Bay. The name results from the view, 
which offers in a view from the adjacent highland into 
the plain. Here, the Oderbruch is framed in a wide arc 
by the steeply rising highland edge (Fig. 2). This gives 
the impression of a bay, although currently without 
water. 

  
Geology: The geology, which is in more detail 

described in [1], comprises Pleistocene and Holocene 
sediments roughly designed in Fig. 3 and dating the 
postulated impact event to this time. 
 

   
The Oderbruch rim slope. The edge of the slope, 

where the plateau drops steeply into the Sachsendorf 
Bay, is strongly dissected (Figs. 2, 4). How these 
valleys were formed is still controversially discussed 
among geologists today, mostly focusing on the glacial 
solution. With the new high-resolution data of the 
DTM, which were not available to the previous 
investigations and discussions, a picture emerges, 
which largely rejects both, the tectonic and the glacial 
origin, and strongly argues for the impact model. 
Exactly this was already formulated in [1] as a correct 
step in the direction of an impact genesis.   
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Fig. 6. DTM compilation of DTM tiles covering the southern 
part of the Sachsendorf Bay rim. The most prominent valley 
incisions cutting into the rim are marked. Arrows mark 
groups of incisions of more or less consistent strike 
directions diverging from a roughly central location. A 
model of strike-slip transpression and transtension is 
discussed below. 
 

  
 

    
Fig. 8. For comparison: transtension ridges in the Singra-
Jiloca impact structure (from Fig. 7) reminding of the rim 
morphology of the Sachsendorf Bay. 

 

 
Fig. 8. Gravity Bouguer residual anomaly and profile of the 
investigated region. Gravity map 1 : 1,000,000 of Germany 
and neighboring Poland after digitizing and subtraction of a 
simple regional trend field. Note the Oder semi-circle 
concentric to the Sachsendorf Bay. - Because of the scale and 
large station spacing details and data processing results must 
not be overinterpreted.  

Discussion and conclusions: The arguments for 
the probable Sachsendorf Bay impact in northeastern 
Germany are listed here: The morphological analysis 
of the Sachsendorf Bay fully confirms the correctness 
of the model originally established by J.K. [1]. # The 
almost strictly periodic enormous valley furrows at the 
steeply rising edge of the bay, which - bundled - 
converge in the center of the assumed Sachsendorf 
crater structure, are incompatible with a tectonic or 
glacial origin. # J.K.'s original reference to dynamic 
processes of an impact finds confirmation in com-
parison with strike-slip processes of transpression and 
transtension generally in impact structures as a result 
of radial constriction and widening movements. # The 
semi-structure of the bay crater has already been 
pointed out and explained by J.K. Young Pleisto-
cene/Holocene semi-impact craters in soft targets have 
also been described recently in Germany (Chiemgau 
impact, Aiching crater, [4], and Saarland impact 
(Nalbach crater, Saarlouis crater, [5, 6]) as a result of 
massive erosion. # The possibility of a big multiple 
impact [1] with extension northward and eastward 
toward Poland continues to be explored. 

References: [1] Kurtz, J. (2012) https://vdocu-
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Introduction: Lunar and planetary stratigraphy re-

lies on accurate absolute model ages (AMAs), which are 

derived from crater size-frequency distributions 

(CSFDs). The decisions made when producing a CSFD 

can vary by researcher, even for identical count areas. 

Variations can occur when identifying primary versus 

secondary craters and measuring crater diameters. 

These differences yield different AMAs. It is essential 

that AMA results be reproducible and consistent be-

tween researchers for the same location on the Moon. 

Ideally, the objective is to remove subjectivity out of the 

CSFD process, however, cratered planetary surfaces are 

subject to many geological processes and are extremely 

varied and complex. One step toward more accurate 

crater diameter measurements is to improve crater rim 

crest identification. We outline criteria (Table 1) in cur-

rent use and examine the use of LROC NAC Digital El-

evation Model (DEM) aspect data as a check on these 

commonly used criteria. 

The northeastern Oceanus Procellarum (NE-OP) 

area of the Moon has garnered great interest with the 

success of the Chang’e 5 (CE-5) sample return mission 

in December 2020 (Figure 1). Multiple researchers have 

examined this area and performed crater counting to de-

termine the mare surface age of NE-OP and the landing 

site [1-9]. Although count areas had varying amounts of 

overlap, there are large AMA variations. We compared 

the craters and associated measurements from two da-

tasets and observed differences in both the craters iden-

tified and the measurements of those craters [10]. 

Data and Methods: Lunar Reconnaissance Orbiter 

(LRO) Narrow Angle Camera (NAC) images [11,12] 

were used to measure craters (>150 m) in twenty-one 

count areas. A NAC DEM for the CE-5 landing site was 

produced by the LROC Team at Arizona State Univer-

sity with image pairs:   M1374407232LE, 

M1374421274LE using Socet Set Ngate v5.5 [13]; the 

precision error is 1.89 m and the horizontal and vertical 

RMS error is 1.37-9.0 m. Absolute model ages were de-

termined for each area [10] based on the cumulative 

size-frequency distribution (CSFD) using the Crater-

stats2 program [14], and the lunar production function 

of Neukum et al. [15]. 

Results and Discussion: Our focus is on the abso-

lute model age of the mare surfaces inside of existing 

mare age unit P58 defined by Hiesinger et al. [1]. We 

defined twenty one count areas within this mare age unit 

[16]. These widely spaced areas were selected to better 

understand the age distribution across the mare and to 

minimize the influence of secondary craters. The model 

ages for our count areas ranged from 1.4–3.5 Ga.  

 
 

 
Figure 1. Chang’e 5 (red/black star) landing site, which is a 

portion of count area #21 [16] in NE Oceanus Procellarum. 

Craters are numbered in the sequence counted. A) NAC DEM 

produced with images: M1374407232LE, M1374421274LE 

[14]. B) Aspect surfaces are color-coded based on azimuth-

facing direction (see legend). 

A 

B 
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Determination of an accurate diameter for every se-

lected crater in each count area is key to an accurate 

mare surface age. We employed multiple criteria (Table 

1) to assure that we correctly identified the crater rim 

crest prior to measuring each crater diameter. We em-

ployed criteria 1-7 (Table 1) for the previous counts 

conducted in NE-OP as a standard practice. Criteria 3-6 

may be employed as quality assurance checks on se-

lected craters to streamline the count process. Here we 

evaluate criterion 8 using a high-resolution NAC DEM 

for the area around the CE-5 landing site.  
Table 1. Criteria for crater rim detection  

# Criteria Description 

1 

Use of shadows to identify the highest elevation (rim 

crest) on four locations around each crater (N-S and 

E-W intersects) 

2 

Observe the change in pixel reflectance from bright to 

dark along each radial between the outer rim and the 

uplifted flanks 

3 
Both east and west solar illumination imagery are 

used 

4 
Verify with multiple images with moderate solar inci-

dence angles (medium to high) 

5 
Crosscheck with very high solar incidence angle im-

agery (very high; 80-89 deg) if available 

6 Measure within a single NAC frame or NAC pair 

7 
Avoid measurement that include encroaching or su-

perposed craters on the rim 

8 
Use aspect data generated from digital elevation 

model (DEM) to verify previous measurements 

Global DEM products (e.g. GLD100 [17], 

SLDEM2015 [18]) have insufficient spatial resolution 

to examine the rimcrest for craters smaller than a kilo-

meter in diameter. A DEM derived from LROC NAC 

images has a higher spatial resolution than the global 

DEM datasets, however, the area covered is smaller and 

the DEMs are less frequently available for an area of 

interest.  

The stereo pair of NAC images for the CE-5 site 

each have a resolution of 0.91 m/pixel; the DEM has a 

resolution of <9 m/pixel (Figure 1A). We examined 

whether there was a disadvantage to using the lower res-

olution DEM for measurements versus the higher reso-

lution source NACs (Table 1, criterion 2). Although, the 

DEM has slightly lower resolution the data are pre-

sented in a manner that clearly shows where the rim 

crest changes aspect (Figure 1B, 2). The aspect surfaces 

are color-coded based on the eight compass directions. 

The crater rim crest is located at the junction of oppos-

ing surfaces, i.e. where the crater interior and exterior 

meet. Unambiguous diameter measurements are made 

at these junctions. 

Although the CE-5 DEM is a small area (<40 Km2), 

the image overlaps with eight craters greater than 200 m 

in diameter in our count area #21 [16] (Chang'e 5 land-

ing site). Five of the eight craters are shown in Figure 1. 

We compared the measured CE-5 DEM crater diameters 

to our measurements and to another researchers meas-

urements [5], who gratefully provided data online to the 

crater counting community. We averaged the eight 

crater diameters from each study. Our average using the 

single NAC image is 1% larger than the NAC DEM di-

ameters; the average for [5] is systematically 18% 

smaller than the NAC DEM diameters. Our crater diam-

eter measurements [16], on average, are closer to those 

determined from the CE-5 NAC DEM than in the other 

study [5]. 

 
Figure 2. Crater #04, located northwest of the Chang’e 5 

landing site. DEM aspect information assists with locating the 

crater rim crest. See Fig. 1 for color-coded aspect direction. 

Summary: The use of high-resolution DEM data to 

determine crater rim crests based on the change in as-

pect leads to improved diameter measurements, which 

directly improves the accuracy of absolute model ages. 

Adding aspect information provides a new tool in the 

criteria for crater rim detection (Table 1).  

This study confirms that researchers may determine 

different absolute model ages for the same area despite 

using the same production function and datasets. The 

crater counting community has a shared interest in pro-

ducing quality model ages as a foundation for all lunar 

and planetary stratigraphy. Improvements in standardi-

zation and data sharing are excellent first steps. 
References: [1] Hiesinger et al. (2003), JGR, 

108(E7). [2] Hiesinger et al. (2011) GSA Spec. Prs, 477. 
[3] Morota et al. (2011) EPSL, 302(3-4). [4] Boyce 
(1976) LPS 7.  [5] Qian et al. (2018) JGR, 123(6). [6] 
Wu et al. (2018) JGR, 123(12). [7] Jia et al. (2020) 
EPSL, 541. [8] Qian et al. (2020) EPSL, 555. [9] Qian 
et al. (2021) EPSL, 561. [10] Giguere et al. (2021) 
NESF&ELS. [11] Robinson et al. (2010) Spac Sci. Rev. 
150, 81. [12] Speyerer et al. (2011) LPSC 42, #2387. 
[13] Burns et al. (2012) ISPRS. [14] Michael and 
Neukum (2010) EPSL, 294(3-4). [15] Neukum G. et al. 
(2001) Space Sci. Rev., 96. [16] Giguere et al. (2021) 
Icarus, in review. [17] Scholten et al. (2012) JGR, 117. 
[18] Barker et al. (2016) Icarus, 273.  
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Introduction: Martian landscapes bear semi-

lithified, fine-grained “duststone” of poorly known 

provenance1. Duststone is sufficiently rigid to preserve 

impact craters2 that are useful for gaining genetic 

insights from exposed stratigraphy and impact response 

of the substrate. However, modeling such processes has 

been thwarted by a dearth of preserved analog impact 

craters on Earth3. A proposed impact crater in the semi-

lithified Plio-Pleistocene Citronelle Formation in 

southeast Louisiana may serve as a suitable analog. 

 
Fig 1. LiDAR-DEM image of approximate BCF (‘rim’ 

shown in blue) in southeast Louisiana (inset). Dashed 

curves map transects of five geophysical surveys to date. 

The Brushy Creek Feature (BCF) was first 

recognized as a landform anomaly in the Gulf Coastal 

Plain geologic province of southeast Louisiana (Fig 1). 

LiDAR imagery reveals this as a ~ 2 km diameter 

circular topographic basin set in a regional fluvial 

system of North-South bearing drainages and 

interfluves4. Possibilities of volcanic, karst, or salt 

diapir origin have been dismissed based upon lithologic 

criteria4. However, a late Pleistocene impact origin is 

consistent with the topographic expression and is 

implied by the discovery of deformed quartz grains 

from interior sediment in an initial study4. 

Methods:  We examine the BCF with petrography 

of additional specimens5 and geophysical surveys6. The 

initial surveys in gravity, ground penetrating radar 

(GPR), and electrical resistivity (ER) mostly follow a 

hunter’s road that traverses a chord of the feature from 

the western flank, across the interior floor, and out onto 

the eastern flank with two additional GPR transects 

confined to exterior and interior areas (Fig 1). 

Petrography: Seventeen samples from 10 surface 

sites and one  ~8 m deep core drilled within the BCF 

were sieved to -1 to 4 φ range in order to capture grains 

sufficiently large to preserve observable impact effects. 

As in Fig 2, pictomicrographs of anomalous features 

were produced using a Leica DM-500 petrographic 

microscope in cross polarized (XPL) and plane 

polarized light (PPL). 

 
Fig 2: (Left) Pictomicrograph of diaplectic quartz 

grains in PPL (upper) and XPL (lower) with the central 

superimposed grain suggestive of recrystallization. 

(Right) PPL image of suspected lechatelierite. 

Geophysical surveys: GPR data were collected on 

0.25 m spacing using a 100 MHz antenna and common 

offset reflection with Pulse Ekko 1000 and SmartCart. 

The field data were processed using Ekko software.  

An ER profile was performed over the western rim 

using a dipole-dipole array with eight potential 

electrode pairs spaced 10.0 m apart to yield about 25.0 

m of tomography depth and roughly five m of spatial 

resolution. One gravimetric survey over the entire 

hunter’s road chord was performed to produce a Bouger 

anomaly profile8. 

