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No. 114 THE INFRARED POLARIZATION OF THE MOON

by F.F. FORBES AND P. A. WELCH
November 9, 1967

ABSTRACT

Infrared polarization measurements of the lunar surface have been obtained at 1.25 and 2.2 x for the lunar phase --80%9.
The infrared polarization of the entire Moon was found to be 3.24 and 2.90 percent at 1.25 and 2.2 4, respectively. The new
infrared polarization results were compared to the visible and ultraviolet polarization obtained by Gehrels, et al. (1964),
Coyne (1967), and Lyot (1929). As with other wavelengths, the infrared polarization is greater in the maria than in the
highlands. In addition to the polarization scans and the determination uf the polarization of the entire Moon at —80°9 phase,
the geometric albedo was computed from photometric scans of the Moon at 3948 and —80°9 phases and found to be 0.211,
0.259, and 0.321 at 1.25, 1.62, and 2.24 ., respectively. The ground-based geometric albedo values agree well with those
obtained from Project Lamplighter of May 1966 on the Gemini 7 Mission.

1. Apparatus

he polarization and albedo observations were

made in November 1965 and March 1966 with
the Catalina Observatory 28-in. infrared telescope.
The photopolarimeter consisted of a dry-ice-cooled
lead sulfide photometer (Johnson and Mitchcil 1962),
with a rotating infrared polarization analyzer
mounted between photometer and the 28-in. tele-
scope. A Polaroid-Corporation-type HR-sheet polar-
izer (Shurcliff 1962) was rotated at 16 rps in the
infrared polarization sandwich, thereby allowing
rapid scan polarimetry to be done at the same
time that photometric scans were made across the
lunar surface. A calibrated micrometer-adjusted 6-in.
offset finder was used to change the scan position in
uniform increments of declination relative to a prom-
inent central lunar feature recentered on the finder
cross-hairs before each scan. The telescope was
driven westward in right ascension beyond the lunar
limb and then stopped; data were taken as the Moon
drifted back through the field. The instantaneous
field of view of the photopolarimeter was 29.35 arc
sec in diameter. Three times during the mapping
process the offset accuracy was determined by re-
peating the zero offset scans at 1.25 and 2.24 p.

The polarization and infrared intensity signal and
polarization analyzer phase angle were recorded on
magnetic tape in the manner described by Forbes
(1967). The data tapes were played back in the
laboratory with a frequency-to-voltage converter
and a true RMS voltmeter, the respective outputs of
which gave the infrared intensity (DC component)
and polarization (AC component). Ratios of the AC
to DC components were then obtained to determine
the precent polarization. The polarization phase was
determined using the photographic technique de-
scribed by Forbes (1967).

2. Calibration

The polarization analyzer efficiency and position
angle were determined by using the technique de-
scribed by Gehrels and Teska (1960). The instru-
mental polarization was found by measuring the
polarization of four standard stars whose polariza-
tion in the visual and infrared wavelengths was
known to be less than 0.5 percent. The probable
error on the infrared polarization of the standard
stars was found to be = 0.2 percent.

For the determination of the geometric albedo
two calibrations were required. The instrument was

adeoka sk




106 F. F. FORBES AND P. A. WELCH

calibrated photometrically with measurements of
four standard stars preceding and following the lunar
scans. The colors of the Moon at 1.25, 1.62, and 2.24
u were determined using Johnson’s data (1965) and
Johnson and Mitchell’s technique (1962). The pre-
cision of reduction to the JKL photometric system
is about = 0.1 mag. The relative photometric re-
sponse as a function of position in the diaphragm was
measured by making repeated drift scans across a
star image for various segments of the diaphragm.
From integration of these scans the effective photo-
metric diaphragm size was computed to be 29.35
=+ .05 sec of arc in diameter.

3. Results

Figures 1 and 2 are maps of the lunar infrared
polarization at 1.25 and 2.24 u, respectively, at a
phase of —80°9. The 1.25 and 2.24 u polarization
scans were positioned on a lunar scan by means of
a computer program using equations (Arthur 1965)
for transforming topocentric to selenographic coord-
inates for the particular phase of —80°9 on March
1, 1966. For clarity, only major lunar features are
shown in Figuies 1 and 2.

One of the scans is shown in detail in Figure 3
which compares polarization to intensity; this scan
was repeated three times in each color to investigate
the repeatability. The error bars represent the mean
standard deviation of individual sample points based
on residuals between the three scans normalized to
their mean intensity to remove time-dependent ef-
fects, which have little bearing on the polarization
errors. The polarization and intensity are related by
the fact that the fractional standard deviation of a
percent polarization measurement is equal to the
fractional standard deviation of the intensity mea-
sures on which it is based. However, the crrors so
derived are strictly internal, and include the results
of inexact reproduction of scan position,

From the reference intensity plot in Figure 3, it
is evident that in the infrared the maria are consid-
erably more polarized than the highlands. This re-
sult is entirely in agreement with the results obtained
by other observers in the visible wavelengths (Lyot
1929; Dollfus 1955; and Gehrels, et a’. 1964). In
addition, for regions of similar color on the Moon,
no systematic variation in polarization was detected
between the bright limb and the terminator.

In Figure 4, the infrared polarization data derived
from two regions on the Moon (Nicolai and Mare
Crisium) are comparced to visible polarization re-

sults obtained for the same locations on the Moon
by Gehrels, et al. (1964) for the phase of —8099,
although the fields of view are different.

The behavior of the infrared polarization for the
entire Moon at —8099 phase is plotted in Figure
5 together with the results obtained in the visible by
Lyot (1929) and in the ultraviolet by Coyne (1967).
The 1.62 u in Figure 5 was computed from one scan
at 1.62 u compared to repeated scans, at the same
declination, for the points at 1.25 and 2.24 u.

The lunar geometric albedo was photometrically
determined at 1.25, 1.62, and 2.24 u from measure-
ments at the phases of 3°48 and —80¢9 and found
to be 0.211, 0.259, and 0.321, respectively, The
albedo computations were done as described by
Russel (1916) and Harris (1961). Rougier’s phase
function (Minn¥rat 1961) was used, although it was
determined for .54 u so that a direct comparison to
the Gemini 7 (AFCRL-Project Lamplighter, 1966)
could be made. These results are plotted in Figure
6 together with ultraviolet results and infrared spec-
tral-photometry results of Gemini 7 and the visual
measures of Harris (1961 ). Although the techniques
used on Gemini 7 and those we used were quite dif-
ferent, both results show excellent agreement. The
photometric tie-in to standard stars assured the
photometric accuracy of our measurements and re-
assured us of the validity of the datz taken by
Gemini 7.

Higher spectral and spatial resolution are needed
to extend the polarization measurements to specific
regions of interest, such as hotspots (Middlchurst
and Moore 1966) and color discontinuities (Whit-
aker, referenced by Gehrels, er al. 1964). Photo-
polarimetry of the entire Moon in the visibie wave-
lengths, with an cxtention to the far-infrared, is also
necessary to complete the lunar polarization picture.
Furthermore, measurements shouid be made to de-
termine the infrared phase function for all phases,
with particular attention given to the near zero phase.

Acknowledgments The authors wish to thank
Mr. R. Modica who prepared the lunar polarization
maps and Mr. D. Steinmetz for assisting in the data
reduction. In additioii to many valuable discussions,
Dr. H. L. Johnson made available the Catalina Ob-
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photometer. This work was supported by the Na-
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tract No. NSR 03-002-048, and the National Sci-
ence Foundation, Grant No. GP-4999,
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No. 115 EXPLOSION CRATERS ON THE EARTH AND MOON

by G. FIELDER AND J. E. GUEST *
December 6, 1967

ABSTRACT

A comparison of lunar craters with a particular set of similar-sized explosion craters on Earth leads to the inference
that explosion craters on the Moon can be picked out with the aid of the following criteria: (a) relative altitude of rim
crest and shape of outer rim profile, (5) slumping of inner rim materials, (¢) nature and distribution of ejecta.

n 1944 ammunition stored underground near

Fauld, England, exploded, producing a crater
some 250 m in diameter. A few thousand sec-
ondary craters were produced in pastureland and
wooded country around the main crater. The shapes
of both the main crater and the secondaries, and
their mutual spatial relations, find analogy with the
shapes of certain craters on the Moon; and this led
Baldwin (1963 ) to present a vertical air-photograph
of the Fauld crater (Fig. 1) — which he referred
to as the Burton-on-Trent Crater. Further informa-
tion on the Fauld crater may be gleaned from (a)
air and ground-based photographs taken in Decem-
ber 1944 by the R.AF. shortly after the explosion,
(b) an examination of the modified craters remain-
ing in the field in 1967, and (c¢) Ministry of Defense
documents relating to the nature of the explosion.
Since the mechanism of formation of the Fauld
crater is known, it is instructive to compare its mor-
phology with that of similar sized craters recorded
on the N.A.S.A. Lunar Orbiter Missions, with a
view to determining which lunar craters are of ex-
plosive origin.

* Univ. London Observatory, Mill Hill Park, London, NW7.

111

Prior to the Fauld explosion, an old alabastine
mine with roads forming labsynths approximately
200-400 feet deep in limestone had been utilised to
store bombs and other explosive weapons of various
weights. It was estimated that energy equivalent to
5.34 X 108 Ibs. of TNT (about 4.54 X 10° calories)
was liberated in the explosion. One may predict the
size of the crater using Baldwin’s (1963) relations
with a scaled depth of burst H/W* ~ 1.7, where H
is the depth of the explosive centre in feet and W
the energy released in pounds of TNT equivalent.
Thus, had the explosive been centrally condensed,
the blast would have given rise to a crater no larger
than 200 m in diameter. The fact that the actual
crater rim is ovoid (Fig. 2) and measures as much as
220 m x 270 m may be explained in terms of (a) the
irregular distribution of stored charge, (b) the non-
simultaneity of the explosion of individual bombs
(many remained unexploded after the event), (c)
the controlling effects of the pre-existing mine roads,
especially from the standpoint of the shaping of the
charge and of creating weaknesses in the country
rock. The locations of a few of these roads may be
traced across the floor of the crater in Fig. 2, espec-
ially when it is combined stereoscopically with Fig.

W
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Z'b In spite of these factors, the ellipticity of the
Fauld crater — 18.5% — measures an amount of
distortion commonly found among the lunar craters,
some of which have ellipticities (Fielder 1961a)
that exceed 40%.

Field inspection and comparison of records with
the early photographs showed that slumping occur-
red at most peints around the rim of the Fauld crater
immediately after the explosion. This produced a
conspicuous bench (Figs. 4, 5, 6) some meters
below the crest of the rim. Mass creep and water
erosion have further modified the shape of the rim
over the past 23 years (Fig. 7), and debris has cov-
ered the floor of the crater to an average depth of a
metre or more in places. Under low lighting condi-
tions the bench gives the crater a double-walled
appearance similar to that of some small lunar craters
(Fig. 8). The latter are usually sharp in outline, and
are therefore relatively recent additions to the lunar
surface; so it may be speculated that their double-
walled appearance is due to slumping incident on an
explosive origin.

The 70 m lunar crater in Fig. 8 is surrounded by
numerous rocks that apparently have been tossed
out of the crater during its formation. Better
examples of ejected rocks around the rims of lunar
craters 420 m and 30 m in diameter may be seen
in Figs. 9 and 10, respectively. The lunar rocks
may be compared with the large, angular blocks of
I'mestone (Figs. 11, 12) which were torn from the
principal Fauld crater and partially buried them-
selves or produced shallow depressions on impact
with the soil or, again, with the smaller rocks ejected
from one of the secondary craters at Fauld (Fig. 13).
For the following reasons, this latter is believed to be
an explosion crater.

Secondary craters produced by the impact of
non-explosive materials range in diameter from 5 to
10% of the primary’s diameter according to Fielder’s
(1961b) experiments with detonators, and from 4 to
11.5% according to Roberts (1964) measurements
based on three high-explosive experiments and one
thermo-nuclear explosion. By contrast, many of the
secondary craters at Fauld exceed the upper limits
of these ratios; in particular, one of the Fauld sec-
ondaries attains 20% of the diameter of the primary;
and this indicates that many of these secondary crat-
ers were sculptured by the ejection of live bombs

which exploded on impact. The tendency for some
of the secondary craters to form linear arrays (see
Fig. 1) may have arisen as a result of the particular
disposition of the stacked bombs prior to their hav-
ing been ejected.

Inspection of the shadows cast by the photo-
graphed secondary craters at Fauld leaves no doubt
that many of them have rims that are raised above
the surrounding terrain. Low velocity secondary
impact craters investigated by Roberts (1964) and
Hartmann (1967) also show raised rims. The same
is true of the lunar craters under discussion in Figs.
8 and 9. In Fig. 10, the rim crest of the 30 m crater
is the highest part of the panorama; and stereoscopic
viewing of the Fauld crater itself, using the photo-
graphs reproduced in Figs. 2 and 3, also shows that
its rim is topographically high. Clearly, a high rim
is a necessary criterion for the explosive origin of
the rim materials in any freshly formed crater. Thus,
the similarities in the shapes, sizes and distribution
of the rocks discussed above, taken together with
the morphologic similarities of their parent craters
on Earth and Moon, strongly support the theory that
lunar craters of the type discussed here are of
explosive origin.

Acknowledgments. We thank Sqdr. Ldr. R.
Adam and the Ministry of Defense, Gt. Britain, for
access to official data on the Fauld crater. Wing
Cdr. J. Blair personally arranged viewing of the
crater field and we thank him for his guidance and
hospitality. This work was supported by N.E.R.C.,
London.
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Fig.2b (Comm. 114). Right half of stereo view of Fauld crater.
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Fig.4 Oblique aerial view of the Fauld crater showing bench along inner rim.
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Fig. 5 Ground-based photograph taken in 1944 showing bench in Fauld crater.
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Fig. 6 Ground-based photograph taken in 1967 showing slumping of materials forming inner rim of Fiuld crater
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Ground-based photograph

taken in 1967 showing slumping of materials forming inner rim of Fauld crater

119




GUEST

AND

Friitprr

G.

20

The larger crater measures
H-194)

Procellarum
Orbirer 111

INASA Lune r ¢

and has rocks scattered around it

Possible slumping in two lunar craters near Flamsteed in Occanus

0 m in diameter

&

about

Fig




AND MooN

EAarTH

Exrroston CRATERS ON

Procellarum

ncar Hortensius in Oceanus

af crater about 420 m in diameter.,

round the rim of a lue

Rocks &

(NASA

cr 1 H-161

rhit

r(

tn




22 G. Fireper axp J. E. Guesi

Fig. 10 This Surveyor I mosaic shows part of the rim of a 30 m diameter crater within the ring Flamsteed P. There
are many rocks that appear to be related to the crater. [NASA Survevor 1. P.A. about 100

Fig. "I Rocks on the rim of the Fauld crater
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Fig. 13
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A secondary explosion crater at Fauld, 15 m in diameter, with ejecta.
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No. 116 LUNAR CRATER COUNTS, III: POST MARE
AND “ARCHIMEDIAN" VARIATIONS

by WiLL1aMm K. HARTMANN
December 1, 1967

ABSTRACT

Figures | and 2 and Table | piesent data on inter-mare crater density variations which further support statements made
in Paper II. The extreme crater densities (Mare Serenitatis and Mare Tranquilitatis) vary by a factor of approximately 2.5.
Table 2 presents quantitative and qualitative estimates of the post-basin crater densities. as well as post-mare crater densities
for various basin systems, arranged in order of basin age. The “Archimedian™ craters considerably outnumber the post-mare
craters. “Archimedian™ time periods were firite and variable from basin to basin. thus excluding impact-induced melting as a
source of mare material. These data demonstrate a working approach for future crater count programs.

