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7 material ean be
Practerized most simply as a very slightly
esive, fine-grained aggregate. Rennilson et al.
P66] and later Shoemaker et al. [19G7] rec-
ized that the fine-grained surface materials
fe of limited thickness in areas adjacent to
B Survevor 1 and 3 spaceerafts. They noted
Bt the blocks on the rims of small eraters were

P surface but that large craters contained
A ks in their ejecta aprons many times larger

bumed that the larger blocks were derived
M hard rocks beneath the fine-grained sur-
¢ laver and placed limits on the thickness of

§ craters containing such blocks.
hort]y thereafter Oberbeck and Quaide
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Thickness Determinations of the Lunar Surface Layer from
Lunar Impact Craters

WirLian L. Quamre Anp VERNE R. OBERBECK

Aimes Research Center, Moflett Ficld. Califorma 94035

Small, fresh lunar eraters with normal. central-mound, flat-bottomed, and concentric geom-
B etrv are widespread on maria surfaces. The same types of craters have been produced in the
g. laboratory by impacting projectiles against targets consisting of loose, granular, noncohesive
materials overlving coliesive substrates. The mechanics of formation of each laboratory crater
¢ type is deseribed. and evidence is offered that the corresponding ivpes of lunar craters are of
b impact origin. Fxtensive studies of the effects of lunar impact variables on the conditions of
I formation of ihese crater {vpes show that a previously deseribed statistical method can be
used to determine the thickness of the lunar surfaces layer within narrow limits. Two inde-
pendent methods for determining the laver thickness at specific points are presented. Thickness
- estimates of the Survevor 1 site obtained previousty from study of medium-resolution Orbiter
1 photogruaphs are re-evaluated by using subsequenily obtained high-resolution photographs,
and thickness determinations of two additional areas are presented. The different arcas
examined have different surface laver thickness. The fragments of the surface are certainly
partly of impact origin, but voleanic contributions may also be present. The maria substrates
arc probably composed ol volcanic flow rocks

with interbeds of {rugmental material.

face layer over 3000 km® of Oceanus Procel-
larum. They showed that fresh eraters with
diameters less than 250 meters display various
but distinet morphologies with respect to their
size and that this relationship could be inter-
preted on the basis of laboratory impaet experi-
ments. They impacted projectiles agaimst targets
with surficial granular layvers of varving thick-
ness overlying substrates of greater strength and
produced the morphologic types of craters rec-
ognized on the moon. Photographs of these
lunar erater types and their laboratory counter-
parts are shown in Figure 1. Boundary values
separating realms of crater morphologv for the
laboratory ecraters were defined in terms of
ratios of apparent crater diameter to surficial
laver thickness. Beeause the boundary values
appeared to be independent of veloeity and
angle of impact and strength of the cohesive
substrate and because there was a regular rela-
tionship between size and erater morphology
on the moon, it was reasonable to assume that
the corresponding morphologic types of lunar
craters could have originated by the impact
process. Accordingly, the experimental boundary
values were used to determine the thickness
distribution of the surface layer in Qceanus
Procellanun. However, their study of the effect
of impact variables on the eonditions of forma-
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I'lg. 1. Lunar eraters with normal, central-
mound. flat-bottomed, and concentric geometry
and their laboratory counterparts.

tion of each morphologic type of crater was only
rudimentary. The study of the inflnence of any
one of the variables considercd was not exhaus-
tive, nor were all important variables consid-
ered.

This paper examines thoroughly the effects of
significant lunar impact variables on the condli-
tions of formation of each crater type, tests the
hypothesis that these small lunar craters were
formed by impact, and defines and applies tech-
niques for measurement of the surface laver
thickness.

Erricrs oF VARIABLES

The very regular relationship between mor-
phology and size of lunar craters reported by
Oberbeck and Quaide [1967] suggests that, if
the eraters were formed by impact, the condi-

QUAIDE AND OBFERBLECK

tions of formation of each type must have ity I, experir

dependence on the common lunar impact vy erater
ables. This suggestion was partially confirm, ground
by their preliminary study of the effect of ap diamete
and velocity of impuct and strength of Klp. Kinetic.

substrate on the conditions of formation of
these crater types. Their study of the cfects o
variables was neither exhaustive nor completes
however, and it is now necessary to “0n81der
thoroughly the effects of variations in Veloclty;
and angle of impact, projectile properties, ?ngle;
of repose of surficial materials and strength of:
the substrate. Since experiments are most cop.
veniently performed at earth gravity condltlom,
it is further necessary to compare the formatjgy -
of these craters in earth gravity with formg
tion in simulated lunar gravity fields. :

The effects of these variables have been g%
amined in two wayvs. Ratios of apparent crate
diameter to surficial layer thickness, D, /¢, haves
been used to define boundaries separating reahni:;
of erater morphology and to caleulate the dis."?
tribution of thickness of the linar surface layer'
[Oberbeck: and Quaide, 1967]. It is usefu],_,
therefore, to determine the effcets of the var: §
ables on the values of these boundary ratios. In
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1
addition, for flat-bottomed and concentrig}
craters, the ratio of the diameter of the floor of ;
the surficial crater to the apparent crater diam. 3
cter, D,/D,, is used extensively because bothe ‘S"‘t‘”d“.]’l;’ S}“
Udiee 7
values can be measured on lunar photograp B
and in the laboratory and becausc the ratio s, 0y
N [\ <1-mes
sensitive to slight changes in the ratio D,/t. It strengt quartz
is therefore useful to consider Dy/D, as a fune- - 1% an
1 -1 . 1$1 : repose
tmfn‘ of D,/t for various co.mhtlons' of impact. ¥ tmpact 24-mes
These and other symbolic notations :re used<3 velocity (uartz
repeatedly in this study. They are listed below 3 3:“‘”“—
ot repo
for ease of reference. o moact 24-mes!
. . = § sele
a, height of the mound in a central-mound™ g‘l‘?:;
crater. : of repo:
Dy, apparent crater diameler (rim crest Miectil- 2d-mesl
prapertices quartz
to rim crest). ; 31° ang
Dy, dinmeter of the floor of the Surﬁcml of repos
crater in flat-bottomed and concentrie
craters. «. 3 ‘ngle of 24-mesl
D;. apparent diameter of the inner crater @ Hquartz ¢
n o e eniric crat turticiad t- to 8-
in a concentric crater. . - materints 10° orue
Dyrp. midpoint of diameter class mterva]aG ‘ quartz
g, gravity field. 7 ?‘"t}' 24-mesh
R t t0. “eld quartz s
h. apparent crater depth (rim crest ¥ 31° ang!
Hoor) of ceniral-mound, flat-bottomed; : of repos.
\

and concentric craters.



pe must have little 4

lunar impact vay.
»artially confirmed
" the effect of angle
1 strength of the
: of formation of
ly of the effects of
tive nor complete,
essary to consider
1ations in veloeity
' properties, angle
Is and strength of
:nts are most con-
gravity conditions,
pare the formation
avity with forma-
ty fields.
sles have been ex-
of apparent crater
ckness, D,/t, have
; separating realms
caleulate the dis-
tunar surface layer
371. It 1s useful,
ffects of the vari-
oundary ratios. In
and concentric
ster of the floor of
arent crater diam-
vely because both
lunar photographs
acause the ratio i
the ratio D./t. It
D;/D, as a func-
itions of impact.
notations are used
v are listed below

in a central-mound
umeter (rim crest

¢ of the surficil
ied and concentric

f the inner cratef
r.
er class interval

th (rim crest 10
nd, ﬂat,-l:»ot.tnmed
s,

experimental constant relating true
crater dinmeter (diameter at original
ground surface) lo apparent crater
diameter.

kinetic energy of the projectile.

mass displaced.

number of craters of a particular mor-
phology in a diameter class interval.
nuniber of fresh craters of all mor-
phologics in a diameter class interval.
surficial layer thickness.