Results and Discussion:  Geophysics: GPR results 

indicate layered, unconsolidated sediment with rapid 

depth attenuation consistent with clay enrichment in the 

upper 2 – 3 m. That contrasts stratigraphically with a 

nearby quarry outside the BCF exposing clay-depleted 

sand and silt through 9 – 12 m depths4,6. Corrected 

gravity measurements along the entire West-East 

transect (Fig 1) yielded a maximum relative Bouger 

anomaly of 0.5 mGal8. 

The resistivity inversion model profile (Fig 3) shows 

a distinctly conductive (cool colors), ambiguously 

structured substrate in the BCF interior distinctly 

bounded near the topographic rim from a layered suite 

of resistive intervals in the exterior substrate (warm 

colors). The exterior model substrate is interpreted as 

resistivity facies of the Citronelle formation consisting 

of a discontinuous or fragmentary resistive interval 

about 10 m thick (red shading) superjacent to a 

conductive interval, possibly marking the water table, 

and subjacent to a ~ 5 – 7 m thick cap of slightly lower 
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resistivity (yellow shading). The disjointed structure of 

the resistive interval can be interpreted in terms of 

discontinuous clay-depleted lenses of the Citronelle or 

in terms of numerous small displacement dip-slip faults 

(Fig 3) that, being inconsistent with regional tectonism, 

can be viewed as genetically related to the BCF. 

Petrography: Four of the 10 thin sections from core 

samples examined under cathodoluminescence reveal a 

minimum total of 64 Planar Deformation Features 

(PDFs) in the form of fractures and alteration consistent 

with a high-stress impulse event. Sparse amounts of 

diaplectism, mosaicism, melt-flow structures, and grain 

surface re-crystallization are also evident (Fig 2). These 

alteration and deformation features in quartz grains are 

potentially diagnostic of impactite and have not been 

found in undisturbed Citronelle sediment surrounding 

BCF. An impact origin is also supported by lithology 

and geophysical data. The mineralogically mature 

Citronelle strata extend to a depth of about 100 m at the 

study locality, overlying Miocene strata with submature 

signatures of feldspar and mica4. Thin sections from 

core depth and surface exposures of Brushy Creek, 

whose drainage basin is confined to the BCF interior 

(Fig 1), reveal an increase with depth of feldspar and 

mica point count densities and possible PDFs. This 

contrast in mineralogy between the interior vs. exterior 

of BCF suggests mixing of Citronelle with components 

of underlying submature units. 

For a simple impact crater in a sedimentary target, 

the excavation depth approximates9 0.13*(post impact 

diameter)1.06. For a BCF diameter of 2 km, this yields a 

disturbance depth of ~270 m, sufficient to incorporate 

immature components of the Citronelle sub-strata while 

producing the observed point count density variation. 

Geophysical modeling also suggests an excavation-

backfill origin of BCF’s interior. A recent ER study of 

cemetery graves produced electrically conductive 

anomalies that likely reflect an increase in moisture 

porosity imparted by the excavation and backfill 

process10,11. Moreover, a Bouger anomaly up to 0.5 

mGal produced by our gravity survey corresponds to a 

density contrast of up to –45 kg/m3 for 270 m of interior 

backfill compared to the undisturbed exterior, yielding 

a porosity 

increase of about 

0.022 for the 

backfill8. 

Conclusions: 

While the 

disparate 

geomorphic, 

petrographic, and 

geophysical 

observations may 

not individually 

prove an impact 

feature, their 

combination 

presents a compelling 

case for BCF’s 

impact origin. The 

geophysical evidence  

suggests “fluffing” of Citronelle texture in the interior 

while petrographic evidence from mineral components 

points to a high stress impulse event. 

 Testing and modeling of the impact origin 

hypothesis for the BCF, as a promising analog to 

duststone impact sites on Mars, requires additional field 

and laboratory work. Along with continued examination 

of thin sections and whole-rock specimens from both 

within and outside BCF, geophysical surveys stand to 

reap significant gains from multiple additional transects 

in the BCF as well as baseline data from distal sites 

within the Citronelle formation. 

Acknowledgments: The USGS STATEMAP 

program funded BCF coring (Award 07HQAG0137) 

and mapping (cooperative agreement 1434-HQ-96-AG-

01490, FY 1997). 
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Fig 3. Upper diagram is a color contoured inversion model of electrical resistivity profile 

across the western rim of BCF. The topographic rim is located at X = 650.0 m. The lower 

schematic interprets model resistivity facies as 'e' intervals in context of layered Citronelle 

lithofacies segmented by small offset dip-slip faults. 
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Introduction: Moulton crater (~50 km in diameter, 

61.1° S, 97.2° E) is impossible to study from Earth-based 
facilities because it is in the Moon’s southern 
hemisphere, on the lunar farside. However, the Lunar 
Reconnaissance Orbiter Camera (LROC) has 
systematically imaged the Moon with its Wide Angle 
Camera (WAC) and Narrow Angle Cameras (NAC), 
enabling photogeologic mapping of this region [1].  

With NASA’s recent focus on the lunar farside and 
areas around the Moon’s South Pole, Moulton crater is 
worth studying in greater detail to understand how it fits 
into the broader context of the region, as it contains a 
record of the intersection of several geologic processes. 
Moulton crater is situated between Mare Australe, a 
large but poorly understood expanse of lunar highlands, 
and Schrödinger basin (316 km diameter) – an impact 
crater so large that Vallis Schrödinger, a 375 km long 
linear valley thought to have formed by the impact itself, 
terminates at the rim of Moulton crater [2]. Moulton’s 
immediate surroundings also include Chamberlin crater 
(58 km diameter) to the north, and its crater rim is 
slightly degraded to the east where it superposes the rim 
of Moulton H (44 km diameter).  While we do not have 
samples known to originate from that region, crater 
counting provides the means to derive an absolute model 
age, eliminating the need to rely solely on other methods 
of relative dating, such as crosscutting relationships [3]. 
Absolute model age estimates rely on comparing crater 
density in this area to established crater models, which 
in turn hinges on samples collected from elsewhere on 
the Moon, and is currently the best way to estimate ages 
remotely, as is necessary for this study [4]. 

Moulton crater warrants further study, both because 
of the interaction of volcanic and impact processes 
recorded within it and because of its place in the broader 
context of its surroundings on the lunar surface.  

Methods: This investigation relied on Lunar Orbiter 
Laser Altimeter (LOLA) and LROC WAC and NAC to 
characterize regional topography and morphology, 
while Clementine Ultraviolet-Visible (UVVIS) data 
informed us of composition. With the WAC imagery to 
give broader context for the region, the Clementine data 
were used to identify compositional units within 
Moulton crater. Then, a few NAC images that fell within 
the Moulton mare unit were identified, and an area 
within those images was selected for crater counting. 
Crater counting was conducted using the ArcGIS add-
in, CraterTools [5]. Based on previous research, the 

threshold diameter for the NAC scale count was set at 
10 m, while the WAC scale one was set at 500 m [6].  

After crater counting, the information from the 
WAC, NAC, LOLA, and Clementine data in this region 
was used to delineate geologic contacts within the map 
area. The units derived from this process were given 
brief descriptions, relying primarily on morphologies 
and interpretations of composition.  

Results and Discussion: A basic geologic map with 
compositional and morphological interpretations was 
created by refining the boundaries visible in the WAC 
imagery using NAC imagery and attempting to identify 
more detailed geologic features (Fig 1). Clementine 
UVVIS data also provided compositional data to help 
with identifying contacts between different units in this 
geologic map. Though in this effort it was difficult to 
derive a complete stratigraphy for the crater, the law of 
superposition suggests that the highland unit may be the 
oldest one, with the mare unit infilling the crater. The 
small lava flows are probably more recent additions, 
with the large secondary chain of craters indicating an 
even more recent event.  

NAC-scale crater counting of the mare unit infilling 
Moulton crater yielded 2,820 craters greater than 10 m 
in diameter. Much of the crater size-frequency 
distribution (CSFD) plot is fit to the 3.6 Ga isochron, 
suggesting it is a useful estimate of age of this mare unit. 
By contrast, the WAC-scale count of Moulton and its 
surroundings yielded approximately 640 craters greater 
than 500 m in diameter. This plot was fit best with the 
3.93 Ga isochron, supporting the interpretation that the 
highlands generally are older than the mare (Fig 2). 

Future Work: A portion of Vallis Schrödinger 
appears to superpose Moulton crater, so future work will 
focus on exploring whether there are other 
compositional and geomorphological signs that suggest 
this relationship. Confirming this would further 
constrain Moulton’s age in lunar history. Additionally, 
more crater counting will be conducted to compare the 
age of the mare unit within Moulton crater to that of 
Chamberlin and Moulton H craters, along with a portion 
of the Moulton crater floor outside of the mare unit to 
compare ages within the crater itself. 
References: [1] Mazarico, E., et al. (2018) PSS, 162,  
2-19. [2] Kramer, G.Y., et al. (2013) Icarus 233, 131-148. [3] 
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C. I. (2016) JGR, 121, 1900-1926. [5] Kneissl, T., et al.  
(2011) PSS, 59, 1243-1254. [6] Robbins, S. J., et al. (2014) Icarus, 
234, 109-131. 
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Figure 1: Preliminary map of Moulton  
crater, created by using WAC imagery to draw  
initial boundaries and then refining contacts using  
NAC imagery and Clementine UVVIS data. 

Figure 2: WAC basemap of  
Moulton crater and  
surrounding region, with  
highland area marked in  
blue, and yellow box  
showing the mare region  
identified for the NAC  
crater count. Counted craters  
are marked in red. CSFD  
plots show that the age of  
the highlands Moulton is in  
is ~ 3.93 Ga and the mare  
unit is ~ 3.6 Ga. 

WAC 

WAC NAC  

NAC  
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Introduction:  The Polar Layered Deposits (PLD) 
of Mars, with the combined volume of approximately 
the Greenland ice sheet [1, and references therein], 
possibly record a martian climate signal much like a 
terrestrial ice core [e.g., 2]. Significant progress has 
been made in interpreting exposures of layers in troughs 
at both the north and south PLDs in terms of possible 
accumulation rates [e.g., 3-7]. However, a complete 
history of the PLDs remains elusive.   

A key remaining question is: What is the recent 
history of accumulation/ablation at the South PLD 
(SPLD)? Previous geologic mapping by [8] divided the 
SPLD into two distinct geologic units (Fig. 1 inset in 
[8]), with the Planum Australe 2 (Aa2) unit overlying 
the Planum Australe 1 (Aa1) unit in many locations. The 
Aa2 unit appears also heavily deflated, and was 
interpreted by [8] to be mostly a sublimation lag. We 

present an analysis of two new impacts that offer the 
opportunity to probe the subsurface, and to test the 
depths and nature of the sublimation lag comprising the 
Aa2 unit.  

Data and Methods: The two impacts were detected 
in Mars Reconnaissance Orbiter Context Camera (CTX, 
~6 m/pixel) images (Table 1) and followed up with High 
Resolution Imaging Science Experiment (HiRISE, ~25 
cm/pixel) images. HiRISE stereo pairs were used to 
generate digital terrain models (DTMs) at both sites. 
Additional repeat HiRISE images over the summer 
season show changes in ejecta patterns (Fig. 1). 

We look at the morphology of these two craters in 
the DTMs as well measure their depth-to-diameter (d/D) 
ratio (Fig. 2). We measured N/S and W/E transects over 
each crater. We averaged the two crater rim values in 
each profile and took the difference between that value 

Figure 1. Two dated small impacts on the SPLD in HiRISE spring and summer image data (Ls ~160- 340). Scale bars 
are 50 m. a) shows the ~17 m diameter crater (all MY 34), b) shows the ~48 m diameter crater (all MY 35). Locations 
of these craters are shown in Fig. 2.  
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and the minimum crater elevation point along the 
transect to estimate crater depth. This method  
effectively removes the effect of the sloped terrain at the 
~17 m diameter crater location (Fig. 2a).  

The d/D of the smaller, ~17 m diameter crater (a) is 
~0.16 (N/S) and ~0.19 (W/E), for an average of ~0.175. 
The larger crater (b) has a d/D of ~0.23 for both 
transcets. These d/D ratios are similar to d/D of other 
new craters as well as the d/D range of small (<300 m) 
NPLD impacts [9-12]. The N/S transect of crater (b) 
does show a shelf in the crater wall on one side, which 
may suggest it was minorly affected by target strength 
transitions. The data available indicates that the SPLD 
itself does not have sudden, strong strength contrasts 
over the upper few meters, nor are there properties of 
the SPLD surface that significantly affects final crater 
shape. 

 Low albedo ejecta blankets and implications for 
ice: Both impacts have mostly dark ejecta blankets 
relative to their surroundings that persist through 
summer after seasonal frost is gone (Fig. 1). This could 
be explained by the excavation of larger grained 
(compared to the surrounding surface) materials.  

The ejecta of the ~48 m crater (b) has small, isolated 
portions that remain bright through south polar summer 

(Fig. 1) that may suggest it excavation of icier material 
than the ~17 m crater (a). The depth of crater (a) is ~3 
m and the depth of crater (b) is ~11 m, with the 
excavation depths probably closer to 0.083*D  (~1.4 and 
~4.0 m, respectively) [13].  This suggests the ice-rich 
material in the Aa2 unit may start at depths closer to ~4-
5 m.  
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for acquiring the image data. This work was supported 
in part by MDAP 80NSSC20K0152. 
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Lat  Lon D (m) CTX before image Date CTX after image Date 

-81.49 41.35 17.1 K07_056176_0977_XN_82S317W 21 Jul 
2018 K09_056875_0978_XN_82S316W 14 Sep 

2018 

-82.03 175.70 48.0 K09_056791_0987_XN_81S186W 7 Sep  
2018 N07_065257_0997_XN_80S189W 28 Jun 

2020 

Figure 2. (left) the locations of the (a) ~17 m diameter crater and the (b) ~48 m diameter crater are shown on the 
THEMIS day IR mosaic. The south pole residual cap in filled in in black, and the extent of the SPLD outlined in 
white. (right) Transects of DTMs DTEPC_057851_0985_057970_0985_A01 and 
DTEPC_067539_0980_067513_0980_A01 are shown in panels a) and b) respectively.  