1. Inter-Mare Variations
n the preceding paper (Paper 11; Hartmann 1967).
I mentioned the variation by a factor roughly 2.5
for the crater density of the larger (D > 2km) craters
on mare surfaces. Figure 1 and Table 1 in that paper
present the data on which this statement was based.
From a survey of the more accessible front-side
mare surfaces, Mare Serenitatis and Mare Tranquil-
litatis were chosen as representative of lightly and
heavily cratered mare surfaces, respectively. Mare
Cognitum, recently named and well-photographed
as a result of the Ranger VII mission, was also
studied and found to be moderately cratered (Hart-
mann 1966b). The counts from these three maria
are included in Figure 1. The conclusion that Ranger
VII landed in a dense cluster of secondary craters
associated with the rays of Tycho (Kuiper 1965;
Shoemaker 1965; Whitaker 1965) — an areca with
density over and above the cratered background —
is quantitatively confirmed by the excess of smaller
craters (D < 500 m) shown in Figure 1. The greater
density of large craters in Mare Tranquillitatis than
in Mare Cognitum is confirmed by the counts pub-
lished by Shoemaker, er al. (1965, p. 264).
An average mare count, as presented in Paper
I1, is included in Figure 1;it is a count of all mare
craters divided by the total mare arca. As expected.
the distribution so defined lies between the Tran-
quillitatis and Serenitatis counts.

Figure 2 presents more clearly the distributions
found in Figure 1, without the datum points, and
shows the finite band that represents the maria on
the log F-log D diagram.

Table 1 synthesizes data relating to this problem.
The various authors have published data on cumu-
lative numbers of craters in a variety of maria. These
data suffer from various uncertainties: if the limit-
ing diameter is too large, too few craters are avail-
able to give good statistics; if it is too small, obser-
vational errors become significant. It will be seen
that there are inconsistencies among the data, prob-
ably due to these uncertainties, but the trend toward
increasing density is clear, and it is believed that the
final column does reflect significant and detectable
differences. This material is slightly modified from
an carlier presentation in my Ph.D. dissertation
(1966b).

I concluded that significant inter-mare variations
in crater density, by a factor of roughly 2.5, exist
among the larger, presumably primary impact craters
(D > 2 km), and that these variations reflect true
age differences (by unknown factors in time since
the cratering rate as a function of time is unknown).
At the same time, it is important to note that there
is a definite lower limit to the relative crater density
on maria. None is below 0.6, although some young
craters, e¢.g. Tycho, fall below this limit (cf. Paper
VI). Hence, the mare-formation period, ranging
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TABLE I. PROVISIONAT CRATER DENSITIES ON DIFFERENT MARE SURFACES

Reference: RBB RBB WKH
Lower limit D:

(KM.) 1.6 32 4
M. Serenitatis 1.03 76 0.40
P. Epidemiarum A7 .76
M. Humoru.n 54 76
M. Nubium JT .76
M. Crisium 92 70
O. Procellarum
M. Imbrium 1.01 95
M. Orientale * 1.0
M. Cognitum 0.94
M. Nectaris 111 96
M. Frigoris 1.10* 1.26
M. Foecundit. .99+ 1.14
L. Somniorum 1.10 126
M. Tranquill. 1.20 1.37 1.11

Appendix (DSS)
M. Seren., outer dark zone
M. Seren., central portion

Notes:
crater density observed

Values in this table are :
average crater density, all maria

*Values give less weight because of paucity ol craters, foreshortening, etc.

iSee paper 1V

RBB: Baldwin 1963, p. 296

DSS: Dodd, Salisbury and Smalley 1963
GF: Fielder 1963

from 0.6 to 1.6 on a relative crater density “time
scale,” represents a restricted epoch in lunar history.

2. Post-Basin, Pre-Mare Intervals

The interval between the formation of lunar
basins and their associated mare surfaces can be
judged by counts of the post-basin pre-mare, “Ar-
chimedian™ craters. Though often highly damaged,
Archimedian craters having diameters above some
critical diameter should, in principle, be detectable
where the mare cover is thin enough. Thus, counts
were made for zones around the outer edge of var-
ious maria, in some cases essentially “he inner edge
of the rim only. The width of the zone was chosen
according to the apparent degree of preservation of
Archimedian craters.

The post-mare count, in -ome cases neglible, is
added to the Archimedian count to get a measure of
the interval between basin formation and the present.
This measure is in terms of the crater numbers only,
because a time-measure can be deduced only if we
know the cratering rate, which is believed to have
been changing rapidly at this epoch. (Kuiper 1954,
pp. 1104, 1110; Kuiper 1966 p. 217; Hartmann,
1966a).

Secondary criteria of a more subjective nature
were also used to order the basins by age, since in
some cases no good crater statistics could be ob-

DSS RBB GF RBB
ADOPTED
4 6.4 10 12.8 VALUE
.61 34 .28+ 24* 0.6
1 b7 A U 0.8
71 53 7 g 0.8
1 S4% el 08
T4* 91* 94% 0.8
13 0.9
1.06 74 78 2% 0.9
1.0
1.0
38* 86* A40% 1.0
1.57 1.52 1.13 1.69 1.4
1.52 1.62% 974 1.5
1.52 2.10 1.69% 1.6
1.73 2.16* 173* 1.6
S4 .6
.69 o

tained. Morphological differences. such as rim sharp-
ness, rim height, distinctness of ejecta blankets and
preservation of radial and concentric systems, are
useful in this context.

Table 2 presents the results expressed as the es-
timated ratio pos.-basin/post-mare crater density
as well as data on post-mare craters. The table,
though incomplete and subject to revision provides
a rationale and serves as a guide for further studies
of lunar crater counts. The present data are modi-
fied from an carlier presentation in my Ph.D. dis-
sertation (1966bh), and it is desirable to fill in as
well as possible the remaining unknown data, which
indicate the history of certain lunar regions.

An important conclusion that follows at once
from Table 2 is that the “Archimedian” cratering in-
tervals were finite and highly variable from one basin
system to another. The large amount of cratering in
many cases indicates an extensive time interval and
rules out the hypothesis that the mare material is a
result of impact-induced fusion, laid down contemp-
orancously with basin creation (Urey 1960).

Furthermore, the relative constancy of post-mare
crater densities and variability of Archimedian den-
sities favors the view that while the maria were
formed more or less contemporaneously, during a
restricted epoch, the underlying basins were dis-
tributed throughout a period during which most of
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tatis, average mare, anc Mare Tranquillitatis. showing sig
nificant variations between the latter and the former. F is
incremental number of craters/km?.

the pre-mare (“continental™) craters formed. That
is, the quantitative data o Table I are consister!
with the model which has been presented earlier in
these Communications and elsewhere (Hartmann
1964; Kuiper 1966; Hartmann 1966a) that the ba-
sins formed during an early intense cratering close
to the end of which most of the major maria wvere
laid down as a result of lunar melting. Much of the
variation in inter-mare ages is attributed to the tail-
end of the intense bombardment phase, which may
have involved a different population of cosmic
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TacLe 11 PROVISIONAL POST-BASIN CRATER DENSITIES AND

RELATIVE BASIN AGES

BASIN® Estimaren
(IN ORDER OF POST-BASIN CRATER POST-MARE CRATER
INCREASING AGE) DENSITY** DENSITY***
(Average mare) 1.00%
Orientale t 2.4 1.0
Imbrium 6 0.9
Crisium 16 0.8
Humboldtianum
Nectaris 27 1.0
Near Schiller 28
Humorum 28 0.8
Grimaldi
Serenitatis 0.6
S. E. Limb
Junseen
Cognitum 1.0
(Pure Upland) 30

*Cf. Hartmann and Kuiper (1962). Recently discovered
far side basins not included.
**Estimated P. E. ~ 25%
***Estimated P. E. ~ 209 (See Table I)
By Definition
1See paper IV

bodics than those presently striking the earth and
moon.
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No. 117 LUNAR CRATER COUNTS.IV: MARE ORIENTALE
AND ITS BASIN SYSTEM

by W. K. HARTMANN AND F. G. YALE™
February 1, 1968

ABSTRACT

Parts 1 and II present crater count observations of the mare surface and the ejecta blanket of the Orientale basin. Mare
Orientzle has the crater density of average maria, 1.0, and the ejecta blanket has an unusually low crater density for an upland
surface, 2.4. This is the lowest known post-basin crater density, testifying to the youth of the system. Supplemertal observations,
based on Orbiter photography. are presented in part 111 Part 1V discusses the physics of the hypothetical, nuée ardente-like
cloud which swept out from the impact site, depositing the striated, highly-structured blanket shown in the Orbiter photo-
graphs. Part V summarizes the history of the Orientale basin system. The extraordinary clarity of the radial and concen-
tric lincaments is attributed to the youth of the system and the probable coincidence in time of the impact and the begin-
ning of the mare-forming period, with the shocked “crus*™ collapsirg into the plastic substratum along impact-produced
fractures.

1. The Mare Surface — Observations 2. Orientale Ejecta Blankc! - Obeg, cations
igure 1 shows the floor of Mare Orientale and In view of the relatively young age attributed in
Figure 2 shows the diameter distribution of crat- carlier Communications to the Orientale basin sys-

ers there. On Figure 2 the average mare crater den- tem on the basis of structural studies (Hartmann and
sity has been drawn and it is seen that no significent Kuiper 1962; Hartmann 1964), it is predicted that
departure from this is detected. Normalizing to the the crater density on the ejecta blanket should be
average crater density, we can list Mare Orientale considerably less than the ambient, “pure continen-
as having crater density 1.0 =+ 0.1, tal” crater density, which refers to the oldest portions
The counts used in this determination were made of the lunar surface. WRH has speculated (1964, p
from Orbiter IV photograph 195. Special care was 177) that the Orientale basin may have originated
used to avoid contamination from the abundant sec- “late in the period of mare formation,” although
ondaries of the large unnamed crater in the northern obviously before the present, uppermost (undis-
part of the floor, and the data of Figure 2 refer prin- turbed ) surfaces of the various nearby maria were
cipally to the southern half of the floor. The largest laid down.
diameters available were limited by the small area Now it is possible to test these ideas with the
of the mare, and the smallest, by the resolution of excellent photographic coverage of the whole Ori-
the Orbiter “medium resolution™ photography. entale region by Orbiter IV. Figure 3 shows a typical
Mare Veris and Mare Autumni, two arcuate portion of the radially striated cjecta bi.aket cast
strips along the bases of two concentric fault scarps of Mare Orientale, and Figure 4, the crater diameter
around the basin, appear to have significantly higher distribution thereon. It can be seen that the post-
crater densities than the central Mare Oricntale (see basin craters of the ejecta blanket accurately paral-
Fig. 2). lel the post-mare craters, and that at least the first
of the above predictions is essentially verified:
*On leave from Arizona State University. there is more than an order of magnitude deficiency
131
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of post-Orientale craters over normal “pure contin-
ental™ density. As for the formation of the Crientale
basin late in the mare-forming period. it can be seen
that there are measurably more post-basin craters
than post-mare craters, by a fuctor of about 2.4 -+
0.2 (est. P.E.). When compared vith the iesults of
Paper 111 (Hartmann 1968a), this figure indicates
formation of the Orientale basin somewhat before
the oldest exposed mare surfaces were laid dowr,
such surfaces having crater densities of about 1.6
(normalized to average maria). The point in time
indicated by crater density 2.4 may have been well
into the period of mare formation, even though the
earliest of the now-visible surfaces had not yet been
formed. Note that these crater densny figures do
not give relative ages; the flux was probably decreas-
ing rapidly at this time and hence the figures are wide
upper limits on the relative ages (cf. Paper I11). In
any case the present data suggest that the Grientale
basin is best described as forming not “late™ in the
mare-forming period, but rather siortly preceding
or during that period, before any of the other pres-
ent maria were intact. The factor 2.4 is the small-
est known post-basin crater density (cf. Paper 111),
indicating that the Orientale basin is the youngest
of the great. multi-ring basin systems.

3. The Basin System — Miscellaneous
Obsercations

Figure 3 shows the fine parallel striations of the
ejecta blanket surface. These structures have widths
of several hundred meters up to 1 km. considerably
smaller than the radial and concentiic structures
attributed to faults and tectonic adjustments in Com-
murication LPL 36 (Hartmann 1964). Additional
dissimilarities are (1) lack of orthogonal (radial
and concentric) gridding and (2) occasional pro-
nounced curvature of the striations, ofien near major
relief, (see Fig. 3). The latter characteristic gives the
striations a pattern suggestive of turbulent flow.

The faces of the concentric scarps surrounding
the Orientale basin are poorly exposed to sunlight
in the Orbiter photographs, but in the few locations
where tne lighting is good, the face appears smooth,
perhaps layered over with talus, with only a few
outcrops or boulders (Fig. 5). No diagnostic fea-
tures have been found to date the scarps positively
as pre-or post-cjecta blanket.

Within the Orientale inner basin can be seen
concentric rilles similar to those of Humorum and
other circular maria except that they distinctly cut
across old, unflooded portions of the surface, (Fig.

6). This shows that the concentric rille patterns are
not intrinsic to the surficial mare material, but rathei
are deep-scated products of the basin system devel-
opment. Probably they result from the sagging of the
newly fiooded basin, just as the concentric fault
scarps arce the result of sagging of the “crust™ as a
whole. Consistent with this, the major rille shown
in Figure 6 [ollows exactly the arc of the incomplete
“second ring”™ of the concentric ring system.

4. Physics of the Ejecta Cloud

It was noted above that the surface of the ejecta
blankzt around the Orientale basin has the appear-
ance of having been striated by the flow of a flui-
dized medium over its surface.

One can show that turbulent flow would indeed
be expected in cloud expanding from the central
explosion and passing surface obstacles of dimension
about 10 km, such as those indicated. The Reynolds
number is
vLp

1 24

Ri= (1)
where v is the expansion velocity, L the obstacle or
eddy dimension, p the density of the expanding
cloud, and v the cloud’s viscosity (¢/p is the Kine-
matic viscosity ). Assuming v = 10'cm/sec and L —
10%m, and since v for a varicty of volatiles and tem-
perures is ~ 2 10 ' gm/sec em, we have
R=5x 10¥p (2)

It remains to find a value for p. The volatile content
of metcoritic, basaltic, and granitic material is of
the order 10 # by mass. Thus, if only 10 * of the
10* grams dislodged in the Oric ale impact were
degassed (i.c. even if only the impacting projectile
were degassed) we would have 10™ gm of gaseous
material crupted from the impact site. The striated
paitern is clear even beyond the “Rocca ring™ of the
concentric pattern, which has a radius of about 650
km, and thus if the expanding cloud were of uniform
density and hemispherical, then as it swept over the
surface 650 km from the impact site, ihe gas density
would be of the order 10 " gm/cm?, with a riuch
higher density of solid particles, perhaps 10 *
gm/cm”. The figures derived above arc lower limits,
and it appears clear that the Reynolds number
greatly exceeds unity. Taking into account the en-
trained solids, one finds the gas pressure insufli-
cient to support the cloud, which would thus be
compressed against the surface.