angle of repose of surficial material.
illumination angle.

microus.

p variables studied and the experimental con-
Jons of each study are listed in Table 1 to-
her with references to figures in which results

glogy. Results of this study are thercfore
gented first and used as a standard of refer-
B for examining the effects of all other vari-
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ables. Targets with substrates of 24-mesh quartz
sand (709, by volume 0.5-1 mm, 30¢, < 0.5
mm) houded by epoxy resin to unconfined com-
pressive strengths of 1.4 bars *=30¢, and 68.5
bars =59, were impacted at constant angle and
veloeity with the same projectile type. The
results are shown in Figure 2, where ratios of
D./D are plotted us o function of D,/t. Best-fit
curves arc drawn throngh the plotted values for
the 68.5-bar and the 1.4-bar substrate cases to
illustrate the observed variations. In addition,
bar graphs indicating the realms of erater mor-
phology in terms of the ratio D,/t for each
substrate are shown. The variability of values of
Dy/D, as a function of D,/t is negligible for the
two substrate cases, as ean he seen from the
curves, nor is the position of the boundary
separating realms of normal from central-mound
and flat-hottomed geometry affected. There is a
notable diffierence, however, in the position of
the boundaries sepuarating realms of flat-
hottomed from concentrie geometry for the two
cages. Flat-hottom craters were observed to form
over the stronger substratc up to a maximum

of repose

TABLE 1. Impact Variables Studied and Experimental Conditions of Fach Study
Substrate
Material, Impact
Unconfined Angle Impact Air N
plable Surficial Compressive (from Velocity, Gravity  Pressure, Results
iie Layer Strength Horizontal) kn/sec Projectile Field m in Figure
: 24-mesh 1 4 bars 90° 1 7.65X1.00mm 19 100 2
ngth quurtz sand, +30% Lexan
31° angle of 68 .5 bars cylinders
repose +5%
24-mesh 68 .5 bars a0° 1-7 7.65 X4.00min 1p 100 3
quartz sand, +5% Lexan
31° angle evlinders
of repose
24-mesh 1.4 bars 30° 1 7.65 X4.00mm 19 100 4
quartz sand, +309, 45° Lexan
31° angle 90° eylinders
of repose
ile 24-mesh 1.4 bars 45° 5-7 6.3mm spheres 1¢g 100 5
perties quartz sand, +30% of Pyrex glusy
31° angle aluwmninum
of repose 7.65 X4.00mm
Lexan cylin-
ders
24-mush, 31° 68 .5 bars 90° 1 7.65 X1.00mm 1g 100 6
D quartz sand; +5%, Lexan cylin-
Fhici 6- to 8-mesh, ders
Merinls 40° crushed
quartz
24-mesh 1.4 bars an¢e 1 7.65X4L.00mm lg 100 7
quartz sand, +30%, Lexan eylin- o
31° angle ders
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value of the ratio D,/t = 9.2, and coneentric  curves, but the agreement is generally
craters were formed over the weaker substrates  There is no effect on the position of the boy
with values of D,/t as low as S.05. Thus, the ary separating realms of normal from cen
maximum variation in position of the boundary  mound and Hat-hottomed geometry, but th
separating realms of flat-bottomed from con-  data indieate that there is a possible velo
centric geomelry for these experimental condi-  dependence of the position of the Doundf

tions ranges from D,/t = S to D,/t = 9.2

Variations in the veloeity of impact from 1 to centrie geometry. The largest value of D,/
7 km/see have little cffect on the relationship  flat-bottomed eraters produced by hyperveldg
between the ratios 1),/D, and D,/t, as shown  impaet against these targets wis 0.25, essenti
in Figure 3. There appears to be a slight devia-  the same value as for the low-velocity case 3§
tion of the plotted points from the reference  the smallest value of D,/t observed for
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Edc craters was 9.95. These data do not
me a range of variation but rather define a
" o of uncertainty from D,/t = 92 to
fit = 9.95. Other hypervelocity data collected
Bthis study suggest, however, that this is an
, 'en’ml unvert'lmtv and th’it the range of

patrate strength.
fhe independence of angle of impnct on the

4. There are no c}mnge\ in the relationship
fween ratios of Dy/D, and D,/t with impact
e, as indicated by the clustering of points
fut the reference curves, nor is there any

arent systematic variation in the position of
‘boundaries separating realms of crater mor-
Rology. The boundary separating realms of
mal from central-mound and flat-hottomed
fmetry is not precisely defined, but it does
-appear to be affected by angle of impact.
$ position of the houndary separating flat-
Bomed from concentric geometry, likewise,
bears to be less affected by angle of impact
W by strength of substrate. The greatest
@e of variability shown by the data is from
¥t = 8 to D./t = 8.5 for craters produced
iprojectiles impacting at angles of 45° and
© The range of experimental uncertainty of
Evariability of position of the boundary for

—
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all angles of impact is from D,/t = 7.7 to
D,/t = 87.

Iffects of projectile properties were tested by
varying the type of projectile while keeping all
other conditions constant. Craters were pro-
duced by impacting 6.3-mm spherical projectiles
of aluminum and Pyrex glass and 7.65 X 4.00
mm cylinders of Lexan against similar targets.
Results of these tests are shown in Figure 5.
The relationships between ratios of Dy/D, and
D,/t arc in perfect agreement with the reference
curves. No data were obtained on the position
of the houndary separating normal from central-
mound and flat-bottomed geometry, nor is the
evidence for effect on the position of the bound-
ary separating flat-bottomed from concentric ge-
ometry extensive. Data from craters produced
from aluminum projectiles indicate, however,
that the range of uncertainty of this boundary
position s within the range of variability de-
fined on the basis of substrate strength varia-
tion.

During this study photographic records re-
vealed that flat-bottomed and concentric craters
undergo gravitational adjustment following the
ejection process through collapse of initially
steep crater walls to the angle of repose of the
surficial materials. It is therefore obvious that
the angle of repose of the material of the sur-
face layer will influence Ds/D, ratios of the flat-

: '
-—e

Fig. 4.

the horizontal.
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Relationships between erater geometry and ratios of D./t and between ratios of
D¢/D4 and Du/t for craters produced by projectiles impacting at angles of 30° to 90° from
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spheres of aluminum and Pyrex and 7.65 X -4£.00-mm cylindrieal slugs of exan.

bottomed and concentric craters. The effect of
angle of repose was investigated hy impacting
targets with two diffcrent surficial materials, 2:4-
mesh quartz sand and 6- to 8mesh angular
crushed ¢uartz with angles of repose of 31° and
40°, respectively. The results of the test indi-
cate that the average slope angles of the erater
walls, 30° and 38°, respecetively, are determined
by the angle of repose. Dy/D, ratios can he
caleulated from the relationghip:

])p/D,[ =k — (I)A/[)_IQ cot «

where L is an experimental constant relating
true diameter 1o apparent diameter for each
surficial material, ¢ is the surficial layer thick-
ness, and « is the angle of repose of the surficial
material. A comparison of predicted and ob-
served ratios of Dy/D, plotted as a funection of
ratios of D,/t for targets consisting of 2-4-mesh
quartz sand with an angle of repose of 31° and
c = 0.86 and 6- to S-mesh crushed quartz with
an angle of repose of 40° and K = 0.84 are
shown in Figure 6. The agreement is excellent
for the 31° angle of repose material, but best
fit for the G- to S8-mesh ernshed quartz data
could be obtained only by using 38° as the angle
of repose rather than the measured value of
40°. The boundaries separating realms of erater
morphology do not appear to he aflccted sig-
nificantly by angle of repose of the surficial
materials studied. The houndary separating
realms of normal from central-mound and flat-

