
Stratigraphy and structure of the
Cleomedes quadrangle of the moon

Item Type text; Dissertation-Reproduction (electronic)

Authors Binder, Alan Bruce, 1939-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 13:52:28

Link to Item http://hdl.handle.net/10150/565146

http://hdl.handle.net/10150/565146


STRATIGRAPHY AND.STRUCTURE OF THE 
CLEOMEDES QUADRANGLE OF THE MOON

by-
Alan Bruce Binder

A Dissertation.Submitted to the Faculty of the

DEPARTMENT OF GEOLOGY .
In Partial Fulfillment of the Requirements 

For the Degree of
DOCTOR OF PHILOSOPHY
In the Graduate College

THE UNIVERSITY OF ARIZONA

1 9 6 7



THE UNIVERSITY OF ARIZONA
GRADUATE COLLEGE

I hereby recommend that this dissertation prepared under my
direction by Alan Bruce Binder____________________________
entitled Stratigraphy and Structure of the Cleomedes Quadrangle

of the Moon_____________________________________

be accepted as fulfilling the dissertation requirement of the 
degree of ____Doctor of Philosophy__________________________

After inspection of the dissertation, the following members 
of the Final Examination Committee concur in its approval and 
recommend its acceptance:*

adequate performance and defense of this dissertation at the 
final oral examination. The inclusion of this sheet bound into 
the library copy of the dissertation is evidence of satisfactory 
performance at the final examination.

*Thisxa/>proval and acceptance is contingent on the candidate s



STATEMENT BY AUTHOR

This dissertation has been.submitted in partial fulfillment 
of requirements for ah advanced.degree.at The University of Arizona 
and is deposited in the University Library to be. made available to 
borrowers under rules of the Library.

Brief quotations from this dissertation are allowable without 
special permission, provided that accurate acknowledgment.of source 
is made. Requests for permission for extended quotation from or re
production of this manuscript in whole or in part may be granted by 
the head of the major department or the Dean of the Graduate College 
when in his judgment the proposed use of the material is in the in
terests of scholarship. In all other.instances, however, permission 
must be obtained from the author.



ACKNOWLEDGEMENTS

I would like to thank the U.S. Geological Survey Branch 
of Astrogeology for the opportunity.to map the Cleoinedes quadrangle 
of the Moon as a dissertation topic and for the mapping materials, 
that were supplied by the Branch. I have had many useful conver
sations concerning mapping techniques and mapping problems with 

Dr. S. R. Titley, Dr. D. E. Wilhelms, Mr, h, A. Pohn, Dr. J, F, 
McCauley, and Mr. D. P. Elston, I would like to thank the Steward 
Observatory staff for the use of the Steward Observatory Zl^inch 
telescope. I am grateful to.Dr. G, P. Kuiper for allowing me to 
use the lunar photograph collection and ' the 61-inch telescope of 
the Lunar and Planetary Laboratory.

I would especially like to thank Dr, S.R. Titley.and the 
Department of Geology for their interest and effort in providing 
a rather specialized program for a degree in Lunar and.Planetary ■ 
Geology.



TABLE OF CONTENTS

Chapter Page
I, INTRODUCTION , . 2,

The Cleomedes. Quadra.xxgle , . , . . >- . . 2
Lunar Stratigraphlc Mapping •, .•; >• . , , . , , •, . . 4
General Background . 5 ■

II. METHODS OF' INVESTIGATION' . . .  ̂ . 6

III. THE STRUCTURE OF THE CLEOMEDES.QUADRANGLE , . . . . . . .  8
The Grid System . . . . . . . . . . . . .  8
The Crisium Basin Structure- , ... , ... . , . . . . . . . . .  10
Lunar Rxlles . . . . .  . ■»• -«- . • . . . . . .■ ■. 16
Crater Rim Separations , . . . . . .  . . . . . .  16
Slumping of Crater' Walls 20

IV. STRATIGRAPHY .OP THE CLEOMEDES.QUADRANGLE . , 21
The Coperhican System . , , . . . , « . . « . , . . . . , 21
The Eratosthehian System , , , , , . . . . . , . . , . 23
Eratosthehian^Imhrian-Materials.' . . •. . . , . . 27 -
The Imhrian System * , ... , , . . « . . . . . . . , . . 27
The Imbrian^pre^Imbrian Materials -and -the Terkes Group . , 29 .
The pre-Imhrian System . . . .- .' , , . . -. , . . . , 33
Special Volcanic Features ; . , . , . . , . , . . . , . . . 35

. V. INFRARED. STUDIES . OF THE CLEOMEDES .QUADRANGLE ... . . . . 41
: VI. STATISTICAL STUDIES OF CRATERS OF THE CLEOMEDES QUADRANGLE 50

VII, GENERAL BASIN STUDIES ,   . , 56
Relative Ages of the Major Basins . , . . . .• . , •• . 56
General Basin.Structure 61

VIII, THE LUNAR TIME SCALE , . . , . , , . , , , , . 67

Post-Marra Trme* - ,. , , . ■«■ , . . . , , . , * • , , . 68
PreiMare Time , . , . , . , . , , . , . , , , . . , • . « 72

iv



.TABLE' OF CONTENTS. - Con.Ci.med

Chapter

XX. SIMMY AND . CONCLUSIONS

Summary • . , ••
Conclusions
BIBLIOGBAPHY



LIST OF FIGURES.
Figure Page.

1. The location of the Cleomedes:: quadrangle bn
the Moon i . . . . . i  i  i . . . . . . . . . . . . . .  3

2. Geologic map and cross.section of theCleomedesv
quadrangle . . . . . . . . . . . . . . . . . . . . . .  Map Pocket

3.. Lunar chart Cleomedes (by AGIO) . . . . . . . . . .  . Map Pocket
4. Rose diagram of the lineaments and faults

in the Cleomedes.quadrangle . . . . . . . . . . . . . . 9
5.' Concentric structural elements of the Crisium

basin according to Hartmann and Kuiper . . . . . . . .  11

6. Structural elements of the Crisium basin . . . . . . . 13

;7.' Idealized cross section of the Crisium basin ̂ . . . .  -17 ;
8. Idealized.cross section of a rim.crest rille ...... 19

9. Ray systems on Mare Crisium . . . . . . . . . . . . . .  22 '
10. The western half of Mare:Crisium 24.
11. The Northwestern quadrant of the Cleomedes

quadrangle: A . . . . . . . . . . . . . . . . . . .  . 31
12.. The Northwestern quadrant of the Cleomedes

quadrangle: B . . . . . . . . . . . . . . . . . . .  . 32

13. Idealized, cross section of- the Crisium
rim (plkr) . . . . . . . . . . . . . . . . . . . . . . .  36 .:

•14. Ranger 9 photograph of two:of the dark halo ....
' craters in Alphohsus . . . . . . .38.

15. Diagram of a type of possible volcanic craters , . . . • 40

16. Infrared Observations . . . . . . . . . . . . . . .  . Map Pocket

. vi



vii
LIST OF FIGURES'. - Coatlnued
Figure ' Page
17.' Crater Frequency distributions in the-Gleomedes

quadrangle 54' .

18. • Frequency. distributions ;Of Archimedian type- -.
. craters . . . . . . . . . . . .' . . . . . . . . . . . • 59'

19. Frequency distributions of post-mare craters . . . . . 601
• 20.' Major lineai elements .of the Imbrium basin.

structure . . . . . . . . . . . . . . . . . . . . . .  ;62( .
21. Major linear elements- of the Nectaris basin

structure  ̂ . 63' .
22. Major linear elements.;Of the Humofum basin

structure;  ̂  ̂ 64 •

23. Frequency distributions for post-mare craters. . . . . - 71;

24. The . lunar time scale . . . . . . . . . . . . . . . . .  ' 78* •



LIST OF TABLES

Table Page
1. Relative Albedo,of Various Points.in.the Cleomedesl

Quadrangle and the.Serenitatis Quadrangle . . . . .  . , . .. . 43
2... Average Relative Albedo of Various Stfatigraphic Units .: . 45 •

. 3. Area Covered.by Various Stfatigraphic.Units in the..........

Cleomedes.. Quadrangle :'. 51-
■ 4. Copernican and Eratosthehian Crater Counts for

Selected Mare Areas : 70
5.' Ages.of the Major Basins Relative to.the Age of

. the'Maria for Various Values ..of m s ... . . . . , , ; . . . . ■ 76-■

viii



ABSTRACT.

Studies' of the structure of the Crisium basin indicate that 
most or all of the structural elements of the basin consist of pre
basin, Lunar Grid faults which were reactivated by the forces asao-*- 
elated with the formation of the Crisium basin. Similar studies of 
the Imbrian, Nectaris, and Humorum basins indicate similar, but .less 
extensive development of the basin structural elements along earlier 
faults.

The stratigraphy of the Cleomedes quadrangle is discussed.in 

Chapter IV. Evidence is given which indicates that deposition of the 
mare units is not limited to the Imbrian Period. Several types of 

small craters (diameters 10 km) whose morphology and geological 
setting indicate that they : may be volcanic in origin are discussed.

Infrared colorimetric observations of several units were made 

to determine if this type of observation could be. used as a mapping 
aid. Though the infrared observations are presently limited in use
fulness by instrumental limitations, colorimetric observations can be. 
used to help differentiate among, and correlate separate units.which 

have been mapped visually.
An estimate of the.lunar time scale is given based on the strati- 

graphic mapping and crater counts obtained.from several stratigraphic 
maps. It is concluded that most of the units which have been mapped 
lack well defined time boundaries and should be classified as rock-



stratigraphic units, rather,.than time-stratigraphic units. However, 
present mapping can be used to define local stratigraphic columns 
which may be. dated by.physical methods after.manned exploration of 

the Moon begins.



CHAPTER I
INTRODUCTION

The stratigraphic and structural mapping of the Cleomedes 

quadrangle was undertaken as part of the lunar geologic mapping 
program being carried out by the U.S. Geological Survey' on behalf 
of the National Aeronautics and Space Administration. The object 
of this program is to produce geological maps of the visible side 
of the moon at a scale of 1:1,000,000 in support of Project Apollo, 
the U.S. manned lunar landing program. The maps are being made 
not only to serve as basic geological maps to aid future lunar 

exploration, but to determine the developmental history and the 
structure of the lunar surface from ground-based observations.

The purpose of the study of the Cleomedes quadrangle and 
Mare Crisium was twofold: it was carried out as part of the mapping

program and, further, was conducted in order to determine structural 
and stratigraphic relationships which would be.useful for the under^ 
standing and interpretation of other areas on the moon. This last 
objective is of particular significance since Mare Crisium may he 
one of the less complex maria.

1



2
The Cleomedes Quadrangle

The Cleomedes quadrangle is located.near the east limb of 
the Moon and includes the area between latitudes 16°N and 32°N and 
longitudes 50oE and 70°E„ Figure 1 shows the crescent Moon with the 
outlines of the quadrangle indicated. As can be seen on Figure 1, 
the quadrangle is sufficiently close to the limb that the features 
are greatly foreshortened. Thus, the visibility of fine detail is 
generally inferior to that of areas more centrally located on the 
Moon, and there is a progressive loss of detail as the east side of 
the quadrangle is approached.

The uplands around Mare Crisium are largely isolated from 
the rest of the lunar uplands on the visible side of the Moon by 

several maria and less-flooded areas. Except for the uplands in the 
vicinity of the Taurus Mountains and those north, of latitude 35°N, the 

uplands around Mare Crisium are dominated by the Mare Crisium basin 

structure.' In the area around Crisium the effects of the Mare Imbrlnm 
basin event are obscure. Thus, it is not possible to accurately corre-̂  

late stratigraphic units in the Mare Crisium area with those units of 
the Mare Imbrium area, the region where the basic stratigraphic bound-' 
aries are defined. Therefore, the age assignments in the following 
chapters should not be;considered final.



Figure 1. The location of the Cleomedes.quadrangle on the Moon.