The gas cloud will propagate ovtward at not
more than about 10* ¢m/sec, and hence to an
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Fig. 5 Portion of the face of the “Fichstadt ring™ scarp N of Mare Orientale, showing possible outcrops on the
scarp face. NASA Orbiter 1V, Frame 195, high resolution

observer 650 km from the impact site, the rain of
material would probably have a duration of several
minutes. It would be. in essence. a fluidized system.
I'his hypothetical phenomenon has many of the char-
acteristics of a terrestrial nuce ardente flow, “highly
heated gas so charged with incandescent ash par-
ticles that it resembles a mobile emulsion, yet dense
enough to maintain contact with the surface as it
rushes down the slopes of the mountain with hur-
ricane force™ (Bullard 1962).

The famous Pelée nuce ardente eruption of 1902,
which destroyed the city of St. Pierre and 30,000
people. travelled at velocities approaching 107
cm, sec and swept over the city in only a few minutes,
smashing meter-thick concrete walls and carrying
along three-ton masses (Bullard 1962).

The lunar surface. and presumably a freshly de-
posited ejecta blanket, is loosely coherent particu-
late matter of no great structural integrity. It thus
appears likely that a major impact would send out
a nuce ardente-like cloud which would, in the pro-
cess of depositing an ejecta blanket, cause a storm

of several minutes’ duration, capable of leaving a

surface covered with fine striations of width up to
several hundred meters., as observed.

It should be noted that this section represents
a supplement to conclusions drawn earlier. In Com-
munications 24 and 36 (Hartmann 1963, 1964).
it was argucd that the large-scale radial linecaments
shown on carth-based photographs were produced
by tectonic action, not scouring or grooving by fly-
ing fragments. This view is still held. in essence,
although some of the best photographs, c.p Plate
24.7, show some of the fine striations now attrib-
uted to scouring by the ¢jecta. The striated surface,
not only near Orientale but also in the case of other
basins. was then fractured and broken by radial and
concentric faults. Among the older basins, the stri-
ations have since been eroded and blanketed. This
process has started on the Orientale lincaments. and
only the youngest features, ¢.g. Tycho, lack such
masking blankets.

5. Interpretation of the Orientale Basin System

In this section we will attempt to give a chron-
ological history of the events that produced the pres-
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ent Orientale system. The argument that an impact,
rather than » volcanic explosion or coll.pse, touched
off these events is beyond the scope of this paper.
Observations contributing to the argument are: the
continuity of the crater diameter distribution from
craters to basins, correspondence between this dis-
tribution and the asteroi fragment mass distribu-
tion, evidence for a point-source explosion, huge
ciecta blanket, hign-c.der radial and concentric
symmetry, and energy considerations.

Baldwin's equation 8-3A (1963, pp 158-162)
indicates that an energy of 4 x 107" ergs (factor 4 est.
P.E.. dependine on scaled depth of burst) was
expended in creating the inner Oricntale basin, which
has a diaineter of 390 km. If the impact velocity was
3 km/sec, the projectiic’s mass was about 9 x 10*
gm and its radius, 40 km {+ 20 km est. P.E.). It
was thus of size comparable to a moderate present
day asteror! ana close to or siightly smaller than
(¢ pecially if the velocity was higher) the most com-

mon of Anders’ “originai™ asteroids (Anders 1965).

. —

YAt

AND F.

Fig. 6 NE quadrant of the “2nd ring.” just
inside Mare Veris, Jhowing its expression as a
concentric rille cutting across unflooded vpland
sutaces. This rille is a continuation of the moun-
tainous scarp which forms most of the “2nd
ring.” NASA Orbiter IV, Frame 187, high reso-
lution.

It is an interesting support of Arders” model of size
distribution of planctesimals that the largest bodies
striking the moon may have just reached the size of
his most common “original™ planctesimals and that
the rest of the impacting bodies display just the dis-
tricution of size of their fragments.

I'he impact occurred at a tin.c when the sur-
face was alrcady pre-stressed by the grid-formina
forces. causing the preferential development of frac-
tures by the cxpanding shock wave in the NE-SW
direction and to a lesser extent, NW-SE (Hartmana.
1964; Strom 1964). Inclination of the projectile’s
trajectory may have also been a contributing factor.
I'he time of this impact, on the crater density scale,
0.2, immediately preceeding or just at
the beginning of the mare flooding, in accord with
the high susceptibility of fracture along the grid
lines (subsurface melting and hcating being near
maximum). Fig. 7, parts 1 and 2 show the impact
and the immediately produced, fractured surface.

In the minutes following the impact. a cloud of

was 2.4
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Fig. 7 Schematic history of the Orientale basin structure.
Stippling represents ejecta: diagonal hatching, magma: and
vertical hatching. lava flows. See text.

vaporized silicate material. volatiles. finely pulver-
ized rock in suspension, and large fragments on bal-
listic trajectories was erupted and swept across the
surface, in nuce ardente fashion, dropping the ejecta
blanket now observed and scouring its surface.
The surface beneath the blanket, having been
alicady fractured and perhaps faulted by the grid-
producing forces, and still more highly fractured by
the impact shock, was ripe for any tectonic adjust-
ments. As subsurface melting and instrusions step-
ped up, approaching the climax of the mare-forming
period. the Orientale surface arca resembled a frac-
tured roci. poorly supported from below. As, or per-
haps even before. the subsurface magmas extruded
onto the surface, gaining access particularly through
the breccias of the central basin. the roof sagged and
faul'ed in concentric rings, in the manner proposed
by Ficlder (1963), except that Fielder pictures the
entire process from the beginning to have been
endogenic; (it is difficult to account for the highly
aligned radial striations and faults in this way).
Fielder has pointed out that this sagging and faulting
mechanism provides theoretical justification for the

\/2 radius ratios found by Hartmann and Kuiper
(1962).

Mare material worked its way up to the concen-
tric faults and extruded at their bases, forming the
arcuate maria Veris and Autumnis. Since these maria
have a crater density nearly equal to that of the
cjecta blanket (Figs. 2 and 4), it appears that the
collapse, formation of the scarps, and welling up of
the arcuate maria occurred just after the impact.
before completion of the central mare. (A number of
dark halo craters, probably endogenic and typically
two or three km across, increase the crater density
in the arcuate maria and support the idea of deep,
fault-induced volcanism there.)

The central mare was completed at about the
same time as the other average maria (crater density
1.0 = 0.1). The flooding is illustrated in Fig. 7,
parts 3 and 4.

The weight of the mare fill caused the inner basin
to continue o buckle downward, and the adjustments
took the form of concentric rilles (Fig. 6; Fig. 7,
part 5), in some cases the last lavas were extruded
along these concentric inner faults, forming mare
wrinkle ridges (the wrinkle ridges have been shown
by R. Strom to be the sites of some of the last flows
in the maria (Kuiper 1966).
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No. 118 LUNAR CRATER COUNTS. V: LATITUDE INDEPENDENCE
+ND SOURCES OF IMPACTING BODIES

by WiLLiaM K HARTMANN

March 1, 1968

ABSTRACT

The larger pre-mare lunar craters are concentrated toward the lunar poles by a factor two over their equatorial densi-
ties. Post-mare craters are almost uniformly distributed, with only a marginal trace of the polar concentration. It is con-
cluded that the moon’s obliquity has not changed since the pre-mare craters formed; that impacting bodies during the early
intense lunar bombardment were concentrated toward high latitudes by an uncertain mechanism, possibly related to the
gravitational field of the nearby earth; that the early bombardment involved a different population of bodies than the post-
mare and current influx: and that the declining early bombardment lasted into early post-mare time. The early projectiles
may have been residual planetesimals in solar orbit or members of a circum-terrestrial swarm. Celestial mechanical studies

of such bodies are highly desirable.

1. Introduction

f the bodies that are assumed to have struck the
moon to produce the craiers weic confined to high-
velocity* orbits with low inclinations, one would
expect a concentration of craters toward ‘he equator,
in view of the moon’s obliquity of only 1:5. Alter-
nately, if the bodies entered the moon’s giavity field
with very low velocities, or were randomly inclined,
one would expect a more random distribution of
craters with respect to latitude. Specifically, one
might expect to detect an cquatorial concentration
in the case of asteroidal projectiles, while circum-ter-
restrial or cometary impacts would be random.
These ideas led to the present search for latitude
effects in the distribution of lunar craters, with the
hope of obtaining some clue as to the source of the
projectiles. As was demonstrated in Paper I1 (Hart-
mann 1967), the pre-mare craters (which dominate
the upland, or “pure continental,” group) and post-
mare craters can be easily divided. Thus we have the
opportunity to perform a test for latitude effects
among both the carliest and the more recent craters.

*High velocity in this paper means velocities that would
produce lunar impacts at considerably higher than lunar
escape velocity, i.e. selenocentric approach velocities greater
than, say, 3 km/sec.
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Kuiper (1954) has suggested that the moon in
its early history may have changed its obliquity rad-
ically, as would follow from an equation by Tisser-
and (1891). Or the other hand, this equation was
deveioped for small values of the obliquity and may
break down for large values so that one cannot prove
on this basis that the moon would “topple over.”
Therefore the crater count test here proposed 15 use-
ful and may in fact yield information on the obliquity
of the moon in its earliest history. Furthermore, it
is highly unlikely that the moon has changed orien-
tation significantly in post-mare time, since there
were no major (basin-forming) post-mare impacts
to provide changes in angular momentum nor is
there any morphological or struc ural evidences for
marked post-mare changes in the direction of the
angular momentum vector (although the grid system
may indicate pre-mare changes in the magnitude of
the angular momentum).

2. Observations

The crater catalogs of Arthur, et. al. (1963,
1964, 1965, 1966) provide ideal data for the lat-
itude tests. He had catalogued all of the craters on
the front side larger than 3.5 km diameter on IBM
cards, with both ““continental” and post-mare craters
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designated.* Limb regions (defined in Hartmann
1964) were omitted here since they introduced a
selective loss of smaller craters, especially at high
latitudes. It is noted that any selection effect in the
limb regions reduces the frequency of high-latitude
craters. Continental and post-mare craters were sep-
arated, to test the two populations separately, and
“mare-continental™ craters, along the mare borders,
were rejected. Thus only reladvely pure continental
and mare surfaces were used.

In order to reduce sclection effects further, to
limit the counts to craters of impact origin, and to
avoid a discontinuity in the Arthur catalog diameter
distribution at D = 35 km (of uncertain but prob-
ably partly observational origin — cf. Hartmann
1964, 1967), only the continental craters of D == 40
km were used. To get a sample of equal statistical
size, Ny for the mare craters, the diameter distribu-
tions of Paper Il were used, such that

Ny _ 1 D
N ~ 30 402’

giving a limiting diameter for mare craters of D =7
km.

These two crater samples, continental D = 40
km and post-mare D = 7 km, were sorted by 7 in
zones, the mcan 7 values being convertible to lati-
tudes. The counts were made for each hemisphere
separately, but the results were later combined, since
the southern hemisphere is sparse in maria and the
northern in continental area. The continental and
mare areas in km” were determined from the Ortho-
graphic Lunar Atlas, and crater densitics in km *
were plotted for the indicated craters as a function
of latitude.

Fig. 1 shows the result for the continental (up-
land) craters: surprisingly, there is a polar concen-
tration of craters. This result was so unexpected that
it was checked both by re-plotting the same data for
two other limiting sizes and more significantly by
making completely independent counts (especially
in polar and equatorial zones) from Orbiter and
Zond photographs. These data, included in Fig. I,
are quite consistent. As noted above, any selection
effects in the Arthur catalog would be expected to
act in the opposite direction.

Fig. 1 was then checked in another way. Hart-
mann (1964) shows that the “classes™ in Arthur’s
catalog, 1 (well-preserved) though 5 (highly dam-
aged). consistently correlate with apparent age, and

*Arthur used the term “continental” in his catalog. The
preferred term “upland” is used here interchangeably.
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(unless otherwise marked) on upland (i.e. “continental™)
surfaces. A pronounced polar concentration is found.

that the class 3 (damaged rims, generally pre-mare)
is complete at diameters D == 40 km although the
older classes 4 and 5 are not. Therefore, class-3 con-
tinental craters were sorted as an independent check
on Fig. 1. with the results shown in Fig. 2.

The results all appear consistent: there is a
smooth increase in crater density with latitude among
the continental craters, with polar densities ap-
proaching twice the cquatorial densities. The result
is found to apply at the several longitudes investi-
gated separately, and is confirmed with data from the
central far side. Therefore it is not merely a reflec-
tion of the front-side mare distribution. Figs. 3 and
4 present a direct comparison of polar and equatorial
arcas at the same scale; the effect can be visually
confirmed.

A group of craters of intermediate age, not as
young as the post-rnare craters, are those of class-1.
A. C. Hartmann (private communication 1967) has
shown that there are 2.2 times as many class-1 craters
per km? in continental areas as in maria, indicating
that class-1 craters as a group date into pre-mare
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time. Fig. 5 plots the class-1 latitude distribution
for D 10 km corrected in the following way to
give the number of class-1 craters/km” on a pure
continental surface. Let N be the (known) total
number counted in a given latitude strip and n, the
number on maria. Let 7/M be the (known) ratio
of rotal to mare arca in the strip. Then

T l(N-n‘ >
M- u\22""

N
22T/ M—1.2
Thus, the total number of class-1's that would have

been counted in a continental strip of given latitude
is NF where F is a correction factor

whence

n

__(N-n) +2.24 |

F = it —

N 1.83T/M—1

This factor, always < 1.71, was applicd merely to
give units in Fig. 5 more consistent with those of the
other graphs.

Fig. 5 shows only a marginal trace of the polar
concentration, suggesting that the younger lunar
craters do not demonstrate the effect.

Fig. 6 confirms this in a plot of the post-mare
data for two limiting diameters. There is only a mar-
ginal trace of the polar concentration, as if the effect
were declining or being diluted with time.

3. Interpretation

The effect is judged to be physically real: there
is a concentration by a factor 2 of the oldest craters
toward the poles, while the post-mare craters show
almost no concentration. Figs. 1. 2, 5, and 6 present
a time-scquence indicating a secular decline in the
effect. This is strong support of the hypothesis that
the carliest bombardment of the moon involved a
group of impacting bodies different from those in
post-mare time (and presumably now). and that
there was a transition between them during the late
pre-mare period, and that carly post-mare impacts
included the tail-end of the early intense bombard-
mient. This hypothesis of a separate carly population
of pre-mare projectiles was first advanced by Kuiper
(1954)*, and has been further advocated by Levin
(1963), Opik (1965), Hartmann (1965, 1966),
and Marcus (1967). These authors have considered
the possibility of a circum-terrestrial cloud of bodies

*Gilbert (1893) hypothesized that all the craters were
produced by debris from such a circum-terrestrial “ring,”

from which the moon accreted. Ruskol (1961) also con-
siders in detail accretion from such a ring.
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in some way associated with the moon’s unique for-
mation near, or capture by, the carth. Hartmann
(1966) and Kuiper, Strom, and LePoole (1966)
pointed out that the apparent absence of carly in-
tense Martian cratering is consistent with this.

Members of a circum-terrestrial swarm would
have low velocities, and even if the swarm were not
highly flattened it would be expected to produce
craters randomly distributed. if not slightly concen-
trated toward the equator. There is the possibility
that earth-moon-particle inter-actions in such a cloud
would so strongly deplete the low-inclination orbits
by ejection and collision that the last remaining ob-
jects, which caused the visible craters, were prefer-
entially in high-inclination orbits.