Calculated .
a 13 the ang
materials of

hottomed morphology was observed to occur i ;
i o with a 10° a

a slightly lower value of D/t than for the
erence case, 3.8 compared with 405, but
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with a 10° angle of repose.

stant acceleration, Craters of all morphologic
Pes were produced in low gravity fields, ap-
primately 14 ¢, and stereoscopic pairs of
fotographs were taken of the craters after the
Betion process was complete but before the
figet motion was arrested. Unfortunatelv, the
e available with constant target acceleration
88 not sufliciently long to permit postejection

— e

—

a is the angle of repose of the surficial material. Observed ratios were obtained using surficial
materials of 24-mesh quartz sund with a 31° angle of repose and 6- to 8

8-mesh crushed quartz

gravitational adjustment to occur. However,
photographs of transient craters forming in a
I-g field could be obtained for craters in the
same stage of development as those in the Y4-g
ficld, immediately after formation of the crater
rim, and D,/D, and D,/t ratios of the transient
craters could he compared. The comparisons are
shown in Figure 7. The data from transient

b
1 [oomcewtaic 175 )

CENTRAL MOUKD4FLAT 'fu 6
| |

y measuring the

| concentig

5|

~bottomed lunar
aters form in a

| CENTRAL MOUND#FLAT 1§

FINAL
GEOMETRY-IG

i

,@. ./'/
-’

O TRANSIENT GEOMETRY, /6 G
A® CONCENTRIC CRATERS

'«.., BOUNDARY VARIATION
‘' SUBSTRATE STRENGTH

| I l 1 1 J

laboratory flat- 8
" repose so estl- TRANSIENT
al is 31° = 2% Y GEOMETRY- 16~ ¢~
the estimates of Of
ingles of repose Da Al 99/./
dingly, 24- mcsh . o7
:epose of 31° /'/
> lunar surface 2l // /
es, and relation-
¢ so determined | l | |

0 2 4 6 8

‘¢ more (lifﬁcu!t
roduced exper’
ravity fields by
wrgets falling at

Fig. 7.

. of development

o 12 14 6 18 20
Da/t

) Relationships between crater geometry and ratios of D4/t and between ratios of
¥ De/Dy and Da/t for 1- and Yi-g ficlds. Dashed curve for craters at postrim development-
pregravitational adjustinent stage in a 1-¢ field: points from craters in Ii-g field in same stage
solid curve for cruter geometry after gravitational adjustment in a 1-g field.



5204

craters formed in a 4-¢ field, plotted as points,
are compatible with the dashed curve deter-
mined from measurements of craters in the
same stage of development formed in a 1-g
field. The realms of crater morphology for tran-
sient craters in the postrim development stage
produced in Y- and 1-g fields are also shown.
The boundary separating normal from central-
mound and flat-bottoin realms was not ex-
amined, but the range of experimental uncer-
tainly of the loeation of the boundary between
the flat-bottomed and concentric realins,
D/t = 7.8 to 88, is about the same as the
range of variability of that boundary introduced
by variations in strength of the substrate. Com-
parison of final erater geometry was impossible
hecause of the experimental limitations, but,
beenuse the angle of repose is not a function of
gravity field, it is assumed that the ratios of
dimensions of eraters produced in 14- and 1-g

fields would be affected in the same manner by

gravitational collapse of the walls to the angle
of repose. It is concluded that the magnitude of
the gravity field appears to have no effect on
houndary values or on the dependence of the
ratio Dg/D, on D/t for craters in cohesionless
sand.

In summary, there appear to be no systematic
variations in the dependence of the relationship
between Dp/D, and D,/t for variations in
strength of the substrate, velocity and angle of
impact, projectile properties, or gravity field.
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of the lunar surface layer, the magnitude of ¢

Variation in velocity and angle of impact, py S
jectile type, gravity field, or angle of repose:
the surfical material does not cause any sign;f
cant variation in positions of boundaries sepd
rating realms of crater morphology. Strength §
the substrate is the only variable studied thg
clearly affects the conditions of formation §
the various morphologic types of craters, ag
that effect causes variations only in the positi§
of the boundary scparating flat-hottomed fre
concentric geometry. 1

It is therefore clear that, if laboratory impg
data are to be used to determine the thickna
variations in the position of the bounds Fig. 9. F
) ‘ . . : of known -
values must be determined for realistic rang projectile ; i
of possible effective lunar substrate strength, §
this study, materials with an extremely wig
range of strengths were used to obtain
widest possible variation in the boundary cof
ditions. Most of the laboratory studies wa§
performed using substrate materials with unce§
fined compressive strengths of 1.4 bars =308
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Fig. 8. Summary relationships between ecrater geometry and ratios of D./t and between 3
ratios of Dr/Dy and D4/t for craters produced by all projectile types impacting at angles 3
between 30° and 90° at velocities from 1 to 7 km/sec against targets with substrates with- §
unconfined compressive strengths ranging from 14 to 2060 bars. All craters were formed in & §
1-g field in air at pressures of 100 x and in targets with 24-mesh quartz sand surficial layers. }
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s =309, were
riments are pre-
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ns of angle and
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ship  between
ar. The plotted

pints scatter randomly about a single curve,
they are shown here enclosed by limiting
grves. The maximum variation in the position
fthe boundary separating normal from central-

iy 38 to D/t = 42. Bound:ary values
parating realins of flat-bottomed from con-

¥ the effects of substrate strength, but the
pater range is due entirely to the inclusion of
from experiments using extremely strong
pstrate materials. Boundary values and rela-

‘expected on the moon. If evidence can be
red that the lunar craters are of impact
Bgin, it will then be possible to use the data
lhered in the laboratory and displaved in
Bure 8 to obtain documented estimates of the
fekness of the Iunar surface layer.

st TrsT or Intpact HyPOTHESRIS
All the morphologic types of fresh lunar
!0 Bters discussed in this paper with diameters

than a few hundred meters can be dupli-
ped in the liboratory by impacling targets
‘ loose granular layers overlying more co-
ive substrates. This cevidence coupled with
gependent knowledge of the granular nature
the lunar surfice was so convineing that it

nd beiween
g at angles
itrates wil
‘ormed In 8
icial layers.

of known points within the target materials before and after the crater formed. Pyrex
projectile; impact velocity, 0.69 km/sec; angle. 90°.

was assumed by Oberbeck and Quaide [1967]
that the lunar craters in question were formed
by impact. To test the hypothesis, it is useful to
consider the mechanism of formation of the
Inboratory impact craters ha\ ing these mor-
phologies.

Gault et al. T1968] have hypothesized that
eraters produced by the impact of projectiles
against homogencous granular targets are a
result of transfer of projectile kinetic energy to
the target through shock-wave compression of
the target matenals followed by the more
lengthy process of rarefaction-wave decompres-
sion and attendant ejection. They pointed out
that particle movement during eratering would
always he at an angle to hines perpendicular to
the hemispherical shock front expanding through
the target. Their evidence offered to confirm
this hyvpothesis is shown in Figure 9, where the
flow pattern of granular materials near the
crater is depicted as determined from positions
of specific points within the target materials
before and after the crater formed. Tt can be
seen that below the crater the flow of materials
15 radial, downward, and nearly perpendicular
to the crater surface. The result of this radial
flow of material ean be seen in Figure 104,
where a basin-like depression has been produced
in strata beneath the crater. The outward,
nearly horizontal grain movements in the zone
of transition are responsible for the production
of the ring anticline observed at approximately
0.75 of the crater depth. The overturned strata
near the rim are the result of material flow in a
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(C)

Fig. 10. Near-erater structure of loose, stratiform layers above substrates with unconfined
compressive strengihs of 1.4 bars #3072, All eraters prodnced by 1-km/sec normal impacts of 3
7.65 X 4.00-mm cvlindrical Lexan projeetiles against surficial materials conxsisting of loose 24-
mesh quartz sand in a 1-g field at air pressures of 100 . (4) Normal crater in a thick surficial  +
Inver. (B) Normal erader in a thin surfieial layer. (€) Central-mound crater. (D) Flat-hot- -

tomed erader,

direction tangeniial Lo the erater surface, sub-
parallel to the path of ejecta leaving the erater.