Table 1.  Coordinates, diameter, and CTX before and after image data for the two new, dated SPLD impacts. 
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Introduction:  Recent work by Martin-Wells et al. 

(2021) utilized elevated Diviner Rock Abundance 
signatures to identify distal impact melt deposits 
associated with Tycho crater.1-3   That study used LROC 
NAC-resolution imagery to confirm the presence of 
unambiguous flow morphologies organized into three 
broad categories of cracks, blocks, and margins.  But 
what underlying processes create these morphologies 
and the associated elevated rock abundance signatures?  
Bray et al. (2018) hypothesized that steep slopes, facing 
back toward the parent crater are required in order to 
neutralize the downrange horizontal component of the 
melt’s momentum at impact.4  This reduction of 
horizontal velocity is what allows the discernible 
morphology of the melt deposit to develop.  According 
to the Bray et al. (2018) model, when no such 
topographical “backstop” is present, the large 
downrange flow velocities quickly quench any 
incorporated melt due to the high degree of turbulent 
mixing.4 

With this model and the Tycho impact melts in 
mind, are there melt deposits which do not meet the 
conditions to generate elevated rock abundance, causing 
them to go unidentified?  The morphological 
investigations of Martin-Wells et al. (2021) suggest that 
impact melt may also be incorporated into deposits near 
areas with elevated rock abundance, but without 
elevated rock abundance signatures themselves.  
Extensive, high-resolution imagery follow-up is 
required to search for the small-scale morphological 
signatures of such melt deposits, instead.  This process 
is not only time-consuming but also likely to yield 
incomplete results, overlooking some melt deposits 
entirely.  To address this issue, I present quantitative 
data comparing the slope and maximum rock abundance 
levels at 111 regions of distal Tycho impact melt. 

Data and Methods: Although many of the regions 
identified by Martin-Wells et al. (2021) possess at least 
one distinctive raised margin, such obvious margins 
rarely enclose the impact melt deposit on all sides.  
Instead, in most directions, these deposits grade into the 
surrounding terrain, making the perimeters difficult to 
identify.  After extensive investigation of the 
morphology of these units, a definition based on rock 
abundance contours was established, instead.   

 

 
Figure 1. LROC WAC mosaic showing Wurzelbauer D 
crater.  White contours represent LOLA 1024 ppd 
elevation data.  Red contours represent Diviner Rock 
Abundance (Full Mission) data.  These red contours 
were used to define the edges of distal Tycho impact 
melt deposits with unambiguous flow morphologies 
reported by Martin-Wells et al. (2021). 
 

 
Figure 2.  Maximum Rock Abundance (Full Mission) 
values measured within each melt region polygon, 
plotted against the LOLA Slope value for the 
corresponding 128 ppd pixel.  Grey data points 
represent the raw data from each of the 111 impact melt 
regions.  This raw data was also binned in increments of 
0.02 rock abundance.  Red data points represent the 
average maximum rock abundance and average 
corresponding slope in each bin.  This binned data 
shows a trend toward increasing slopes required in order 
to produced increasing maximum rock abundances. 
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Using the Diviner Rock Abundance (Full Mission) 
layer in JMars, a rock abundance contour of around 0.01 
(in fractional abundance, where 0.01 = 1% and 1.00 = 
100%) was determined to best follow the edge of the 
“elevated” rock abundance signature above the 
background for each impact melt deposit (Figure 1).5  
Polygons were then marked around the outside edges of 
these ~0.01 Rock Abundance contours, resulting in 111 
distinct regions in total. 

Analysis: The JMars Map Sampling tool was used 
to compute the average Rock Abundance (Full Mission) 
and average LOLA 1024 ppd Slope for each polygon.  
The minimum and maximum rock abundances and 
slopes were also extracted using the same tool.  Full 
pixel extractions of the Rock Abundance (Full Mission) 
(128 ppd) and LOLA 1024 ppd Slope (sampled at 128 
ppd) were also performed for each of the 111 polygons.  
The pixel locations of the maximum and minimum rock 
abundance values were recorded, along with the slope 
for each pixel corresponding to these extreme rock 
abundance values within each melt polygon. 

Several trends emerged from this analysis.  While a 
rock abundance of 0.01 seems to be a good cutoff value 
for the boundaries of these impact melt deposits, none 
of the regions investigated displayed maximum rock 
abundance values appreciably less than 0.02.  This 
implies that rock abundances of at least ~0.02 must be 
present in association with the melt deposit or it will not 
be identified by the methods used here.  Recent work on 
the erosion of lunar boulders suggests that such blocky 
material is not retained for longer than a few hundred 
million years on the Moon.6   Therefore, any distal melts 
generated by primary impact events which are not many 
more times older than Tycho itself would not be 
identifiable by elevated rock abundance, alone. 

In addition to the minimum necessary rock 
abundance value of 0.02, this analysis also revealed a 
trend between maximum rock abundance and the slope 
of the corresponding pixel.  When binned in increments 
of 0.02 rock abundance, 49 regions were found to have 
maximum rock abundances between 0.02 and 0.04.  
Another 30 regions had maximum rock abundances 
between 0.04 and 0.06, with 13 regions between 0.06 
and 0.08, 6 between 0.08 and 0.1, 7 between 0.1 and 
0.12, and 2 regions with maximum rock abundances 
between 0.14 and 0.16.  The average slopes associated 
with the data in each of these rock abundance bins were 
12.9°, 14.2°, 15.3°, 17.6°, 19.6°, and 23.2°, 
respectively—as shown in Figure 2.   

These binned data show a clear relationship between 
the maximum rock abundance observed and the slope at 
the locations corresponding to those maximum rock 
abundance levels.  However, the spread in raw data 
indicates a variety of complex influences on rock 
abundance values at the hyper-local scale.  For example, 
the lateral extent of the block-rich deposits relative to 

the size of the Diviner Rock Abundance pixels can skew 
toward lower rock abundance values when the melt 
deposits are very small.  Slopes directly above and 
below the melt deposits along their direction of flow 
also seem to influence the maximum rock abundance 
values observed, with some very high rock abundances 
developing on relatively shallow slopes near the bottom 
of long, steep inclines.   

This effect is evident in the average slopes in the 
highest rock abundance bin—the two regions with 
maximum rock abundance between 0.14 and 0.16 
(Wurzelbauer D 7, maximum rock abundance of 0.15; 
and Maginus 33, also maximum rock abundance of 
0.15) only had an average corresponding slope of 10.8°.  
However, both of these regions are located at the bottom 
of long, steep slopes. These deposits are interpreted as 
melt that flowed down these steep slopes and pooled at 
shallower slopes near the bottom. 

Conclusions: While rock abundances in excess of 
0.14 can be produced on intermediate slopes of around 
10° when located at the bottom of steep slopes, in 
general, steep slopes seem to be necessary in order to 
produce high rock abundances at distal impact melt 
deposits.  Conversely, areas of shallow slope without 
nearby steep slopes do not produce rock abundances 
higher than 0.01.  However, hyper-local steep slopes 
(such as the interior walls of small craters encountered 
by melts in areas of otherwise shallow slope) can 
produce elevated rock abundances that reveal the 
presence of melt deposits where they are not otherwise 
discernible by either morphological or rock abundance 
signatures. 
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without which this work would not have been possible. 
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A Novel Approach to Bulk Density Estimation with Gravity Gradients at Meteor Crater, Arizona.  C. D. Mitch-
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Overview:  Completion of a 2019 gravity survey 

of the 1.2 km diameter Barringer Crater (colloquially 

known as “Meteor Crater”) generated a new gravity 

dataset with which geophysical methods can be tested. 

Previously at LPSC 51 [1], we outlined the process by 

which we combined new gravity data with a legacy da-

taset [2]. Concurrent with the new survey, we also col-

lected measurements at variable heights using a pre-

cisely machined three-level tripod at 25 of our survey 

stations—ideal for measuring the vertical gradient in 

the free-air gravity anomaly. In this abstract, we focus 

on a new technique to extract average density from 

those gravity gradient measurements. Gravity gradients 

are more sensitive to the shallow density structure of a 

terrain than the normal gravity anomalies, and it is typ-

ically sensitive to depths less than tens of meters. As 

such, this technique is complementary to traditional 

gravity anomaly data. 

Our methodology is as follows: using a LiDAR 

Digital Elevation Model (DEM) [3], we calculated the 

expected gravity from the terrain assuming a unitary 

reference density, i.e., 1 kg/m3. Once we calculate the 

expected gravity at the top and bottom of our tripod 

(with a vertical separation of one meter), we compare 

this to the observed difference in free-air gravity at 

these two elevations. The ratio of the observed gravity 

difference over the expected gravity difference is 

equivalent to the bulk density of the nearby terrain. 

 

 
Fig. 1. Measured gravity stations on a shaded relief 

digital elevation model of Meteor Crater. 

 
Fig. 2. Synthetic first derivative of the free-air gravity 

anomaly at 10m intervals. Larger values indicate 

greater sensitivity to this analysis. 

 

Predicted Gravity from the Terrain:  To perform 

terrain corrections for Meteor Crater, we first discretize 

Meteor Crater into prisms of increasing width and 

length via ratio of average elevation and distance from 

the station. Each prism is bound by the average eleva-

tion of the topography and elevation of the gravimeter. 

From these prisms, we use a gravity-from-prism equa-

tion [4] to calculate the contribution to gravity for each 

of these prisms to the measuring station, the corners of 

which are bound by the discretized area. This operation 

is performed over the extent of a DEM [3] with each 

discretized prism added to the total “Terrain Correction” 

(TC) for the station, which is defined to be the differ-

ence between a flat Bouguer slab and the total gravity 

from the terrain. This operation is performed with sta-

tion elevations 0.2 and 1.2m above topography to gen-

erate synthetic datasets like Fig. 2., and the exact heights 

of the gravimeter stand when performing terrain correc-

tions with collected observed gravity data. 

Crater Rim and Slope Density Determination:  

Together with the standard gravimeter stand measure-

ments, there are also areas where we collected gravity 

measurements using a precisely spaced three-level tri-

pod. Using the map attached in Fig. 2, we identified ar-

eas that were the most sensitive to changes in the free-

air gravity gradient, and collected measurements at 2 

levels on the tripod. These areas are referred to as rim 

stations, stations that are adjacent or along the crater 

Mitchell and James (2019)

Regan and Hinze (1975)

Meteor Crater Survey
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rim, and slope stations, which are immediately adjacent 

to the exterior of the crater rim and composed of the 

continuous ejecta blanket. Because the free-air gravity 

is a linear equation, we can calculate the observed free-

air gravity gradient (first derivative) by the following 

equation, where 𝑔𝑜𝑏𝑠 are the recorded gravities at the 

top and bottom of the tripod separated by 1 meter: 

 

∆FA =  𝑔𝑜𝑏𝑠
𝑡𝑜𝑝

− 𝑔𝑜𝑏𝑠
𝑏𝑜𝑡𝑡𝑜𝑚 

 

Similarly, you can also measure the change in Terrain 

Correction as a gradient, ∆TC, shown here with a 

change in elevation of 1m: 

 

∆TC =  TC𝑡𝑜𝑝 − TC𝑏𝑜𝑡 

 

Under the assumption that the subsurface densities 

do not vary laterally, the vertical derivative of the Com-

plete Bouguer Anomaly will be zero, allowing us to cal-

culate the density of areas near large contrasts of topo-

graphic relief by the following equation. Derived from 

the Complete Bouguer Anomaly, 𝜌 is the calculated av-

erage density of the immediate surrounding terrain, ∆TC 

is the differential terrain correction calculated using 

prisms [4] and discretization at the station, and G is the 

universal gravitational constant (for a distance of 1 me-

ter between the two measurement heights): 

 

𝜌 =  
(∆FA) + 0.3076

2𝜋𝐺 − (∆TC)
=  

𝐹𝑜𝑟𝑚. 1

𝐹𝑜𝑟𝑚. 2
 

 

In practice, we can generate a scatter plot with the 

numerator of this equation plotting as the y-coordinate 

and the denominator plotting as the x-coordinate (Fig. 

3). The best-fit regression of this scatter cloud yields 

average calculated densities for the slope and rim sta-

tions of 2.2297 g/cc and 2.8969 g/cc respectively. 

When compared to Meteor Crater samples, the range 

of bulk densities of materials collected around Meteor 

Crater range from 1.98-2.49 g/cc for sediments along 

Meteor Crater’s slopes and 2.19-2.68 g/cc for samples 

collected along the crater rim [5].  

Discussion:  The uncertainties of data points in Fig. 

3 are dominated by Form. 2, suggesting this technique 

is sensitive to the resolution of the DEM model and the 

geodetic positioning of our stations relative to the 

DEM. As expected, our analysis suggests that the 

crater rim is more dense than the slopes. The measured 

bulk density of the rim is higher than expected; while 

this result could be explained by data uncertainty, it 

could also indicate that the crater rim has relatively 

low porosity despite its violent formation. 

 
Fig. 3. Calculated average densities via 3-level tripod 

measurements. (A) Measurements taken outside the 

crater rim along the ejecta slope. (B) Measurements 

taken around the crater rim.  