In view of the difficulty of producing a polar con-
centration from a circum-terrestrial swarm, we may
consider other possibilities. In 1966, I considered six
hypothetical sources of the intense early lunar crat-
ering and argued against four of them. The circum-
terrestrial swarm discussed above was judged the
most acceptable, but the second choice is possibly
more compatible with the present data. it pictures
the last remaining planetesimals at the conclusion
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of the planctary accretion process, still in orbit
around the sun, being swept up by the planets. These
would be in very low-inclination orbits (the solar
nebula being highly flattened) and would appreach
the moon, or the carth-moon system, with low rela-
tive velocities.

It is conceivable, as indicated in Fig. 7, that if
the moon were quite close to the carth, there could
be an cfficient shielding effect that would reduce the
number of bodies striking the center-of-face, but
increase the number at the apparent limb. (The so-
called gravitational lens focussing effect, by which
the center-of-face is alleged to rective increased im-
pacts, can apply only to a given combination of
velocity and “focal™ distance; the result of variable
velocities and distances is a screening. ) If the moon’s
rotation were non-synchronous, the poles would
constantly receive an increased flux, while an equa-
torial point would be periodically screened. If the
moon were close enough, the screening could be
quite efficient, this model has the qualitative advan-
tage that as the moon moves away as a result of tidal
interactions, the effect diminishes with time as is
observed.

It may be possible to make a sclection between
the two hypothetical sources — the circum-terrestrial
swarm or circum-solar planctesimals -— by studies

DEPENDENCE OF
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of the celestial mechanics of such particles. Ques-
tions that need to be answered are: What fraction
of particles would be entirely cjected from the carth-
moon-particle and sun-carth-particle systems? What
would be the distribution of inclinations in the two
systems? What fraction of bodies in cach system
would strike the carth? What fraction would strike
the moon? Given the total mass of bodies required
to form all the visible impact craters, and given the
fraction of all bodies that would strike the moon in
cach system, would the total required mass of parti-
cles be reasonable?

If ncarness to the earth does have a bearing on
the observed polar concentration, cither in the con-
text of a circum-terrestrial swarm or a screening
effect. then we have an argument that the moon
formed near the carth or that any hypothetical cap-
ture occurred before the carly intense cratering. The
very presence of a latitude effect provides an argu-
ment that the moon has not radically changed its
obliquity since the early large craters formed, and
also suggests that the craters are not endogenic (un-
less it can be shown that there are latitude effects
to be expected in volcanism). If screening by the
carth is involved. the compatibility of back-and
front-side data indicates that the moon’s rotation
was not originally synchronous.
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Fig.7 Schematic diagram of possible dynamical explanation of polar concerntration of old craters. Low-inclination plane-
tesimals approachiug the earth-moon system with velocity Vesstrike the moon preferentially at high latitudes because of shield-
ing by the carth’s gravitational cross section o. A possible high-inclination orbit is also shown at right.
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No.119 LUNAR CRATER COUNTS. VI: THE YOUNG CRATERS
TYCHO, ARISTARCHUS, AND COPERNICUS

by WiLLiaM K. HARTMANN

March i5, 1968

ABSTRACT

The crater densities inside the craters Tycho, Aristarchus, and Copernicus are found to be respectively 0.1, 0.3, and
0.5 times the mean crater densities on maria. Ages of 2 x 10% 1 x 10 and 2 x 10% yr are inferred. The interior of Copern-
icus exhibits a number of recognizable volcanic structures. Rays accompanying these craters are probably finely pulverized
ejecta and are destreved on a time scale of about 3 x 109 years by stirrinz and mixing of the upper layers of the lunar surface
to a depth on the order of a centimeter. Primary impact craters exhibit approximately a —2 power law diameter distribution
to diameters as low as 250m, indicating that most hectometer-size craters (whica theether define a much steeper power law)

are not primary impact craters.

1. Introduction

Onc method of dating lunar feaiures 's to divide
the observed crater densities (craters/km?) by
the adopted cratering rate (craters/km?* yr). Un-
fortunately. the cratering rate for the larger craters
(D > 2 km) is uncertain, probably by a factor at
least three (Vedder 1966, Hartmann 1965, while
for smaller craters it is widely believed that there
is significant contamination by non-primary-impact
craters, probably including collapse depressions and
secondary impact craters (Kuiper 1965, Shoemaker
1965). These make it difficult to identify the true
primary impact craters and hence lead to uncertain-
ties in the crater density.

Nonetheless. this method has recently been
applied to the lunar crater Tycho by Strom and
Fielder (1968) who counted craters of diameter D
of the order 100 m and, using the best estimates of
fiux for appropriate sized meteorites, derived an
age for Tycho of 1.6 x 10% years. (Strom and
Ficlder are presently applying the method to Ari-
starchus and Copernicus as well).

An independent approach is the method of this
series of papers: we compare the observed crater
densities with the average mare crater density, not-
ing that the maria apparently mark a quite restricted
epoch in lunar history (paper 111, Hartmann 1968).
In this series we use relative crater densities, 1.0
being the value assigned to the average mare. The
uscfulness of the scale lies in the fact that empirically-
determined crater densities can be expressed inde-
pendent of D for various Ivnar structures, giving
a relative age scale. Absolute ages can later be given
if one has further knowledge of the age of the maria
and the time-development of the cratering rate. How-
ever, it is important to note that the relative crater
density is most reliably determined only for D > 2
km, again because of the difficulties of interpretation
of smaller craters of varied origin (e.g. paper I,
Hartmann 1967).

2. Observations

Orbiter photographs show that  “cho has an
unusually rough interior, that Aristarcnas is only
slightly less rough, and that Copernicus is notic~ably
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smoc her than Tycho, some sections having a flooded
appearance. Coupled with their well-knewn ray sys-
tems, the sharp rim detail, and their thermal anoma-
lies, this is strong evidence not only that the craters
are young, but also that in the sequence named they
increase in age. While no observable debris bianket
overlies Tycho, one is just beginning to form in
vristarchus. Most of the rest of the moon, as shown
by the Surveyors (Gault, et.al. 1967, p. 203) is
blankcted by a fragmental layer of meter or deca-
meter depth.

Crater counts bear out these inferences. Since all
three craters have few overlying cratc-s, the statistics
are poor, particularly for the larger D values. Tycho,
for example, has only one crater of D > | km within
its rim. While it would thus appear difficult to get
a meaningful relative crater density applicable at
D > 2 km, it must be remembered that diameter
distribution law apparently universally has an expo-
nent (slope) of —2(=-0.1) at these larger diameters,
and this knowledge aids us in obtaining a well-
defined crater density.

Figure 1 shows the results obtained from Tycho.
Strom and Fielder have allowed me to convert their
data to my system of plotting, and their counts are
included. Although counts outside the rim of Tycho
were made in an attempt to get more area and better
statistics, these were kept separate from the interior
counts, because Strom and Fielder (1968) showed
that the exterior counts were both higher and vari-
able from one stratigraphic unit to another. Fron
this fact, they concluded that Tycho had a “multi-
phase™ development in time, and that the cxterior
ilow units may in fact be older than Tycho. Alter-
nate interpretations are that Tycho secondary craters
cause the variable excess in exterior crater counts, or
that some other type of crater (e.g. collapse depres-
sions) have not been adeguately sorted out of these
counts. In my own counts of Tycho, as in previous
papers of this series, no effort was made to sort out
craters of different origins, unless stated.

It can be scen that the relative crater density
(mcasured at D > 2 km) in Tycho is 0.1 with an
estimated P.E. of 20% . The curve drawn in Figure |
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is an estimated fit, using not only the datum points
but also the slope of —2 at D > 2 km as parameters.
Strom and Ficlder’s finding that crater density is
higher outside Tycho than inside is now confirmed
for diameters larger than those used by them.

Figure 2 shows the data tor Aristarchus. Among
craters larger than 125 m diameter, ail counts for
Aristarchus fall above those of Tycho. However, at
smaller diameters the curve has a significantly differ-
ent behavior, testifying again to the density irregulari-
ties among the craters of D ~ 100 m in various
regions. Aristarchus is found to have a relative crater
density of 0.3 with 20% estimated P.E.

Copernicus presents a mere complicated prob-
lem because of its modified interior, apparently partly
flooded and peppered with volcanic structures. For
this reason, separate cotints were made on the walls
in an effort to obtain data less affected by the pres-
ence of non-impact craters. Figure 3 presents this
data. Copernicus is found to have a relative crater
density of 0.5, with 30% estimated P.E. The exterior
crater density. as in the case of Tycho, is larger than
the interior crater density.

3. Volcanism in Copernicus

Figures 4-7 illustrate several features of the
Copernicus tloor indicative of extensive volcanic
activity. These include structures which match in
morphology both cinder cones and rimless collapse
calderas. Many of the pits are closely clustered,
again suggesting volcanism.

The normal lunar maria, which lack abundant
cinder cones and calderas, appear to be fluid basalt
flows on the basis of both morphology (Kuiper 1965)
and chemistry (Turkevich, et al. 1967). The defi-
ciency of cinder cones and kilometer-scale calderas
is probably correlated with the fluid nature of the
{unar flood basalts (Rittmann 1962). The floor of
Copernicus, on the other hand. is closer in form to
many terrestrial volcanic fields. The Pinacate field
of Sonora, Mexico, for example, s about 40 km
across (compared with 50 km for the Copernicus
floor) with central peaks, calderas (up to D = 1.0
km ), tuff rings, and scattered cinder cones. Figure 8
illustrates some of these features. The “crater den-
sity” of Pinacate calderas, rings, and cones combined

Fig. 2 Crater diameter distribution for
Aristarchus. The curve of Fig. 1 is added
for comparison.
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Fig. 3 Crater diameter distribution for
Copernicus. The Tycho and Aristarchus
curves are added for comparison. The curve
with the short dashes. based on the solid
data points, indicates the inferred distiibu-
tion for primary impacts. The curve with
the long dashes includes «ll craters (open
data points), many of which are evidently
endogenic or due to secondary impacts.
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runs within an order of magnitude of the combined
crater density, less suspected impacts, on the Coper-
nicus floor at all diameters charted in Figure 3.
Again, Figure 9 illustrates a rimless collapse pit
characteristic of the Hawaiian shield volcano, Kila-
uea. The late volcanism in Copcrnicus may well
have been less fluid than the mare volcanism, with
less volatile content, i.e. more like terrestrial shield
volcanoes than like flood basalts.

It is concluded that the floor of Copernicus ini-
tially resembled the floor of Tycho, and then began
to be blanketed, reaching and passing an intermedi-
ate state exemplified by Aristarchus, and that at
some stage, about a third of the floor was flooded
by mare material during a period of volcanic activity.
This material did not come from outside, as the

Copernicus wall is nowhere breached. but probably
was aided in its rise from the moon’s interior by the
subsurface brecciation and fracturing resulting from
the Copernicus impact. The marked slumping and
terracing of the Copernicus walls may have aided by
this activity, and in fact may be directly due to set-
tling to conserve the volume of the extruded lava.
Fuither, since crater walls define zones markedly out
of isostatic adjustment, faulting and lava extrusion
around walls and the edges of crater floors is not
unexpected.
4. Conclusions

T'he results for the three craters studied are com-
bined with other areas in Figure 10. Tycho appears
to be the youngest structure of its size on the moon.
The volcanism in Copernicus explains the rapid rise
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Fig. 5 Breached cinder cone-like stiucture on the floor of Copernicus. Oriented with light fron above. Orbiter photograph
courtesy NASA
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Fig. 6 Apparent rimless collapse pit on the floor of Copernicus. O iented with light from above. Orbiter photograph

courtesy NASA
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Fig. 7 Apparent primary impact crater (note raised rim. debris, rass)ef. Fielder and Guest in this volume of Comim. LP1
PI

Oricnted with light from above. Orbiter photograph coartesy N ASA
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in Figure 10 of craters of D < 2 km relative to the
density in Tycho or Aristarchus; many of these hec-
tometer-scale craters must be endogenic. Figure 10
contains support for a speculation in paper 1, based
in turn on a suggestion by Kuiper, Strom and
LePoole (1966), that the size distribution for pri-
mary impact craters continues at a slope of about
2. gradually steepening, well below the D = 2 km
limit to as little as D = 250 m. That is, in Tycho
and Aristarchus, where the crater density is very
low and contamination by still younger sccondaries
or volcanic pits is minimal, the curves retain a low
slope, but in Copernicus and the mare it is alrcady
quite steep at D = 1 km because of non-impact con-
tamination. The former behavior was found in paper
I for craters on the wall of Alphonsus. but not on
its flooded floor.
Absolute ages may be estimated on the basis of
previous models of the cratering rate and the age

TABLE |
AGE SCALL
RELATIVE EStimaten

CRATER DENSITY EQUIVALENT AGE
“Pure” Uplands 30 4.5(109) yr
Average Mare 1.00 4 (109) yr
Copernicus 0.5 2 (109) yr
Aristarchus 0.3 1 (107) yr
Tycho 0.1 2 (10%) yr
Oldest Martian 4 (109) yr

Craters*

*The compatibility of the Martian crater ages with the expected
formation epoch of the Martian surface supports the other values given
here (¢f. LPL Comm. 65). Recently reported increases in the number
of Martian craters counted on reprocessed Muariner photographs can
only push the age further back toward 4.7 x 10° yr

of the maria. as estimated in current literature. Vari-
ous LPL publications, including my own. have
argued (for a number of reasons including thermal
histories of meteorites, meteorite fluxes. and analysis
of Martian craters) that the mare age is approxi-
mately 4 x 10" yr and that the post-mare cratering
rate has gradually increased with time, so that it is
now of the order of twice its average post-mare value
(for a detailed model, see Hartmann and Hartmann
1968). Further defensc of these conclusions is beyond
the scope of this paper. On the basis of these infer-
ences, ages can be assigned to the Tycho, Aristar-
chus, and Copernicus on the basis of the observed
crater densities, and these ages are reported in Table
I

Although Table I gives the interpretation fav-
ored here, it should be noted than an alternative
interpretation holds that the cratering rate is roughly
ten times higher than that inferred from meteorites

N
2

AND COPERNICUS 1

because of a cometary component that does not sur-
vive passage in the earth’s atmosphere (Shoemaker,
private communnication). and that the maria are
only about 2 x 10* yr old, the cratering rate having
been nearly constant since the beginning. According
to this model the ages of the three craters (and the
Martian features) arc only about 120 of the values
in Table 1. or even less, Such values already have
been suggested at Surveyor news conferences (e.g.
an age of “one million years . .. 500 times younger
than that of the lunar maria™ — Aviation Week, 88,
P: 17)-

Such low ages are not supported by considera-
tions of terrestrial impacts. The body which formed
Tycho was probably of the order of 10" or 10™ gm
mass, on the basis of cratering theory. Even if it were
cometary, with density 1 gm/cm?, and velocity as
high as 40 xm/sec, it must have had a diameter
exceeding 2 km. The compression wave velocity in
lake ice is 3.4 km/sec (a value approximately valid
for many materials). indicating that the shock wave
gencrated as the bolide struck the atmosphere would
propagate through it in about a second (while heat-
ing effects. ete. would necessarily take longer). But
since most deceleration occurs below 40 km height
(Heide 1964), a 40 km/sec bolide would strike the
ground by the time its rear portion received a signal
tnat it had struck the atmosphere. Slower projectiles
would still have only a few seconds to break up, and
the ablative effects would be less. Heide (1964) esti-
mates that at 40 km/sec, a 10® gm mass would lose
only 32% of its mass, and hence much larger masses
would survive intact, consistent with the above.
Therefore, even cometary bolides large enough to
create Tycho would survive to strike the earth’s sur-
face, and if Tycho's age were only 107 years there
should be several examples of 80 km astroblemes of
such youthfulness on the carth’s continents, which
is not the case.