The outlines of the Cleomedes quadrangle are indicated on the 
morning crescent lunar photograph.
North is at the top. Approximate scales' 18.3 km.per mm
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Figure 1, The location of the Cleomedes quadrangle on the Moon.
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Lunar Stratigraphic Mapping

The original concept of lunar stratigraphic mapping was levels 
oped by . Shoemaker (1962)' and Shoemaker and Hackman (1962) .. Their basic 
time-rock units were defined.in the following ways (in order . of in— ■ 
creasing age):
(1) Materials of the fayed craters and bright slopes are assigned to • 
the Coperhican System. These craters and slopes are so young that their 
rays and surface materials have hot.become darkened,(this is based on 
the premise that these materials darkened with time).
(2) . Materials of craters without rays * but which are younger than the 
extensive mare surfaces.are assigned to the.Eratosthenian System.
These materials are bid enough to have become darkened.
(3) The materials which form the maria are assigned.to the Procellarian 

System.
(4) Materials which'were deposited during:and after the Imbrium basin- 

forming event, but prior to the deposition of the mare units, form the 
Imbrian System.
(5) Materials deposited before the Imb rium basin event are members of 
the pre-Xmbrian System.

It was thought that each of these systems belonged to a more 

or less well-defined period of lunar history. As mapping experience 
was gained, it was soon found that the deposition of the mare materials 

was not limited.to a distinct phase of lunar history; therefore, these 
materials were given a Group status and were considered to be part of



the Imbrian Period. To be precise, the end of the Imbrian was defined 

by . the deposition of the last mare unit. , At present 9. many mappers
such as Carr (1965a) 9 Pohn (1965) 9 and the author (present study) have . 
found mare units which are interpreted to be Eratosthenian or younger 
in age. This age assignment and others, to be discussed below, indicate 
that the units being mapped are really rocfc~stratigraphic units.

General Background

There are numerous books and articles on the Moon; most of 
these discuss the Crisium area in a general way or give special attention 

to some specific feature. Thus, the general morphology of the area, the . 

polygonal shape of the Mare Crisium, the prominent structural rim of the 
basin, and/or the radial structure around the basin have been described 

by.such authors as Spurr (1949), Kuiper (1959), Firsoff (1961), and 
Fielder (1963). In fact, it is difficult, ,if not impossible, to find 

a major structural or morphological feature in the Crisium area or on 
the Moon in general which has not been mentioned in some earlier work. 

However, such references are either descriptive or made in connection 
with a general lunar s tudy.



CHAPTER II
METHODS OF INVESTIGATION

The methods which were used to investigate the Cleoinedes 

quadrangle, the Mare Crisium area, and the other lunar basins included 
telescopic observations, the study of high resolution lunar photographs, 
infrared colorimetric measurements, and statistical investigations of 
crater frequencies. The visual observations were made with the University 
of Arizona’s Steward Observatory 21r-inch.telescope and the Lunar and 
Planetary 61-inch telescope. The former instrument was used in the 
early phase of the program, and the maximum resolution obtained was on 
the order of 0.5 km. When the 61-inch telescope became available in 
the fall of 1965, high resolution observations (0.1 km) were made of 
many problem areas where the lower resolution studies'proved inadequate .

Most of the photographs used.in the program were taken from 
the collection of the Lunar and Planetary Laboratory, Of these photo
graphs , those taken with the 61-inch telescope were most valuable..
These photographs are of high quality and show detail as small as 0.15 km 
in dimension. In addition, the original photographs which.were used 
in the production of the Photographic Lunar Atlas (Kuiper, 1960) and 

the Rectified Lunar Atlas (Whitaker et al., 1963).were made available 
to me by.Dr. G. P. Kuiper. Although these photographs have inferior 
resolution to those taken with the 61-inch telescope, the selection of 

lighting conditions is greater.



In addition to the LPL (Lunar and Planetary Laboratory) 

photographs, a small number of ACIC (Aeronautical Chart and Information 

Center) lunar photographs were used. These photographs were taken 

with the Lowell Observatory 24-inch telescope at Flagstaff, Arizona. 

The infrared colorimetric observations were made with the 

LPL 61-inch telescope and the single channel, infrared spectrometer 

described by Kuiper et al. (1962) • The general observational technique 

and method of data reduction have been described in detail elsewhere 

(Binder and Cruikshank, 1966). 

Statistical studies of crater frequencies were carried out 

to determine the relative ages of the major basins and of the mare 

surfaces. The details of the statistical methods used are given in 

Chapter VI. This information, and estimates of the cratering rates, 

was used to set up a tentative time scale for the pre~mare era. In 
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all cases the crater statistics were obtained from diameter measurements 

made either on Rectified Lunar Atlas sheets or from USGS lunar geo~ 

logical maps. 



chapter: XXX

THE STRUCTURE OF THE CLEOHEDES QUADRANGLE .

In order to; avoid, repetitious references, to. the . s tratigr.aphic. 

and.structural map of the dissertation and the AGIC map of the Cleomedes 
quadrangle throughout this.and the following chapters, all the.features. 
discussed:are displayed on one or the other of the maps (Figures 2 
and 3).

The Grid System

Strom (1964) has mapped the lunar lineament system, which.is 
called the Lunar Grid System'. He finds that the major lineament trends 
are N—S, HE—SW, NW-SE, with a. subordinate. trend . of HNE—SSW. this sys tern 
is similar to the major lineament system.which many .geologists have 
found on:the Earth and a lineament system found on Mars (Katterfel*d,

1959'; Binder, 1965). Most of the faults and lineaments that occur in 
the Cleomedes quadrangle belong to the grid system; see.Figure;4.. Also, 
the major structural elements.of the Cleomedes basin are related to 

the grid system.
Excluding thosd lineaments which are associated with the 

Crisium basin,•the effects of the grid system are most prominent in 
the Imbrian and pre-Imbrian units. It is generally accepted that tectonic 
activity was limited mainly to the early part of lunar history, i.e.,

8



NO. OF LINEAMENTS/150 INTERVAL

i 1

10 LINEAMENTS

Figure 4. Rose diagram of the lineaments and faults in the Cleomedes 
quadrangle.
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the pre-lmbrian. However, many Eratosthehian and Coperhican craters 
have polygonal shapes, which probably are the result of the formation 

of the craters in faulted, or jointed material and of post-formation 
modifications along these lines of weakness. This view is supported 
by the square shape of the Arizona meteor crater.which was formed in 
material.cut by a set of orthogonal joints (Shoemaker, 1959),

The Crisium Basin Structure .

The general mega-structure of the Crisium Basin has been 
discussed in a series of papers on the concentric and radial structural 
elements of the mare basins (Hartmann and Kuiper , 1962 ;. Hartmann, 1963 , 
1964a). These investigators found that the mare basins and some father 
large craters have a series of concentric, nearly circular scarps 
surrounding the inner basin or crater and discuss the systems of radial 
fractures called the sculpture systemsHartmann and Kuiper have 
described three concentric elements for the' Crisium basin-(see.figure 5).

Upon closer inspection it is found that the outer Mare Crisium 

scarp is somewhat irregular and consists of • short faults which strike 
nearly at right angles to one another. The orientation of these faults 

indicates that they are part of the lunar grid system. This, orientation 
of the faults implies that faults existed before the Crisium impact' 

occurred and that the faults were reactivated during or shortly after 
the impact event to form the scarp. The outer scarp is well developed 
to the NE and NW of Mare Crisium, in the areas where the radial sculp
ture is best developed. Unfortunately, if the scarp was formed to the
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Figure 5. Concentric structural elements of the Crisium basin according 
to Hartmann and Kuiper.
North is at the top. Approximate scale: 8.3 km per mm



north of Mare Crisium, it has been obliterated by.Cleomedes, Burckhafdt, 
and other craters. Also, if there was a,scarp segment extending from 
the S to.the W of Mare Crisium, it is now buried under the lavas of 
Mare Tranquillitatis and Mare Foecunditatis. A very small segment of 
the scarp is located NNW.of Trantius, so there is evidence that the 
scarp did form to the SWW of Mare Crisium and there are a few.small 
segments of the scarp to the S and SE of Mare Crisium;, The. remaining 
segments of the circle which j oin these segments,of the.scarp show ho 
evidence that the scarp ever formed in those places. Figure 6 shows 
the faults which.form the concentric scarp segments. It is apparent - 
from Figure 6 that the.scarp is developed in areas whose directions 
from Mare Crisium are those of the major lineament trends.

The intermediate concentric circle indicated in.Figure 5 - 
connects a few high peaks which lie just beyond the rim of the Crisium 

Basin. The major structural feature at that approximate.distance from 
Crisium is a system of grabeh and not the Isolated peaks. The locus 
of points through these graben is approximately elliptical. In the. 
western part of the Undarum quadrangle (south of the Cleomedes'.. quad
rangle) ' these grabeh are j oined.at nearly right angles and form a 
saw-toothed pattern of flooded low areas. In the eastern part of that 
quadrangle the graben are more nearly parallel to the shore line of 
Crisium. In the Cleomedes quadrangle the graben lie.behind the horsts 

which.form the rim of the basin in that area,. As can be seen in Figure 6 
the faults of these graben are probably largely grid-system faults which 

were utilized to form this nearly circular depressed zone around Crisium,



Figure 6. Structural elements of the Crisium basin. 

The major linear structural elements which make up the radial and 
concentric structural features of the Crisium basin are indicated 
on the photograph. Due to a loss of detail in the photograph to 
the east of the mare, the elements of the radial sculpture and the 
scarp are not well shown in that area. 

North is at the top. Approximate scale: 8.3 km per mm 
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Hartmann and :Kuiper (1962) . indicate one circular element 

within Mare Crisium, but there are two:important.structural members 
in the vicinity of their inner circle. The first is the him of the . 
basin. From N20°E to S55°W the rim consists of three well-defined 
horsts. From N70°E to S20°E the rim consists of a system of small 

faulted horsts. The southern rim, which extends from S55°W to S40?E, 
consists of high fault blocks arranged in such a way that the shore 
line has a saw-toothed appearance. At Mare Crisium’s.eastern side a 
550 segment of the rim arc is missing and the mare extends eastward 
into the grabeh. zone.These features are shown in Figure6.

Thus, the shape of the Crisium Basin is controlled by a few 
large structural blocks which have resisted fracturing on the 10 km 

scale. The trends of the horsts or structural blocks are similar to 
the trends of the grid system. The places where the horsts meet,. that '• 
is, where.the rim changes its trend to maintain some degree bf circus 
larity, occur in areas whose directions from the center of the mare 
are major grid directions. These areas are also those in which the 

radial sculpture is developed. The Integrity ;of the.blocks from which 
the horsts were formed is indicated by the extension of the N6QqE 
trending hofst (south bf Cleomedes) into the uplands beyond the grabeh 
zone (See.Figure 6).

. The basin which lieswithin these' horsts' and f ault ■ blocks ' 

can be divided into two structural units, a bench and an inner basin.
The bench extends inward from the rim scarps and its inner boundary. is 
indicated by a system of mare ridges and mare scarps. This boundary is: '
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the second structural unit associated with the inner concentric circle. 
The Procellarum fill is rather shallow bn the bench, and many hills 
and Yerkes craters protrude through the surface of the mare, The 
level of the mare surface bn the bench is several hundred meters 
higher than the surface of the mare in the inner basin. Since ho pra— 
flooding topography is found in the inner basin (except Eimmart C 

which is located on the outer boundary of the inner basin), the inner 
basin must be. quite deep and must be. filled with a thick section of 

Procellarum material. Apparently the inner basin is the part of the 
lunar "crust" which was excavated by the impact. The bench consists 
of blocks which slumped into the basin along reactivated grid faults. 

The mare ridges and scarp system at the boundary of the bench and 
inner basin may be intrusive and/or extrusive units (Fielder, 1963) 
of igneous material which have worked their way up from depth along 
the edges of the bench, or they may be pressure ridges as suggested 
by. Cruikshank (1965).

Hartmann (1964a) has shown:that there is a distinct radial 
sculpture system associated with the Crisium Basin, and he notes that 
the sculpture faults tend to be parallel to one another rather than 
strictly radial from the center of Crisium. The tendency for the 
faults to be parallel (and orthogonal) to one another and the fact, 
that the areas where the sculpture is developed are in directions 

from Crisium which are grid system directions, indicate that these 
faults are also grid system faults which were reactivated by the 

Crisium basin event.
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This detailed study of the Crisium basin structure has re

vealed that most or all the structural elements of the Crisium basin 
consist of faults or zones of weakness which were reactivated by. the 

forces associated with the formation of the Crisium basin. It seems 
likely that the concentric scarps, troughs, and horsts may have formed 

as the lunar "crust” adjusted to the newly formed excavation. Gravi
tational tectonics, such as centripetal faulting, may have been active 
in the formation of the basin structure; Figure 7 illustrates a 
suggested mechanism of movement sequence.