When a strong substrate is present at depths
less than one crater radius heneath a normal
crater, there is lesz deformation in strata be-
neath the erater floor hut above the snubstrate.
The structnre there has heen observed to
change as the surface laver hecomes thinner.
The downwarping of the strata eontinues in
regions peripheral to the eenter of the erater,
but in the eenter the strata are displaced less
and less. The end resnlt ix the production of a
structural dome surrounded by a ring syncline
as ean be seen in Fizure 10B. This strueture
indicates that the downward component of the
radial flow beneath the ecenter of eraters in
thick granular targets is inhibited when a sub-
strate is present at shallow depths. When the
relative thickness of the surficial layer is de-
creased so that it is slightly less than D, /4, the
crater floor hecomes flattened.

When the relative thickness of the layer is
between D,/4 and D,./7.5, the erater floor is
significantly {Iattened, but a mound is left, in the
exact center of the ernier. Mound height relative
to crater depth, a/h, increases with decreasing
relative thickness until ¢ = D,/0.25 and then

(D)

el

deereases abruptly as shown in Figure 11, A
sectional view of a central mound crater &
shown in Fignre 10C. The monnd is similar in ;
structure to the subsurface dome observed bé
neath normal eraters formed in thin surfae:.
layers. Tt appears to have the same origin. The
hemispherieal shock wave set up in the surficial
laver by the impaet expands and deecays in ln-
tensity as it envelops more and more material.;d
When the shock wave reaches the substrate, it |

can be either partially or totally transmitted. In,
these studies the bulk density of the substrate is:
only 5¢5 ereater than that of the surficial mate- .
rial. Tt is assumed, therefore, that the shock-

wave is in most cases transmitted to the sub- |
strate with minimal energy loss beeause of the.
approximate density mateh between the sur-

face layer and substrate. In most central-mound
craters the surficial laver is so thick that the
shock wave has decaved to such an extent thati
the pressure of the wave transmitted is less:
than the dynamic yield strength of the sub-'
strate. The substrate remains undamaged and,
the only ohservable deformation takes place ifi,
the granular surficial layer. ’

In rare ecases i this study the centr‘q
mound was observed to consist of crushed debri |
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ving unconfined compressive strengths of
i bars =309, where the surficial layer wus

Bises the pressurce of the shock wave transmitted
B the substrates was greaier than their dynamic
Beld strength and that pressure release uccom-
Rished by the trailing rarefaction waves re-
fited in the bulking of the granulated material
B produce a mound of debris on the crater

EWhen the surficial layer is sufficiently thin,
e< D,/7.5, central mounds never form and the
er has a flat floor. The mound is no longer
pgent hecause the pressure of the shock wave
B the surficial-substrate houndary is so great
hat the pressure release accomplished by the
frefaction waves is sufficient. to cause all the
franular material above the substrate in the
ntral region of the crater to be aceclerated
ifficiently to be cjected. In targets with strong
ibstrates the pressure of the shock wave trans-
': ed to the substrate is less than its dynamie
feld strength; hence, cratering is restricted to
Be swificial laver. Flat-bottomed craters with
ee values of 12,/t produced over substrates
Bith unconfined compressive strengths of 1.4
s ==307% usually have cracked or slightly
egular appearing floors. In these cases the
Ibstrates are fractured and granulated as illus-
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trated in Figure 10D. The pressure of the
shock wave transmitted to the substrate in these
cases is greater than the dynamic vield strength,
but pressures behind the shock front are not
sufficiently great to permit aceeleration of the
granulated materials by the pressure release
accomplished by trailing rarefaction waves.
Steroscopic pairs of photographs of transient,
flat-bottomed craters reveal that the crater
wills have a convex shape during early stages of
growth, steepenming downward, meeting the flat
floor along a clearly defined line. The transient
crater walls have slope angles greater than the
angle of repose. The walls begin to collapse after
ejection is complete. This phase of gravitational
adjustment takes place over a period of time
approximately 10 times that required for crater
formation. The final crater walls have slopes
equal to the angle of repose of the surficial
material.

Concentric craters forin when the surficial
laver is so thin that the energy transmitted to
the substrate is sufficient to produce a crater.
Cruters in the surficial luver and in the sub-
strate grow almost simultaneously, but the
surficial erater grows to a greater size. It is
hypothestzed that the shock wave generated by
the Impact of the projectile i3 transmitted
through the surface layer and across the bound-
ary into the substrate, but now the pressure be-
hind the shoek front is much greater than the
dynamic yield strength of the substrate mate-
rials. The materials are consequently granulated.
telaxation from the highly compressed state

1 of the sub-
wlamaged aqd
takes place 1M

+ the centl‘{ll
crushed debris

6

Fig. 11. Relationships belween ratios of eentral-mound height to crater depth (o/h) and
D/t for central-mound crater formed by projectiles of Pyrex, aluminum, and Lexan impacting
at velocities between 1 and 7 km/sec and at angles between 30° and 90° against targets with
surficinl lavers of 24-mesh quartz and lving on substrates with unconfined compressive strengths
ranging from 1.4 to 2060 bars. All eraters were formed in a 1-g field 1n air at pressure of 100 u.
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TABLE 2. Energy Balance for the Formation of Concentric Craters being sharpnes
Md 68.5-bar per of superpos
Md AMd Energy Substrate Craters witl
at KEp Md KEp Equivalent Predicted from diameters less
Sand Surface Crater from lmpact in  LEnergy qunrwal()nt. o howl or .
KEp, Target, Laycred Target, AMd, Loose Sand, and Lab Data, bave ; o
X 10° ergs grams grams grams 107 ergs grams oped rim. l'hi
depth ratio 1s
8.0 810 104 706 6.1 5.5 5.1 shadows _in ¢
8.5 830 239 501 4.2 3.0 5.2 § under different
10.4 920 133 785 7.6 g: ‘;.0 < esxentially t
7.5 T80 103 677 5.5 5 .5 ) “hor:ory eri
87.0 2600 839 1761 38.0 39.0 29.0 lnbcfx r( vt o
7.5 780 619 161 0.3 0.7 2.6 G present At shi
8.0 810 212 598 4.3 5.9 57 3 closely 1o the
9.5 $80 150 730 6.5 8.5 3.0 depth ratio of ¢
10.6 930 246 684 H.9 80 13.0 and tareets in
14.5 1080 142 938 10.8 13.0 8.0 : -

concentration o

effected by trailing rarefaction waves generated
at the free surface of the target results in ejec-
tion of the crushed material in a manner sinmlar
to that in homogenecous sand targeis. There is
a difference in size of the inner and onter eraters
because of differences of the dynamic strengths
of the surficial and substrate materials. That is,
part of the energy transferred to the substrate
is expended in breaking the bonds of the
stronger materials. The data of Table 2 support
this hypothesis. The difference in mass dis-
placed from a erater produced by impact against
a completely homogeneouns sand target (eolnmn
2) and the mass displaced from that part of a
concentrie crater ahove the substrate produced
by an impact of the same enerey (KEp in col-
umn 3) can be used to determine the estimated
energy transferred to the substrate. This esti-
mate is made by equating the difference in mass
displaced (column 4) to energy (column 5)
through consideration of relationships of mass
displaced and energy obtained in studies of
impact against homogeneous sand targets. The
estimated energy transmitted can then be used
with relationships of mass displaced and energy
obtained in studies of Impact directly against
substrate materials to prediet the mass dis-
placed from the substrate eraters (eolumn 6).
The predicted mass displaced compares favor-
ably with the observed mass displaced (column
7). Two conclusions are evident. Although there
15 not always agrcement between the observed
and predicted values of mass ejected from the

suhstrate i the formation of a econcentric
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erater, the data clearly suggest that the maf§
ejected and thus the size of the substrate cratg
is related to the sirengh of the substrate ag
that transmission of the shock wave to
substrate oceurs with minimal energy loss,

The relative sizes of the inner and outi
crater do not remain constant for different
get conditions, however. Studies have shoy
that the ratio of apparent diameters of the inn§
and outer eraters, D,/D,, increases as the rs
D/t iereases because more and more energ
is available for eratering the substrate. TH
relationship is shown in Table 3 for concents}
eraters produced in targets with substrates wif
unconfined compressive sirengths of 1.4 baf
+309 and 68.5 hars =:5¢,. These data i
cate not only that the relative size of the innf
crater increases with increasing values of i

central ecraters inerease with decreasing 8
strate strength.