The preferred value of 2 x 10* years would lead
to a prediction of several Tycho-sized craters on
carth formed in rhis time span, but in this case, few
or nore would be observable because of erosion and
major cycles of orogeny. Of possible large candidates
for astroblemes, the Rieskessel is 2 x 107 years old
(but only 23 km in diameter), and Clearwater Lakes
(26, 31 km), Manicouagan (65 km), Sudbury (48
km), and Vredefort Ring (40 km) are all 10* years
old or oldcr, in support of our conclusion.

The conclusion that Tycho, Aristarchus, and
Copernicus are about 0.2, 1, and 2 x 10" years old,
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Fig. & Collapse craters, cinder cones. and lava flows on flanks of Pinacate shicld volcano. Sonoria, Mexico (photo by R. Laidley).

Fig. 9 Rimless collapse pit Halemaumau, Kilauea shield volcano, Hawaii (photo by author)
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parallelism at D > 2 km with a slope of about —
genic craters and secondary impacts.

respectively, raises problems about their ray sys-
tems. Hapke's (1965) conclusion that exposure to
the solar wind causes darkening of the lunar surface
in some 10° years would appear to account not only
for the uniform and unique colorimetry of the moon,
both in the visual (Hapke 1965) and infrared (Bin-
der, Cruikshank, and Hartmann 1965; Wattson and
hapke 1966; Cruikshank 1968) but also loss of rays
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and varying slopes for D «

Summary of crater counts for three young lunar craters compared with other type-arcas. Note approximate

2 km, apparently due to admixtures of endo-

among the older ray-craters. A longer ray-lifetime
than '0" yco=s is not a qualitative problem, since
Hapke himself pointed cut that the meteoritic flux
causes a turnover of the uppermost microns of the
lunar surface in about 10 years. Thus, a thick ray
deposit (of depth < 10 m; Kuiper, et al. 1965,
p. 61) should last considerably longer than the dark-
ening time, However, the implication of the present
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work is that more than 10" years, i.e. 10' turnover-
times, is required to crase rays. One might expect the
surface layers to be saturated with darkened material
more rapidly.

This suggests that radiation-darkening is neither
the principal nor the only agent destroving rays.
Probably the rays owe much of their brightness to
small particle size relative to background particles;
i.c. they are finely pulverized rock ejecta. Therefore,
it requires not mere turnover of the upper microns
or millimeters of surface, but thorough surface mix-
ing of the ray deposit and background fragn.ental
fayer, with preferential buryiag of the fine particles,
to destroy a ray. [Morcover, the relevaney of radia-
tion-darkening has been calied into question by two
observations: 1) the difficulty of avoiding oil dis-
coloration in the irradiation experiments, and 2) the
observation that the uppermost surface layers of the
moon are lighter, not darker, than the subsurface;
Gault, et al. 1967]. Mixing to a depth of 1 em,
sufficient to bury the small particles, requires a period
of the order of 3 x 10" years at the present bombard-
ment rate, and thus this model is compatible with
our derived crater ages.

It is concluded that the ages of the three craters
studied are essentially as given in Table 1. that
Copernicus displays a number of familiar volcanic
structures on its floor; that the diameter spectrum of
primary impact craters does not rise as steeply at

< 2 km as the observed srectrum of all craters in
the maria; and that the derivea crater ages are con-
sistent with a model which holds that the rays are
finely pulverized material being mixed with the back-
ground material and hence rendered invisible in a
time period of the order 3 x 10" years.
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No. 120 STATISTICS OF CENTRAL PEAKS IN LUNAR CRATERS

by CHARLES A. WooD
June 10, 1968

ABSTRACT

Statistics of central peaks are drawn from the large catalog, “The System of Lunar Craters.” Only about 3% of all cata-
loged craters have peaks (cf. Table 3): this value is much smaller than has bezn previously reported. However, the percent-
age of craters with observed central peaks increases markedly with size and approaches 1007 for undamaged craters of
diameter 70km and larger (cf. Fig. 2). Young (undamaged) craters have peaks more frequently than older craters.

MucDonuld (1931) and Young (1940) initiated
modern statistical studies of lunar crater
heights, depths, and diameters. This paper intends
to improve the statistical data on the occurrence of
central peaks in lunar craters.

As a compiler of the catalog, “The System of
Lunar Craters” (Arthur, et. al. 1963, 1964, 1965,
1966), the author was responsible for determining
whi h of the approximately 17,000 entries possessed
a central peak. This decision was based on the exami-
nation of the original prints of the Photographic
Lunar Atlas (Kuiper, et. al. 1960) and newer pho-
tography. including the Ranger #7, 8, and 9 records.
{Orbiter photographs had not yet been obtained
when the catalog was completed.) Each of the cen-
tral peaks was classified as “weak™ or strong,” and
“single”™ or “multiple.” Classification was qualita-
tive: the category for cach peak depended on its
height, brightness, and size relative to the crater
diameter. The catalog was put on punch cards and
the IBM 407 accounting machine of the University
of Arizona was used to sort central peak data with
respect fo Siber crater parameters.

~
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The data in “The System of Lunar Craters” were
uscd to determine what percentage of craters have
central-peaks, and how such central-peak craters
differ from craters without peaks. Some of the 17,385
craters in the catalog were so small that it was impos-
sible to determine if they had a peak. Likewise some
craters were so near the limb that the detection of
central peaks was unreliable. To avoid these selec-
tion effects we included in the statistics only those
craters with diameter D larger than 10km,and whose
centers were 70 or less from the center of the moon's
face. Within these limits only 6.8% of the lunar cra-
ters on the earthward hemisphere have central peaks.
(Only 3% of all craters, D = 3.5km, have peaks.)
This may appear a startling result, for even a poor
photograph will show many central peak craters:
Copernicus, Aristillus, Tycho, Bullialdus, etc. In-
deed, Goodacre (1931) found that 19.2% of lunar
craters have central peaks, in close agreement with
Young's (1940) percentage of 21.1. Recently Bald-
win (1963) compiled central-peak statistics from
a sample of 342 craters and concluded that 68% of
craters larger than 8km have central peaks. This
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THE DISTRIBUTION OF DIAMETERS OF CRATERS
INSPECTED FOR CENTRAL PEAKS
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Fig. 1 Comparison of diameier distribution from the cata-
log, used in this paper, and that used in an earlier analysis
of central peak statistics.

exceptionally high percentage is not representative,
as may h~ seen by comparing the diameter distribu-
tion of Baldwin’s 342 craters with the distribution of
diameters in “The System of Lunar Craters.” Figure
1 shows that Baldwin’s sample is biased in favor of
prominent, named craters larger than 20km. Simi-
larly, the search for central peaks by members of the
British Astronomical Association, reported by Good-
acre, included “generally those [craters| of large
diameters,” so that his sample was not representative
of the entire population of craters either. Young
stated the diameter interval for his central peak
statistics: 21.1% of 1126 craters between 16 and
208km, and 35.4% of 209 craters between 54 and
208km. At approximately the same intervals the
values from “The System of Lunar Craters™ statistics
are 10% and 25% respectively. The difference is
due to Young's sampling procedure: he included
only craters conspicuous enough to warrant desig-
nations. Such craters are usually large or fresh look-
ing and frequently possess central peaks.

Each crater in “The System of Lunar Craters”
was classified on a 1 to 5 scale according to the
sharpness and completeness of its rim. Class-1 cra-
ters have very sharp, complete rims, while craters
whose rims are either blurred or broken are classed
as 2 or 3. Ruins are class-4 objects, and class-5 is
restricted to ghost craters and other structures so
battered or fragmentary that they are not easily rec-
ognizable as former craters.

In Figure 2 the nercentage of central-peak cra-
ters of each class is plotted against crater diameter.
It is found that:

(1) The probability of a crater possessing a cen-

tral peak increases with diameter.

(2) rorany diameter interval, the percentage of
peaks in class-1 craters is greater than for
class-2 craters; the percentage of peaked
class-2 craters is greater than class-3; etc.

(3) In cach class of craters the percentage of
peakedness reaches a maximum at a par-
ticular diameter and then remains nearly
constant for larger diameters. Above 90km
there is a slight decrease in the percentage
of central peaks for classes 2, 3, and 4. At
these large diameters, unless a crater is
relatively “new,” it has suffered the overlap
of many newer craters which may in some
cases have obliterated the peak. There is
no decrease for class 1. and the falloff for
class 2 is small.

(4) For all craters irrespective of class the max-
imum percentage of central peaks (30% )
is reached at about 60km. This disagrees
with Tyurk’s finding (Sharonov 1964) that
the maximum frequency of central peaks
occurs at 25 to 30km.

If the classification series | to S indeed repre-
sents an age scquence (with class-1 craters being
the most recent ), and if most of the craters are due
to a single process of formation, the imiplication of
(2) could be that craters are normally formed with
peaks, but the peaks are destroyed with time. Al-
ternatively, peak formation may have been less likely
carly in lunar history.

Table 1 presents data bearing on these hypoth-
eses. The ratio of “weak™ to “strong” peaks is found
to increase with the age of craters (class). This again
suggests that weak peaks may have formed as strong
peaks which have been “eroded™ or that peak for-
mation was favored during the “class-1" period of
lunar history. Further, since crater classification is
determined by rim sharpness, this result suggests
that peak age is highly correlated with crater age.

Using fewer data, Fielder (1965) found that
the ratio of weak to strong peaks v as not correlated
with crater class and concluded th.t “erosion™ has
not been an effective peak destroying agent. While
this conclusion is not confirmed here, Fielder’s ob-
servation that both weak and strong peaks occur in
craters of various ages is accepted.
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Statement (1) is not unexpected. If craters were
formed by impact, the depth of brecciation would be
proportional to crater diameter. If peaks are the re-
sult of volcanic activity they would be formed only
if the fracture zone under the crater extended to an
area of magma; hence large craters with their deeper
zones of brecciation should have a greater percent-
age of centrai peaks than small craters. Similarly if
peaks are thought to be rebound structures, the like-
lihood of peak formation would increase with the
strength of the initiai explosion. and hence crater
diameter. If peaks were uplifted following gravita-
tional slumping of rim materiel onto the crater floor,
this effect also would be more pronounced if the
initial explosion were greater, and the crater, larger
and deeper.

The percentage of multiple central peaks varies
only slightly with class, being 25%.,20%, 21% ., and
29% for classes 1, 2, 3. and 4 plus 5. This indicates
that single and multiple central peaks were produced
in about the same ratio throughout lunar history.
However, the multiplicity of peaks is correlated with
crater diameter as Table 11 shows.

TABLE 1
RATIO OF WFAK TO STRONG PEAKS
CLASS WEAK STRONG Rat10
1 36 20 1.8
2 124 65 1.9
3 120 45 2.7
4 38 12 3.3
5 8.0

8 |

Table 111 compares the statistics of central-peak
craters with those of all craters in “The System of
Lunar Craters” for different age groups or ‘back-
grounds.”™ The figures indicate that the fraction of
central-peak craters is uniform in different areas.
However, this iable does not have as much interpre-
tive value as Fig. 2, in terms of lunar history. be-
cause all craters in the catalog were used (D ==
3.5km instead of the previous D == 10 km). This
dilutes the sample with small, non-CP craters, and
the percentage of CP craters drops from the 77
found carlier to only 3% for all craters in the cata-
log. It docs appear, however, that craters with cen-
tral peaks do not have a unique location, age. or
mode of formation. There may be a spread of ages,
central peaks being most common in craters formed
during the mare-forming cpoch or carly post-mare
time (i.e. including most class-1 craters as found
from Figure 2).

TABLE 11
IDIAMETER INTERVAL 7 MurtipLE CENTRAL PEAKS
0- 50 km 16
50-100 km 34
100-150 km 37
150-200 km 75
TABLE 111
% CP
CRATER TYPE ToTaL CRATERS CP CRATERS CRATERS
Post-mare 2039 or 11.7% 60 or 12.3% 29
Ante-mare 964 or 5.5 26o0r 5.3 2.7
Continental 14382 or82.7 403 or 82.6 28
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No. 121 LUNAR VOLCANIC ERUPTIONS NEAR ARISTARCHUS

by W. K. HARTMANN AND D. H. HARRIS

July 26, 1968

ABSTRACT

The characteristics of five glowing spots observed near Aristarchus by Greenacre, ei. al. (and of similar glows reported
by Heriilel) are shown to be :ompatible with moderate-sized eruptions of molten material. Orbiter photographs of the area
show that ai least three of the sites occur near well-defined lava flows, and either open rifts or cone-like structures. None of
the sites contains volcanic structures so anomalous or fresh-looking as to be identified as products of a 1963 eruption. Never-
theless, it appears probable that the 1963 events were volcanic eruptions, probably including “fire fountains.”

Arcpon by the Acronautical Chart and Informa-
tion Center (ACIC 1964) and an additional
paper by Greenacre (1965) describe the 1963 ob-
servations, by ACIC observers, of transient red spots
near Aristarchus. On October 30, 1963, Greenacre
and Barr saw three colored spots in the Aristarchus
region, indicated as arcas 1, 2 and 3 in our Figure 1.
The spots were seen in the 24-inch visual refractor of
the Lowell Observatory for about 20 minutes. On
November 28, 1963, with the same instrument
Greenacre, Barr, Dungan, and (Lowell Observatory
Director) Hall observed one or possibly two colored
spots, 4 and 5, with the more prominent, 4, con-
firmed by Boyce at the nearby 69-inch reflector of
the Perkins Observatory.

The salient features of the phenomena were: (1)
estimated intensity of the spots, varying between S
and 25 percent fainter than the normal background;
(2) colors, described in varying instances and at
various times, as “reddish-orange,” “light ruby-red,”
“pinkish,” and “pinkish-red,” at times “quite brilli-
ant;” (3) a “sparkling” appearance in some cascs,
with barely resolved “downward flowing motion;”
(4) durations, from discovery to disappearance, of
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20 and 75 minutes and; (5) “deep violet” or “blue”
hazes that formed inside and partially circled Aris-
tarchus persisting for about an hour, obscuring and
dimming the floor several hours after each observa-
tion of red spots.

In an attempt to confirm his visual observations
on November 28, 1963 Greenacre took photographs
of the area on Panatomic-X SO 136 emulsion using
the Lowell 24-irch refractor, and observed visually
with the 12-inch guide instrument. Neither set of
observations showed any evidence of the color phe-
nomena. The film used, SO 136 (Greenacre, 1968),
is sensitive to longer wavelengths than the eye. We
beiieve that the black-and-white film, by virtue of
this red sensitivity, probably compensated for the
relatively decreased integrated visual brightness of
the spots, rendering the spots undetectable.