Lunar Rilles

The only prominent rilles in the quadrangle are those in the 

floor of Cleomedes. This rille system is partially buried by ejecta 
from Cleomedes A and E, Goperhican and Eratosthenian craters .respectively,■ 
Since the rilles are formed in Imbriari materials, their age is Imhrian 

or Eratosthenian. Just to the SE of Cleomedes B. there is a la,rge,. 

topographically high, triangular shaped mass of Procellafum material, 
which is bounded on the west side by a mare scarp and on the SE side 
by the rille. The origin of this wedge of material and its relation 
to the rille is unknown. The only other rilles in the quadrangle are 
a small sinuous rille, latitude 22?5N and longitude 50>7$t;, and a small 

linear rille which is associated with a cratered cone,

Crater Rim Separations'

On their eastern rim crests, the craters. Tralles and Cleomedes 
have Interesting structural features which may be the result of gravitational
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Figure 7. Idealized cross section of the Crisium basin.
The upper diagram shows the basin and the associated faults as it
would have appeared before movement on the fault occurred. The
lower diagram shows the basin as it appears at present.
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sliding. The features are shown'on the map as irregular depressions 
which follow the rim crests for a considerable distance. For con
venience only, these features are referred to as rim crest rilles.

The Tralles rim crest rille is terminated at its north end 
by a 6 km Eratosthehian-Imbrian crater which may be of volcanic 
origin. Immediately to the east of the rille there.is a large mass 
of Tralles rim material which has slumped down:the wall of Cleomedes.

Cleomedes has two rim crest rilles, a very long one at the 
eastern crest and a short rille immediately £o the west of the major 
rille. Both these rilles open into a large, irregular depression 
which is located at the southern end of the rilles. The floor of the 

irregular depression consists of undisturbed Cleomedes rim material, 
so this depression is almost certainly a subsidence feature. The 

northern end of the major:fimcrest rille cuts through the rim material 
of Burckhafdt,.which:is younger than Cleomedes. Thus, the major " 
rille post-dates Cleomedes and is not the result of the crater form
ation process.

The lack of a definite floor:in the rilles, their.linear 

nature, and the definite slumping associated with the Tralles rim 
cres t rille indicate that these features are scars which mark the 
head of large masses of brecciated rock that have moved down.the wall 
of the crater. Figure 8 illustrates the mechanics in the formation 

of the rim crest rilles.



Figure 8. Idealized cross section of a rim crest rille.
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Slumping of Crater Walls

Major crater wall slumping has occurred in Tralles, Burckhardt, 
Eimmart, and Delmotte. In the first three craters the slumping has 
occurred on the SE segment of the crater wall, and in Delmotte the 

slumping has occurred on the NW part of the wall. The part of the . 
crater walls just above the slump masses are generally.Coperhican 
slope material. The trends .of these slump scars in Eimmart and 
Burckhardt are the same as one of the prominent lineament directions 

in their vicinities. The trend of the scars in Tralles and Delmotte 
is similar to the trend of the large hoist just south of Cleoinedes.
The coincidence of the slump scar trends with the major structural 
trends strongly suggests that the slumping has occurred along pre
existing faults of the lunar grid system and/or the Crisium̂  sculpture 

sys tern.
In TrallesBurckhardt, and .Delmotte, the slump masses 

traveled far onto the floors of the craters. These units are thus 
considered to be.a hilly floor unit and it is possible that other 

hilly floor units have a similar origin.

The age of the craters discussed in this section range from 
Imbrian-pre-Imbrian to Eratosthehian. The slumping observed in these 
craters is a good example of crater modification with age and this 
process represents one of the methods of crater obliteration, "



c h a p t e r:iv
STRATIGRAPHY OF THE CLEOMEDES QUADRANGLE 

The' Coperhican System

As originally defined, the materials which form the Copemican 
System are those which are units of the bright ray craters and.other 
high albedo units. This definition was based on the premise that 
lunar rocks darkened with time;.. evidence supporting this concept has 
since been given by Hapke (1964), Binder et al. (1965), and Cruikshank 
(private communications), These investigators have shown:that rocks, 

and rock powders become dark and change color when they ape bombarded 
with low-energy protons, The protons were used to Simulate the effects 

of the solar wind on the lunar surface.
There are ho prominent Coperhican craters (Cc) in the quad-v. 

rangle; the largest, Eimmart G, is only 15 km in diameter, However, 
the ray systems of Eimmart G and A are sufficiently prominent to make 
the interpretation of other stratigraphic units in their vicinity 
difficult. In addition; ray material from within and from outside 
the quadrangle have greatly modified the albedo characteristics: of 
large portions of Mare Crisium, As is shown on Figure 9, the:surface 
of Mare Crisium is covered with a complex' system of linear'rays.-, 

many of which originate from Proclus,
21:



Figure 9. Ray systems on Mare Crisium.
The rectified, full Moon photograph shows the prominent ray systems 
which cover parts of the surface of Mare Crisium. The most prominent 
rays originate from the crater Proclus, the bright crater just west 
of the mare.
North is at the top. Approximate scale: 7.9 km per mm
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Coperhtcan slope material (Cs) is found throughout the uplands 

and on. the walls of many craters. This material is thought to be 
fresh talus and freshly exposed bedrock. This interpretation is 
supported by the fact that slump scars on crater walls are frequently 
very bright. Further, Cs is found most frequently in areas of high 
relief.

The Eratosthenian System

Eratosthenlan craters (Ec) are those craters which, occur on 
the surfaces of the maria, but do hot have rays, It has been found 
that many Ec's.and CcTs are bright spots on the infrared images of 

the eclipsed Moon by Saari et al. (1966). Thus, any upland crater 
which is not a Co, but has the above characteristic has been identified 
as Ec. The materials of these craters, and other materials, whose 
age can be demonstrated to be Eratosthenian, make up the Eratosthenian 

System,
Delmotte and Pierce:are the largest definite Eratosthenian 

craters in the quadrangle; Cleomedes E is almost certainly Eratos- 
thenian in age, but the ray pattern of Cleomedes A, which la situated 
on the east wall of Cleomedes E, reduces the certainty of the class■#-> 
ification. Under excellent observing conditions, these three craters 
exhibit very well-defined, rough rim units:.with large moimds,.whose' 
dimensions are bn the order of a few hundreds of meters. Figures 10 '. 
and 12 show some of these rim units, fairly well.
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Figure 10. The western half of Mare Crisium.
The rough texture of the rim unit of the Eratosthenian crater Picard (Pi) 
is shown in this photograph. The crater Peirce (Pe) has a similar rim 
unit, also an Ec, but the fine details in the rim are too small to be 
well photographed. The pre-Imbrium hills (b) of the structural bench 
which inclosed the inner basin of Crisium are well shown in this photo
graph. The mare scarp (s) marks the inner boundary of the bench. The 
crater Yerkes, the type crater for the Yerkes Group, is the large flooded 
crater on the bench to the west of Picard.
North is at the top. Approximate scale: 2.3 km per mm
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It is noted that three of the five largest Eratosthehian craters 

on Crisium are located on exposures of dark mare material. Owing to 
the limits of telescopic resolution, it has been impossible to determine 
if the rim material of these three craters is superimposed on the mare. 
Therefore, it is possible that the dark mare material was deposited 
after the craters were formed. Thus, the dark mare material may be 
Eratosthenian in age; such is also indicated by other observations 

which are discussed in the section on the Imbrian System below. If 
the dark material, which is almost certainly lava or ash, post-
dates the craters, it is possible that eruption of the laya or ash 
occurred through deep fissures formed by.the cratering impact. If 
lunar craters are the result of volcanic activity (Fielder, 1965 and 
others), then the ash or lava would probably be contemporaneous with 
or slightly younger than the crater.

The major part of Hare Angius has been mapped as Eratosthehian 
mare material (Emd) because of its low albedo and stratigraphic ref
lation to other units. Carr (1965a) has discussed similar dark mare 
units and has concluded that they are Eratosthenian or even early 
Coperhicah in age. By. analogy, other dark mare units iqay be of post^ 
Imbrian age. A further indication of the Eratosthenian age of the 
surface of Mare Angius is that all the upland crater rims, that are 

on the edge of the mare. are overlapped by. the dark materia,!« - The 
most prominent craters of this type are Eimmart DA and B (both are 

identified as Ec) and Eimmart D and K (both mapped as Eratosthenian^ 
Imbrian El craters), If the surface of Angius was. of Imbrian age,
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all the craters on Mare Angius' edge would.be.Imbrian and pre- 
Imbrian in age. This circumstance would require that there would 

have been no cratering in the immediate vicinity of Mare Angius 
from the end of the Imbrian to the beginning of the Gopernican, or 
later. Because this is statistically unlikely, it is fairly certain 

that the age of this dark mare material is at least Eratosthenian..
It is possible that this material is even early Gopernican in age, 
because there are very few rays on the surface of Angius except at 
its northern end * However, the presence of these few fays, all from 
Eimmart A, indicate that the present classification is probably 
correct.

The NW limit of the dark mare material has been tentatively 
placed to the NW of the crater Eimmart because the dark mare material 
of Mare Angius and the mare material north of Eimmart overlap the 
rim unit of Eimmart. This crater has a fresh appearancea large 
amount of Cs on its walls, its fim unit has a higher albedo than the 

surrounding upland materials, and it is a bright spot on the infrared 
image of the eclipsed Moon. Therefore, Eimmart is most probably 
an Ec. However, the ray systems of Eimmart A and G may have contributed 
to the brightness of the walls of Eimmart, and its rim unit does not 
have the rough topography of most Eratosthenian craters, Thus, the 
age is somewhat ques tionab1e. Assuming that the Eratosthenlan age 
of Eimmart is correct, the inare material north of Eimmart would also 
be of Eratosthenlan age even though it has a higher albedo than the 
dark mare material. The difference in the albedo between these mare
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surfaces is probably due to the extensive fay systems (the fays of 
Eimmart A and G) which cover the mare north of Eimmart. Thefe is no 
evidence to indicate how far the dark mare material extends NTS' of 
Eimmart5 so a tentative limit for the dark mare material has been 
placed a few tens of km NW.of Eimmart.:

Eratosthehian-Imbrian Materials

Upland;craters which are - relatively f resh looking ? :i,e, not : 

greatly distorted" by faulting and slumping of the walls, and have 
small to large amounts of Cs on their walls, are classified as Eratos- 
thenian-Xmbrian craters, This.is a very broad classification, but 

thefe are ho really satisfactory criteria for identifying Xmbrian and 
Eratosthenian craters in the uplands. Similarly, smooth material, 
which occurs on steep slopes, but which has an albedo inferior to 
that of Cs, is designated as Eratosthenian-Xmbrian slope material 
(Els). This material is similar to Cs, but it is sufficiently stable 
to have become darkened, Els is prominent on the.steep scarps of the 

hofsts which form'the fim of the Crisium Basin,

The.Xmbrian System

The only Xmbrian materials which - can be % Identified in the 
Cleomedes quadrangle are materials of the Procellafum Group, Ipml,;

Ipm2 ,' Ipm3, and Ipm3?,. The maj or chaf acterlatic. lidilch. is. used , to" - 
distinguish these units is relative albedo. Ipml has the highest • 
albedo and each successive unit is somewhat darker- A major factor •
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in the variations of albedo of the mare imits appears to be.the number 
of faint rays which have been superimposed.on their surfaces. Because 
an older surface would'have more fay material deposited on ity it is 
considered that Ipml is the oldest and the Ipm3 the youngest of the 
Procellarum materials. The very low albedo of Emd is. consistent with 
this hypothesis.

Most of the surface;of Mare Crisium is covered with Ipm2.. 
However , the horth~central part.of the mare Is well-covered' with 
rays and approaches the' albedo of Ipml; The Ipml is limited to areas 
which are peripheral to Ipm2 and in low areas outside of the basin.

The third and fourth Procellarum units, Ipm3 and Ipm3?, seem 
to be genetically related and may even be the same material,' lpm3? , 

is a dark unit found in upland areas and seems . to consist of dark 
mare material (Ipm3), which is insufficiently thick to cover small 
hills and ridges of the pre-rdeposition topography.