TABLE
- CorxPARISON OF LARORATORY AND
LuNar CrATERS D
Tt 1s now instructive to examine the de _
morphology and surface strueture of small luf D/t
eraters and compare them with the same prog ﬂ

ertics of laboratory impact eraters.
possible the obscrvations are from the Luff
Orbiter 2 P13 zite southwest of Kepler3
region chosen for study heeause of the claf
of form of the surface features. Only f:

810
10~12
12-14
W-16
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Md fraters with normal geometry usually have

m 68.5-bar meters less than a few tens of meters. They
lent Substrate 1 ical shapes with a well-devel-
a, Observeq, e bg\\ or conical shapes with a well-deve
grams d rim. The average apparent diameter to

jpth ratio is 5 as determined from studies of

5.1 ows In craters of many different areas

5.9 jder different angles of illumination. This value

4.0 entially the samme as the ratio of normal

2;3 horatory craters formed when 'substrat(-s are

2.6 ent at shallow depths, and it corresponds

5.7 ly to the average apparent diameter to

3.0 pth ratio of craters produced in homogeneous

lgg hd targets in the lahoratory. 44. There is no

Ban 2 meters on the rims of normal eraters.
dunar central-mound craters have larger
gdal diameters. They have a prominent rim
il a flattened floor with the characterizing
pund in the center of the crater. The flat-
omed craters have still Tnrger modal diam-
8. Their form is that of a truneated cone
$h a slightly raised rim. The walls of fresh
ters slope evenly inward at angles of 31° =
K The flat floor is often smooth, but in the
grer craters it may be hummocky and have a
icked appearance. There appears to be no
icentration of blocks 2 meters or larger on
B rims or ejecta aprons of the central-mound
d flat-bottom craters.

EThe concentric eraters range in diameter from
D of meters to several hundred meters. They
B characterized by low rims and a central
Bter. Both outer an dinner eraters are most
mmonly polygonal in plan. Their rims and
Beta aprons contain abundant blocks with
Bmeters significantly greater than the diam-
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cters of blocks seen clsewhere on the adjacent
surface. The blocks in the debris aprons are
sometimes displayed in fan-like arrays. The fans
become narrower toward the crater and can be
traced to the rim of the inner crater, suggesting
that the inner erater is the source of the blocks.
Thus, as 15 the ease with all the other morpho-
logic types of craters, the morphology and sur-
face structure of the concentric eraters is identi-
eal to that of their laboratory counterparts.
These observations strengthen the validity of
the hypothesis that the lunar eraters in question
are of unpact origin.

It is possible to test further the hvpothesis
by comparing relationships of ratios of nieasure-
ments made on both lunar and laboratory
craters. A large number of lunar concentric
craters were studied. Ratios of apparent inner
to outer crater diameter, D,/D,, and diameter
of the surficial crater floor to apparent diameter,
D,/D,, were determined. These data have been
grouped into classes of Dy/D, values, and the
mean and standard deviation of the corre-
sponding D,/D, ratios werc determined. The
relationship between these ratios is shown in
Figure 12. The size of the mner crater relative
to that of the outer crater increases as Dy/D,
increascs. Laboratory data are also shown for
comparison. For any given values of D./D,,
the D;/D, ratio for a lunar concentric crater
is higher than the ratio for a laboratory crater
i the 68.5-bar substrate and equal to or lower
than the ratio for a laboratory crater in the
1.4-bar substrate. The fact that the material
strengihs used m the laboratory give D,/D,
ratios that bracket the values observed on the
moon indicates that the laboratory strength
range of 1.4 to 68.5 bars is adequate for inter-

Relationship between D;/D, and D, /t for Concentric Craters I'ormed in
Targets with 1.4- and 68.5-bar Substrates

i 1.4-bar 4 309 Substrate
e the detailed

68.5-bar £ 5% Substrate

of small lunar Standard Standard
e é-‘un o prop- Observations Mean D;/D, Deviations Observations Mean D;/D4  Deviations
aters. Where
7 7 3 0.142 0.087

m the Lunar i 0.303 0.087 : =

¢ Kopler, 8 0 ] : 0.215 0.040
of  hepieh 2 0.503 0.141 1 0.250

of the clant} 2 0.385 0.095 1 0.266

.. Only fresh 0 4 0.324 0.037

" of frechness 0 2 0.358 0.096
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Fig. 12, Relationships beiween ratios of ap-

parent inner to outer crater diameters, /D,
and ratios of Dg/Dy for lunar concentne criters
in the Lunar Orbiter 2 P13 site and for labora-
tory concentric eraters. Bar leneths represent one
standard deviation of the D,/ ratios in each
class of D/ D ratios.

pretive purposes to charuacierize the conditions
of formation of the small lunar ceraters con-
sidered in this study, This does not mean that
the lunar substrate has an uneonfined ernshing
strength in this range. Tt indicates ouly that
lunar eraters with diameters from 200 to 100
meters could he modeled in this laboratory
study using substrate materials with strengths
within this range. The similarity of the fune-
tional dependence of the relative size of the
imner and ouler eraters on the values of the
ratio D,/D, for hoth lunar and laboratory im-
pact craters is strongly suggestive of an impact
origin for the lunar concentrie craters.

The identity of relationships between Dyu/D,
ratios and geometry of Iunar and kiboratory
craters further supports the hypothesis that
the Innar eraters considered were formed hy
immpact. Meazurements of D,/D), ratios of more
than 100 well-defined flat-bottomed and con-
centric lunar craters indicate that the value of
D,/D, representing the houndary between flat-
hottomed and concentrie ceraters is 0.5 = 0.05,
The value for the same boundary obtained in
the Iaboratory for all conditions of impact is
048 == 0.03. The fact that the lunar and Jah-
oratory eraters have this boundary in the same

range of Dg/D, values iz convineing evidence
that the lunar craters were formed by impact.

AND OBERBECK

The authors know of no other natural proced
that would aceount for this agreement. f”
example, there 1s no reason why the onset ¢
central erater formation in any voleanie .l:
ess should be related to the same ratio of D,/D w
The excellent agreement between the lunar gy
Laboratory data indieates that the substra
chosen for this stndy are i the proper ,.\
tve strength range. 3
The final and most conclusive supporting
evidence of an impaet origin of this group #
craters 15 that the distribution of hmar cong
eentric craters cain be predicted from the ofl
served distribution of Tunar normal eraters g ’r
conditions of formation of normal craters g
termined in the laboratory. Boundary ra'
separating normal from  flat-bottomed  eraty
regimes determined in the Iaboratory were A
to estimate the thickness distribution in
Lunar Orbiter 2 P13 site from the observed dig
tribution of normal craters. The predicted pel
centages of concentrie eraters as a function
divmceter were then caleulated using the e
mated  ztatistieal thickness distribution
experimental houndary values of D,/t sepa
ing realms of flat-bottomed from econcen
crater morphology. The predicted and observ
concentric erater distributions for this area g
shown in Figure [3. Agreement between {
predieted and observed distributions could §
obtained only if most. of the lunar eraters f'f,
sidered are of impact origin. X
Evidence offered in support of the impif
hypothesis is summarized helow.

i

1. The form and surface struetnre of no
mal, central-mound, flat-bottomed and
centric eraters on the moon are identical ;
form and surface strueture of normal, centriég
moumd, fat-bottomed, and concentric crateh
produced in the lahoratory hy impact aginé§
targets consistent with present, day knowled§
of the lunar surface.