All of these observations appear to be qualita-
tively consistent with the expected appearance of
partially-resolved volcanic eruptions. We have there-
fore attempted to test this idea by calculating the
visibility of an assumed lunar volcanic eruption and
by studying the regions of reported events on high-
resolution Orbiter photographs.
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Fig. I Aristarchus, Herodotus, and a portion of Schroter’s Valley, showing the locations of the five Flagstaft red spots. num-

bered in order of appearance. Orbiter IV photo, courtesy NASA

One can test the eruption hypothesis by calculat-
ing the arca of hot lava required to produce the ob-
served phenomenon. This requires knowledge of the
light flux from the observed red spots. In the coup-
tion hypothesis. the flux at the carth from the spots
would be due to the “lava.” plus reflected sunlight
from unresolved adjacent arcas. Thus lava eruptions
alone can only add to the background intensity. yet
Grecenacre (1968) reports that the spots were fainter
than the normal background. A typical spot was arca
number 4, on the exterior rim of Aristarchus. where
the average of Greenacre’s estimates is a defiat of
I5% relative to the background. Therefore, we as-
sume that obscuring material was present over the
“lava.”™ This is consistent with observations of ter-
restrial lava eruptions, where eruptions are fre-
quently accompanied by large quantities of obscur-
ing agents ranging in dimension from molecular to
cinder-size. The Aristarchus observations give some
cvidence for the presence of obscuring material,
First, there is the violet haze which dimmed and
obscured the floor of Aristarchus several hours after

cach color phenomenon and second is Greenacre's
(ACIC 1964) report of “sparkling™ which he later
(1965) describes as due to motion of barely resolved
white, bright spots, with the intensity of the adjacent
normal surface, moving downhill inside the colored
regions. These could have been areas of normal sur-
face visible through breaks in the obscuring material.
The violet haze and bright spots might be used to
argue for gas-borne smoke, although such smoke
would be brighter than the dark lunar surface and
in any case should rapidly dissipate. (Sunlit clouds
obscuring cruptions at Halemaumau [WKH-June.
July, 1968] strongly scattered blue light, noticeably
reddening  transmitted  light, but were  generally
brighter than the dark volcanic background.)

Most satisfying as an obscuring agent would be
a fountain or enclosing “cloud™ of particles. Small
particles would be favored on the moon because of
the difference between vapor pressure and ambient
pressure and because of the violent frothing action
of crupted material. The smoke-sized particles pro-
duced by condensation would be the most efficient
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use of available mass in producing scattering and
obscuration. Interparticle shadows among the dark,
rapidly cooling particles would contribute to the
dark appearance of the red @ pots. Black-and-white
and color piates accompanying Comm. L.P.1., 3.
No. 49 (Kuiper 1965) arce instructive in this regard.
It can be seen that the giowing red fountain of lava
and ccoling cinders appears no brighter than the
background rocks in the biack-and-white photo-
graphs.

If we assume for purposes of calculation the sim-
plest model. with neutral absorption from particles
of albedo similar to the backgreund. and with a low
optical depth, then the light from the red spots would
be a mixture of twice-cbsorbed sunlight from the
surface and once absorbed blackbody radiation from
the “lava.” For a transmission of the obscuring
“cloud™ of 677% (comparable to the terrestrial case),
ared spot observed to be 157 fainter than the back-
ground (spot 4) would have thermal radiation (from
lava over an vndetermined fraction of the arca)
amounting to 61% of the ordinarily reflected sun-
light. Using the photometry of Gehrels, Coffeen, and
Owings (1964) we find the ordinary background
intensity is 4.7 mag/ (arc sec)”. Thus the intensity
of the unobscured lava is 5.2 stellar magnitudes per
arc second square. As will be seei, the conclusions
of this paper are not extremely sensitive to the un-
certainty of this estimate.

Given the intensity of the “lava™ we may calcu-
late the area required to produce that intensity. This
calcuration may be made by comparing the visual in-
tensities of the sun and the spots. Let,

F — visual flux at the observer (ergs cm?scc).
T' — temperature of radiating surface ( K).
a — absorptivity of the radiating surface,
f — fraction of the flux at all wavelengths visi-
ble to the eye,
A — arca of visible radiating surface (ecm?*),
m — apparent visual magnitude of the entire
source,
r = distance of source (¢cm),
C = solar constant (ergs cm“sec).
and let the subscripts L, ¢, and © refer to “lava,”
moon, and sun. Then the ratio F, 'F@ given by
(mg@ —my) can be also expressed in terms of A,
and C. Solving for A, gives

1’ R ‘f( fo I()”"

: me-m;'. (1)
ol a;cosl f; ©

A

Fig.2 Head of Schroter’s Valley. White lines lie just out-
side the boundaries of the red-spots as mapped by ACIC
(1964). Orbiter V photo, courtesy NASA

The solar constant, the sun’s magnitude, and the
moon's distance are wel! known. Values for the
temperatures of crupting terrestrial lavas are in the
range 1300-1700 K (Rittmann 1960). For con-
1580 K (because tie
bolometric correction is available ). We taks the ab-

venience we assume 71

sorptivity, a;, of the volcanic material to be 0.80.
T'he ratio fg f, is just the ratio of the inverse bolo-
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Fiv. 3 Southwest rim of Aristarchus. Black and white lines lie just outside the “streah™ boundaries by ACTC (1964). Between
the two streaks, on the rim, are three fissures. Orbiter V photo, courtesy NASA

metric corrections at 5750 K, and is here taken to
be 450 (Allen 1963). To find the magnitude of the
“lava,” ve integrate the intensity [5.2 mag (arc
sec)’] over the area, again taking spot 4 as repre
sentative. The area is 4.1 (arc sec)”, yielding a mag-
nitude, m,, of 3.7. The smaller spots were typically
two to three times smaller, with a somewhat higher
surface brightness

It is of some interest that this calculation of the
roagnitude of the source in the Flagstaff observa
tions comes very close to the estimate of “4th magni-
tude™ made by Herschel when he observed what he
thought was a volcanic eruption on the unilluminated
moon ncar Arnistarchus (Middlchurst 1964).

Substituting the above values into equation (1),
we derive an arca of about 8.1 (10") ¢cm”, compara
ble to a square 0.9 km on a side of glowing material
I'his constitutes an acceptable fraction of the ob
served arca and is entirely acceptable as a dimension
of an eruption. Arcas of 19 historic flows in Hawan
tabulated by Stearns (1Y66) range from § km* to
90 km-,
kilometer scale in length. Rittmann (1962) notes

and fire fountains there ommonly reach

that the Icelandic fissure cruption of 1783 was 25m
long, at it may be compared with the “streaks™ on
the Aristarchus nm

I he observed arca of spor 4 was about 18 km

Literally interpreted, our result suggests that a small
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fraction (about 4'2% ) of the colored arca was
actually covered by glowing material. However, it
must be noted that changes in the assumed tempera-
ture (within the range 1300 to 1700 K) cause large
changes in both the luminosity and the bolometric
correction ratio. Such changes. along with the uncer
tainty in the unobscured brightness, give our area
calculation an uncertainty of about a factor of 10.
The calculated dimensions could thus cover a range
comparable to that observed on carth. We conclude
simply that the calculaion demonstrates the com-
patibility of the reported observation with a volcanic
eruption on the moon. The other areas as mentioned
above were generally smaller and more intense, al-
though spot 3 is comparable in area to spot 4 but
less prominent (only 5% below background inten-
sity). All of the observed dreas appear to be com-
patible wizh lava eruptions.

In view o7 this conclusion it is important to search
the Orbiter photographs of the region for evidence
of recent vol=anic activity.

Figures 2 and 3 show in greuter detail the red
spot areas. The spot positions shown have been care-
fully transferred 1rror the ACIC (1964) map of the
cvents. We believe the positions are accurate to
within two kilometers (the marked boundaries in
Figures 2 and 3 lic just outside the edges of the
reperted spots).

Area 2 occurs in a 3km crater-like depression
near the rim of z scarp (as shown by Orbiter stereze
views ). Neither this arca nor the doubtful arca (5)
on the rim of Schréter’s vailey show any distinctive
or diagnostic volcanic structures.

Arca 1. on the other hand. contains an unusual
and distinctive dome-shaped hill with a summit pit.
This structure lies at the apparent source of the
“white, bright” spots (see above) which had the
“flowing motion.” Greenacre ard Barr (ACIC 1964;
Greenacre 1965) noted the feature’s dome-like shape
which has been confirmed using Orbiter stereo views.
The dome is gently sloped, riot as stecp as a terres-
trial cinder cone. and is part of a larger ridge ex-
tending NW-SE. The rim of the summit pit appears
to be the highest point on the ridee. To the north-
cast (the direction of the flowing motion ot the
“small, bright, white spots™) lies a complex of fea-
tures reminiscent of flows and flow chanrels. Figure
4 shows the area in detail.

Arcas 3 and 4 were described as “streaks™ and
parallel the crest of the Aristarchus rim on cither
side. The Orbiter photographs show that this part
of the rim is broken by three radial fissures connect-

Fie.4 Dome and flow struciures associated with spot .
The dome is marked in the margin

ing unusually clear flows that run down the outer
southwest) wail (see Figure 5). The three open fis-
sures, though perpendicuiar 1o the length of the red
streaks, lic on a line puraliel to the streaks.

Arca 3, on the inner rim, did not show the flow-
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Aristarchus interior is at the top

¢ two fissures and associated flow structures.

The rim of Aristarchus showing

5
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ing motion that characterized spots 1 and 2. It con-
sisted rather of individual “pink streaks” paralleling
the numerous concentric scarps and stepped faults of
the wall's inner slope. In contrast, spot 4 was de-
scribed as a “pinkish-red streak™ with a “more in-
tense reddish-orange™ spot “near the southern ex-
tremity.” A complex of flows lies in the later arca
(Figure 5).

Of the four well established red spots, then, three
appear to be associated with structures of unusual
nature. We infer that these structures, a low cone,
flows, and fissures, are volcanic. The flow structures
are obvious, with well defined boundaries, and ap-
pear similar to terrestrial lava flows. It has long been
suspected that dome-shaped structures on the moon
are volcanic; there ’s striking similarity to low cones
and small shield volcanoes on the carth.

Further interpretation becomes somewhat sub-
jective. It is perhaps surprising that none of the
structures appears unusually fresh. We cannot claim
detection of any structure that appears only five
years cld. nor do we find any highly discolored spots
(although the area of the cone in area 1 appears
somewhat darker than the surroundings). For these
reasons we suspect that the 1963 events did not de-
posit any great volumes of material. Rathei, a brief
fire-fountain type of pyroclastic eruption might
widely disperse cinders and ash (especially on the
moon), producing a visible flare without noticeably
deforming the surface. The expected small particle
size, discussed above, may also contribute to a fresh
deposit’s anony mity.

We conclude that the Flagstaff observations al-
most certainly represent volcanic eruptions on the
moon, that at least three of the four definite red

spots can be shown to have occurred in areas of dem-
onstrable past volcanic activity, and that the 1963
cruptions were probably genetically associated with
these older vents. It should not be inferred that this
evidence establishes the volcanic origin of larger
associated features, such as Aristarchus. While many
local structures, e.g. Schroter’s valley, sinuous rilles,
and the many domes and flows are undoubtedly en-
dogencus, the rims of larger craters (of whatever
origin) would be expected sites of eruptive activity
because of known slump faulting, subsurface breccia-
tion, and maximized isotatic instability (especially if
the region is already tectonically active).

Acknowledgment. This work was partially supported
by the National Acronautics and Space Administra-
tion through NASA Institutional Grant NGR- 03-
002-091.

REFERENCES

ACIC 1964. Lunar Color Phenomena, ACIC Tech.
Pap. 12.

Allen, C. W. 1963. Astrophysical Quantities, 2nd
ed. [London: Athlone Press].

Greenacre 1965. The 1963 Aristarchus Events, Ann.
N.Y. Acad. Sci., 123, 811. 1968 Private Com-

munication.

Kuiper, G. P. 1965. Volcanic Sublimates on Earth
and Moon, Comm. LPL 3, 33.

Middlehurst, B. M. 1964. A Lunar Eruption in
17832 Sky and Telescope, 28, 83.

Rittmann, A. 1962. Velcanoes and their Activity,
(New York: Wiley).

Stearns 1966. Geology of the State of Hawaii, (Palo
Alto: Pacific).




N69-12808

No. 122 MINOR PLANETS. I. THE ROTATION OF VESTA*

by THOMAS GEHRELS
July 17. 1967

ABSTRACT

A set of 13 light curves for 4 Vesta was obtained between November 1958 and May 1959. The set is compared with light
curves observed in 1950 (by H. L. Johnson), in 1952 (D. L. Harris). in 1954 (L. Binnendijk ). and 1967 (this paper). The
speed as well as the sense of rotation are derived from the effect of aspect change on the apparent rotational period (*pho-
tometric astrometry”). The rotation is direct. the true period is 5h20m 313665 (05003 p.c.), and the ecliptic longitude and
latitude of the north pole are 126° (+5°) and +65° (+47). Vesta differs from the other asteriods in that its light curve has
only one maximum and one minimum. indicating a nearly spherical shape for Vesta with a darker, and slightly bluer, region
on one side. The brightness-phase function shows a nonlinear increase near opposition (“opposition effect™). The colors B—V
and U—B increase with the orbital phase angle (reddening with phase).

1. Observations

HOTOELECTRIC observations of Vesta have been

made by Hall (1940), Giclas (1951), Stephenson
(1951), Cuffey (1953), Johnson and Harris (Groeneveld
and Kuiper 195.), Binnendijk (unpublished), Haupt
(1958), and Chang and Chang (1962). The previous
work is inconclusive, especially as to whether Vesta’s
light curve has one or two maxima. Therefore, Vesta
was observed during 13 nights in 1958/39, and an
additional light curve was obtained in 1967. The sense
of rotation and the true period of rotation are deter-
mined in Secs. II-IV. In Sec. V, the light curves are
intercompared in order to obtain the brightness-phase
relations at three wavelengths.

The observations were made with the 91-cm Casse-
grain reflector at the McDonald Observatory, 5 Novem-
ber 1958-10 May 1939. In addition the McDonald
208-cm reflector was used on 2 November and 24
January. One more light curve was obtained, on 10
April 1967, with the 53-cm Catalina reflector situated
near Tucson, Arizona.

A standard UBV photometer is used with an RCA
1P21 photomultiplier that is cooled with dry ice. The
light curves are made, with the I filter, by comparison
with a nearby star about once every 6 min. The cali-
bration is made at least three times per light curve with
a “UBV transfer,” consisting of observations of a red

“Reprinted from Asz. J., Vol. 72, No. 8, Oct. 1967.

and a blue UBV standard star. The light-curve in-
tensities are read from a strip chart or, more recently,
from the printout of a system with a digital voltmeter
and papertape punch (shown in I'ig. 1 of Coyne and
Gehrels 1967). Extensive use is made of the computer
equipment of the Numerical Analy. Laboratory at
the University of Arizona. Iurther letails of the
observations and reductions have beer described by
Groeneveld and Kuiper (1954) and by Gehrels and
Owings (1962); the present series of papers is a sequel to
that work, published in this Journal, which has the

TasLe I. Summary of observations of 4 Vesta.

Mean V
Obs. date corr. to
1958/59 Mean I’ B-V U-B unit dist.
uT (mag) (mag) (mag) (mag) Figure
2 Nov. 7.880: 4.045: 1
5 Nov. 7.847  +40.793  40.503 4.050
+ .002 &+ .0014 <+ .0017 =+ .002
11 Dec. 7.211 .795 .491 3.933 3
19 Jan. 6.354 VIR .458 3.489 4
24 Jan. 6.232 763 455 3.384 5
26 Jan. 6.211 . 1584 46! 3.369 6
28 Jan. 6.227 .761 .452 3.387 7,8
31 Jan. 6.290 .766 453 3.452 9
5 Feb. 6.407 .768 . 4608 3.562 10
20 Yeb. 6.695 783 .492 3.777 11
25 Ieb. 6.780 786 .495 3.823 12
6 May 7.809 .802 .522 4.087 13
10 May 7.852: +0.802 +0.518 4.092: 14
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Fic. 1. Observations at —23° phase.

same format as that of the Communications of the Lunar
and Planetary Laboratory.
Table I gives some details of the observations on

F16. 2. Observations at —23° phase.