There are three fields of Ipm3? in the quadrangle, one east 
of Tisserand K, a:second SE of Eimmart, and the third around Cleomedes 
G, Each of these exposures of Ipm3? . is located adjacent to, or near 
Ipm3, Telescopic observations indicate that the dark material of the 
Ipm3? has flowed down'from.the uplands onto the mare surface and 
formed the Ipm3 exposures,

The easternmost part of Mare Crisium consists mainly of Ipm3,■ 
There are only two.craters on the boarder between the uplands and the 

Ipm3; both of these craters are.less than 5 km in diameter and are .’ 

classified.as EIc,: The rims.of these two.craters are.overlapped by ■
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the Ipm3, This allows: an argument, though weak, (due to the lack of 
a sufficient number of similarly situated craters) for the age of the 
Ipm3 to be Eratosthenian. However, this argument is backed up by 
the proximity of the Ipm3 to the Emd, the low albedo of the Ipm35 and 
the lack of rays on its surface. It is concluded.that the Ipm3 and 
its genetically related Ipm3? may be Eratosthenian in age; by analogy, 
all the Ipm3 of Crisium may be.Eratosthenian.

The Imbrian-pre-Imbrian Materials and the Terkes Group

There is a second class of materials in the uplands whose 
stratigraphic position can not be uniquely determined, namely the 

Imbrian-pre-Imbrian materials. The craters of this class are divided 
into two groups. The first,..designated Iplc, are general upland 

craters which are somewhat destroyed or deformed, but not so much so 
that they would be. classified as pre-Imbrium craters; see below.'
The second type consists of craters.belonging tothe distinct.Terkes 
Group, which.is analogous to the Archiinedian Group of'craters in the 
Imbrium area, Yerkes materials (Masursky, 1965) are those which: 
wete deposited after the Crisium basin formed, but before the final 
Procellarum units were deposited, Because the Crisium basin formed 

before the Imbrium basin (Chapter VII), the different Yerkes materials, 
may be,either pre-Imbrlan (pi) or Imbrian (I) in age(Y Archimedian 

type craters are usually positively identifiable only in the maria; 
however, in the Cleomedes quadrangle thefe are a number of large 

craters which can be readily classified aa members'. of the Yerkes'. Group ■,
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Cleomedes is a Yerkes crater (Iply) and its extensive rim unit 

covers a large part of the NTS'.: quadrant of the . quadrangle,. This rim 
unit may be one of the best preserved’ ejecta blankets of IpI age bn 
the Moon, The unit is characterized by. smoothly rounded.hummocks of 
1 to 3 km diameter. Figures.11 and 12 show this texture very well.
Since the ejecta of younger craters.is blbcky and.rough? the appearance 

of the Cleomedes ejecta suggests that its.rolling topography is.the . 
result of lunar erosional processes and some mantling by.other, thinner 
ejecta blankets.

Two;other' prominent Yerkes craters,•Tralles and:Burckhafdt, 
are located on the rim,of:Cleomedes ,' and the fim units of these vtwo. 

craters grade into Cleomedes' rim unit. The Iply classification of 
these craters is based on the observations that they are strati*-, 

graphically higher than Cleomedes, but they are overlapped by Ip! 
plains-forming units.

Several Yerkes.craters are found on: Mare Crisium near its 
edge. These craters were.formed on a,structural bench which- snrrouhds- 
the deep inner basin. The Procellarurn fill is.sufficiently shallow' : 
on this bench that these craters are not covered. The crater Yerkes, .. 
the type crater for the Yerkes Group, is located on this hehch in the . 

southern.half of Mare Crisium,
Many upland craters which have..been classified as ' Imhtiantpre-̂  

Xmbrian craters may be Yerkes craters, but there.is no definite proof 

that they are post^Crisium craters, however, for statistical purposes, 
all XpXc *s are considered to be members of the Yerkes Group,
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Figure 11. The Northwestern quadrant of the Cleomedes quadrangle: A.

Large blocks of the rim material of Cleomedes E (E) are visible to the 
south and southeast of the crater. In this area the rim unit of Cleomedes 
E partially buries the northwestern end of the rille (r) in the floor of 
Cleomedes. Though the lighting is somewhat unfavorable, mantling of a 
scarp (west of s) by ejecta from Cleomedes can be seen. Ejecta from 
Cleomedes is well shown in the bottoms of Debes (d) and Debes A (A).
North is at the top. Approximate scale: 1.9 km per mm
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Figure 12. The Northwestern quadrant of the Cleomedes quadrangle: B.
A view of the region around Cleomedes (c) is shown in this photograph 
which was taken about 3 hours earlier than the one shown in Figure 11. 
Because of the slightly greater angle of illumination, the characteristic 
topography of the Cleomedes ejecta, south of Cleomedes, is better shown 
than in Figure 11. Similarly, the mantling of the scarps south of 
Cleomedes is well shown. The three scarps are to the east of each letter 
js. Rim material of Delmotte (D) is visible to the southwest of the crater.
North is at the top. Approximate scale: 1.9 km per mm
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The remaining IpI units are the upland plains-fdrming units. 

(Iplp)„ This material has smooth to somewhat hilly surfaces of small 
lateral extent. The.relative albedo of the Iplp is slightly higher 
than that of the Ipml, and in many places, where Iplp atid Ipml are 

in contact, their mutual boundary is not very distinct, Iplp is 
limited to low areas and.troughs in the uplands. A unit of the Iplp 
whose surface is somewhat hilly is designated as Iplpt, thin plains~ 
forming unit, and the hills are thought to be remnants of preexisting 
topography.

Because the plains-fdrming units are relatively smooth and 
usually fill in low areas, these units are interpreted as volcanic, 
units, perhaps igriimhrite,.ash or basalt deposits. Thus> the Iplp 
is similar to the Procellarum•units and•may.represent old mare.fill 

units, However, some E and C craters have light, smooth floors 
(Copernicus itself) and it seems possible that this material is 
related to the Iplp. It seems likely that plains-forming units have 
been deposited throughout.lunar history, and the IpI age estimate, 
is too restricted.

The pre-Imbrian System

Units' classified as pre-Imbrian (pi) are those which show '.
extensive faulting by. the lunar grid system and the basin'sculpture\
systems. The craters assigned this age are generally deformed and 
theif walls are frequently partially destroyed by faulting, later 
impacts. Undifferentiated.units (plu) which are - found on the uplands, .
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also show evidence of large -scale faulting by. the grid and sculpture 
systems. The pin units probably consist of old'crater materials, 
ejecta from basin formation events, and volcanic units, which are 
indistinguishable from one another because of their great age and 
degree of destruction.

The most important pi units in the quadrangle are the two 
associated with the Crisium basin. The first is the Crisium bench 
unit (plkb) . which consists of hills that project through the Procellarum 
units in Mare Crisium (Figure 10), These hills are high blocks of 

the materials which form the structural bench under the outer part of 
the mare. It is possible that some of these hills are partially 

covered with or consist of fall-back.
The second unit is the Crisium rim unit (plkr), Materials of 

this unit form the high s tructural rim of the Crisium basin and are 
found at the. surf ace mainly on the ME side of the mare. The hofsts 
which form this rim are cut by many faults, and the topography re
sembles that of a tilted fault block area. The blocks are bn the 
order of 10 km in dimensions and the local relief is quite great, 

though the sides of thexblocks are rather smooth. The smoothness 
may be .due to mantling by. Crisium ejecta, but there is no evidence 

for this interpretation. A more likely explanation for the smooth 
slopes is that the pi rocks are covered with a thick veneer of talus 
on the lower slopes and the upper part of the slopes consist of fresh 

bed rock. Thus, the surface would consist of El slope material with



some patches of Cs on the steepest places. Figure 13 illustrates 

this concept. Volcanic units and some crater debris may contribute 
to the filling of the valleys.

Special Volcanic Features'

Morphological characteristics have been used.to tentatively 
identify small volcanic features in the quadrangle. Craters which 
are aligned in chains, such as the crater chain north.of Cleomedes G, 
are in this category. This chain extends from Cleomedes G northward 
to the normal fault scarp which forms the southern wall of Cleomedes. 
A series of chain craters on the floor of Cleomedes, just south of 
Cleomedes.B, probably is an extension of the main crater chain. The 

line which these craters define is sub-radial to the center of the 
Crisium basin and nearly perpendicular to the trend of the horst on
which some of the craters are situated. Four of the eight craters, of
the main chain are located on three faults which form a series of 
steps leading down to the floor of Cleomedes. At the northernmost 
fault the chain begins to swing to the west in order to follow the 
fault. Finally, the part of the chain on the floor of Cleomedes is 
just west of and nearly parallel to a relatively prominent mare scarp 
The geometrical arrangement of these craters and their placement with 
respect to major faults and structural trends strongly indicates that 
these craters are volcanic in origin. Since the craters are broad,
but show only a low rim, they are probably diatremes,
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Els and Cs cover

I I pm

Figure 13. Idealized cross section of the Crisium rim (plkr).
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Another type of feature that is possibly of volcanic origin 

occurs in an area that is NW of Hare Crisium and is well-cut by the 
Crisium sculpture. These features are called crater cones by the 
USGS (private communication) and consist of relatively steep-sided 
cones, each with a small summit crater. Just west of Crisium 
there are two little hills with craterlets on them. The westernmost 
hill is identified as a cratered cone since the craterlet is situated 
on the.summit. Also, there is a relatively large mass of material 
extending from the Ntf side of the cone onto the surface of the mare.

So, the feature resembles a large volcano with a lava flow. The 
craterlet on the eastern hill occurs on the flank of the hill. Although 
this hill may be a cratered cone, its morphology is not Sufficiently 
convincing to give it that classification. -

A second cratered cone with a "lava flow" is found at latitude 
23?4N and longitude 50?5E;. This cratered cone is located at the end 
of a small graben. Two other cratered cones are located at about 
latitude 26°N and between longitudes 50°E and 51°E, these cones do 

not have associated "lava flows." These features are all located 
on or near faults and in an area which has been highly faulted. Thus, 
their structural setting and morphology.suggest that they are volcanoes.

There is a small crater located at the junction of a secondary 
rille with the main rille in the floor of Gleomedes. This situation 
is similar to those found in the floor .of Alphonsus - (see.Figure 14).
In the Alphonsus examples the craters have dark rims and are considered



Figure 14. Ranger 9 photograph of two of the dark halo craters in 
Alphonsus.
The dark halo craters are the somewhat elliptical, smooth craters 
located on the rilles. At the contrast level of the Ranger photo
graph, the halos around the craters are not well shown.
North is at the top. Approximate scale: 150 meters per mm
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to be. diatremes, xAich are genetically related to the formation of 
the rilles. By analogy, it is possible that the Cleomedes rille 
crater is also a diatreme.

Owing to the peculiar morphology of a group of craters with 

diameters of 10 km or less, it is suspected that the members of this 
group are volcanic in nature and that they may be sources of Brocellarum 
materials and/or upland plains forming materials. Craters in this 
category are Eimmart B, Eimmart TB, Cleomedes DA, Cleomedes DB, a 
crater at latitude 25°N and longitude 68°E, and possibly a small crater 
on the HE part of the rim crest of Tralles. Figure 15 shows the 
morphology of these craters. With the exception of the Tralles crater- 
let and possibly Eimmart B, the troughs which extend from breached 
sides of the craters in this group lead directly to mare or IpIp.
In the case of Eimmart B, the trough leads to a valley which is filled 
with Ipm3?, but there is an obstruction between the end of the trough 

and the beginning of the valley. It is not known:whether or not the 
trough and the valley were once connected, allowing volcanic material 
to pass into the valley, or if they have always been separated. It 

is also possible that the crater was a source/,of Emd for Hare Angius, 
However, owing to the location of the crater and the western shore 
of the mare, it is impossible to observe if the mare material has 

flowed down the escarpment into the mare.



Figure 15. Diagram of a type of possible volcanic craters.