 

Future Work:  This work is one part of a broader 

geophysical analysis of Meteor Crater utilizing gravi-

metric data. The project encompasses a broad analysis 

of Meteor Crater’s bulk density variations, and more re-

sults will be released in the future as work progresses. 
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IMPACTITE AND SHATTER CONE GENESIS VIA SUPER-SHEARING CRACK PROPAGATION.       R. 

L. Patton and A. J. Watkinson, School of the Environment, Washington State University, Pullman, WA 99164-2812, 

rpatton@wsu.edu. 

 

 

Introduction:  Impactites – shock metamorphosed 

suites of folded, fractured, fragmented, and fused rocks 

– record the irreversible changes wrought on planetary 

surfaces by hypervelocity impacts [1,2]. While most 

definitive indicators of impact are microstructural and 

petrological, shatter cones are a useful macroscopic 

indicator. They have been found in association with 

both impact and explosion craters, as well as in 

laboratory experiments. However, their genesis is 

poorly understood [3]. 

The thermomechanics of DG-2 materials [4,5] can 

be used to organize the observed characteristics of 

impactites in general (Fig 1A). Furthermore, based on 

the observed geometry of shatter cones and horsetailing 

fractures, the mechanics of DG-2 materials predicts that 

super-shearing crack propagation is responsible for 

shatter cone genesis (Fig 1B). The propagation and 

reflection of directed super-shearing pulses in a layered 

medium can also explain transitions in the size-

morphology sequence of impact structures, and the 

spacing of structural rings in multi-ringed impact basins 

[6].    

Transitional thermomechanics:  As shown in Fig 

1A a transitional thermomechanical regime lies between 

ideal adiabatic and isothermal end members. As such, 

shear band solutions (orange curve) represent cracks or 

fractures propagating at super-shearing speeds through 

solid media. These are not adiabatic shear bands, but 

rather a mode of shear localization and energy 

dissipation unknown in linear elastic fracture 

mechanics. 

Apical and striation angles: Observed apical 

angles of shatter cones, and angles between the 

striations decorating their surfaces, can be mapped into 

our structural genetic model using the relation 

𝜅 𝜒⁄ =
1

2
(1 + 𝑡𝑎𝑛2𝜃) (1 − 𝑡𝑎𝑛2𝜃)⁄ . 

Here θ denotes the half-angle depicted in Fig 1A (inset). 

This is simply an inversion of the second diharmonic 

roots (See equation 31 in [5]).   

 Shatter cones found in paraautochthonous 

exposures at known or suspected impact structures have 

apical angles in the range 60-130° [3,7,8]. Equivalent 

half-angles suggest thermomechanical competences 

greater than unity, with correspondingly low energy 

densities and high rupture speeds. It is important to note 

that apical angles greater than 90° do not map into the 

model, although their supplemental angles do. 

 

Figure 1  A) Transitional thermomechanics of DG-

2 materials [4] as a structural genetic model for 

impactites and shatter cones. Fold (green) and fracture 

(orange) solutions are possible at relatively low stress-

energy densities. Flow (solid red), fuse (dashed red) and 

fragment (orange) modes are possible at stress-energy 

densities greater than 4√3. Inset: Line drawing 

depicting half-apical angle between symmetric shears 

predicted by theory [5]. Angles increase from 0° to 45° 
as thermomechanical competence increases from ½. B) 

Super-shearing crack rupture speeds (solid blue) attend 

all fracturing solutions in DG-2 materials.   
 

 

Shatter cones found in allochthonous debris from the 

MEMIN impact experiments [9] have apical angles in 

the range 36-52°. Equivalent half-angles suggest 

thermomechanical competences in the range 0.61-0.81. 

This corresponds to somewhat higher energy densities 
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in the transitional thermomechanical regime, compared 

to the paraautochthonous shatter cones noted above. 

Subcone ridges on shatter cone surfaces in 

limestones have apical angles in the range 20-52°, while 

those in crystalline rock are in the range 34-58°  [8]. 

Equivalent half-angles suggest thermomechanical 

competences in the ranges 0.53-0.81 and 0.60-0.94, 

respectively. These values correspond to even higher 

energy densities and generally lower rupture speeds 

where transitional thermomechanics (Fig 1A) predicts 

fragmentation and fusion should occur. 

Significantly, gouge, polish, and melt films have 

been documented on striated surfaces in both naturally 

occurring and experimental shatter cones, and in 

multiply striated joint sets as well [3]. Striations on the 

latter structures tend to have very low subcone apical 

angles. From this we infer that the diagnostic aspect of 

shatter coning lies in the production of horsetailing 

ridge and groove striations, and not the cone-like 

geometries themselves. This raises the reasonable 

possibility that shock waves not only produce fractures, 

but also modify preexisting ones, and in the process 

leave behind distinctive horsetailing striations. The 

preserved subcone angles seem to record the stress-

energy density prevailing at the moment they formed. 

Adiabatic shear and friction on preexisting surfaces are 

not required.   

Pressures of shock metamorphism: The structural 

genetic model (Fig 1) is non-dimensional, derived from 

the first-order quasistatic stress-energy balance in DG-

2 materials [4]. This balance, governed by a diharmonic 

equation, exhibits a richer rock-like physics when 

compared to the classical biharmonic equation which 

governs linear elastic and linear viscous media [5]. 
An important aspect of this model is that it predicts 

equilibrium heating at energy densities greater than 4√3 

and thermomechanical competences in the range 0.3-0.5 

(red dashed curve). This fact can be used to calibrate the 

model to shock wave barometers in rock-forming 

minerals [10]. 
Shock recovery experiments show that diaplectic 

glasses and melts occur at pressures above about 35 

GPa. Identifying  4√3 with 35 GPa, the pressures 

attending shatter coning and horsetailing can be 

estimated. Paraautochthonous shatter cones occur for 

pressures less than about 8.7 GPa, while horsetailing 

striations occur for pressures from 8.7 to 35 GPa, and 

even higher.  
Acknowledgments: Thanks to Y. Gupta for  the 

tour of WSU’s Shock Physics Laboratory, and 
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and dynamic loading.   
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THE SO-CALLED "SÖLLE" LATE PLEISTOCENE CIRCULAR FORMATIONS IN THE  BRANDEN-
BURG AND MECKLENBURG-VORPOMMERN FEDERAL STATES (NORTHERN GERMANY): 
EVIDENCE OF METEORITE IMPACT CRATER STREWN FIELDS. J. Poßekel and K. Ernstson 1Geophysik 
Poßekel Mülheim, Germany (jens.possekel@cityweb.de) 2University of Würzburg, 97074 Würzburg, Germany 
(kernstson@ernstson.de). 

 
Introduction: The terrain depressions of mostly 

circular to oval shape, which occur in tens of 
thousands especially in the federal state of 
Mecklenburg-Vorpommern and in adjacent areas of 
western Poland, represent a peculiar landscape element 
(Fig.1), which is generally associated with the end of 
the last glaciation and is predominantly interpreted as 
dead ice formation.  

 Fig.1. Typical Sölle on the 
Rügen island. The diameter of the circular forms is on the 
order of 50 m. Google Earth. 

The very different terms, definitions (Soll, true 
Soll, pseudo Soll; plural Sölle), historical 
considerations and formation models are discussed in 
what is currently probably the most informative and 
critical paper [1]. Here, we report on the attempt of a 
completely new approach to the problem of the Sölle, 
made possible by the access to and use of the 
extremely high-resolution Digital Terrain Model 
(DTM) and its enormous possibilities of data 
processing. 

The Digital Terrain Model (DTM): The DTM is 
abvailable and has been used in this study in highest 
resolution with a 1 m grid and a vertical resolution of 
0.1 - 0.2 m (DGM 1 in Germany), which via interpola-
tion may even be reduced. 

 
Fig. 2. Location map for selected pan concentrations. R = 
Rügen island, J = Jarmen, S = Schwaneberg, H = 
Hohengüstow, P = Premnitz. 

The investigations: The new approach to the Sölle 
phenomenon with the DMT is due to a coincidence, 
when during a geophysical campaign west of Berlin in 
the DTM a concentration of several clusters of small 
circular structures appeared, which immediately 
reminded of the clusters and concentrations of the 

"Sölle" much further north (Figs. 3, 4). To our 
knowledge, this occurrence is not known and probably 
represents the southernmost occurrence of this species 
at the extreme southern margin of the maximum ice 
advance (Brandenburg phase) of the last (Weichsel) 
glaciation.  

  
Fig. 3 A. Clusters of pans at the Havel river near Premnitz. 

   
Fig. 3 B. Typical DTM section of a larger pan cluster 
(Fig, 3A, to the right, iamage A). 

The area close to the city of Premnitz on the Havel 
River (Fig. 2) is geologically located in the Holocene 
Havel valley floodplain with sandy-loamy floodplain 
sediments. The Holocene age and the special location 
of the structures in a flat landscape are the reason for a 
preliminary focus here on this particular occurrence, 
with a brief extrapolation to the more northerly regions 
of the Sölle comparatively included. Since the term 
"Sölle" is practically always used and understood 
genetically in the sense of dead-ice holes, and other 
formations are just addressed here, too, we will use the 
neutral and not genetically loaded term of "pan" in the 
following. 

Results: Of the pan clusters in Fig. 3, Fig. 4 shows 
a compilation of typical DTM profiles of highest 
resolution down to the decimeter range with a brief 
description in the figure caption. Specifics will be 
addressed in the discussion.  

Of the other clusters of pans considered so far (Fig. 
2), the occurrence near Hohengüstow is cited here as 
an example, with a Google Earth section of the 
widespread and well-known Sölle areas, as well as 
DTM examples of perfectly circular pans that also 
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occur here. These observations are also valid for the 
pans ("Sölle") especially known from the island of 
Rügen and for the occurrences of Jarmen and 
Schwaneberg. 

 

 

 

 
Fig. 4. Typical DTM profiles across circular pans in the 
Premnitz clusters. From top to bottom: Small rimmed pans 
with peripheral depressions. - Wavy profiles similar to 
droplet-into-water shapes. - Larger ca. 250 m-diameter pan 
with terraced rim. 

 
Fig. 5. Google Earth image of Hohengüstow with typical 
Sölle accumulations of circular and irregular form. The white 
spots indicate strong soil influence on vegetation, not always 
seen in Google Earth historical maps.  

   
Fig. 6. DTM of larger perfectly circular, multi-ring pans 
among the Hohengüstow Sölle (Fig. 5). Three small pans are 
accompanying the large one (right image).  

The Chiemgau impact strewn field analog: The 
new consideration of the pans in northern Germany is 
purposeful in that we are dealing in many respects with 
an exact copy of the phenomena of the crater strewn 
field of the Chiemgau impact ([2], and references 
therein) (Fig. 7).             

                  

 
Fig. 7: Well-known observations of the Chiemgau impact 
corresponding to the North German pans. Left: Clusters of 
pans near Premnitz and in the Chiemgau. Middle: cluster of 
hiemgau pans in the DTM (surface plot). Right: small 
selection of pan DTM profiles (Chiemgau). Compare Fig.4! 

Discussion and conclusions: Summarizing we list: 
-- The basis for the new investigations on the Sölle in 
northern Germany is the DTM (DGM 1 in Germany) with 
extremely high resolution and data processing possibilities. 
The earlier research did not have these tools. -- The new 
hypothesis we present here involves: The forms commonly 
referred to as Sölle (by us now as pans) have, at least in part, 
no relation whatsoever to glacial processes. -- The 
accumulation of absolutely circu-lar pans in dense clusters 
with almost constant diameter throughout (Premnitz!), as 
well as exactly circular pans with diameters of more than 100 
m, both with ring walls and central elevations, absolutely 
exclude dead ice formation. -- Our alternative model, which 
does justice to the observations, is: The pans are cluster-
forming impact structures in larger strewn fields, like in the 
crater strewn field of the Chiemgau impact in almost 
identical shape and size [2] (e.g. terraced craters, as known 
from the Moon and recently from Mars [3]. -- The pans with 
fresh sculpture occurring near Premnitz in Holocene valley 
floodplains show that the dating of all Sölle into the late 
Pleistocene has to be reconsidered. -- For the time being still 
speculation about a connection is the finding of a probable 
larger Holocene impact (Sachsendorf Bay structure [4]) in 
direct vicinity of the pans stringing between Rügen and west 
of Berlin. -- The ice age research with the theory of dead-ice 
forms in northern Germany (like the already questioned 
Alpine dead-ice theory) would thus face a paradigm shift. 
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The Spatial Relationship Between Tycho Secondary Craters and Distal Impact Melt Deposits  L. Powers1 and 

K. S. Martin-Wells1 1Ursinus College (Pfahler Hall, 601 E. Main Street, Collegeville, PA 19426, 

lipowers@ursinus.edu). 

 

 

Introduction:  Tycho crater (diameter ~85 km) is 

among the largest of the young, bright-rayed craters on 

the Moon.1 As such, its ejecta facies have been the 

subject of numerous investigations.2-9  Recent work by 

Martin-Wells et al. (2021) has documented distal Tycho 

impact melts located as far as 450 km from Tycho in the 

northwest and 460 km in the southeast.10  This 

“butterfly” pattern of distal melt is roughly 

perpendicular to the inferred Tycho impact direction 

from the W-SW.5  Conversely, almost no distal melt is 
observed downrange from this impact direction, to the 

northeast of the Tycho impact.  In this work, we seek to 

better understand the relationship between the locations 

of Tycho distal impact melts and nearby secondary 

crater populations—the size-frequency and velocity 

distributions of which may provide insight into the 

production of the melts themselves. 