2. The dependence of D,/D, ratios on.
ues of Dy/D, ratios iz similar for concen
eraters formed on the moon and for concen
eraters produced by impact in the laboratdf

3. The boimdary values of D,./Dy sepa
flai-bottomed from coneentric craters is 8
for Tunar wnd laboratory impact craterS

4. The per cent to gize relationship of 8
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DETERMINATION OF THICKNESS OF
SurracE LAYER

;‘.Evidcnce has been offered that the lunar
faters considered in this study are of impact
grigin. It has been shown further that the only
Wriable studied that has any significant effect
i the conditions of formation of the morpho-
digic types of craters in question 1s the strength
} the substrate, but this effect 1s not extensive
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gry impact data of Figure 8 can thercfore be
gged to interpret the distribution of thickness
8l the lunar surface layer from the size dis-
Bbution of the various morphologic types of

ptermined boundary values of D,/t separating
Balms of diflerent crater morphology cannot
B used, however, without consideration of the
[®ect of angle of illumination. Most of the
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materials, the flat-hottomed eraters with the
smallest floor diameters will not he recognized
as such when the angle of lumination is less
than the angle of repose. Their shadow pat-
terns will be similar to the shadow patterns of
normal eraters. Tt is possible to ealenlate the
minimmum value of D./D, for recognition of
flat-bottomed geometry from the shadow pat-
tern for any angle of repose and angle of il-
lummation. The D;/D, value so calculated
represents the recognition boundary separating
normal from flat-bottomed geometry. If it is
assimedd that the limit of recognition is the
condition for whieh the shadow cast by the
sunward crater rim completely fills the flat
floor, as illustrated in Figure 144,

tany = b/(h cota + D) (1)

where & is apparent erater depth, y is angle
of illumination, and « is angle of repose.
Salving for Dy, we find

Dy = (b — L cot @ tan ¥)/tan v
Since Dy = 2k cot a 4 Dy,

(2)

Dy 1 — cotatany (3)
D, I 4+ cotatany

‘The recognition boundary n terms of Dp/D,
can be caleulated from expression 3 and ex-
pressed 1 terms of the ratio D,/t by refer-
enee 1o Figure 8. For example, with an angle
of illumination of 20.5° and an angle of repose
of 31°, the lower limit of recognition of flat-

in the luboratory.
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Fig. 13, Observed relationships between size and wmorphology of eraters in Lunar Orbiter 2
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Fig. 14, Crater geometry defining the lower
limit of recognition from cast shadows for (A4)
flat-bottomed craters, (B) central-mound craters,
and (C') conecentrie craters.

bottomed geometry 15, in terms of the ratio
Dg/D,, 023. From the curve in Figure 8, n
value of Dg/D, of 023 corresponds to values
of D/t ranging from 4.8 to 5.7, the lower range
of recognition of flat-bottomed geometry at
this ilhunination angle.

From lahoratory experiments it was demon-
strated that central-mound eraters form at
values of D,/t ranging from 4.0 to 7.5 for all
conditions of impaet. Reecognition of a central
mound in a flat-hottomed himar erater depends,
however, on the angle of illumination and
height of the mound relative to the crater walls.
For a mound to be seen, it must he free of or
extend throngh the shadow cast by the sun-
ward rim of the crater. The lower limit of ree-
ognition is defined as the geometry for which
the east shadow just covers the central mound,
as lustrated in Figure 148, From Fignre 148

h

t: = —= 1
ey hoeotea 4 Dp/2 4+ a coty (1)
Solving for Dy, we have

Dy = 2(h — h cot atany — a) e

tany

Since D, = 2h cot « 4+ Dy,

Dy h—(hcotatany + a)
[).—l IL —a

Laboratory studies summarized in Figure §

indieate that the smallest central mound thyf
was detected had a height a equal to 0.05 33

For the Iimiting case, a approaches 0

lim Dp/ Dy = 1 — (cot a tany)

u=—sf)
Therefore,
Dy/D,; =1 — cotatany

The limiting condition of recognition of a
tral-mound erater ean he calenlated for

illumination angle from expression S. For ef
ample, the Lunar Orbiter 2 P13 site has if
average illumination angle of 20.5° and a megg

ured angle of repose of 31°. The ealculagl
lower limit of recognition occurs when the rag

De/D, = 037, From Fieure 8 this ratio col

responds to a minimum ratio of D./t of (3

—
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(10)

ed in Figure 1
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Dy/D, = 045. From Figure 8, a1 D,/D,
jtio of 048 corresponds to possible values of
t ranging from 8 to 10, the exact experi-
gntal boundaries. Illumination angles greater
20.5° give caleulated recognition bound-

pes when the ealeulated recognition boundary
less than the experimental boundary, for
atever geometry, the recognition bhonndary
kthe experimental boundary.

feraters recognized. The distribution of crater
fpes can now be interpreted on the basis of
e recognition houndaries to obtain the dis-
Bbution of thickness in the area considered.
fickness  determinations wsing normal and
centric craters are obtained by dividing
¥ midpoint diameter of each erater size in-
val by maximum and minimum values of
I8 respective houndary ratios. Thus, the mid-
fint diameters of u size class of normal craters
ided by the houndary values gives a result
ficating that the layer thickness sampled by
aters of this diameter interval is greater than
me value within the range obtained. In a
ilar manner. the calculation using a size
B8s of concentric craters gives a result indi-
ting that the laver thickness is less than some

9)
D2 (

ter produced
he laboratory
£ 0.23Dr, D

' specific range of thickness ean be deter-
1d expression

Jned theoretically in the same wav for each
Mter size class of central-mound craters and
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for each size class of flat-bottomed craters. In
practice, however, these two groups of craters
must be considered together because central-
mound craters in cach size class with small
D,/t ratios arc not recognized as such and are,
stead, recognized at  (lat-bottomed craters.
Thus, the flat-bottomed craters in every size
class have two possible ranges of limiting D./¢
ratios. This situation is aveided by combining
the two gronps. A specific range of thickness
sampled by each size class of this combined
group can be determined hy dividing the mid-
point. diameter of each size class by the upper
and lower boundary values.

To determine the statistical distribution of
thickness in an area, the proportion of one or
more crater types to all other erater tvpes in
cach size interval must be considered. If the
eraters are assumed to be randomly distributed,
the proportion of normal craters in a given
size class indicates the proportion of area sam-
pled by that size class interval with a thickness
greater than the values obtaimed by dividing
the class midpoint diameter by the boundary
vulues of the ratio D,/t. The proportion of
coneentric craters in the size class interval indi-
cates the proportion of area samples by craters
in that interval with a thickness less than the
values obtained by dividing the size class mid-
point diumeter by the boundary values of the
ratio ID,/t. The proportion of central-mound
plus flat-bottomed craters in the interval gives
the proportion of area with a thickness between
the limits obtained by dividing the size class
midpoint by the upper and lower boundary
values of the ratio D,/t. The proportion of the
area with thickness egreater than ¢ determined
from the proportion of normal craters in any
one size class interval is equal to the comple-
ment of the proportion of the area with thick-
ness less than ¢ determined from the propor-
tion of all other erater types in the same size
class. Conversely, the proportion of area with
thickness less than ¢ determined from the pro-
portion of concentric craters in any one size
class interval i1s equal to the complement of
the proportion of area with thickness greater
than t determined from the proportions of all
all other tvpes of craters in that size class. The
results of the calculations ean therefore be pre-
sented simply in terms of proportions of nor-
mal and concentric eraters together with the
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TABLE 4. Caleulated 'er Cent Area Thickuness Distribution of Fragmental Surface Layer in Lunar Orbiter 2 P13 Si