CHAPTER V

INFRARED STUDIES OF THE CLEOMEDES QUADRANGLE

To date, the methods used for stratigraphic mapping have been 
limited mainly to visual observation and inspection of lunar photographs. 
It is desirable to determine whether or not the various stratigraphic 
units as mapped have uniform physical properties other than texture and 
visual labedo. For this purpose, infrared colorimetric measurements 

were made of several units in the Cleomedes quadrangle and of Ipm units 
in the Serenitatis quadrangle for comparison. The equipment, general 
observational technique, and basic data reduction method have been 
described elsewhere (Binder and Cruikshank, 1966). Briefly, the obser
vations were made by scanning the lunar infrared spectrum from lyU to 

2,5x4 at an effective resolution of A ZA?V̂ 50. Because of the strong 
terrestrial water vapor bands in this part of the spectrum, the re

flectivity profile is divided into four segments. The centers of 
these segments occur at 1.05xx, 1.3̂ X4, 1.5̂ X4, and 2.̂ X4, and the intensity 
at these four points for the areas observed are plotted to give a 
color curve. Because the spectrometer used to make the observations 
is not designed to make accurate absolute intensity measurements, but 
rather accurate relative intensity measurements, the data were reduced 
first to the relative color of the points observed. The weighted mean 
of these curves was then adjusted to fit the very accurately calibrated 
geometrical albedo measurements of the full lunar disk made from the

41
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Gemini 7 spacecraft (Condron et al., 1966). The results obtained 
indicate only the color differences in the observed points, not the 

albedo differences, i.e. the curves are normalized so that the sum 
of the intensities at the four points is a constant.

The lunar observations.were made with a circular entrance 
diaphragm. Because of foreshortening effects, the regions observed 
in the Crisium area were elliptical in shape with a 5 km minor axis 
and a 10 to 15 km major axis. The areas observed in the Mare Sefenitatis 
area were nearly circular, the major axis being less than 6 km long 
and the minor axis remaining 5 km. In order to get a series of 
reliable colorimetric scans, it was found that the area which was 
being studied had to have a rather uniform visual albedo .oyer an area 
whose linear dimensions were about three times', those given above.
This restriction is :due to normal.guiding errors, and severely limits 
the number of areas and, therefore, the number of units that can be 
studied.by this method. It follows:that.fewer upland•areas can be. . 

studied than mare areas,
The results of the colorimetric observations are listed in 

Table 1. The areas observed are plotted on Figure 16 using their 

number designations from Table 1. The size of the circle around each 
number corresponds to the area observed.

To facilitate comparison of the data, the average colors of 
the various units are given in Table 2. As can be noted, the mare 
type units in Mare Crisium consist of twd:eblorimetrie types. The 
IpIp and the Ipml, both.of which are found only external to the mare 
proper, are of one type. Perhaps the Ipml is a facies of the IpIp
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TABLE 1. RELATIVE ALBEDO OF VARIOUS POINTS IN THE CLEOMEDES QUADRANGLE 
AND THE SERENITATIS QUADRANGLE

RELATIVE ALBEDO AT
POINT UNIT___________ AREA____________ 1.05^ 1.30^ 1.55^ 2.10%

1 Ipm2 Mare Crisium .196 .232 .296 .307
2 Ipm3 it .198 .229 .296 .313

3 Ipm3 ii .194 .229 .299 ,316

4 Emd Mare Anguis .195 .229 .298 .316

5 Emd i i .197 .231 ,294 .307

6 Ipm2 Mare Crisium .194 .227 .299 .322

7 Ipm3 it .194 .228 .298 .319

8 Ipml Uplands N of Crisium .203 .230 .288 .310

9 Ipml ii .202 .232 .288 .304

10 Iplp n .203 .230 .288 .307

11* Ipm4 Mare Serenitatis .196 .229 .296 .319

12* Ipm3 ii ,196 .230 .294 .319

13* Ipm4 ii .198 .229 .290 .325

14* Emd ii ,192 .223 .294 .370

15* Ipml n .197 .231 ,292 .313

16* Ipm2 it .192 .227 .302 .328

17 Iplyr Uplands N of Crisium .201 .229 .278 ,316

18 ipiyr n .204 .231 .275 .307

19 Iplyr n .203 .230 ,277 ,310

20 Cc ii .211 ,234 ,272 ,304

21 Cc ii .206 .232 .290 .280
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TABLE 1— Continued.

RELATIVE ALBEDO AT
POINT UNIT___________ AREA____________ 1.05^ 1.30 w 1 .5 5 u 2.10^

22 Iplkr Uplands N of Crisium .200 .229 .289 .313

23 Els ii .203 .230 .277 .307

24 plu ii .205 .232 .286 .218

25* Not Mapped it .206 .232 .284 .301

26 Ecf ii .202 .320 .286 .310

Estimates Average Error ±.001 ±.002 ±.002 ±.006

All points are shown on Figure 16 except those marked by the star (*).
These points are located as follows:

POINT LATITUDE LONGITUDE

11 30?3N 27?8E

12 18?5N 28?2E

13 16?8N 29?2E

14 19?1N 29?8E

15 16?4N 26?8E

16 22?0N 15?1E

25 N34°N N57°E
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TABLE 2. AVERAGE RELATIVE ALBEDO OF VARIOUS STRATIGRAPHIC UNITS

UNIT QUADRANGLE 1.05x4
RELATIVE 
1.30 aa

ALBEDO AT 
1. 55 m 2.10u

Iplp Cleomedes .203 .230 .288 .307

Ipml ii .203 .231 .288 .307

Ipm2 ii .195 .229 .298 .313

Ipm3 i i .196 .228 .298 .316

Emd ii .196 .229 .296 .310

Ipml Serenitatis .197 ,231 .292 .313

Ipm2 ii .192 .227 .301 .328

Ipm3 ii .196 .230 .294 .319

Ipm4 i i .196 .229 ,293 .322

Emd i i .192 .223 .294 .370

pin Cleomedes .205 .232 ,286 .298

Iplkr ii .200 ,229 ,289 .313

ipiyr ii .202 .230 .277 .310

Ecf ii .202 .230 .286 .310

Els ii .203 .230 .277 .307

Cc i i .208 .233 .281 .292
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materials rather than of:the Ipm materials.even.though the visual albedo 
and occurence of the Ipml are similar to those of the other Ipm materials. 
Unfortunately, this problem can not be resolved until better techniques 
of colorimetric mapping can be .evolved and carried out.

The remaining mare units in Crisium, Ipm2, Ipm3, and Emd, 
form the second colorimetric class of materials. If the visual albedo 
is an indication of age and if the colorimetric properties are an 
indication of composition, then Mare Crisium (in the Cleomedes quad

rangle) and most of the small mare areas which are peripheral to the '
Mare seem to consist of the same type of material, though of different 

ages. This conclusion is tentative and again requires more detailed 
colorimetric mapping.

Though the number of observations is limited, in Mare Serenitatis 
there.seem to be three types' of mare materials based on their color.
The first group consists of Ipm units (Ipml, Ipm3, and Ipm4) which 
make up the well-known:reddish, dark border of Mare Serenitatis. The 
second type of material makes up the blue, light center of the mare.
The peripheral mare material, mapped as Emd, is the third colorimetric 
type of mare material in the Serenitatis area. Thus * those areas 
which show color differences in the visual also show color differences 

in the infrared. Based on visual albedo, Carr (1965b) has mapped 
both Ipml and Ipm2 in the central part of Serenitatis and Ipml, Ipm2,

Ipm3, and Ipm4 in the outer margin of the mare. Based on the colori
metric observations, the Ipml and Ipm2 units should be divided into 

blue and red Ipml’s.and Ipm2’s. It should be noted that for the
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observed areas, - those units which'are red.in the visual are also red 
in the infrared, and similarly units which:are blue in the visual are 
blue in the infrared.

Comparison of the colors of the different units in Mare Crisium 
and Mare Sefenitatis which have similar visual albedo indicate.that the 

units differ in what is assumed to be composition. This indicates 
that geologic correlation of units between these two maria is not 

necessarily valid.
Hapke (1964) and Binder et al.■(1965) ‘ have given evidence 

which shows that under the influence of the solar wind, lunar materials 
become redder and more uniform in color with age. While this reddening 
does not seem to occur for mare units (based.on the present mapping 
criteria and observed overlap relations), the data in Table 2 indicate 
that, if the pXu observation is neglected, the earlier conclusions 

are correct for the upland units. This difference might be.explained 
if the uplands are compositionally uniform while the mare show distinct 

compositional differences. Thus, the upland materials would probably 
redden uniformly, while the mare units would probably redden at rates 
which would be a function of their compositional differences.

Although it is not too difficult to determine the extent of 
different units in the maria by normal mapping techniques, the problem 
becomes quite difficult in the uplands, especially for ejecta blankets'. 
The major criteria used to define an upland ejecta blanket is texture, 
and so it was desirable to determine if infrared colorimetry could be. 
used as a second criterion. For this purpose three points (17, 18,
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and 19) on the Cleomedes ejecta blanket (Iplyr) were observed. The 
color of these points is very uniform (Table 1). However, the color 
of most of the uplands is fairly uniform, so this is not completely 
satisfactory. In Table 1 it can be seen that the 1.5^u point shows 
wide variations for the different upland units, but that for the Iplyr 

areas the 1.55/4 point is the same within the error of the observations. 
Thus, the uniformity of the Cleomedes blanket seems to be confirmed 
by the uniform color and uniformity of the intensity of the 1.55/A 

point for the areas observed on the Iplyr and it is concluded that 

infrared mapping at a higher resolution than presently attainable 
should be very useful in the upland areas.

With the present equipment and the above observational technique, 

the number of observational points required to define a stratigraphic 
boundary would be prohibitive. Therefore, an attempt was made to map 
such a boundary, which had been defined by visual mapping, by using 
the infrared albedo differences across the boundary. The wavelength 
used for the experiment was 1.5 m̂ , though any of the other points 
discussed in this chapter could have been used. The spectrometer 
was set at the desired wavelength and the Moon was slowly scanned in 
right ascension in a series of parallel strips. The parallel scan 
traces are shown on Figure 16. The boundary, across which the scans 

were made, is between Ipm2 and Ipm3 and is defined on the scans by 

a decrease in the recorded intensity. As can be seen on the illus
tration, the boundary as defined by the infrared scans (dashed) is 
not very accurate when compared to the boundary as defined by the
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visual mapping (solid). This is due primarily to the very poor reso
lution ( 20. km) of the infrared scans as compared with the high visual 
resolution ( 0.1-0.2 km).

It is concluded that the infrared.albedo scans of the.resolution 
used cannot be used for mapping and that with the present equipment, 
infrared colorimetric observations can only be. used to differentiate 
between, and to correlate separated stratigraphic units. If the 
effective resolution can be increased by a factor of five or greater, 
then infrared colorimetric observations should be an effective mapping 

tool, especially in the uplands.



CHAPTER VI

STATISTICAL STUDIES OF CRATERS OF THE CLEOMEDES QUADRANGLE .

In this chapter.and some of the following chapters, the craters 
are separated into four age groups. The first two'groups are the 

Coperhican and Eratosthenian craters. The third group consists of 
all craters formed after the Crisium basin formed, but before the 
Eratosthenian Period. This includes the Yerkes craters and IpI 
craters and will be referred to as Yerkes craters, The fourth group 
consists of those craters formed before the Crisium basin formed 
and consists of only pi craters which will be referred to as pre- 
Crisium craters.

c , 2The total area of the.quadrangle is about.2.6x10 km .' Of 
this area about 43% is covered with mare material and the remaining 

57%. consists of upland units of various types' and of various ages.
Table 3 is a listing of the percent of the quadrangle which is covered 
by:each of the major stratigraphic units. This information is im- 

pdrtaut for the understanding of the effects of crater obliteration 

on crater counts.
As can be noted from Table 3, the area covered by. Erato

sthenian and Coperhican craters is sufficiently small that almost all 
of the craters of these ages are preserved. This is especially charac
teristic for craters with diameters greater than 4 km.

50
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TABLE 3. AREA COVERED BY VARIOUS STRATIGRAPHIC UNITS IN THE CLEOMEDES 
QUADRANGLE

UNITS PERCENT OF TOTAL AREA

Copemican Craters ^  1
Eratosthenian Craters ^  2.5

Eratosthenian-Imbrium Craters 2.5
Walls and Inner Rims of the Major
Imbrium-pre-Imbrian, Yerkes Craters /xv 10

Rims of Iply Craters rsj 12
Eratosthenian Mare Material, dark n-J 2.5
Procellarum Material, dark 7

Procellarum Material, thin <C 1
Procellarum Material, light and intermediate 33

All Mare Material 43

Crisium Bench 13
Mare Crisium 36
Slope Materials ^  10
Uplands Plains-Forming Material ^  5
pre-Imbrium Materials ^10
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Yerkes craters are preserved and identifiable bn the Crisium 

bench (13% of the quadrangle area) and on Cleomedes crater rim 
materials (12% of the area). Yerkes craters could be preserved on 
the remaining parts of the uplands (30%.of the area), but they cannot . 
be.positively identified, so the total number of Iply craters in 
this area can only be.estimated from the number of El craters found 

there. The total area on which Yerkes craters could be.preserved 
is about 50% of the area of the quadrangle.