Data and Methods: Secondary craters were 

counted in two regions of roughly equal area and 

distance from Tycho crater (Figure 1).  The region to the 

northwest of Tycho encompasses the Heinsius Q impact 
melt regions that were identified by Martin-Wells et al. 

(2021).  By comparison, the region to the northeast of 

Tycho contains only one melt region of very small 

spatial extent.  In terms of secondary craters, the 

northwest region is dominated by chains of secondaries 

with prominent herringbone dunes.  In the northeast 

region, similar chains of large secondaries appear much 

less common upon visual inspection. 

Our preliminary counts reveal a total of 1059 

secondaries in the northeast region and 719 in the 

northwest, ranging in size from 200 m to 4.4 km.  These 

Tycho secondaries were counted on LROC WAC 
mosaics, using the JMars desktop software program.11 

Polygons approximating the secondary crater rims were 

first produced in the northwest region, then converted to 

circles of equivalent area and equivalent perimeter.  The 

average diameter of these two equivalent circles was 

then used for analysis of the northwest population.  In 

the northeast region, the secondary diameters were 

measured directly with circles approximating the crater 

rims. 

Near the edge of WAC resolution (here: craters with 

diameters of roughly 500 m), LROC NAC products 
were used selectively to classify small craters as 

primary or secondary based on morphology.  Future 

work on this project will make more extensive use of 

NAC-resolution imagery in order to extend our 

secondary crater statistics to smaller diameters.  

Clementine UVVIS Optical Maturity data was also used 

to identify small craters with fresh, circular continuous 

ejecta blankets.12 Craters with optically immature ejecta 

blankets of circular planform were considered primary 

craters and not included in our counts. 

 

 
Figure 1. Northwest and northeast secondary crater 

counting regions (9399 km2 in the northwest and 9937 

km2 in the northeast).  Secondary craters are outlined in 

white.  The location of distal Tycho impact melt 

deposits are shown in yellow. 

 
Analysis: Using the ejecta-fragment scaling laws 

presented in Vickery (1986), the diameters and Tycho-

distances of the secondary craters in the northwest and 

northeast regions were converted into their associated 

crater-forming ejecta-fragment diameters.13 Given the 

diameter range and highlands location of the craters 

counted, we assumed that our secondary crater 

populations formed in the gravity regime, impacting 

into a porous target.  The relevant scaling relationship 

for these assumptions is: 

 

d = 0.76 Dobs
1.2 (sin𝜃)-0.4(g/U2)0.2                       (1) 

 

Where d is the crater-forming ejecta-fragment 

diameter, Dobs is the observed crater diameter, 𝜃 is the 

launch and landing angle of the ejecta-fragment 

(assumed to be 45°), g is the lunar surface gravity (1.62 

m/s2), and U is the impact velocity of the ejecta-

fragment.13 

Assuming spherical ejecta-fragments, the total 

volume of secondary crater-forming ejecta delivered to 
each region was calculated.  In order to produce the 

observed secondary crater population, the total volume 

of crater-forming ejecta delivered to the northwest 

region was found to be 2.18x1010 m3.  The volume 

needed to produce the secondary crater distribution 

observed in the northeast was 1.86x1010 m3. 
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Martin-Wells et al. (2021) identified impact melts in 

the NW region using elevated Diviner Rock Abundance 

(RA) levels as proxy for the presence of melt.10,14-15  In 

order to compare the volume of crater-forming ejecta 

and impact melt delivered to the northwest and 
northeast regions in this study, the volume of melt 

represented by the elevated RA regions was estimated 

to a rough order.  Contours were made in JMars to 

approximate the regions of elevated RA.  Polygons were 

drawn around the outer contours, representing RA 

values of roughly 0.01.  The area of each of these 

polygons was assumed to represent the approximate 

area of the associated impact melt deposit.  As a zeroth 

order estimate, the height of the Heinsius Q 3 flow was 

determined by a cross-sectional elevation profile, taken 

across the flow at its furthest southeastern extent.  The 

resulting height of on the order of 5 m was used as the 
inferred height of the other melt deposits in both 

regions.  The total volume of melt delivered to the 

northwest and northeast regions was computed using 

these areas and heights. 

Conclusions:  Our preliminary data reveal that there 

are more secondary craters with diameters between 200 

m and 4.4 km in the northeast region (1059) as 

compared to the northwest (719), although a higher 

volume of crater-forming ejecta was delivered to the 

northwest than the northeast (2.18x1010 m3 as compared 

to 1.86x1010 m3).  Visual inspection of the two 
populations reveals that the prominent chains which 

dominate the secondary crater population in the 

northwest region are absent from the northeast region.  

Continuing work on this project will undertake more 

quantitative investigations of the spatial clustering in 

these and any subsequent regions of study. 

Compared to the volume of crater-forming ejecta 

delivered to the northeast region, there is effectively 

zero volume of melt (4.9x105 m3) represented in the 

single region with a surface area of 0.1 km2.  Even to the 

northwest, where roughly 800 times more surface area 

was covered by regions of elevated RA (81.2 km2 and 
an inferred total volume of 4.1x108 m3), generous 

volume estimates assuming that measured elevated RA 

deposits are composed entirely of melt—with no 

entrained local material—suggest that impact melt 

makes up less than two percent of the total volume of 

Tycho material delivered to the northwest region. 

Therefore, this work underscores the incredibly 

small volume of excavated material that is delivered in 

the form of distal impact melt.  However, the capacity 

of these small volumes of melt to resurface relatively 

large lateral areas, in and among other ejecta facies, 
suggests that—if common to impacts other than 

Tycho—such melts may play an outsized role in the 

evolution of the lunar environment. 

Acknowledgments: We gratefully acknowledge the 

JMARS software and associated PDS data products, 

without which this work would not have been possible. 
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AUTOMATIC CLASSIFICATION OF FLOOR-FRACTURED CRATERS USING MACHINE LEARNING.  

Suchit Purohit1 , Savita Gandhi1, Nidhi Dubey, 1 Department of Computer Science, Gujarat University. 

Suchit.s.purohit@ieee.org 

 

Introduction:  Geosciences and machine learning is emerging as a promising amalgam to cater daunting tasks in 

the field of planetary sciences. This study is an attempt to explore the potential of machine learning algorithms in 

automatically predicting the class of a Floor-Fractured craters(FFC)[1] from the attributes derived from its DEM.  

The discriminative parameters for different classes were determined as crater’s diameter, presence/absence of 

fractures, orientation of fractures as radial, polygonal or concentric , presence/absence of moats, convexity of floor 

and presence of wall terraces[2] . The extracted parameters were used to train different machine learning classifiers 

and compare their performance .The study also brings out work done for automatic extraction of fractures from 

crater floor, determining fracturing degree and mapping of craters on the basis of fracturing degree.  

 

Methodology and Results:  Figure 1 illustrates the  flowchart depicting the process followed for automatic ex-

traction of parameters. The algorithms were implemented in MATLAB (version R2016b) using mapping and image 

processing toolboxes. Figure 2 depicts the extracted fractures and orientation of segments comprising them. Table 1 

shows sample snippet of measures parameters. Table 2 illustrates a sample sub-set of the measurements of  fractures 

in form of length , width and orientation of line segments comprising the fractures. Length and width of fractures 

was used to calculate fracturing degree. Figure 4 shows mapping of fracturing degree on Lunar surface. A feature set 

for training the machine learning algorithms was prepared for 105 selected FFCs and accuracy assessment was done 

for different classifiers(Figure 5). A dataset of 105 FFCs for different measurements of attributes was prepared and 

different supervised classification algorithms like SVM (using linear), SVM (using radial basis function), KNN (K- 

nearest neighbor), Decision tree and Random forest were trained on it. Of all the classifiers, SVM was found to per-

form best with 68% accuracy. 

 

 
Figure 1: Flowchart for the determination of Diameter, floor diameter, floor convexity, fracture extrac-

tion(length, width and orientation of fractures) and  wall terrace width 
 

 

 

 

Figure 2: View of floor of Humbolt crater with  fractures identified through image processing and Orienta-

tion of individual segments comprising the fractures 
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Figure 3: Mapping of fracturing degree of craters 

 

 

Table 1: Sample set of results of measurement of discriminative parameters 
*presence/absence of fractures moats and convexity depicted as 1/0. Orientation of fractures decoded as number from 0-3 corre-

sponding to radial, concentric and polygonal 

 

Class 
  

Diameter 
  

Normalized  
diameter 

Fracture*  
present 

Fracture* 
orientation 

Moats* 
presence 

Convexity* 
  

Wall  
terrace 
width 

Normalized  
wall ter-

race 

2 13.09 0.065 0 0 0 0 6.63 0.066 

3 28.07 0.14 1 3 1 1 6.69 0.066 

 

Table 2: Sample set of observation of length, width and orientation of individual segment of cardanus crater 

Fracture segment no. Orientation of segments Length of segments Width of segments 

1.00 13.96 174.14 33.98 

2.00 21.80 102.32 111.94 

3.00 27.63 215.59 29.16 

4.00 123.51 88.75 17.48 

 

 
 

Figure 5: Performance comparison of different classifiers 
 

Conclusion: Prediction of class of floor-fractured craters can be easily viewed as supervised learning problem 

with attributes as feature set and class of FFC as labels. Of all the classifiers, we found SVM to perform with maxi-

mum of 68% which is satisfactory looking at small size of data set. Fracture identification can be very well imple-

mented through lineament extraction based image processing approaches. Mapping of fracturing degree could bring 

out important insights regarding  the correlation of degree with terrain/geology of surface.  
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MARS AND MOON ON EARTH: FORMATION OF SMALL TERRACED IMPACT CRATERS AND 
GROUND PENETRATING RADAR INVESTIGATIONS. M.A. Rappenglück1, J. Poßekel2 and K. Ernstson3, 
1Institute for Interdisciplinary Studies, D-82205 Gilching, Germany (mr@infis.org) 2Geophysik Poßekel Mülheim, 
Germany (jens.possekel@cityweb.de) 3Univ. of Würzburg, 97074 Würzburg, Germany (kernstson@ernstson.de). 

 
 
Introduction: Impact craters are generally 

distinguished between simple, bowl-shaped and 
complex craters with central uplifts and/or inner peak 
rings. The difference is size-dependent and is observed 
on Earth at a transition from roughly 4 km crater 
diameter. The difference in formation is strongly 
gravitationally dependent, which is why the transition 
from simple to complex craters on the Moon occurs 
only at much larger diameters. One was surprised 
therefore already some time ago, when one found on 
the moon very small craters with diameters of the order 
of a few 100 m or smaller, which show a rather 
complex form with a terraced interior instead of the 
simple bowl form (Fig. 1). A stratification of the 
subsurface into a loose regolith blanket over solid rock 
was quickly suggested as an explanation, with the 
propagation of the shock front initiating the excavation 
being controlled by the strong material differences.  

 
Fig. 1. Small terraced impact craters on Mars and Moon. 
Modified from NASA Open Domain. 

Surprise was triggered by the finding that these 
very small terraced craters are also observed on Mars 
via Digital Terrain Model (DTM) measurements 
(Fig.1), leading to the discovery of a widespread ice 
sheet on Mars (Fig. 2). Here we report on very 
comparable, very small complex terraced impact 
craters on Earth that have since been studied by 
extensive GPR measurements, exactly what is 
currently envisioned on Mars with the Rover and the 
RIMFAX project. 

   
Small terraced impact craters on Earth - the 

Chiemgau impact: In a roughly elliptically shaped 
strewn field more than 100 mostly rimmed craters with 
diameters between a few meters and a few 100 meters 

occur. The Chiemgau impact strewn field shows all 
and abundant evidence of impact signature as is 
required within the impact research community 
(impact melt rocks, impact glasses, strong shock 
metamorphism, and meteoritic matter [1, 2, and 
references therein]). The event happened in the Bronze 
Age/Iron Age as revealed from impact catastrophe 
layers and their archeological inventory [2]. 

The Digital Terrain Model (DTM) and the 
Chiemgau impact craters:  The DTM is available and 
has been used in this study in highest resolution with a 
1 m grid and a vertical resolution of 10 - 20 cm (DGM 
1 in Germany), which via interpolation may even be 
reduced. In Fig. 3 we begin with two craters (diameters 
of about 300 m and 100 m), which in the DTM are 
perhaps the most similar to the Martian craters of Fig. 
1. 

 
Fig. 3. Comparison of terraced craters on Mars (modified 
from Fig. 1) and terraced craters in the crater strewn field of 
the Chiemgau impact (DTM surface, after subtraction of a 
terrain trend field). 

Figures follow for four other craters of varying 
sizes, where the complex topography is particularly 
prominent on profiles of the DTM. Terracing with a 
central pit crater becomes evident as on Mars. 
Undulating terraces (exemplified in Figs. 5, 7) around 
a central pit crater are observed for virtually all craters 
in the strewn field regardless of diameter [3-6]. The 
comparison between the Moon, Mars and the 
Chiemgau impact craters requires a consideration of 
the causes of the formation of small terraced craters, 
and it seems clear that, as with the Moon and Mars, 
subsurface stratification of sediments provides for 
terracing during cratering when the shock front of the 
impacted projectile encounters a stratification of 
strongly varying petrophysical parameters (cementa-
tion, porosity, grain size, water content). Such a 
subsurface is common throughout the Pleistocene and 
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Holocene of the crater strewn field with alternating 
loess, moraine material, loamy-sandy deposits and 
gravel planes, which is also consistently evident in the 
radar measurements (Fig. 8). 

 
Fig. 4. The terraced Kirchweidach crater. Topography and 
profile from the DTM after subtraction of a terrain trend 
field. 