Vesta. “Mean 1?7 is the visual magnitude that has
equal areas—over one cycle—enclosed by the light
curve above and below the line of *“NMean 7. This is

v k! |
o0 = .f o = lo.ﬂ st ]
- - - s“ a 1
L . il | F1G. 3. Observations at —19° phase.
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Y Il Dec 1958 (3" |
t 9 ‘.o” " 1
L i
700 800 9 00 10 0¢ 11 O¢ 1200 UT 1300
TasLe II. Aspect data for Vesta.
Distance Distance Ecliptic
Obs. date Phase from sun  frem earth R.A. Dec. Long. Lat. Phase
uT angle (a.u.) (a.u.) Light time 1959 1959 1950 1950 shift
58.11.02 —23205 2.533 2.3086 09013 332 8h42m7 +18°24 128906 + 0°17 —12225
+= .03 +.001 =+.0001 =+.000 001 +.1 + 1 +.03 £+ .02 + .04
58.11.05 —23.00 2.532 2.2687 13 102 845.5 +18 19 128.73 0.27 —12.20
58.12.11 —18.51 2.511 1.8023 10 408 903.5 +18 42 132.72 1.76 — 8.62
59.01.19 - 3.77 2,484 1.5067 8 700 S 42,4 +22 23 126.98 +4.02 — 0.54
59.01.24 — 1.94 2.480 1.4963 8 641 8 37.4 +22 57 125.72 4.27 — 0.09
59.01.26 1.73 2.478 1.4943 8 630 8 35.5 +23 10 125.20 4.36 oo
59.01.28 + 2.10 2.477 1.4930 8 622 8 33.1 +23 25 124.63 4.45 + 0.11
59.01.31 + 3.19 2.474 1.4936 8 626 8 30.0 +23 4 123.86 4.69 + 0.36
59.02.05 + 5.46 2.471 1.5000 8 663 8 24.7 +24 14 122.55 4.79 + 1.13
59.02.20 +12.22 2.458 1.5599 9 008 8 11.2 +25 24 119.29 5.24 + 4.48
59.02.25 +14.22 2.454 1.5917 9 192 8 07.9 +25 39 118.51 5.32 + 5.08
59.05.06 +24.65 2.390 2.3245 13 424 839.3 +23 58 125.86 5.36 +13.65
59.05.10 +24.67 2.386 2.3685 13 678 8 44.2 +23 38 127.04 5.32 +13.66
67.04.10 —-17.93 2.178 1.3259 0.007 657 16 01.5 —10 09 240.22 410.29 — 8.21
TasLE III. Comparison stars and quality of nights.
Obs. date Scatter of
1958/59 R.A. Dec. I B-V comp. readings
uT 1959 1959 (mag) (mag) (mag) Remarks
2 Nov. 8142m8 +18°30’ 9.866 +0.945 +0.004
+.2 += 3 =+ .002 + .002
2 Nov. 843.0 18 30 9.000 0.412
5 Nov. 8 45.7 18 12 9.229 0.455 .003
11 Dec. 903.2 18 54 8.736 1.572 .004
19 Jan. 8 44.2 22 29 8.198 0.235 .003 Cloudy
24 Jan. 836.7 22157 9.227: 1.015: .003: Cloudy
26 Jan. 8 35.7 23 15 9.879 1.310: .005 Stopped by clouds
28 Jan. 8 32.2 23 20 9.830 0.490 .002 a
31 Jan. 8 30.0 23 54 8.625 0.514: .005 Clouds about
5 Feb. 8 24.6 24 00 10.339 (.489 .005
20 Feb. 810.8 25 24 9.190 1.055 .003
25 Feb. 8 08.0 25 38 5.718 0.823 .002
6 May 8 38.9 24 08 10.370 0.960 .003
10 May 8 42.3: +23 38: 10.988: +0.837 +0.003 Clouds about
s Asteroid passed a 12th mag star, 2:50-4:00 UT,
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deterined by planimetry for the light curve of 28
Januzry 1939, and the position of “Mean V' is given
by the horizontal thin line in Fig. 7. Next, with the
epochs of Table X (sce Sec. V) and by superposition
of Iic. 7 on the shorter light curves, the position of the
horizontal line is found for the other figures. The cali-
bration is with UUBV transfers to standards in the
Pracsepe ciuster (Table 1 of Gehrels and Owings 1962).
No UBV calibration was made on 10 April 167, The
correction to unit distances in Table T is with 5 logrp,
where 7 is the distance of the asteroid to the sun and p
that to the earth (Table II). Whenever possible,
probable errors are given in the tables.

Tauble IT gives various data fo~ Vesta at the epochs
listed in the second column of Table IV. The orbital
phase angle is computed with Method B of Gehrels
(1957); the values differ appreciably from those in the
Ephemerides. The 1: st column lists F, the displacement
of the center of light on the apparent disk due to the
effect of phase, for 90° latitude of the pole (see Sec. I11).

. i T ! [
o0 oW -
PRI b 4 ® :
a T
e i
o >, . —
oo * 19 Jan 1959 ]
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500 600 7.00 8:00 UuT 9:00

F1G. 4. Observaticns at —4° phase.

January (Iig. 7) has a thin vertical line that defines
an epoch of maximum at 6"47"00 UT (uncorrected for
light time). By fitting this curve onto the individual
ones of other dates, the epochs of maximum light are
found. This fitting of the curves had as principal
requirement that the horizontal time axes be parallel,
with the assumption that the comparison star is not
variable and neglecting the brightness change with
phase during the night.

The light curve becomes steeper at larrer phase angles

00

F16. 5. Observations at —2° phase. ; -

24 Jan 1959

s
] ] i | | ! |

500

Table ITI gives various ‘lata for the comparison stars.
Under “Scatter of Comp. Readings,” the table gives
the average deviation from a smooth curve of com-
parison-star magnitudes versus time. Chocks were
made for variability of the comparison stars by plotting
the results of their UBV transfers as a function of
time. No conclusive evidence of variations was found,
but there is some deubt in the case of the stars used
on 11 Decemher and on 10 May-.

Figures 1-15 show the various light curves. The
ordinates are in magnitudes, and the abscissas in
Universal Time without correction for light tiine. Each
point is the average of two, or sometimes four, inte-
grations lasting about 30 sec each. Open circles are
used when the probable error is greater than about
three times that of the nightly average.

2. Sense of Rotation

Table 1V gives observed epochs of maximum light
in the second column. The long licht curve of 28

T
Moo - 5
s, 26 4an 1959 Lo
.0
% '..-0“*"~ oo ..
S
0 |
SR WS B
200 300 400 UT

ke

0. Ohservations of Vesta made on the night of
oppesition, 26 January 1939,

6 00 700 8 00 900 uT 1000

(see Sec. V). Because of the systematic changes with
phase, only adjacent light curves and epochs are used
to derive periods of rotation.

An approximate period of rotation is derived from
the light curve of 28 Jannary; it is either 3"20™ or
10"41™, With a sccond approximation, determined from
adjacent light curves, Peyn=3"20"4 or 10"40™8. The
short light curves usually can be fitted to more than

TarLe IV. Observed epochs and synodic periods.

Obs. date
1938/9  Observed JD(c) No. of
uT UT 24360004  Interval cycles Pyyn
2 Nov. 110235 50999613
391155 14 04222 536
+.5  4+.0003  +.0005
HDe 135 oy OB 10 e
: 58.5  548. ey
19 Jan. 9082 $87.8720 :;;’;; 1;(2, :32
Hwooue WM e 3w
28 Jan.  647.00 596.7740 Bak 10 o
31 Jan 9340  599.8900 Aullel - oA >
e 4.8080 22 637
_S l‘.'_'n. 707.2 604. 7880 15.1350 68 573
A_) Feb. 1(3 22, 1 619.9230 ooe 2 43
25Feb. 7557 6248211 oo . a8
6May 5454 6947264 oo o 0000 sy
10 May  553.1: 098.7315:
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I'16. 7. Light curve of Vesta observed at +2° phase.

one part of Iig. 7, giving various epochs. One of the
epochs is chosen such that there is an even number of
cycles in Table 1V, allowing solutions for the double
period as well as for the single.

Table IV next gives the derivation of the apparent
periods of rotation. The Julian ca:  numbers are listed
after correction for light time (Table I1). The number
of rotation cycles for each interval is found using the
above period of 5"20™4. Tor illustration, the shorter
period is adopted in Table IV, but the question of
single or double period is not resolved until Sec. T11.

Table V shows the effect of a change in longitude—

change in aspect—on the synodic period. First, the
weighted average of the periods is taken over intervals
that have anincrease in longitude ; namely, 2 November-
11 December, 5 November-11 December, 20 February-6
May, and 25 February-10 May. The weighting is done
with the number of cycles. The second group in Table
V, with longitude decreasing, gives the weighted
average synodic period of the eight adjacent intervals
between 11 December and 25 February.

The difference between the two mean periods of
Table V is about 30 times the probable error. With a
high confidence level, therefore, it can be stated that

the rotation of Vesta is direct, which is the same sense
of rotation as that of the earth, for instance. For retro-
grade rotation, the lower period in Table V woi ld have
been the larger one.

3. Speed »f Rotation

Let an epoch—of maximum light, for example—be
denoted by E, its ecliptic longitude by A, the following
epoch by E’ at longitude \’, and the number of cycles
between them by N. The number of cycles is increased
for direct, and decreased for retrograde, rotation when
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F16. 9. Observations at +3° phase.
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I16. 8. As for Fig. 7, plotted on an expanded ordinate scale.

the longitude is increasing. For direct rotation, provided
Bo, the ecliptic latitude of the pole, is equal to 90°,

M=) (F'—F)
(E’—E)=[N+( +(——] waey (1)

360 360

while for retrograde rotation the two plus signs are
replaced by minus signs.

In addition, there is a shift due to the change in
phase. At small phase angle a, the illuminated part of
the projected disk of a spherical body (unit radius)

300

F16. 10. Observations at +5° phase.
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F16. 12. Observations at +14° phase.

still is approximately circular with apparent radius of
1—3(1—cosa). For isotropic scattering, the center
of light would be shifted by f degrees, where sinf
=}(1—cosa). For scattering predominant in the back-
ward direction, the center of light would be shifted
by a degrees. The asteroidal scattering law is inter-
mediate, and an intermediate function F is defined,

F={[1(0)~1(a)]/1(0)}(a—f)+. 2

The relative intensities at various phase angles, /(a),
are computed with Table XI; 7(0) is actually taken
at 195 phase. The results are listed in the last column
of Table II. Before opposition the phase angle is
defined with negative values and so is the phase shift
in Table II.

When 8¢=90°, the longitude differences, (\'—\),
are replaced by differences in L,

sinL = cosB sin(A—X\)/cosB, (3)
sinB = sing3, sing+ cosBy cosB cos(A—Ag), €Y)

where \ and 3 are the ecliptic longitude and latitude
of observation, and X\ and gy are the ecliptic longitude
and latitude of the pole. Similarly, one could derive a
differential relation for the phase-shift corrections,
(F'—F). We actually use a mechanical coordinate
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Approximate values of A and 3o are first obtained
from a plot (Gehrels and Owings 1962) or analytic
expression (Cailliatte 1956) for amplitude versus longi-
tude of light curves observed in various years; the
amplitude is the largest when the asteroid is seen
equatorially and the least when observed pole-on.
Next, values of \g and 8, are tried in the above expres-
sions in order to have all intervals vield the same, true,
period.

Table VI gives the rotation period computed first
with expressions (1) and (2). The first line gives the
weighted mean of the periods computed for the 12
intervals of Table IV, weighted with the respective
number of cycles. In the second line is the weighted
mean residual, without regard to sign, of the individual
periods with respect to the mean of the first line. Under
“Direct Rotation,” the analysis is made with the plus
signs in expression (1), and with minus signs for the
last two columns. Under “‘sin~le” the computation is
made with the number of cycles shown in Table IV,
while under “double” half that number is used.

There are some indications that Vesta has the period
of about 092226, or 5"20™, with single maximum and
minimum. In the light curves of Figs. 1-14 no syste-
matic difference between the one maximum (or mini-
mum) and another can be found. F:rthermore, the

converter designed by Di. G, Van Biesbroeck. time difference between consecutive maxima and
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Tanvr V. Period changes with longitnde. Tanre VII. Period determinations, for 90° latitude of the pole.
No. of No. of Epochs Interval  No. of cycles Period

When the cycles  epochs p ) 50.12.22-59.02.25 208711888 13420.2216 0422258 803(47)

longitude used used Py Difference 52.03.07-59.01.28  2517.8997  11311.9136 831(47)

54.12.21-67.04.10  4493.2677  20186.4137 871(49)

Increases 01 y 0.222 24 0.000 038 S8.12.11-67.04.10  3041.9665  13666.2998  0.22258 889(+5)
Decreases 342 9 = = I

0.222 586 +1

minima appeared to be about 3"20™ at all times that
this could be checked. The principal criterion, however,
is the extent to which expressions (1) and (2) describe
the importance of the longitude and phase corrections
relative to the speed of rotation. The residual, |3]
in Table VI, is the smallest for the first of the four
cases. Pyid iner and Pyig deer are determined by groupings
exactly as for the two periods of Table V. It is seen that
the periods are about the same only in the first case.
In the other three cases, expressions (1) and (2) did not
describe the physical situation as the two periods
differ by amounts much larger than the precision
(209000 001). It is of interest to compare each value
of Pid,iner and Pyia geer With its value of Pyiy (first line
of Table VI) in order to see the overcorrection or lack
of correction. It is noted, however, that even in the
first case the two periods difier ~ppreciably. In the
lower part of Table VI, therefore, the computations are
repeated with expressions (3) and (4) using the longi-
tude and latitude of the pole of expressions (5) and (6).

In summary, Vesta’s light curve has the shorter
period. Additional proof is found with Table VII,
below, where the observations of various years can only
be fitted together with the short period and direct
rotation.

4. Orientation of the Pole

Table VII gives the comparison of observations
made at seven different longitudes. Johnson’s light
curve, at longitude 36733 and latitude —7°55, was
superposed on the present Iig. 8; the epoch of maxi-
mum defined at 6"47700 of 28 January 1959 UT is
found to occur at 3"26™0 (40™9 p.e.) of 22 December
1950 UT. Incidentally, an error was found in the

TasLE VI. Attempts at finding the rate and direction of rotation.

Direct rotation Retrograde
single double single double

P 04222 588 04445 140 09222 625 04445 285
|a] .000 024 000 039 .000 042 .000 108

wid, iner 222 595 .445 130 .222 654 .45 367
Pog der  -222 586 .45 171 .222 586 .445 171
P .222 586 .445 131 .222 627  .445 295
13| .00 021 .000 049 .000 046 .000 124
Pt iner  .222 589 445 107 .222 660 445 390
Piig,deer 0.222 587 0.445 79 0.222 584 0.445 163

original records for Fig. 1 of Groeneveld and Kuiper
(1954): a point plotted at 3"30™4 UT was actually
observed at 3%26™0 UT. The “Interval” in the second
column of Table VII is listed after the usual correction
for light time and a ncarly negligible correction to
Ephemeris Time. Similarly, by superposition of the
original light curve worksheets, the epoch of maximum
is found to occur at 9"10™35 (40™4) of 7 March 1952
UT, and 9"25™2 (40™9) of 10 April 1967 UT. The 1952
light curve was obtained by Harris (Iig. 2 of Groeneveld
and Kuiper 1954) at longitude 155726 and latitude
+10715.