The only areas where pre^Crisium craters are preserved.are 
the pi regions and part of the IpIp formations^ This area includes 
only 10% of the area of the quadrangle.

From the study of the areas covered by the different units, 
it is concluded that almost all of the Eratosthenian and Goperhican 
craters which were formed in the quadrangle are preserved. Of the 
Yerkes craters about 50% have been destroyed, and some 90% ;of the 
pre-Crisium craters were destroyed.

Crater frequency'counts were:made for each of the fouf:crater 
groups (Copernican -C, Eratothenian -E, Yerkes -̂Y, and pre-Crisium 
-pK) . The craters were divided into logg diameter intervals and 
counted. These counts are represented by a cumulative log~lbg base 

2 plot of the different types of craters. A cumulative plot was 
used because the number of craters in the C and'pK groups was small, 

This type of representation tends to smooth over fluctuations in the 
data, whether real or statistical. In this case, where the number of
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craters is small, the fluctuations are mainly statistical, so the use 
of cumulative plots.is justified.

The crater frequency :curves obtained.are shown:in Figure 17.> 
Included in the E group are 40%.of the El craters, and the remaining 
60% of the El craters were added to the Y group. These estimates 
are based.on the relative area on which.Y and E craters are preserved. 
From Figure 17 it is apparent that the ratio of the number of craters 
of the different groups to the number of Coperhican craters is about 
7:1 for the E craters, 20:1 for the Y craters, and 12;1 for the pK 
craters. When these figures.are corrected for the areas involved, 
the ratios become 7:1 for E craters, 40:1 for Y craters, and 120:1 
for the pK craters. These ratios.represent the number of craters 
formed during each period relative to the number of craters, formed 

during the Copemican period.
It has been reported earlier (Shoemaker et al., 1961; and 

others) that the post-mare crater density on Hare Crisium is much 
less than that of the other maria. This result implies that the 

surface of Crisium is younger than any other extended mare surface.
This result is not confirmed by. crater counts made in this report., 
Figure 19 shows that the post-mare density of craters on Hare Crisium 
is about equal to those of Hare Imbrium-and Mare Kectaris.' Because 
Shoemaker et al. (1961) indicate that the latter two maria have crater 
densities nearly equal to that of the.average mare, it is concluded 
that the age of the surface of Mare Crisium is not very different 
from the age of the average mare surface. An inspection of Shoemaker’s



Figure ;17:: Crater Frequency distributions in the Cleomedes 
quadrangle.
In this crater frequency;diagram the craters are fdivided into 
four relative age groups: Goperhicah (C), Eratosthenian (E),
Yerkes (Y), and pre-Crisium Cp'K). These counts are hot corrected 
for area.
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counts indicates that the low crater density-he found was the result 

of the partial absence of small craters (less than 10 km) in the 
area, The absence of these small craters in his count was probably 

the result of the lack of high resolution photographs of Mare Crisium 
when the work was donei



CHAPTER. VII

- GENERAL BASIN STUDIES 

Relative Ages of the' Major Basins

One of the important problems of lunar stratigraphy is to 
determine the relative, ages of the major mare basins. On the basis 

of structural characteristics, Rartmann (1964a) has indicated that 
the Mare Orientale basin is younger than the Imbrium basin and that . 
the remaining basins are older than Imbrium* Baldwin (1963) and 
others have determined the relative ages of the maria basins using 
crater counts made. from, lunar photographs. At the present time 
there are a.sufficient number of stratigraphic maps available, to 
determine the relative ages of the Imbrium, Crisium, Nectaris, and 

Humorum basins, using crater counts based on the stratigraphic mapping.
The most direct approach to this problem is to compare the 

relative density of Archimedian type craters (post basin but pre

mare) associated with each basin. If the surfaces of the mare are 
nearly equal in age, the number of Archimedian type craters is a 

function of the length of time from the formation of the basin until 
it was filled. The major source of error in this method is determining 

the area in and around the basins where the Archimedian craters are 

preserved and identifiable. To check the validity of the assumption

56
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that the mare surfaces' are about the same ages, post^mare crater 

counts must be.made. These counts are designated by M, The Archimedlan 
type crater counts are designated by. A, Because stratigraphic maps 
are hot available, the A counts for Imbrium were made from photographs 

printed in the Rectified Lunar Atlas (Whitaker et al.» 1963), The 
A counts may be somewhat low,-as a large part of the area where 
Archimedian craters are identifiable occurs on the moderately flooded 
bench, and the Ipm cover may be deep enough to cover small and even 
medium craters, ' The M counts were based on the final map of the 
Timochafis quadrangle (Carr, 1965b) which covers a large portion 
of the interior of Mare Imbrium and the results should be reliable«

The Cleomedes quadrangle and the preliminary map of the 
Undarum quadrangle (Masursky, 1965)' were used for both types of 

crater counts in the Mare Crisium area. All the counts are probably 
quite accurate owing to the good exposures of the counting areas, 
especially the .A counts (Terkes group), as these craters are readily 
identifiable in the uplands in both quadrangles.

The preliminary maps.of the Colombo and Fracastorius quad^ 

rangles (Elston, 1965a, 1965b) and the preliminary map of the Rupis 
Altai quadrangle (Rowan, 1965) were used to obtain the crater counts 
for the Nectaris basin. Unfortunately, the area flooded in Nectaris 
is rather small, so the statistical sample for the M counts is small.
The small amount of flooding also makes the identification of’the 

Archimedlan type craters somewhat uncertain.
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Finally, the Humorum .quadrangle (Titley et al., 1963), the 

Pitatus quadrangle (Titley, 1964), and the Byrgius quadrangle (Trask, 
1965), all of which are preliminary maps, were used for the study 
of the Humorum basin crater distributions. As was the case for Crisium, 
the counts are probably reliable because of the well-exposed areas 

of interest. ■
To insure that the diameters measured on these maps were 

accurate, some of the measurements were compared with the crater 
diameters given in The System of Lunar Craters, Quadrant JE , (Arthur 
et al., 1963), It was found that for craters larger than 5 km the 
geologic maps (based on the ACIC charts) could be used without error. 
However, for craters smaller than 5 km there is a tendency for the 
craters to be somewhat large on the ACIC maps.

The results of the crater counts are given in Figures 18 •
2and 19. The graphs represent the number of craters per km in each 

log2 diameter interval. The counts are hot cumulative since the 

number of craters in each group is fairly large. In all cases, 
the greater the number of craters, the older the.surface. As can 

be seen from the graph of A craters, the Imbrium basin is the youngest 

and the Crisium basin is older than Imbrium but definitely younger 
than the Humorum and Kectaris basins. According to the A counts 

Nectaris is younger than Humorum. However, the difference in the 
relative crater counts is small and the crater counts extend only 
over two diameter intervals. Thus, the difference between the counts 
may not be. significant.



Figure.18,•• Frequency.distributions'of'ArcHimedian type craters,
The basins for which the counts were made are Imbrium (I), Crisium 
(C), Nectaris (N), and Humorum (H).
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Figure 19. Frequency distributions of post^mare craters.
The maria for which.the counts were made are Imbrium (I), Crisium 
(C), Nectaris (N), and Humorum:(H), The counts indicate that the 
surfaces of Crisium, Imbrium, and Nectaris are about the same age, 
while the surface of Humorum is somewhat older' than the other three.
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From the M counts it appears that the surfaces of Nectaris, 
Crisium, and Imbrium are about the same age, while the surface.of; 
Humorum is older than the others. These results indicate that 
comparisons of the type A, counts are valid for Crisium, Nectaris, 
and Imbrium, but not for Humorum. Since the surface of Humorum is 
older than the other surfaces which are considered, the type A. 
counts are probably low, so the Humorum basin is most probably older 

than the Nectaris basin. Thus, it is concluded that the sequence 
of basin formation from the youngest to the oldest is: Orientals

(after Hartmann), Imbrium̂  Crisium, Nectaris, and Humorum.

General Basin.Structure

As was shown in Chapter III, the Crisium basin structure 
was developed along lines of weakness and old faults of the grid 
system. With the Crisium structure as an example, it is worth
while to examine the other large basins to determine if they have 
utilized the grid system faults in the formation of their concentric 
and radial structural features. Figures 20̂ 22. show Mare Imbrium, 
Mare Nectaris, and Mare Humorum with the linear elements of the 

concentric features indicated. The inner and intermediate rings of 
Nectaris, and the inner ring of Humorum show strong evidence of grid 

system control in their development. The remaining concentric rings 
of each of these basins show little or no linear structure, and in 
fact, the outer rings, especially of Nectaris, have a scolloped



Figure 20. Major linear elements of the Imbrium basin structure. 
North is at the top. Approximate scale: 10 km per mm



Figure 21. Major linear elements of the Nectaris basin structure. 
North is at the top. Approximate scale: 5.5 km per mm



Figure 22. Major linear elements of the Humorum basin structure. 
North is at the top. Approximate scale: 6.2 km per mm
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appearance as Hartmann-and Kuiper (1962) have shown. In the case 
of the Imbrium basin, which has a distinct hexagonal shape (Damey, 
1950), the scarp of the Alps, Apennine,.and Carpathian Mountains 

show distinct ilinear elements, both on the large scale and the small 
scale

Hartmann (1963, 1964a) has examined the sculpture system 
of the basins in detail and in all cases except Crisium and Humorum 
the sculpture is truly radial to the centers of the basins. As 
Hartmann (1964a) states , there is a:11... tendency for local parallelism 
. & in the sculpture.systems of Crisium and Humorum. In Chapter III 
it was concluded that the Crisium radial system of lineaments con
sisted of.reactivated grid■faults„ This alsd seems to be true in 

the case of the Humorum sculpture.
As was shown in the case of the Crisium sculpture, the 

sculpture systems of the other maria also tend to ..be . developed to 
the SW, SEg NTif, or NE of the basins, i;e. , in one or more of the major 

grid trends. Hartmann’s. (1964a) plate no. 36.26 illustrates these 
sculpture trends very well. Thus, even though some of the sculpture 

systems do not seem to consist of reactivated grid system faults, 
it is clear that the radial lineaments formed only in those areas 

where their trends were close to those of the pre-existing grid 

faults.
From the study of the structure of the major basins, it 

is concluded that the following features of the mare basins are the



result. of reactivation . of pre-existing grid system", faults and/or 

the weakness of the lunar crust along the directions of the grid 
system faults: (1) the polygonal shapes', of some of the maria,
(2) the linear elements.of some of the concentric structural rings,
(3) the areas in which some of the arcs.of the structural rings
were formed, (4) the areas in which the sculpture.systems were formed, 

and (5)' the elements,of some ,of the sculpture systems. It is probable 
that the above structure elements were all formed at the time that 

the basins formed or shortly thereafter. This conclusion may also 
apply to polygonal craters, i.e., their present shapes are primary 
and not due mainly to post-formation modifications along pre

existing lines of weakness.



.CHAPTER VIII 

.THE LUNAR TIME SCALE

The relative time:scale of lunar history is fairly well 
established, even though some of the time boundaries may not be very 
well defined; see below. However, there is relatively little known: 
about the absolute time scale of lunar history except that the Moon 
was formed about 4.5x10̂ . years ago. It is generally believed that 

the majority of the mare materials were deposited about 4x10^ years 
ago, though this figure is certainly not well established. Until 
samples of the lunar surface are available for laboratory analysis, 
the only method for determining the absolute time scale is an analysis 
of crater statistics. If the relative crater densities of the dif
ferent periods are known and if a realistic cratering rate as a 
function of time is:available, then simple calculations would yield 
the absolute ages of the different periods.

. As Ruiper (1954) and others have discussed, the Moon has 

undergone bombardment by bodies which can be.divided into two time- 
dependent groups, The first group of bodies is responsible for the 
intense cratering of the upland areas, i.e., most of the pre-mare 

craters, Because the pre^mare time was relatively short (as compared 
with post-mare time) and the number of these craters is large, the

67 '■
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rate of craterxng was very great. The second group of bodies.formed 
the post-mare craters and the craterihg rate was rather low. Evidence 
that these two groups are of different origin is given by Hartmann 
(1966),

For convenience, the lunar time scale is divided into.pre- 

and post-mare eras for the following discussion. This division is 
based on the assumption that the overlap of the two cratering fluxes 
is of little consequence and that the period of the changeover from 
the first flux to the second occurred close to the time of the filling 
of the mare basins.