 
Fig. 5. The Einsiedleiche crater with a central-pit crater and 
surrounding wavy terrace, which becomes special evidence 
after strong low-pass filtering. 

 
Fig. 6. The Riederting crater exhibiting a triple-terrace crater 
structure. 

 
Fig.7. The Höhenbergholz crater with a distinct central-pit 
crater and a surrounding wavy terrace with remarkable 
mirror symmetry. 

The GPR measurements: To date, GPR measure-
ments have been made in the crater strewn field at 12 
craters of various diameters using antenna frequencies 
of 200 and 300 MHz at a sampling rate on the profiles 
of 3 cm. None of the craters surveyed were found to 
have a simple bowl-shaped structure, and instead, in 
most cases, a quite complex structure was seen in the 
radargrams, with an apparent close relationship be-
tween the high-resolution DTM surface structure and 
the internal structure. Here, two typical findings are 
presented from the wealth of measured material to 
date. 

   
 

 
Fig. 9. Complex radargram across the Aiching crater [4]. 
 

   
Discussion and conclusion: We are listing: The 

small terraced impact craters on the Moon and Mars 
have more or less exact impact counterparts on Earth. 
# In the Chiemgau impact strewn field craters that have 
been scanned with high-resolution DTM show 
terracing in various shapes like on Mars. # Like on 
Moon and Mars the terracing can be ascribed to an 
underground layering. In the Chiemgau region  
changing lithology with varying compaction or 
cementation and probably a specific influence of the 
near-surface groundwater table are reponsible. # GPR 
measurements underline this model of terracing. # It 
would be interesting to see whether there are structural 
similarities between the Chiemgau GPR and the 
RIMFAX recordings on Mars. 
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INITIAL WORK BUILDING A NEXT-GENERATION MARS CRATER DATABASE: A CASE-STUDY 
OF MC-09 (THARSIS) CRATERS IN CONTEXT CAMERA IMAGES VERSUS THEMIS.  S.J. Robbins*,1.  
*stuart@boulder.swri.edu, 1Southwest Research Institute, 1050 Walnut Street, Suite 300, Boulder, CO 80302. 

 
Introduction:  Impact crater databases are im-

portant for understanding crater populations, model 
ages, resurfacing history, and for numerous other sci-
ence investigations.  The databases are useful not just 
to those that construct them, but to the broader scien-
tific community who can use them for their own inves-
tigations, saving time by using work that someone else 
has already done. 

Most databases are still constructed manually, ei-
ther in whole or in part, because automated detection 
has not (yet) matured to a state of high enough accura-
cy that many would consider it useful for building reli-
able databases.  Manual efforts themselves are not 
wholly repeatable, with variability of one researched 
over the course of time to variability between re-
searchers [1].  We are slowly working towards a new 
study into this variability between researchers, but that 
is not the subject of this abstract. 

In addition to some repeatability issues, impact 
crater databases – and feature databases, in general – 
are only as good as the input data.  For example, the 
Robbins & Hynek global Mars impact crater database 
[2, “RH12”] was constructed over the course of several 
years (2007–2012) and several generations of the 232 
meters per pixel (mpp) and 100 mpp global THEMIS 
Daytime IR basemap.  In comparison with 6 mpp Con-
text Camera (CTX) images, some of the database no 
longer holds up.  The rest of this abstract describes 
known issues with RH12 database, new efforts using 
better basemaps, and where future work is headed. 

Known Issues with the 2012 Database:  At the 
PCC meeting four years ago [3], issues were discussed 
with the 2012 database.  For context, they are reiterat-
ed here, in brief:  (1) The image base used was THE-
MIS Daytime IR, and most of the database was identi-
fied and classified using incomplete THEMIS data 
(~10% gores) that was poorly georeferenced and ren-
dered at 232 mpp.  (2) The “confidence” column meant 
to provide a metric for what users might ignore based 
on the poorer quality data was extremely under-utilized.  
(3) There were some bugs in the circle- and ellipse-fit 
code, which have been fixed, but those were not well 
propagated to the various repositories that store the 
database.  (4) Follow-up work [4] showed that MOLA 
depths for craters D ≲ 10 km are unreliable and should 
not have been included.  (5) The morphology conclu-
sions (e.g., ejecta type, preservation state) do not hold 
up well relative to modern data, and perhaps have poor 
repeatability between researchers (something that has 
not been studied). 

While this paragraph might be read in part as self-
flagellation, the purpose of explaining it is to show that 
some mistakes were made, and we have learned from 
them. 

Fully Controlled Context Camera Basemaps:  
The primary reason that no large update on my part has 
yet been attempted is due to waiting for a significant 
improvement to the basemap, so a next-generation 
catalog can be built that corrects mistakes from the 
original.  The next-generation basemap would be built 
with higher resolution data that is already fully con-
trolled to a reference source so that feature locations 
will not change from one generation to the next (or, 
will not perceptibly change). 

Unfortunately, a fully controlled CTX map – let 
alone a global CTX mosaic – was elusive.  Hence, we 
began work to construct one.  While we have been 
working on that, a CTX mosaic was released by Cal-
Tech, but as an uncontrolled product, it is not being 
used for this work because shifts will happen, and the 
data will not align with other controlled datasets.  
Therefore, this new crater work was on hold until the 
controlled product was available. 

One of the first large, fully controlled regions of 
Mars that we made is Mars Chart #09 (MC09), “Thar-
sis,” which spans 0° to 30° N latitude by 225° to 270° 
E longitude.  It is completely within the Tharsis rise 
and includes the calederae of Olympus, Ascraeus, Pav-
onis, and Uranius Montes; Jovis, Tharsis, Biblis Ura-
nius, and Ceranius Tholus; and Ulysses Patera.  It is 
here that work began on a new Mars crater database. 

Methods:  The method of crater identification is 
the same as in my past work: Mosaics are examined in 
ArcMap software, craters visually located and identi-
fied, and the rims are traced using ArcMap’s “stream-
ing” tool to create a vertex every few pixels.  In my 
original work, I would create a vertex every ~2–3 pix-
els, which corresponded to ~500 m or, later, ~250 m.  
The controlled CTX mosaics are rendered at 6 mpp, 
and the goal for this new cataloging effort is a catalog 
complete for D ≥ 500 m craters.  Therefore, a vertex 
every ~2–3 pixels is much higher fidelity than needed, 
and it takes a needlessly long time given that the min-
imum crater would have >250 vertex points.  Instead, 
vertex spacing is set to ≈100 m, allowing for ~15 
points for the smallest craters. 

Outside of ArcMap, following methods described 
in excruciating detail in [5], vertex points are projected 
into kilometers from the centroid of each trace using 
geodetic corrections.  The rims are then fit with circles 
and ellipses, and the data stored. 

Separately, craters are manually examined in the 
mosaics.  Given community feedback, and the goals of 
this new work, only a limited set of relatively objective 
morphologies are noted, in addition to a subjective 
confidence in whether the feature identified is an actu-
al impact crater.  Specifically, the goals for this new 
work are in part to study secondary impact craters and 
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possible binary crater impacts.  For secondary craters, 
a variety of common criteria are flagged in various 
columns.  For example, whether a crater is objectively 
in a narrow chain is noted, or whether the crater is in a 
tight cluster is noted.  Later, a user of the database can 
decide what combination of criteria they want to use to 
designate a crater as secondary.  For binary impacts, 
two columns record whether there is a straight septum 
between two craters that share part of a rim, and 
whether there is transverse ejecta emanating from the 
craters’ rims. 

Results— Size-Frequency Distribution:  Figure 1 
shows relative SFDs of craters in MC09 from [2] vs 
this new work.  There is generally good agreement 
between the two databases when looking at overlaps 
between the ±95% confidence intervals.  This is likely 
because Tharsis is a relatively easy area upon-which to 
identify craters, for there is generally little ambiguity 
except with pit craters (see next section). 

RH12 [2] starts to climb to more craters for diame-
ters ≲2 km, which in this case is likely due to the sepa-
ration between primaries and secondaries, though it 
quickly decreases for smaller diameters due to that 
database’s stated completeness of ≥1 km.  The down-
turn near ~0.7 km for this new database’s secondary 
craters, while potentially indicating poor completeness 
at identifying them, is likely here to be accurate: Sec-
ondaries in this region are dominated by craters from 
Poynting (≈8.5°N ≈247.3°E, D ≈ 70 km) and a now-
buried crater that deposited still-visible secondaries on 
the flanks of Tharsis Tholus.  The secondaries pro-
duced in those two events are rather large and do not 
have a SFD that continues to ~10s m sizes, so this fall-
off in Fig. 1 is likely real. 

Results— Confidence:  Despite some community 
feedback, I think that it is important to identify and 
include some features which might not be – but which 
still could be – an impact crater.  Critically, doing so 
requires full use of a “Confidence” annotation in the 
database.  In this region, fully 5% of craters were 
marked as having a decreased confidence, while [2] 
marked 100% of the craters as fully confident.  In this 
region in particular, there is significant ambiguity 
about whether some features are impact craters or vol-
canic pit craters, so ambiguous features were occasion-
ally included and marked with the lower confidence. 

Future Work:  The work so-far discussed in this 
abstract was done as a pilot effort for an MDAP pro-
posal in the 2020 ROSES call.  The grant was selected 
on a descope, funding the proposed database develop-
ment and secondary crater studies, so new work will 
commence late this year. 

Specifically, we proposed to construct a new crater 
database over most Hesperian and Amazonian -aged 
terrain on Mars approximately in the northern hemi-
sphere (avoiding the poles and avoiding small areas in 
the southern hemisphere).  We proposed 34.3% of 
Mars, with an additional 12.0% as a “reach” target if 

crater mapping goes faster than expected.  Upon com-
pletion, this database will be made public, and we may 
propose to expand the revision into other areas through 
other funding, such as a PDART or follow-up MDAP. 

Addendum: Preliminary Work— Rim Snap-
ping:  Another issue with manually tracing crater rims 
is that small, unconscious deviations can occur that 
might not even be apparent at the pixel scale displayed 
on-screen.  These deviations can bias a circle fit and 
heavily bias an ellipse fit, as detailed in [5]. 

To mitigate this issue, I have worked on a “rim-
snapping” tool which can take a rim trace, assume up 
to a few-pixels offset, and work to find the pixel-
perfect rim in an image based on areas of maximum 
contrast (where the rim highlight transitions to rim 
shadow).  While this work is still highly experimental 
and far from user-friendly, its results are promising and 
preliminary results from it – used on this MC09 region 
– will be shown at the meeting. 
References: [1] Robbins, S.J. et al. (2014). doi: 10.1016/j. 
icarus.2014.02.022  [2] Robbins, S.J. and B.M. Hynek (2012). 
doi: 10.1029/2011JE003966  [3] Robbins, S.J. (2017) In 
Planetary Crater Consortium, 8, Abstract #1703.  [4] Rob-
bins, S.J. and B.M. Hynek (2013). doi: 10.1016/j.pss.2013.06. 
019  [5] Robbins, S.J. (2019) doi: 10.1029/2018/JE005592 

Funding:  This work was funded internally by Southwest 
Research Institute. 

 
 

Figure 1:  Relative SFDs of craters in MC09 from [2] 
compared with the primary craters and secondary cra-
ters from this initial work. 
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Abstract:  Flux and impact angles were calculated for 
asteroid collisions with Earth and the Moon, using the 
latest population models for the distribution of near-
Earth objects (NEOs) and precession models to 
determine the impact probabilities. The calculations 
predict that the flux of impacts to the poles for Earth is 
22% greater than the flux at the equator, and 55% 
greater for the Moon. Impacts near the equator 
typically have shallower impact angles with a mode 
near 30° above the horizontal. Conversely, impacts 
near the poles are typically steep with a mode close to 
65°. Our new analysis updates the previously 
published results by Le Feuvre & Wieczorek 
incorporating: (1) an updated debiased distribution of 
NEOs, and (2) updated collision probabilities that 
account for Lidov–Kozai precession. The new impact 
distributions provide an important update to risk 
models, showing a 7% increase in average population 
risks from sub-300 m impactors, compared to previous 
atmospheric entry distributions, mostly due to faster 
impact velocities.  

 
 

 

 
 
Publication: This work was recently published in 

The Planetary Science Journal, 2:88, 2021 June. 
https://doi.org/10.3847/PSJ/abefda. Please see the 
paper for more details.  
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CRATERING MODEL FOR THE MID-SIZED SATELLITES OF URANUS. Natalia L. Rossignoli 1,2 and
Romina P. Di Sisto 1,2, 1Instituto de Astrofı́sica de La Plata, CCT La Plata - CONICET - UNLP, 1900 La Plata,
Argentina (nrossignoli@fcaglp.unlp.edu.ar), 2Facultad de Ciencias Astronómicas y Geofı́sicas, Universidad Nacional
de La Plata, 1900 La Plata, Argentina

Introduction: The five mid-sized satellites of
Uranus were last imaged up-close in 1986 by Voyager
2. Because of the orientation of the Uranian system at
that time, only the moons’ southern hemispheres were
imaged with resolutions varying between 600 m on Mi-
randa to 12 km on Oberon [1]. The impact crater dis-
tributions of the Uranian satellites obtained from these
images were not unique, but varied among different au-
thors (e. g. Strom [1] and Plescia [2]). Nevertheless, the
crater counts did show at least two distinct crater pop-
ulations of different ages [1]. While Oberon and Um-
briel exhibit heavily cratered surfaces, Titania and Ariel
appear to have undergone endogenic resurfacing [2, 3].
Miranda on the contrary, displays a very complex geol-
ogy, with its surface divided into heavily cratered terrain
and resurfaced areas associated with coronae.