I am indebted to Dr. L. Binnendijk for sending his
unpublished observations made on 21 December 1954,
at the Cook Observatory in Pennsylvania. The longi-
tude (1930) is 82990, the latitude —3°70, and the
epoch of maximum is fourd to occur at 2h59m (4-2m)
UT. The combinations of epochs in Table VII are
selected such that the phase corrections are at a
minimum. In the third interval, however, there is an

TasLE VIII. Period® determinations for various
latitudes and longitudes of the pole.

Lat.  Long. For the epochs of Table VII: ~
Bo No 1950 1952 1954 1958 r Y

118° 866 849 863 880 868 10

72° 128 875 848 861 876 868 10
138 882 848 860 870 807 10

118 863 865 857 884 872 11

62 128 880 868 854 875 872 0
138 895 864 852 857 866 13

118 858 886 852 894 879 16

52 128 888 896 846  80Y 876 14
138 915 897 842 841 86Q 32

348 863 835 871 892 871 19

72 358 864 834 871 891 870 18
368 864 833 872 891 870 19

338 872 843 869 890 873 15

62 348 873 841 870 885 871 13
358 875 837 869 881 869 14

328 872 857 865 887 874 11

52 338 888 855 803 877 873 10
348 892 849 804 807 808 10

318 864 868 861 909 884 22

45 328 885 873 857 882 877 7
338 891 867 858 804 870 9

318 885 884 858 909 892 15

40 328 898 885 853 875 879 11
338 917 878 854 852 872 22

*Only the last three decimals are listed; 866, for lnslull:t'._slu;xrls lux'
P =0422258 866.
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Lat Long

Bo Mo 50.12.22 52.03.07
65° 126° 94° (4 7°) 214°(-32°)
43 331 247 (—11)

5 (434)

» These are
to the longitude of the pole.

appreciable difference in phase angle hetween the two
epochs, and a correction of —0'0010 was made to allow
for the change in the light curve with phase (shown
in Iig. 16).

Chang and Chang (1962) observed Vesta in 1938
and 1961 at the Purple Mountain Observatory. These
observations came to my attention after completion
of this paper. The 1961 observatior: should he combined
with a light curve to be made at 4971 phase in 1968
(see Sec. VI).

With Table V11, an important conclusion is reached,
namely, that no consistency of the periods can be
obtained for the other categorics of Table VIt “single,
retrograde,” ete. None of these attempts succeeded.

The cycles in Table VII are computed with expres-
sions (1) and (2), and the periads, thercfore, are for
the case of 3,=90° It is scen that tue periods differ
by amounts appreciably larger than the probable
errors. Although the amplitudes of light curves ob-
scrved at various longitudes differ only slightly, it is
enough to indicate some deviation from Fe=90°,
namely with longitude of the pole near 130° or 310°.
The analytical method of Cailliatte (1936), for the
relation between light-curve a nplitude and aspect, was
used by Chang and Chang (1962), resulting in a longi-
tude of the pole at 303° and the latitude at +4-74°.
The present method is independent of any assumptions
regarding the shape of the asteroid and the relationship
between amplitude and aspect. Whercas Table VII
gives P=04222 588 68 and |3|=0%000 000 19, this
residual is to be reduced to about 07000 000 05 by
the proper choice of longitude and latitude of the pole.
Provided that suflicient observations are available, at
the proper phase angles (see Scc. VI), the present
method appears to be more precise, and it definitely
resolves whether Vesta'’s light curve has one or two
maxima.

Table VIII gives the last three significant decimals
of the period computed for various trial values of Ay
and Bo. The calculations are for the four intervals of
Table VII, followed by columns for the weighted mean
period and the weighted mean residual. The weights
are with the reciprocals of the squares of the probable
errors in the last column of Table VII.

A minimum value of |A] is readily found in Table
VIII, namely for Bo=065° and N\o=126°. There still is,
however, a sccond possibility., Incidentally, if the
latitude of observation had not been taken into account,
there would have been no #1807 resolution for the

TanLe IN. Longitudes® (and latitudes) on Vesta, for five dates and two combinations of latitude and longitude of

the pole.

54.12.21 59.01.28 67.04.10
135°(—14°) 179°(=30)  296°( 0°)
283 (+18) 327 (+35)

82 (-7)

litterential longitudes of the center of the hemisphere that gives the light carve masimum when it has the carth in its zenith, with respect

longitude of the pole, The second possibility is seen in
Table VI near go=45" and A\y= 331°.

Table 1X shows what regions are observed on Vesta
at the various cpochs, for the above two possible
conrbinations of ecliptic latitude and longitude of the
pole. The “longitude on Vesta” starts from the meridian
thiough the ccliptic longitude of the pole, and it
increases in the same direction as the ecliptic longitude.
With dircct rotation, one observes, in a light curve,
decrcasing Vesta longitudes. Positive and negative
Vesta latitudes are in the same direction as those in the
ccliptic reference frame. It is seen in Table 1X that
the first solution, with gy=65", gives less aspect
variation  because the observations are  somewhat
clozer to the Vesta ecliptic. This effect is, however, less
strong than might have been expected from the large
latitude difference of the two solutions; the reason for
this lies in the 77 inclination of Vesta’s orbit.

The values of | 3] in Table VIII should be considered
with some reservation; they are modified if, for instance,
the retative weights of the periods are adopted differ-
ently. However, the first possibility, with gy=05",
appears more likely because of the internal consistency
of the 19538/59 observations when expressions (5) and
(0) are applicd (lower part of Table VI). When gy=45°
and No= 3317 arc applicd instead, the consistency is less
than the probable error of £0%000 001 allows, with
the following values in the second column of Table
VI: Plia=01222 583, P, 1 iner=01222 589, and P,i4_dver
=(1222 582,

The following values and their estimated probable
cirors are adopted. For the ecliptic latitude of the

Tasrte X. Computed epochs and residuals.

Obs. date Observed minus  Computed

1958/59 Computed final other
uT uT solution trial
2 Nov. 1141975 +4m0 + 523
5 Nov. 14 07.1 +2.3 +3.2
11 Dec. 4 56.0 +2.5 +3.0
19 Jan. 908.1 +0.1 +1.3
24 Jan. 6 38.5 —4.9 —4.4
26 Jan. 122.3 -1.2 -0.8
28 Jan. 6 47.00
31 Jan. 9 33.5 +0.5 -0.1
5 Feb. 704.9 +2.3 +1.9
20 Feb. 10 21.0 -+1,1 +1.0
25 Feb. 753.9 +1.8 +2.5
6 May 541.4 +4.0 +3.5
10 May 552.6 +0.5 -0.2
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pole,
Bo=65°4+4°, (5)
The longitude of the pole,
No=126°45°. (6)

The true or sidereal period of rotation is

09222 588 71, which is 5820m31%665 (+0°003). (7)

Table X gives an application of expressions (1)-(7),
namely to compute the epoch of maximum light for
the various light-curve ohservations in 193859, In
the third column the diffcrences, observed minus
computed, of the epochs in Table IV are listed. The
residuals are surprisingly high as compared to the
probable error of 0735 in Table IV, which was based
on the consistency of the fitting of light curves. Solutions
were tried with a different period, with the phase
corrections omitted, etc.; but very little difference is
thereby made in these residuals. One of the other trials

THoMas GEHRELS

T
F16. 16. The change in shape of the light
curve with change of orbital phase. The solid
line is as observed near opposition, and the
broken line is for about 24° phase angle.
.
10

is shown with residuals in the fourth column; it was for
30=90% and period 09222 608. The conclusion is made
from Table X that the actual precision of fitting short
light curves is of the order of 1 or 2 min, rather than
40735, Superimposed on the scatter is a systematic
effect due to the change in shape of the light curve with
phase.

5. Phase Functions

Iigure 16 shows how the shape of the light curve
changes with phase. The “Mean V" levels of Table I
were used to construct the light curves of Fig. 16.
“Mean 1" had been obtained from superposition of
the light curves using the computed times of maximum
with the residuals of the fourth column of Table X.
(The final solution gave the icsiduals of the third
column, but the differences seem trivial for the determi-
nation of “Mecan V" and the work was not redone.) The
solid line in Fig. 16 is for 28 January 1959, and the
dasbad line for 2 and 5 November 1958, and 6 May

F16. 17. Phase functions of Vesta.
Abscissas, the orbital phase angle in
degrees. Ordinales, top curve, the ob-
served magnitudes (1 on the UBV
system) reduced to unit distances
from the sun and earth; middle curve,
the B—V colors; bottom curve, the
U~—B colors. Crosses ar: for obser-
‘ vations made before and circles for
after opposition.
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TABLE X1. Magnnudt—phase relations for Vestz, 1958/59.

Phate 1 B—1 U—B Vcorr. Becorr. U corr.
125 3.3 +0.758 +0.45Z2 +0.126 +0.131 +40.127
2.0 3.382 .762 454 + 084 + .085 -+ .080
3.0 3.44 L7606 456 4+ .022 + 018 -+ .010
4.0 3.499 .769 459 — 033 — .039 — G50
5.0 3.542 770 462 — 076 — .084 — .097
6.0 3.589 772 464 — 123 — 132 - 48
7.0 3.630 & 467 — 164 - .174 — .193
8.0 3.669 +0.774 +0.470 —-0.203 -—-0.214 —0 236

For larger phase angles, use 0.0255 mag/deg for ¥V, 0.0264 (7). and

0.6291 (V).

1959. The amplitude changed from 0.104 mag at
opposition: to 0.137 mag near 24° phase. The change
between November and January, and Leiween January
and May, is more than 20° in phase and only a few
degrees in longitude. The conclusion is therefore made
that the changes in shape ace due ‘o a change in phase
rather than in aspect. A similar conclusion was reached
for 20 Massalia, where there was a change in amplitude
from 0.17 to 0.23 mag as the phase changed fromn 0°
to 20° (Gehrels 1956). No difference in shape could be
detected between —23° phase {November 1938) and
+25° phase (May 1939), but this conclusion is based
on poor evidence as the light curves were short, and
May 10 may have had some trouble (see Sec. I).

Figure 17 gives, at the top, the mean brightness of
each light curve as a function of the orbital phase. The
“Mean 1" values were used after reduction to magni-
tudes at unit distances from sun and carth (Table I).
It is seen in Tig. 17 that the phase function is the same
before as after opposition. The precision of each point
1s £0.002 mag. (p.e.} which is about the width of the
drawn line. At small phases the brightness increases
nonlinearly (“‘opposition effect”). Extrapolation of the
straight line gives the absolute magnitude,

gv= 3 460. (8)

Figure 17 also shows the average colors for cach
night {Table I) as a function of orbital phase. It is
seen that the B—V relation is the same hefore and after
opposition, but that there is an appreciable difference
in the U—B results. The scatter of the points with
respect to the mean U— 35 line in Iig. 17 is £0.0015
(p.e.), which is nearly three times the internal probable
error of the determinations (£0.0017 mag) so that the
effect probably is real. The scale of ordinates for B—V
and U— B is 29 times that of the upper curve; 0.002 mag
now is about the size of the symbols. It is also seen in
Fig. 17 that there may exist an opposition effect in the
color-phase relations. The most marked cffect, however,
is a reddening with phase. Tanoring the nonlincarity
near zero phase,

B—1"=0.760+ 1.0018!a|, 9)
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F16. 18. Color changes over the surface of Vesta. Abscissas, the
rotational phase. The fop curve is a sketch of the light curve. A dot
shows the individual color obzervation (L' — V) minus the nightly
mean.

and

U~ B=0.448+0.0027|a/, (10

where a expresses the orbital phase angle in degrees.

Table XI shows the detailed phase relations in
Visible, Blue, and Ultraviolet light. The B values were
obtained with a least-squares solution of the obser-
vations at phases larger than 320 which gives B—V
=0.763+0.0016a|, and by drawing a small opposition
eflect through the points at smaller phase angles. The
drawn lines of Fig. 17 were used for the V and U - B
values.

The last three columns of Table X{ give the correc-
tions to absolute magnitude for comparisor. with the
corrections generally adopted for the astercids (Gehrels
1967).

Figure 18 shows a sketch of the light curve of Vesta
and at the same time the differences in color, U—1V,
from the mean. For each individual transfer— there
were at least three transfers made during a light-curve
run—the diffcrence from the mean color for the night
is plotted. Zero and 1.0 rotational phases are at maxi-
muim light (the epoch shown with a vertical line at
6"47= UT in Fig. 7). Itis ceen in Fig. 18 that the darker
side of Vesta aiso is slightly biuer.

6. Concluding Remarks

Vesta appears to be a ncarly spherical object with
nenuniform reflectivity and color over the surface. The
normal reflectivities are computed by Haupt (1958)
to be of the order of 529, on one side and 43%, on the
other. With such high reflectivity Vesta differs ap-
preciably from the common asteroids, that have on the
average about 7% reflectivity (G. P. Kuiper, personal
communication). Vesta’s light curve has one maximum
and one minimum, but this statement has only relative
merit. The feature sketched in I'ig. 18 near 0.87 ro-
tational phase, for instance, might be called a secondary
minimum. The significant conclusion is that Vesta is

?i
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nearly spherical whereas most asteroids are not. Is
Vesta perhaps an escaped satzllite?

The opposition effect, the color being consistently
redder than that of sunlight, and the reddening with
phase, are phenomena of a porous surface texture with
dimensions in the micron-millimeter range. The effects
on Vesta are similer to those observed on the moon;
some interpretatiors have been discussed by Gekrels,
Owings, and Cotfeen (1964) for the lunar surface. The
cause of the porous micre{evture perhaps lies in
vpombardraent by the solac wind and subsequent
tunneling and sputtering. Theoretical work appears
urgently needed.

The difference between U'— B hefore opposition and
after opposition (Fig. 17}, if real, is not understood.

The determination of longitude and latitude of the
pole can be checked and considcrably improved by
obtaining three light curves during the next opposition.
A light curve at +371 phase (November 1968) will
allow coinparison with the ohservations of 1932, 1954,
and 1939. A light curve at +9°%! phase will match the
one of Chang and Chang (1962} made on 7 December
1961. A light curve at 41870 phase wi'l be ideal for
comparison with the 1950 observation, especially
because the aspect will be nearly the same in 1968
as it was in 1950, It is important to have the phase
angies close to those mentioned so as to minimize the
uncertainties in the phase correction of expression (2).

The urcertainty of the phase correction did not
appreciably affect the present determination of longi-
tude and iatitude of the pole because of the selection
of the epochs compared in Table VII. That expression
(2) is ciose to the truth was found in the work for
Table VI: with only the f correction the first entry in
Table VI is P.a= 09222 606.

The long light curve of 28 January appeared essential

ToHomMas GEHRELS

for the solutions of period and phase relations. At large
phase angle, it would have been better to have longer
light curves; especially the one of 10 May 1939 is
marginal. Precise timing, using WWYV signals for
calibration, is essentia! in this work. In the future for
bright cbjects, it will be better always to plot the mean
of twe integrations rather than four, in order to show
fine details of the shape of the light curve. A better
attempt should have been made to find comparison
stars of the =ame color as that of the asteroid. The
desirability of having two comparison stars during the
night has to be weighted against the difficulty of
finding two conveniently nexrby stars. Extension of the
wavelength range of the observations into the infrared
may be found useful (see Fig. 3 of Raupt 1938).
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