Post-Maria Time

The beginning of the post-mare era is also the beginning of 

the Eratosthenian period. It was pointed out in the introduction 
and was shown in Chapter III that there are mare units which have 

been found to be much younger than the general 1pm units. Even 
though some very distinctive mare units can be.given an Eratosthenian 
of even a Goperhican age, it is impossible to determine the exact 
cutoff between Ipm and Emd units. Thus, the criterion used to de
termine the bottom of the Eratosthenian stratigraphic column is a 
time transgressive one. It is estimated that the "beginning" of 
the Eratothenian Period in different areas may vary in time by 5%' 
of the total.average length of the post-mare era (about 4x10  ̂years).
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Similar difficulties are found in the criterion used to.define 

the Coperhican Period. Since cratering is a random phenomenon and 
if there is a definite lower age for the fay material, then the ratio 

of Coperhican to Eratosthenian craters would be constant all over the . 
Moon. Several mare quadrangle maps were used to test the validity 
of the last assumption, and they are listed in Table 4 with the results, 
obtained from them. As can be seen in Table 4, there are great differ
ences in the results obtained from the different quadrangles. These 
differences are probably the result of personal factors involved in 
determining the cutoff point between craters with faint rays and 
craters without rays, especially in the case of small craters. Also, 
the general albedo of the background mare affects the detectability 
of ray systems of small craters. Neglecting the differences between 
the quadrangles, the combined results are shown:in Figure 23. For 

craters smaller than 16 km there are 2 E craters for every C crater, 
but for craters larger than 16 km there are more C craters than E.

The result that there are more large C craters than E craters on the 
maria is verified by. an inspection of a full Moon photograph. There 
are two.possible reasons for the results: (1) the mass-frequency
distribution of the impacting bodies has changed with time, and 
(2) ray systems are more readily formed' in the case of large craters 

than for small craters. Hartmann (1964b). has shown.that the frequency 
distribution of pre-.and post-mare craters is the same, thus (1) is
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TABLE 4.. GOPEENICAN AND EEATOSTHENXAN CRATER COUNTS FOR SELECTED 
MARE. AREAS

 Diameter Intervals   Type of ....
2—4 4-8 8-16 ' 16-32 . 32-64 ■ Craters ■ : Quadrangle

1 : 2 : 1 Cc TimocLafis* •
. 31 8 • 1 1 Ec

Number . .35 > 9 • . 3 Cc Rlphaeus** ■
. 26. 8 ■ = 2 . Ec.

of
. 3 . 2 : 1 Cc : Kepler̂ **- ■

Craters 9 16 9 • Ec :

. 30 . 3 6 1 1 Cc : Aris tarchus^y**
42 . 15 • . 6 ' Ec . :

*Carr, 1965
**Eggleton, 1965 >
***Hackmann, 1962 

:*.***llooxe , 1965'



Figure 23. Frequency distributions for post-mare craters.

The graphs indicate the relative frequency,of Goperhicah (C) and 
Eratosthenian (E) craters,



71

D I A M E T E R  IN KM.
( log  2 I n t e r v a l s )

Figure 23. Frequency distributions for post-mare craters.



unlikely. If the second possible cause is true, then there is no 

unique criterion by.which to differentiate between the two:periods; 
however, it is probably true that most C craters are younger than the 
E craters

In addition to the differences in the frequency distribution 

of C and E craters with size in the mare, D. Wilhelms (private 
communications) has noted that there are differences in the relative 
density of E and C craters when the maria are compared to the uplands 

Thus, it is concluded that there is no unique beginning of the 
Copemican Period and the post-mare era can not be divided into 
time units which are based on the present lunar stratigraphic systems

Pre-Mare Time

Since reasonably good crater counts were obtained for the 
determination of the sequence of the formation of the mare basins 

(Chapter VII), it should be possible to determine the ages of these 

basins relative to the age of the mare surfaces, providing an accept
able model can be fouhd for the pre-mare cratering rate. Hartmann 
(1966) has discussed the origin of the bodies which formed the pre

mare craters and he has concluded that the most likely source of the 
bodies is the debris which was left over from the formation of the 

Moon. Hartmann tentatively rejects the possibility that the early 
cratering is the result of the accretion process (assuming the Moon 
formed by.accretion), since the uplands do not have a crater-on-
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crater. topograph.y . However , the . stratigraphic.mapping has shown.:, that . 
an upland plains unit:exists, the.IpIp, and that this unit may have . 
buried a large number of older craters.. Thus, this unit may have . 
masked the crater-oh-crater. nature..of the .lunar surface 'if. it.ever 
existed. If the early cratering•is the result of the accretion of 
the Moon, then.the post-mare cratering rate may be approximated.by. 

a l/<2. function of time.
A second source of the early cratering objects was suggested 

by Wise (1963). Wise has postulated that the Moon was formed.by 

fission from the Earth during the formation of the Earth's core.
Just prior to the separation of the two bodies, the Earth~Moon body 
had a Poincare figure with the proto moon at its . smaller endi, During 
the.separation, the heck of the Poincare figure broke into a number 
of small bodies. Just after fission̂  the.system.consisted,of the.: 
Earth, the Moonj,and a large number of small bodies which were,coh- 

.cehtrated.close to the.Earth.and Moon. With time these bodies 

would be. dispersed by Earth and:lunar perturbations. Thus, in the. 
beginning of lunar history there would have been an abundant supply 

of-impacting bodies, and as ■ the Moon moved", away from the Earth 
(MacDonald, 1964; and others), there would have been fewer and fewer 

impacts. So, the cratering rate may be. approximated by a 1/e function 

;of time in the.case of Wise’s theory.■
In comparison to the Crisium basin, the relative number.of"

Archimedian type■ craters.in the other basins are: Imbrium = 0,5/
and Mectaris - I«8;.see.Chapter VII. ■ From the data given in Chapter VI,
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there are about 3 pre-Crisium craters for every Yerkes (Archimedian 
type) crater. Thus, out of every 100 pre-mare craters, the number 
of post-basin craters is 12 for Imbrium, 25 for Crisium, and 45 for 
Nectaris. If dn/dt is the cratering rate, as discussed above, 
and k-2 are constants, and t is the time, then

dn/dt = k^e ^2t, (1)

Let t = 0 at the beginning of lunar history and t = 1 when the maria 
were formed. To evaluate V-2 it is necessary to know or estimate the 

difference in dn/dt at t = 0 and t = 1. If this difference is m, then
t=0

dn/dt

t=l

= mdn (2)

Substituting equation (1) into equation (2) and evaluating, we have

K2 = In (m) . (3)

For a unit area which contains 100 pre-mare craters, we have by 

equation (1)

100 = k ie- l n(m) tdt} (4)
0

which reduces to

100 In(m)k-̂  = l_l/e^^^ = 1-1/m. (5)
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If m ̂ 100 (see below) then 1/m is insignificant, and equation (4) 
reduces to

= 100 In (m) . (6)

From equations (1), (3), and (6) we have

dn/dt = 100 In(m)e- n̂ t. (7)

For a given value of m, equation (7) can be integrated to determine 
the length of time needed for ii craters to have formed. For example, 
in the Imbrium basin since 88 out of 100 pre-mare craters formed 
before the basin formed.

88 - 100 In (m)
U

-ln(m)tdti (8)

If m = 10̂ , then by equation (8), t = 0.46. Thus, the Imbrium basin 

formed after 46% of the time had elapsed between the beginning of 
lunar history and the formation of the mare if m = 10̂ .

Based on the relative densities of pre- and post-mare craters, 

reasonable values of m may be in the range of 10  ̂to 10̂ . Values of 

the ages of three of the major basins relative to the age of the mare 
surfaces are given in Table 5 for three values of m. It is noted in 
Table 5 that regardless of the value of m the relative ages of the 

basins with respect to Imbrium is about the same. If the Imbrium
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TABLE 5v AGES OF THE.MAJOR BASINS'RELATIVE TO THE AGE OF THE MARIA 
FOR VARIOUS VALUES OF m

■ ■ BV. ‘ ' 10? ■' . XO? ■ ■" 10 - -

Imbrlttm Basin 0.46 0,31 0.23
Crisium Basin 0.30 0.20' . 0.15 -

Nectaris Basin 0,-17 - 0,12 0.09

Age of the Maria is 1,00
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basin formed at t :::; ti, than the Crisium basin formed at t = 0.65ti, 

and the Nectaris basin formed at t = 0 .38ti. It is also concluded 

that unless m was less than 102 ,. or greater than 104, the pre ..... Imbrian 

period occurred betWeen the first quarter and the first half of the 

pre-mare era. If this era lasted about 5xl08 years, as is generally 

accepted, if .!!!. = 103 , and if t ::::: 0 marks the beginning of the develop

ment of, lunar surface detail, then at t = 6x107 years the Nectaris 

basins formed, at t ::::: 108 years the Crisium basin formed, at t = 1.6xl08 

years the Imbrium basin formed and the Imbrian period began, and at 

t :::; 5xl08 years the major basin flooding occurred and the Imbrian 

period ended. 

Figure 24 shows the lunar time scale based on the discussions 

in this chapter and in Figure 24!!!_ is assumed to be 103 • 



Figure -24̂. The:lunar time'scale..

The time scale is not linear, ■ and time equals 0 is.. considered 
to be. the time when' the Modh First had a surface which was 
capable of preserving ■. structural. detail;
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CHAPTER IX 

SUMMARY AND.CONCLUSIONS

Summary ■

As a summary of the material presented in this paper and the 

information displayed on the Geologic Map of the Cleomedes Quadrangle, 
the history of the quadrangle and the entire Crisium area is reviewed. 
During the first 100 million or so years after the formation of the 
Moon, the Moon was undergoing a period of intense cratering and crustal 
fracturing. There is little evidence of this early phase of cratering 

in the Cleomedes quadrangle due to the destruction of thege': craters 
by later impacts (mainly those which formed Cleomedes and the Crisium 

basin), and burial of the craters by ejecta, mare material, and IpIp.
In addition to these obliteration processes, the early crustal fracturing 
also aided in the destruction of the early craters. The lineaments 
and faults which formed in this period of lunar history are still 
. recognizable and have had a great influence on the development of later 
lunar features. The causes of this tectonic activity may include tidal 
deformations of the Moon, thermal expansion and/or contraction, and 
changes in the figure of the Moon:due to changes in its rotational 
velocity. Finally, widespread igneous activity in this period is 
indicated by the upland plains-forming units, which are considered to 

be early mare-like materials
• 79
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The second period in the development of the Grisium region 
began with the formation of the Crisium basin at t s 10®' years; This 
event may have occurred less than 10® years before the beginning of 
the Imbrian Period, but after the other major basins on the visible . 

side of the moon. As a consequence of the Grisium.event, a system 

of radial and concentric.structural elements developed which were 

centered on the Grisium basin. These structural features developed 
along the lines .of"weakness and faults of the grid system. However, 

the lunar crust was not completely broken by the grid faults, since 
large structural blocks were strong enough to resist being broken and 
they formed horsts which make up part of the Grisium rim.

As indicated above, the Grisium basin event destroyed many 
craters, not only in the inner basin, but also outside the basin by. 

the fault activity which occurred during and after the event. Since 
there is no substantial stratigraphic evidence for great amounts of 
Grisium ejecta, loss of earlier craters by burial may not have been 
too widespread.

Following the formation of'the basin, cratering continued 

at a fairly high fate and craters of the Terkes group were formed.
Some time: during this period, the crater Cleomedes was formed with 

its extensive and distinctive ejecta blanket. Also, during this 
period. Ip Ip was deposited in low areas and presumably in the Grisium 

basin.
The final filling of the basin with Ipm units occurred near 

the end of the Imbrian period, perhaps 4x10® years after the basin
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formed. The filling did not stop abruptly, but sloxfly decreased in 
intensity. The last units seem to have originated in the uplands 

which are adjacent to the mare„ Many of these last flows:are probably 
Erat os thenian in age.

By.the time that the majority of the mare surface had formed, 

the craterlng rate had decreased and relatively few. craters formed 
during the 4x10  ̂year post^mare era. Thus, the majority of the features 
in the Crisium area and the rest of the Moon were formed in the first 
20% of lunar history.