In the present work, we study the cratering rates in
the Uranian satellites using a method previously applied
to the Saturnian system [4–6]. We model the impact cra-
tering process on Miranda, Ariel, Umbriel, Titania and
Oberon to explore their evolution and impactor popula-
tion, comparing our results to the crater counts presented
by Jeff Plescia and Robert Strom [1–3, 7].

Methodology: The method used to obtain the pre-
dicted crater distributions is based on previous works on
the Saturnian satellites [4, 5]. The impactor population
is modeled with Centaurs that evolve from the Scattered
Disk in the Transneptunian Region into inner regions of
the solar system. Their encounters with the planets are
simulated throughout the history of the solar system and
considering its current configuration [8].

The cumulative size distribution (CSD) of these im-
pactors is given by:

N(> d) = C0

(
1km
d

)s2−1

for d ≤ 100 km,

N(> d) = 3.5 × 105
(
100km

d

)s1−1

for d > 100 km, (1)

where C0 = 3.5× 105 × 100s2−1 and s1=4.7. Given the
uncertainty in the size distribution for the smaller mem-
bers of the impactor population, two values are consid-
ered for s2: 3 and 3.5.

To relate the impactor diameter d to the transient
crater diameter Dt it produces considering oblique im-
pacts (α=45◦ with respect to the horizon), we follow [9]:

Dt = K1


 gd

2v2i

( ρt

ρi

) 2ν
µ

+K2

 Y

ρtv2i


2+µ
2

(
ρt

ρi

) ν(2+µ)
µ


− µ

2+µ

d,

(2)

where g and ρt are the target’s gravity and density re-
spectively, µ=0.38, ν=0.397,K1=1.67,K2=0.8 and Y =1
MPa. For the impactor density we use ρi = 1 gr cm−3.
In Eq. 2, the first term models impacts under the gravity
regime and the second term corresponds to impacts under
the strength regime (where the target cohesion limits the
growth of the transient crater). In the Uranian satellites
all craters under 6 km in diameter are formed under the
strength regime, while all craters with diameters larger
than 10 km are formed under the gravity regime (except
for Miranda where gravity limits crater growth in craters
lager than ∼ 30 km in diameter). The final crater size D
is obtained adapting the results for complex craters [5].

Results and Discussion: General results: Mean
satellite radius Rs and semimajor axis a in km, colli-
sion velocity vi in km/s, transition crater diameter Dtr

between simple and complex craters; largest impactor di-
ameter dm and largest crater diameter Dm, all in km for
the CSD index of s2=3.5.

Satellite Rs a vi Dtr dm Dm

Miranda 235.8 129900 8.47 36.09 5.28 102.68
Ariel 578.9 190900 7.09 11.08 10.23 156.46
Umbriel 584.7 266000 6.12 11.98 9.71 143.37
Titania 788.9 436300 4.97 7.79 11.50 147.84
Oberon 761.4 583500 4.43 8.61 10.64 134.33

Following the described method, we obtain the pre-
dicted crater distributions over the age of the solar system
for the five major Uranian satellites, considering Cen-
taurs as the main impactors. Figs. 1 and 2 show the
cumulative number of craters per square kilometer as a
function of crater diameter for both values of the CSD s2
index, together with observed crater counts [1–3, 7].

Our results in Fig. 1 show that for Ariel and the
cratered terrain of Miranda as presented by Plescia [7],
an impactor CSD with an index of s2=3.5 leads to a
crater distribution that is consistent with the observed
crater counts. Given that both Ariel and Miranda show
evidence of endogenic resurfacing and exhibit complex
geologies, our cratering model with an index of s2=3.5
may be suitable to explain the dominant impact process
on these satellites since their major resurfacing events, if
these occurred early in the history of the solar system.
With respect to the crater counts on Elsinore and Inver-
ness Coronae [7], our results for the s2=3.5 index over-
estimate the number of craters for all crater diameters D,

2020.pdf12th Planetary Crater Consortium Mtg 2021 (LPI Contrib. No. 2621)



 1×10-5

 1×10-4

 1×10-3

 1×10-2

 1×10-1

 1  10  100

s2=3.5

s2=3

Cu
m

ul
at

iv
e 

no
. 
of

 c
ra

te
rs

/k
m

2

Miranda model
Cratered Terrain - Plescia 1988
Elsinore Corona - Plescia 1988

Inverness Corona - Plescia 1988
Cratered Terrain - Strom 1987

Resurfaced Areas - Strom 1987

 1×10-6

 1×10-5

 1×10-4

 1×10-3

 1×10-2

 10  100

s2=3.5

s2=3

Cu
m

ul
at

iv
e 

no
. 
of

 c
ra

te
rs

/k
m

2

D(km)

Ariel model
Cratered Terrain - Plescia 1987

Strom 1987

Figure 1: Cumulative number of craters per square kilo-
meter on Miranda (top panel) and Ariel (bottom panel) as
a function of crater diameter. Black solid lines represent
the modeled crater distributions for s2=3 and s2=3.5 and
color points indicate observed crater counts [1, 3, 7].

which is consistent with these regions being associated
with a relatively young terrain. The results for our cra-
tering model with the CSD index of s2=3 underestimate
the number of craters for almost all crater sizes, thus are
not considerable suitable for this work.

The surfaces of both Umbriel and Oberon are heavily
cratered and show no signs of extensive endogenic activ-
ity [2]. Their crater distributions have numerous large-
diameter impact craters that may have been produced by
impacts early in the history of the solar system, for ex-
ample by Uranus and Neptune planetesimals (Smith et al.
[10]). Compared to Oberon and Umbriel, the surface of
Titania is also heavily cratered but exhibits a lower crater
frequency and a low number of large-diameter craters [1,
2]. These characteristics indicate that Titania has been
resurfaced by endogenically driven processes. Our pre-
dicted crater distributions for these three satellites (Fig.
2) lie below the observed distributions [1, 2], which indi-
cates that additional sources for the impactor population
other than our modeled Centaurs are needed to account
for most of the observed craters.
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Figure 2: Cumulative number of craters per square kilo-
meter on Umbriel (top panel), Titania (middle panel) and
Oberon (bottom panel) as a function of crater diameter.
Black solid lines represent the modeled crater distribu-
tions for s2=3 and s2=3.5 and color points indicate ob-
served crater counts [1, 2].

References: [1] R. G. Strom. Icarus 70.3 (1987), pp. 517–
535. [2] J. B. Plescia. Journal of Geophysical Research 92.A13
(1987), pp. 14918–14932. [3] J. B. Plescia. Nature 327.6119
(1987), pp. 201–204. [4] R. P. Di Sisto and A. Brunini. Astron-
omy & Astrophysics 534, A68 (2011), A68. [5] R. P. Di Sisto
and M. Zanardi. Astronomy & Astrophysics 553, A79 (2013),
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tial Mechanics and Dynamical Astronomy 132.6-7, 36 (2020),
p. 36. [9] K. A. Holsapple and K. R. Housen. Icarus 187 (2007),
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OBJECTIVELY QUANTIFYING MARTIAN LOBATE CRATER EJECTA PATTERNS. C.S. Salvino1 and 

D.M. Burt2, 1ASU School of Earth and Space Exploration, Tempe, Arizona, USA 

(chris.salvino@sharpmedicalproducts.com). 2ASU School of Earth and Space Exploration, Tempe, Arizona 85287-

1404 USA (dmburt@asu.edu)  

 

 

Introduction:  Asymmetric ejecta patterns 

are seen with some craters on Mars; the etiol-

ogy is unknown but may be related to the 

volatiles in the subsurface [1-4]. In order to 

more fully explore these patterns an objective 

analytical tool is needed to quantify the 

asymmetry.  To date, no published method to 

objectively quantify the asymmetry of the 

ejecta patterns has been developed.  Such 

method should ideally be simplistic, repro-

ducible, and expeditious in nature. Using a 

JMARS data set [5], 100 Martian craters with 

asymmetric ejecta patterns having a crater 

diameter of 1-40 km, in latitudes > (+) 60 to 

(-) 30 degrees were examined as well as 10 

Lunar crater “controls”.  While not specifical-

ly quantified, both classic rampart and multi-

layer ejecta patterns were noted. 3 Methods of 

modeling crater asymmetry were developed 

and used on the target crater ejecta. Collec-

tively these methods required visual projec-

tion of  (1) a circle around the outermost as-

pect of the ejecta pattern, (2) a circle around 

the innermost aspect of the ejecta pattern and 

(3) an outline of the ejecta pattern itself.  

Each of the 3 models analytically relate the 

area of 2 of these 3 projections.  A primary 

result was the finding that all 3 methods were 

fairly simple, consistent and quick and result-

ed in a numeric score relating to the degree of 

asymmetry. Secondary findings were that 

within this limited data set no statistical dif-

ference was seen within each of the 3 model-

ing methods with respect to crater latitude, 

diameter or elevation. In addition, visual in-

spection of the Mars vs Lunar controls re-

vealed the studied Mars ejecta pattern  to be 

subjectively more lobate/asymmetric; 2 of the 

3 modeling methods analytically confirmed 

the visual interpretation of the ejecta patterns.  

While these modeling methods do not con-

firm subsurface volatiles; they could be a first 

step in objectively allowing comparison from 

one asymmetric crater to another.  Further 

work should be done to improve the modeling 

and eventually lead to the possibility of corre-

lation with volatiles as well as volatile con-

centration.  
 

 

Fig. 1. Mars crater 62.828 N, 187.453 E, 

crater diameter 36.2 km. Representative ex-

ample of  one of the 100 data set craters 

showing the method of colorization to better 

identify the ejecta pattern, outer circle and 

inner circle. JMARS Image. 

 

Fig 2. Lunar crater 33.01 N, 344.152 E, crater 

diameter 8.6 km. Representative of one of the 

10 limited control craters showing the method 

of colorization to better identify the ejecta 
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pattern, outer circle and inner circle.  JMARS 

Image. 
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EVIDENCE FOR A METALLIC ASTEROID SOURCE FROM CHICXULUB IMPACT CRATER 

SEDIMENTS AT THE YUCATÁN PENINSULA IN MEXICO: A RE-INTERPRETATION OF 

LITERATURE DATA. G. Schmidt, 64625 Bensheim, Germany. 

 

 

Introduction:  One of the most debated topics in 

planetary geology and the evolutionary history of life 

on Earth is the origin of the worldwide occurrence of 

an Ir layer at the Cretaceous-Paleogene (K-Pg) bounda-

ry [1]. The K-Pg mass extinction is marked globally by 

elevated concentrations of the platinum group elements  

(PGE), emplaced by a impact event 66.051 ± 0.031 Ma 

ago [2]. The 180- to 200-km-wide Chicxulub impact 

structure on the Yucatán Peninsula [3] is being consid-

ered as a possible impact crater that led to the global 

enrichment of PGE at the K-Pg boundary. However, 

the PGE signature (data from [4]) in the gray-green 

marlstone interval of Core 40R-1 recovered from Site 

M0077 on the Chicxulub peak ring in the Gulf of Mexi-

co is distinctly different from a meteoritic component 

consistent with a chondritic impactor as well as the 

near-chondritic PGE abundance pattern at the Europe-

an K-Pg boundary sites of Caravaca in Spain and 

Stevns Klint in Denmark.  

Non-chondritic PGE abundance pattern at the 

Chicxulub impact structure: The PGE pattern (or 

inter-element ratios) from the upper transitional unit 

(TU, red square, blue diamond, blue triangle, 616.58-

616.60 mbsf) [4], Stevns Klint, Caravaca [5], Earth’s 

upper mantle, and crust [6][7], and the iron meteorite 

Mundrabilla [8] are shown in Figure 1. The data for 

Mundrabilla are divided by 1,000 for comparability with 

the transitional unit data. Elements are arranged in or-

der of decreasing condensation temperature to the 

right. Unfortunately Rh was not determined. Significant 

differences can be seen, for example, in the Ru/Ir ratio. 

While the K-Pg sediments from Europe show a 

subchondritic Ru/Ir ratio of about 1.3, the 

suprachondritic Ru/Ir ratios of sediments from the  

Mexican core 40R-1 range from about 2 to 4 (Table 1).  

The Ru/Ir ratio of about 4 was measured on two sub- 

 

 

samples from a depth of 616.6 mbsf at the University of 

Tokyo in Komaba using a Thermo Element XR HR-

ICP-MS. The Ru/Ir ratio of about 2 was measured by 

ID-MS on one sample (616.58 mbsf) at the Vrije 

Universiteit Brussel [4]. The iron meteorites 

Mundrabilla and Duchesne, on the other hand, have 

Ru/Ir ratios of about 3.05 to 3.34 and 5, respectively 

(Table 1). The signature of the upper TU from the drill 

core is similar to the PGE pattern from the irons 

Mundrabilla and Duchesne (Figures 1-4). The composi-

tional evidence calls into question the Chicxulub impact 

structure as the source crater for the near-chondritic 

PGE ratios in European K-Pg boundary sites. The non-

chondritic PGE ratios of the upper TU are evidence 

that the globally distributed iridium layer is not pre-

served in the Chicxulub impact structure. The most 

likely source for the PGEs in the upper TU of core 

40R-1 sediments are Mundrabilla and Duchesne like 

iron impactors. 

Conclusion: It seems to have been different projec-

tile types and different temporal events [9][10], that left 

the near-chondritic PGE abundance patterns in Europe 
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and the iron meteoritic abundance pattern in the sedi-

ments of the Chicxulub impact crater. Of course, re-

working, diagenesis, bioturbation, and chemical diffu-

sion can affect the distribution of platinum group ele-

ments in sediments, but processes that can exactly mim-

ic the elemental pattern of an iron meteorite seem un-

likely (Figures 3,4).  