Normal Craters

Concentric Craters

n/N n/N
Dy p "o To
Midpoint, Normal Wy t, meters, Cone. 90% {, mete;
Diameter N n Fguals Conl, > range n Faquals Conf. < ran
Interval Al Normal e Interval —— M8 ——— --— — Cone, i Interval -
Meters Craters Craters Area T Area Dyp 5.7 Dyp,/48 Craters Area € Arean Dyp/10
13 .4 3264 2076 ul.7 90.8-92.5 2.35 2.8 28 0.9 0.1-13.1 1.3
18.7 1500 1193 9.0 77.0-81.0 3.3 3.0 al 3 0.6-11.8 1.9
24.1 713 393 52.9 48.6-57.1 4.2 5.0 52 7.0 2.5-16.¢ 2.4
29 .4 257 110 41.2 33.3-49.5 5.15 6.1 32 2.0 +4.4-26.3 2.9
31.8 180 38 211 11.3-35.2 6.1 7.2 27 15.0 5.8-31.6 3.5
40.1 128 18 15.2 4.5-36.7 7.0 83 19 16.1 5.1-36.9 4.1
45.5 51 8 9.9 0.3-45.0 3.0 9 45 14 17.3 4.5-42.6 4.55
50 .8 34 2 5.9 4.2--78.6 8.9 10.6 11 32.3 11.8-61.1 5.1
56.2 32 2 6.2 4.0-78.8 9 .85 11.7 19 50 .4  384-77.7 5.6
61.5 12 0 0.0 10.8 12.8 o 41.7 9.8-80.7 6.15
66 . 18 1 5.5 16.3-04.1 11.7 13.9 13 72.2  15.6-898 6.7
T2.2 iU 2 222 0.1-86.7 12.65 15 6 66.7 28.1-92.6 7.2
77.6 v 0 0.0 13.6 1651 5 71.4  283-959 7.8
82.9 S [}] 0.0 14.5 17.2 5 100 53.3-96.5 83 1
88.3 4 i] 0.0 15.5 18.3 + 100 46.5~95.6 8.8 1
93 .8 1 1 25.0 3.0-98.0 16 .4 19.5 3 75.0 20.2-99.3 9.4 1
99 .0 2 0 0.0 17 .4 20.8 2 100 24.8-89.8 9.9

indicaied thickness limits. Because normul era-  3.5-meter range with 50¢ of the area havi
ters of each size class smuple the proportion  thickness between - and 7 meters. Surface;

of area with thickness greater than ¢ and the  erop
concentric craters in cach size class sample the
proportion of area with thickness less than ¢

ppears to he minimal.

and because the himiting thickness sampled by "
each type of ecrater varies directly with the A |
diameter, the consideration of all size cluss in- L.'z"l ’
tervals over a sufficiently large range of erater 5 | [
diameters gives the cumulative percentage of E .{
area with thickness greater or less than the r 5 i
hmiting values. ~ |
The proportion of central-mound and flat- 3 20 At :
bottomed eraters in each class eannot be used u<.l
to determine a unique thickness distribution be- E 40 i diE ==
cause the range of thickness determined from ~ 60 ——t proogwn
adjacent size class intervals overlaps and cannot 2 F=
he cumulated. Results on an analvsis of the dis- 3 80 A D :ROA",'
tribution of thickness of the surface laver using ] iy
normal and concentric craters in the Lunar & 95 +ii [ i '
Orbiter 2 P13 site are presented in Table 4. The Léj 99 : »—]['-o coNcEu
data of Table 4 are presented in cumulative 2 . CRA
. S . _ 1—ta—sf
curve torm in Figure 15. The plotted informa- 5' 99.9 90% CONF
tion includes the possible runges of thickness = 77
indieated for each determination and 9095 con- 8

fidence limits for the per cent area. The shaded
area bounded by ecurves represents tle area

within which hoth groups of data are eon- Fig. 15
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316 3.5 ':; “The other technique involves measuring
869 41 508D,/Dy ratios of well-defined craters. Tt is ob-
';f? ;f’ 5.7 Bous from the curve of Figure & that a D,/D,
777 5.6 ;: atio of any crater demands that the D,/¢ ratio
80.7  6.15 7.7Qbe fixed within limits. It is thus possible to
f,’f;,’jf? ?; g; k_termine a maximum and minimum value of
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9.5 8.3 104 Bgantly defined to permit measurement of D,
366 88 10F. . .

%3 9.4 17 j@d Dr. This measurement is affected by the

8 99 124 Bigle of illumination and account must he taken
il that fact. Tt is obvious that the measure-
ment of D, must be made in a direction per-

the area havings endicular to the erater-sun line. Fnrthermore,
ters, Surface out |

e flat ﬁom Thls limiting comlmon can be
J hlculated for any illumination angle. From
ihgure 14.1, of which this is a special case,
h
‘ = 2
, ban 7y hcota + Dp/2 (12)
1
__| Bolving for Dy, we have
i
D, = 2(h — h cot a tan ) (13)
tan vy
5&n =
oy : ce D, = 2h cot @« + Dy,
NORMAL - _ \
]I CRATERS i Dy/ D, 1 cot o tan v (14)
(—— "‘" example, the Lunar Orbiter 2 P13 site has
}lluminati011 angle of 20.5° and an angle of
{" cg:ﬁm:'c Pose of 31°. The calculated limiting condition
- irecognition is Dx/D, = 0.375. It is of note
0% o0 Bt, of 104 measurements of D;/D, ratios in
’ B P13 site, the lowest value obtained was
> 14 16 18 #/5. From the curve of Figure 8, a D./D,
2m ! o of 0.375 corresponds to a minimum value

D/t of 6.5. The maximum limit of meas-
snent of a D,/D, ratio cannot be defined
Pretically, but it was found that only rarely

1 of the Lunaf
sreater than &
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was a crater observed that had a D./D, ratio
greater than 0.7, Thus, for the measurements
made in the Lunar Orbiter 2 P13 site, a prac-
tical upper limit of recognition can be defined
as D/D4 = 0.7 or D,/t = 16.0. Therefore, the
craters in this site of which the ratio D/D,
was measured were in regions where the sur-
face layer thickness lay within the range D,/16
to D,/6.5.

More than 150 values of thickness were de-
termined for specific locations in the Lunar
Orbiter 2 P13 site using the two techniques.
The thickness values were plotted on medium-
resolution photographs covering an area of
650 km®. Each plotted thickness determination
is a valid measurement, but a statistical thick-
ness distribution cannot be obtained from this
sample by determining the percentage of occur-
rence of measured thickness intervals because
the sample is hiased. The range of thickness
that can be determined from any central-mound
crater or from any D./D, ratio of a crater is
a function of the crater diameter. Large cra-
ters can measure greater values of thickness
than small ones. Because there are many more
small eraters produced per unit time than large
ones, a thickness distribution determined from
the pereentage of occurrence of thicknesses us-
ing craters of all sizes of the same apparent
age is biased in terms of smaller values of thick-
nese. This bias is modified by the erosional his-
tory of the craters counted. The lifetime of a
small crater on the moon is shorter than that
of a large one. A large crater will have a fresh
aspect far longer than a small one, producing
a bias toward greater values of thickness. The
two biasing agents operate in an opposite sense
but do not necessarily nullify one another. The
total cffect is that the sample has an unknown
bias that would be extremely difficult to re-
move. The plotted thickness values can be
examined for trends in thickness variations or
for variations as a function of area sampled,
however, if the bias is assumed to be the same
everywhere. For example, means and standard
derivations of the plotted thickness values were
computed for randomly selected 10- and 100-
km® areas in the P13 site. The means of the
samples are not significantly different whether
from 10, 100, or the whole 650 km®. Nor does
the mean value of thickness of anyv one 10-km?
area differ significantly from that of any other
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Fig. 16. Relationships between size and morphology of eraters in the Tunar Orbiter 3 P12 §

(le-ft) and Lunar Orbiter 2 P7 (right) sites.