Conclusions

It has been found that most of the stratigraphic units are 

time transgressive and that the post-mare lunar periods, as defined 
in the early stages of the development of lunar stratigraphic mapping, 

lack definite time boundaries. This conclusion is in agreement with 
the recent work of Carr (1965a) and others. Though the beginning of 
the Tmbrlan Period is well defined by the Imbrium basin event, it is 

impossible to find stratigraphic_evidence of this.event in areas far 
.removed from the Imbrium area and in a large percent of the uplands,
Thus, the beginning of the tmbrlan can not be defined in such areas.
It is concluded that the units which are mapped as time^fock units, 
are in reality rock-stratigraphic units and there is no general lunar 
geological time scale which cah be defined by terrestrial base strati^ 

graphic mapping.



The roclc-stratigraphic units which are being mapped now can 
be used to set up local stratigraphic columns, especially around the 
major basins. It is probable that in the course of future manned 
lunar exploration, these local columns can be accurately dated by 
geochemical methods and then an accurate timerstratigraphic scale 
can be:established for the Moon.
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FIGURE 2 EXPLANA TIO N
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oi th< inner wall, topography is smooth. 
Albedc high, out xes than that of Cs .

Interpretation
Most rayed craters are probably of im
pact origin.

Ccr, poorly sorted impact ejecta ,
Ccf, probably forms deep breccia lens with

in crater; may be mostly covered by fall- 
bac k.

Ray material

Characteristics
Albedo generally high (> 0.10). Forms radial 
and subradial rays around Copernican craters. 
Within Cleomedes quadrangle, rays have no 
visible relief at highest telescopic resolu
tion; however, on high-resoiution Ranger 
photographs of other areas, rays consist 
partly of shallow craters.

Interpretation
A thin layer of fine ejecta and secondary and 
tertiary craters formed by material ejected
from primary and secondary craters.

c
Slope material

Characteristics
Albedo highest of any lunar material (> 0.11) 
Occurs on steep crater walls and steep slopes 
in areas of high rugged relief.

Interpretation
Fresh talus and freshly exposed bedrock re
sulting from mass movement and mechanical dis
integration of rock.
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Slope material

Characteristies
Occurs on steep smooth slopes. 
temediate and fair ly uniform.

Albedo in-

Crater materials

Similar to Ec, Ecr, Ecu, and Ecf, but strati- 
graphic position is indeterminate.
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Interpretation
Similar to Cs, but nearly stable and dark
ened by solar radiation.

terial

Ipk I pier Ip kw  Iplct

Characteristics
Moderately hunttocky topography similar to 
rim material of large craters. Albedo 
intermediate and fairly uniform.

Interpretation
Age of unit is uncertain due to lack of 
positive overlap relations with other 
units. Origin uncertain.

Plains-forming materials

Characteristics
Albedo slightly higher than that of Ipml 

Iplp, plains-forming material. Typically 
forms flat smooth surfaces having low 
undulations and hills in some areas. 

Iplpt, plains-forming material, thin. Has 
surface texture controlled by pre-exist
ing topography.

Interpretation
Mare-like material older than the Pro- 
cel larum mare materials. May be litho- 
logically distinct from I pm units or of 
similar lithology but altered by solar 
radiation and partly covered by fine 
ejecta.

Crater materials

Characteristics
Similar to corresponding Yerkes units.

Interpretation
Similar to corresponding Yerkes unite but 
stratigraphic position is indeterminate. 
Materials may belong to Yerkes Group.

plu

Undif ferentiateti material

Characteristics
lias diverse topography and albedo. Well 
faulted by lunar grid system and, in places, 
by Crisium sculpture system.

Interpretation
Has diverse origin; may be partly ejecta 
from Crisium basin.

Character istics
Materials of craters without rays which 
are superposed on I pm. Albedo low to 
intermediate (0.06-0.08) and fairly uni
form.

Ec, undifferentiated. Similar to Cc.
Ecr, rim. Similar to Ccr in small craters 

and in larger craters (> 10 km) consists 
of rough irregular hummocks with low 
radial ridges and grooves subradial to 
crater.

Ecw, wall. Occurs on steep walls inside 
craters and appears smooth.

Ecf, floor. Occurs on crater floors and 
appears smooth.

Ecfh, floor, hummocky. Occurs on crater 
floors and is hilly.

Ecp, peak. Forms peak near center of 
crater.

Interpretation
Eratosthenian craters are older than the 
rayed craters, but younger than the I pm 
units.

Ecr, poorly sorted ejecta.
Ecw, primarily slump material and talus which 

has become dark owing to solar radiation.
May in part be darkened exposed bedrock.

Ecf, similar to Ccf. May also consist partly 
of volcanic materials.

Ecfh, may consist of material which has 
slumped from walls.

Ecp, either a volcano or shock-brecciated rock.

Characteristics
Topography is flat and smooth, and crater 
density is very low. Albedo very low 
(0.05-0.07), among the lowest of lunar 
materials, except where covered by ray 
material as around Eimmart. Also occurs 
in Marc Angius.

Interpretation
Volcanic materials, may be basalt or ash-
flow tuff.
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Frocellarum Group

Characteristics
Albedo low (0.06-0.08) and uniform except 
where covered by ray material. Forms ex
tensive relatively smooth areas with low 
broad elongated ridges and scarps. Term
inates abruptly against higher topographic 
features.

Ipm3, mare material, dark. Unit queried
where it occurs on terra and forms hum
mocky surface of small extent.

Ipm2, mare material, intermediate.
Ipml, mare material, light.

Interpretation
Bedded volcanic flows; may be basalt or 
ash-flow tuffs.

Ipm3, youngest. Where queried unit is thin 
and hummocks are an expression of the sub
jacent terrain.

Ipm2, intermediate.
Ipml, o l d e s t .
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Yerkes Group 

Crater materials

Characteristics
Moderately subdued. Albedo intermediate 
and uniform.

Iply, undifferentiated.
Iplyr, rim. Around crater Cleomedes is very 

hummocky and somewhat cut by lunar grid 
system.

Iplyw, wall.
Iplyf, floor.
Iplyh, floor, hummocky.
Iplyp, peak.

Interpretation
Originally similar to corresponding younger 
crater units but are moderately eroded. 
Units are younger than the Crisium basin 
but older than Ipm units.

. i,ikr
Crisium rim material

Characteristics
Material which forms high rim around Mare 
Crisium. Occurs in blocks (- 10-20 km 
across) having several hundred meters of 
relief. Slopes and intervening troughs 
are very smooth. Albedo is diverse.

Interpretation
Large horsts cut into large fault blocks 
formed at the time of formation of the 
Crisium basin. May be partly covered with 
ejecta from the Crisium basin. Also talus 
and volcanic units of various ages may be 
present on the slopes of the blocks and in 
the troughs.
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Crisium bench material

Characteristics
Forms small hills and ridges which occur 
in the outer part of Mare Crisium between 
the rim scarps and the concentric mare 
ridges and scarps. Albedo intermediate 
and uniform.

Interpretat ion
Topographically high blocks of a struc
tural bench which surrounds the deep inner 
basin of Mare Crisium. Blocks exposed be
cause Ipm units are too thin on the bench 
to cover them.

Crater materials

Characteristics
Similar in occurrence to corresponding 
younger units but form craters that are 
subdued and irregular.

Interpretation
Materials of faulted and eroded craters 
which are older than or contemporaneous 
with the Crisium basin. Due to the irregu
lar form of the craters, plcp identification 
is questionable.
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Long dashed where approximately located; 
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Concealed contact

Buried formation indicated by symbol 
in parentheses.

Faults

Hachured where fault scarp buried by 
later materials; dotted where concealed; 
queried where inferred. Bar and ball on 
downthrown side.

Narrow graben

Faults too close together to use bar and 
ball symbol to show downthrown block.

Lineament

Trough or scarp of unknown nature. 
Interpretation: Single fault, graben,
or buried graben.

Mare scarp

Line marks base of scarp, barb points 
downs lope.
Interpretation: Flow front, mantled
fault scarp, or edge of subsurface sill,

Hare ridge

Line marks crest. Arrow indicates tapered 
end.
Interpretation: Pressure ridge or site
of volcanic extrusion or intrusion.

Breccia lens

Shown on cross section beneath crater 
floois.
Interpretation: Impact-produced breccia.

Slump block 

Arrows show direction of movement.

Irregular depression

Interpretation: Collapse feature or mass
movement scar.

r  \
Concealed crater 

Symbol shows rim crest

Crater

Subunits indistinguishable and undiffer
entiated as to morphology.

e h

Chain-crater material

Alined or overlapping craters. Rim, wall, 
and floor materials undifferentiated. 
Interpretation: Maar or pit craters.

o
Rimless round crater

Interpretation: Maar, caldera, or other
volcanic crater or partly buried crater 
of any origin.

@ fL'
Cratered cone

Steep flanked cone with crater at summit, 
Interpretation: Volcano.

sr  _

Sinuous rilie

Interpretation: Channel eroded by vol
canic flow or leveled flew channel.

cxr cxw

Grater-complex material

Characteristics
Material of a line of contiguous craters, 

cxr, rim material, 
cxw, wall material.

Interpretation
May be volcanic craters or a group of 
secondary craters.
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NOTES
This chart was prepared with advisory assistance from 

Dr. G erard P. Kuiper and his collaborators, D. W . G. 
Arthur and E. A. W hitaker.

DATUM

The horizontal and vertical positions of features on 

this chart a re  based on selenocentric measurements 

made by A C IC  and published in ACIC Technical Paper 

N o . 15, “ Coordinates of Lunar Features’ ’, M arch 1965. 

The assumed lunar fig u re  is that of a sphere corres

ponding to the mean lunar radius of 1738 kilometers. 

S upplem entary positions are  developed in the chart 

area as an extension of the Datum.

Primary Control Positions........................................®

Supplem entary Control Positions......................... A

ELEVATIONS

Radius vector lengths a re  the distances from  the g eo

m etrical center o f the moon to the p lane of the crater  

rim or the designated position of the feature measured. 

The lengths of the radius vectors are  expressed in 

kilometers.

The re lative  elevations of cra ter rims and other prom i

nences ab o ve the surrounding te rra in  and depths of 

craters a re  in meters. They w ere d eterm in ed  by the 

shadow measuring techniques as refined by the D epart

ment o f Astronomy, M anchester University, under the 

direction  of Professor Zdenek K o pal. The p ro b a b le  

error o f the loca lized  re la tive  e levations is 100 meters 

in the vicin ity o f the center of the moon with the m ag

nitude increasing to 300 meters a t 70° from the center 

due to foreshortening.

Lengths of Radius Vectors to control points . . .  . 0  or A
 .............................................................. 7747.9
Depth of craters (rim to f lo o r ) .........................................(4 0 0 )

Relative Elevations (referenced to surrounding terra in ) 

with d irection  and extent o f m easured slope ind icated

....................... 300&.
NAMES

Feature names were adopted from the 1935 Inter

n a tio n a l A stronom ical Union nom en cla ture  system 

as am ended by Commission 16 of the I.A .U ., 1961 

and 1964.

S u pplem entary features are  associated with the named  

features through the add itio n  of identify ing  letters. 

C raters a re  id e n tifie d  by c a p ita l letters. Eminences 

are  identified by G reek letters.

Nam es of the supplem entary le ttered  features are  

d ele ted  when the association w ith the nam ed featu re  

is ap p aren t.

A black dot or black dotted outline is included, where 

necessary, to iden tify  the exact fea tu re  or features  

nam ed.

PORTRAYAL

The con figuratio n  of the lunar surface features and  

background coloration shown on this chart is inter

preted from photographs taken a t Lick, M cD on ald , 

M t. W ilson , Yerkes, Stony Ridge, Kwasan, and Pic du 

M id i O bservatories. Supplem entary visual observa

tions with the 20 and 24 inch re fracting  telescopes a t 

Lowell O bservatory  provide id en tifica tio n  and c la r if i

cation of indistinct photographic im agery and the 

addition of minute details not recorded photograph

ically . The p ic to ria l p o rtraya l o f re lie f forms is d ev e l

oped using an assumed ligh t source from  the W est 

with the ang le  o f illum ination  m ain ta ined  equal to the 

ang le  o f slope o f the features portrayed . Background  

co loration  depicts varia tions  in re flec tan ce  of the 

surface under fu ll moon illum ination.
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