 

When talking about synchronicity, it is easily over-

looked that enormous time spans of ±31 ka (uncertain-

ties) are meant for events that took place about 66 Ma 

ago. However, relative dating of individual events and 

their correlation is possible with lithostratigraphy and 

biostratigraphy and can be supplemented, but not re-

placed, by radioisotope dating. The most likely source 

for the PGE signature in the Chicxulub crater sediments 

is an iron asteroid. The source crater(s) responsible for 

the global iridium distribution associated with the mass 

extinction has therefore not yet been identified.  

Future studies: The Ru isotope composition could 

be used as a powerful analytical tool alongside PGE 

ratios (especially the diagnostic Ru/Rh and Ir/Rh mass 

ratios [11]) to identify impactor signatures [12]. Snow 

& Schmidt [13,14] used a combined Instrumental Neu-

tron Activation Analysis (INAA) - Negative Thermal 

Ion Mass Spectrometry (NTIMS) method for simulta-

neous determination of all PGEs (Os, Ir, Ru, Rh, Pt, 

Pd) and there isotopes at the Institute of Nuclear 

Chemistry, Mainz University and the Max-Planck-

Institute for Chemistry in Mainz. The method can be 

applied to the determination of Os, Ru, Ir, Pt and Pd 

isotopes, etc., with prior enrichment and separation of 

the precious metals from the matrix by the NiS fire as-

say technique (e.g., [15,16]). Fischer-Gödde et al. [17] 

used a similar method to determine Ru isotope compo-

sitions for Eoarchaean ultramafic rocks from southwest 

Greenland, which display a relative 
100

Ru excess of 22 

parts per million compared with the modern mantle 

value. By applying this method, there is a possibility to 

obtain further clues regarding the projectile types of 

impact craters. Snow & Schmidt [13,14] report that the  

method should find wide application, e.g., in elucidating 

the nature of extraterrestrial input in samples from im-

pact craters using combined PGE isotope systematic.  
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EXPLORING THE LANDING SITE OF LUNAR CRATERS AFTER MEETING NASA APOLLO 

ASTRONAUT.  Exodus C. L. Sit, National Astronomy Education Coordinator (Chair of Hong Kong), International 

Astronomical Union (IAU Office of Astronomy for Education, sitexodus@gmail.com). 

 

 

Introduction:  In 2017, before the outbreak of 

COVID-19 pandemic situation, there was a precious 

opportunity to meet with Mr. Alfred Worden, a NASA 

astronaut who was the commander of Apollo 15 (first 

mission to use the Lunar Rover Vehicle) at the 

California, the United States. To prepare for the 50th 

Anniversary of Moon Landing (Apollo 50) in 2019, I 

had a great chance to meet him twice and he shared his 

memories about the journey of lunar mission at space 

exhibition and carnival. 

 

 
 

 
 

This thought-provoking sharing inspired me to 

launch public lecture series of lunar exploration in 

Hong Kong Space Museum. But more importantly, as 

a transmedia astronomer and astrophotographers, I also 

started my research project about observational 

astronomy. And it was to take astrophotos of lunar 

craters to explore the actual landing sites of NASA 

lunar missions to celebrate the Apollo 50th in 2019. 

This would be a great opportunity to visualize the 

relationship between lunar observation and astronautic 

development. It could be attractive to the general 

public for better communication of popular science and 

astronomy.  

And more surprisingly, this project had also 

captured a rare phenomenon, which is Space Station 

Transit Full Moon (ISS transit supermoon) when the 

observation was calculating the most suitable dates for 

astrophotography of lunar craters, considering the 

lunar phase, moonrise time, elevation, atmospheric 

factors and environmental light pollution. Also, the 

image processing could reflect the chemical 

composition and elements of lunar surface, by 

comparing to the moon rock samples (legally extracted 

from Apollo 15 mission) seen at the national museums 

and relevant studies. It could be simulated by STEM 

experiments for promotional purposes. 
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Introduction:  Impact craters are the dominant 

morphological features of the solid surfaces of most of 

the bodies in the solar system. A consensus has been 

reached regarding the various morphological 

characteristics of impact craters, but many questions 

remain open on the processes generated at the time of 

their formation, in particular, due to the large number of 

variables involved. Because they are extremely complex 

phenomena, which involve not only mechanical, but 

thermodynamic and geochemical processes, therefore, it 

is impossible to make an accurate analysis of impact 

craters simply through satellite images of the craters, 

since, in the least, a detailed study of the surface is 

required.  

Laboratory experiments that simulate the physical 

characteristics of planetary-scale impacts may provide 

valuable tools to help determine the processes and 

phenomena triggered at the time of an impact and 

afterwards. The challenge is to derive consistent scaling 

relations in order to extrapolate laboratory results to 

planetary scales.  

Detailed studies of the dynamics of the impact ejecta 

properties from laboratory experiments have been done 

through dimensional analysis in order to find the mass-

velocity relations for the ejecta from impact craters onto 

various media that could actually help understand the 

processes involved in large-scale planetary cratering 

events. [1] developed scaling laws for hypervelocity (at 

≈3 km/s) impact cratering. [2] studied the ejecta 

velocities of impacts on coarse-grained at speeds 

between 0.80 and 1.92 km/s. [3] report impact 

experiments based on the scaling laws at ≈200 m/s. This 

latter study derives the main scaling parameters of their 

experiments through the dimensionless π-Theorem and 

makes a comparison with the Crater excavation flow 

model or Z-model [4, 5]. 

In contrast, in this work, we introduce impact 

experiments at much lower impact speeds (10 m/s≥ vp 

≤70 m/s) with a low-cost experimental setup and apply 

a similar analysis used by the above authors. One of our 

hypotheses is that from the dynamics of the ejecta from 

laboratory low-speed impacts, it is also possible to 

obtain valuable information as in the case of laboratory 

impact experiments at much larger speeds based on 

similar scaling relations. Our analysis is mainly focused 

on the morphology and dynamics of the ejecta produced 

as the projectile collides with the target.  

Even at these low speeds, the final morphologies of 

the laboratory craters obtained may be compared to the 

morphologies of some impact craters on planetary 

bodies in the Solar system. We test our low-impact 

speed approximation with estimations of the theoretical 

diameters of four known impact craters (Wolfe Creek in 

Australia, Barringer in the United States, Lonar Lake in 

India and Chícxulub in Mexico). 
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Figure 1: Impact example of a steel sphere (r=1.27 mm) on 

coarse-grained sand at 18.25 m/s. 

 

 
Figure 2: Examples of impact craters. Left: Steel sphere 

(radius 7.90 mm) on coarse-grained sand at 31.34 m/s. Right: 

Glass sphere (r=12.10 mm) on fine-grained sand at 41.57  m/s. 

A

FED

CB

2031.pdf12th Planetary Crater Consortium Mtg 2021 (LPI Contrib. No. 2621)



AN ANALYSIS OF RADAR-DARK HALOED CRATERS USING CHANG’E-2 PASSIVE RADIOMETRY 

DATA.  A. D. Thaker1, C. D. Neish1 , D. T. Blewett2, and Y.-C. Zheng3. 1Institute of Earth & Space Exploration, The 

University of Western Ontario, London, Ontario, Canada; 2JHU/APL, Laurel, MD, USA; 3National Astronomical 

Observatories, Chinese Academy of Sciences, Beijing 100012, China. Email: athaker@uwo.ca. 

 

 

Introduction:  Regolith covers the lunar surface as 

a blanket of unconsolidated material, and offers a record 

of the processes that have shaped the Moon over time. 

These geological processes are revealed by the physical 

properties of the lunar regolith, which can be character-

ized by remote sensing data of the surface. Compared to 

remote-sensing analysis at optical wavelengths, which 

is primarily sensitive to the chemical composition of the 

surface, radar imaging and passive microwave radiom-

etry are particularly well-suited for observing the phys-

ical properties of the lunar surface and near-subsurface 

at varying depths [1]. 

This study focuses on lunar impact craters that show 

a distinctive ring-shaped structure surrounding them 

with unusually low radar return and circular polarization 

ratios (CPR). Such craters are known as ‘radar-dark halo 

craters’ [2]. The origin of these haloes still remain un-

clear, but early work suggests that these haloes represent 

an ejecta layer depleted in decimeter- to meter-sized 

blocks [2]. In this work, we conduct a multiwavelength 

analysis of radar-dark halo craters using the Microwave 

Radiometer (MRM) on CSNA’s Chang’E-2 (CE-2) or-

biter and other complimentary radar datasets. We seek 

to improve our characterization of the scatterers present 

in the radar dark haloes, and understand their evolution 

over time. 

Data and Method:  In this study we use previously 

calibrated MRM brightness temperature (TB) maps ac-

quired at lunar noon and midnight (Fig. 1) in four dif-

ferent frequencies (3, 7.8, 19.35 and 37 GHz) [3] to de-

termine block distribution in the near surface and the top 

few meters of the subsurface. TB is a measure of radi-

ance emitted by the surface and is related to the physical 

temperature and dielectric properties of the surface and 

near-subsurface [4]. 

Along with the MRM TB maps, we use P-band (70 

cm) Arecibo radar data, and S-band (12.6 cm) radar data 

from Arecibo and the Miniature Radio Frequency 

(Mini-RF) radar on NASA’s Lunar Reconnaissance Or-

biter (LRO) [5, 6]. From the radar data, we can infer the 

distribution of meter- to decimeter-sized blocks in the 

top few meters of the lunar regolith. Additionally, we 

compare the TB maps with rock abundance (RA) maps 

from LRO’s Diviner radiometer [7] to characterize the 

number of meter-sized boulders on the surface. 

Using ArcGIS, we mapped out the boundaries of the 

dark haloes and continuous ejecta blankets around the 

 

Figure 1: Global TB map derived at 37 GHz by the CE-

2, with the black boxes highlighting locations of Aristo-

teles and Tycho craters.  

craters using Arecibo P-band radar images. Then we ex-

tracted the CPR, RA and TB values from the region to 

characterize its surface and subsurface properties. 

Preliminary Observations and Discussion: The P-

band image of Aristoteles shows radar-bright ejecta de-

posits immediately outside the crater rim (Fig. 2). The 

CPR and RA values for these deposits are higher than 

the surrounding region indicating increased roughness 

at the centimeter to meter scale on the surface and/or 

near subsurface. 

 

Figure 2: P-band (70 cm) Earth-based OC radar image 

of Aristoteles crater showing the radar-dark halo. 

 The dark halo surrounding Aristoteles has uneven 

margins, extends up to ~3 crater radii beyond the crater 

rim, and is superposed by several younger craters. The 

average CPR values for the dark halo at P-band is 0.3 ± 

0.2 and the average RA value is 2.0 ± 0.7%. In contrast, 

for the continuous ejecta, the average CPR and RA val-

ues are 0.6 ± 0.2 and 8 ± 14% respectively.  

The TB map for lunar midnight (at 3 GHz) shows 

marginally warmer temperatures for the dark halo (230 

± 1 K) compared to the continuous ejecta blanket (229 
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± 1 K) (Figs. 3A, B). This suggests there is increased 

escape of microwave emissions from warm rocks at 

depth in the dark halo. This observation, combined with 

the low CPR and RA values, indicates the presence of 

~1 m of rock-poor surface regolith above a rockier layer. 

In the case of the continuous ejecta, the lower TB and 

higher CPR and RA values suggest that the passive mi-

crowave emissions are being suppressed by a rock-rich 

layer in the upper meter of the subsurface. 

 

 
Figure 3: Midnight TB maps of Aristoteles at (A) 3 GHz 

and (B) 37 GHz. The penetration depths for 3 and 37 

GHz bands are ~1 m and ~8 cm respectively [3]. 

We also examined Tycho crater, which is similar in 

size to Aristoteles but not classified as a radar-dark halo 

crater. The P- and S-band radar data of Tycho crater also 

show radar-bright ejecta deposits immediately outside 

the crater rim with higher average CPR (1.1 ± 0.3) and 

RA (23 ± 17%) values at P-band, indicating an in-

creased roughness at meter to decimeter scale at the sur-

face and/or near subsurface. However, in contrast to Ar-

istoteles, the region beyond these ejecta deposits is no 

different than the surrounding terrain. Using a shape file 

that extends up to ~3 crater radii away from the rim, we 

find that the region beyond the continuous ejecta shows 

an average CPR of 0.4 ± 0.1 at the P-band and an aver-

age RA values of 3 ± 1% (Fig. 4). 

 

Figure 4: P-band (70 cm) Earth-based OC radar image 

of Tycho crater. 

The midnight TB data (at 3 GHz) follow a similar 

trend as Aristoteles with lower TB for the continuous 

ejecta (224 ± 1 K) compared to the surrounding region 

(226 ± 2 K) (Figs. 5A, B). However, the region sur-

rounding Tycho’s continuous ejecta has a lower TB  

compared to the dark-halo of Aristoteles, which may in-

dicate a larger number of blocks are present, which are 

suppressing microwave emission from depth. 

 
Figure 5: Midnight TB maps for Tycho at (A) 3 GHz 

and (B) 37 GHz. The penetration depths for 3 and 37 

GHz bands are ~1 m and ~8 cm respectively [3]. 

Future work: We are currently working to charac-

terize other large radar dark-halo craters and comparing 

the results with those of non-radar-dark halo craters. We 

will examine craters of varying ages using these multi-

ple datasets to find any similarities or differences in the 

regolith characteristics. This work will provide insight 

into the mechanism responsible for these dark haloes 

and will expand our understanding of ejecta degradation 

over time.  
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