10-km*® area. There are no trends in thickness
in the area considered, and the scale of varia-
tion of thickness in a 10-km* area is not sig-
nificantly dilferent from that in the area as
whole.

Statistical thickness deternunations using the
distributions of normal and coneentrie eraters
have also been obtained for the Limar Orbiter
2 P7 and Lunar Orbiter 3 I'12 sites. The erater
distributions are shown in Figure 16, and eum-
ulative curves of the thickness are presented
in Figure 17. Note again the concordance of
the variously determined distributions and the

appareut lack of surface outerop. The surf
layer in the Lunar Orbiter 3 P12 site wit
the Flamsteed Ring in Oceanus Procella

2 P13 site. The median depth is in the 3-8
4-meter range with 5065 of the area havipf

termination is in fair acreement with that
ported by Oberbeck and Quaide [1967] fordg
same area as determined from medium-rest
tion Lunar Orbiter 1 photographs (5-6 metqg
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'_ The median thickness there 13 in the 6-

hundred meters have been considered in

& study. Evidence for an origin by impact

ensive. The mterpretations of the distri-

M in kilometers are sometimes flat-bot{omed,
B others have terraced inner walls with or

.

1

considered in this study, but there is no indi-
cation that the morphology of these craters is
due to the saime mechanism. On the other hand,
there is evidenee that the morphology is not
due to the same mechanism, even if the large
craters were produced by impact. The gross
morphology of fresh impact craters with diam-
eters in excess of a few hundred meters no
longer reflects differences in the strengths of
pear-surfacc rocks. Observations illustrated in
Figure 18 suggest that the internal morphology
of fresh concentric eraters becomes less regular
and then less distinet as the diameter increases,
until finally the eraters have no trace of in-
ternal terracing and appear again to have nor-
mal morphology. If this sequence is real, it may
indlicate that, ag impact craters become larger,

EFig. 18. Relationships between size and morphology of fresh craters with diameters hetween

70 and 400 meters in an arca where the median thickness is of the order of 5 meters.
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(

s K7 Y
Fig. 19. Interpreted stages of modification of a concentric erater. The craters shown are
of the sume size {(~19%0 meters) and oceur close to one another in a region where the median |
thickness of the surface layer is of the order of 5 meters. (4) Sharply defined concentric crater,
square in plan with fans of ¢jecta blocks originating from the inner crater. Few small craters”
are superposed on the crater and ejeeta. (B) Slightly modified concentric crater with square
plan shape, inner erater and blocky ejecia still evident. Greater numbers of small superposed
craters are present. (') Substantially modified concentric erater with inner erater and square
outline faintly visible. Blocky debris is rare and appears to be randomly distributed. Small
superposed craters are numerons. (D) Highly maodified concentrie erater with a faint indics=
tion of a square shape. Large blocks are rare and no frace of inner crater remains. A larde
population of small snperposed craters is evident.

that penetrate the substrate produce additif
fragmented debris that is added to the ¢
layer. It can also be shown that there is 38
lutionship between the freshness of conce

strength differences in the target rocks become
less significant in controlling the morphology
developed.

ORIGIN OF SURFACE AND SUBSTRATE LAYERS

Evidence has been offered that the craters
considered in this study are of impact origin.
It has also been demonstrated that the craters

on the surrounding debris aprons. This relstR;
ship, shown in Figure 19, is most certaml:’l;y
result of erosional processes. With time %%

1]
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pomburdment, 1
and more hattc
degrees of crate
on the moon. C
represent only t
ters in a4 long
events. 11 =uch
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|£iﬁbardment, the fresh craters become more
ud more battercd and less recognizable. All
igrees of crater freshness ean he recognized
a the moon. Craters considered in this study
resent only the most recently produced era-
- in a long continued sequence of impact
bits. If such a process has continued for a
ptime, a surface layer of fragmental debris
fid be present.

Brhe distributions of thickness in  different
gs determined in this study are compatible
!\. such an origin. Similarity of distributions
‘\’arious =eales of examination ure to he ex-

+ shown are
the median
ntric crater,
mall eraters
with square
supt'rposed
and square
uted. Small
unt indiea-
ns. A farge

Tiee ndditional
to the surface
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pected in deposits originating from impact com-
minution. Furthermore, the median thickness
of the layer in areas studied appears to be
related to the density of the erater population.
For example, the median thickness in the Lunar
Orbiter 2 P13 and Lunar Orbiter 3 P12 sites
15 i the 3- to G-meter range. The terrain in
cach site is relatively smooth and the density
of larger eraters is not high. On the other hand,
the median thickness caleulated for the Lunar
Orbiter 2 P7 site is in the 6- to 9-meter range.
The terrain there 1s much rougher and the den-
sity of lurge craters appears to be much greater.

there is a T¢
- of concentri
s Sll}flerposed
This relation-
st eertainly 8
“ith tine an

_Fig. 20. Conerntric erater with a multiplicity of nested central craiers suggesting the presence
: of interbedded strata of virying strength in the subsirate,
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If this relationship holds for other areas, it
would be strongly indicative of an impact origin
for the surface Javer.

The evidence presented above does not prove
that the laver is exclusively of impaet origin,
but it does indicate that impact has contrib-
uted debris to the laver. Contributions from
voleanic eruptions are also probable. The nu-
merous domes and erater-chain-rille associations
visible on lunar photographs indicate that the
moon has had a volcanic history. The authors
helieve, however, that the extremely widespread
but thin deposit of fragmenial material on the
lunar surface is more compatible with an im-
pact comminution origin than it is with a vol-
canic origin. That is, the bulk of this debris
in any one place was produeced by randomly
distributed loeal processes and has not been
transported great distances from centers of
voleanic activity. )

The hard rocks that make up the substrate,
on the other hand, were most probably pro-
dueed by voleanie flows as the last major prod-
ucts of a phase of lunar voleanic activity. It
may be that an extensive sequence of voleanie
rocks will he revealed by stratigraphic studies
of the maria rocks. Indeed, the presenee of a
sequence of interlayered hard and fragmental
strata 1s indicated by certain coneentric cra-
ters that contain a multiplicity of nested central
eraters. An example of this morphologic type
is illustrated in Figure 20. The several terrace
levels exposed are thought to represent hard,
flow layers separated by beds of fragmental
debrig, a sequence eharacteristic of many vol-
canic terrains on the earth.

CoxcLusioN

The preponderance of the normal, central-
mound, flat-hottomed, and eoncentric eraters
obscerved on the moon and dizeussed n this
paper were almost certainly formed by the im-
pact process. Fxtensive laboratory study of
the mechanies of formation and effcets of vari-
ables on the formation of impaet craters hav-
ing these morphologies has shown that the
thiekness of the Tunar surface laver ean be de-
termined within narrow limits using laboratory
data and the obsgerved distributions of the
varions morphologic tvpes of eraters. Appliea-
tion of these techniques will make 1t possible
to add the third dimension to selenologic stud-

OBERBECIC

JuL‘"“' CF RGPS

;‘ - el

tes. Limited application of these technig
has shown already thut the surface ].133,-
thicker in Sinus Medii than it is in two gy
of Oceanus Proeellarum and that laver thlc
negs may correlate with cratering density ,."
thus possibly with age of the substrates. Adgig
tional measurements of the thickness of 4
surface layer in many regions of the moop v
provide miormation required for inter plet&tlmh
of historical selenology.
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