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Lunar Crater Giordano Bruno: A.D. 1178 Impact Observations 

Consistent with Laser Ranging Results 

Abstract. The hypothesis of Hartung, that the impact formation of lunar crater 
Giordano Bruno (103? east, 36? north) was observed and recorded 800 years ago, is 
considered in the context of data from the Luna 24 mission and laser range observa- 
tions. It is concluded that (i) the event would certainly have been visible, and (ii) 
current determinations of the free libration in longitude in the moon's rotation are 
consistent with the hypothesis. Such a study cannot prove Hartung's interpretation, 
but it is nonetheless supportive of it. 

It is a catchphrase of modern astrono- 
my that observers must not be presumed 
to occupy a privileged position in space 
or time, despite obvious exceptions in 
the recent past (comet Kohoutek, Nova 
Cygni, and so forth). Application of this 
principle, combined with the observed 
lunar crater distribution and the ob- 
served infall of meteoritic material on the 
lunar surface, leads one to suppose that 
the time scale of formation of large cra- 
ters is measured in millions of years and 
thus that none should ever have been 
witnessed by human observers. On the 
other hand, a recent (< 105 years) large 
impact would have left observable dy- 
namical traces in the form of free libra- 
tions, or Eulerian oscillations, in the 
rotational motion of the moon. Thus, it 
was with considerable interest that we 
read in a newspaper account (I) of a hy- 
pothesis by Hartung (2) that the impact 
generating the crater Giordano Bruno 
was observed only 800 years ago. 

Hartung's hypothesis, briefly stated, is 
that the chronicles of Gervase of Can- 
terbury include a striking eyewitness de- 
scription that may be interpreted as 
being of the scattering of debris from a 
major impact on the lunar surface. This 
was viewed by several "reliable" per- 
sons on the evening of 18 June 1178, Ju- 
lian calendar (JC) (3). Apparently, the lu- 
nar crescent, which was very thin, was 
partly obscured by several successive 
events cutting the horns apart. It is clear 
that these witnesses were convinced that 
this remarkable sequence of events was 
truly of lunar origin. If so, this represents 
an important event in the recent history 
of the earth-moon system, and it is of in- 
terest to search for physical implications 
that might provide tests of the hypothe- 
sis on the basis of modern observations. 

On the basis of the medieval descrip- 
SCIENCE, VOL. 199, 24 FEBRUARY 1978 

tion, Hartung established crude limits on 
the possible location of the crater result- 
ing from this "impact," and he found a 
most remarkable one: Giordano Bruno, 
at 103?E and 36?N. This 20-km-diameter 
crater shows an extensive and young ray 
system (see cover), the ratio of ray 
length to crater diameter being the largest 
of any lunar crater found (2). One of 
these rays is reported (4) to cross the Lu- 
na 24 landing site, 1200 km distant. 

Hartung's hypothesis must be exam- 
ined for its dynamical plausibility, which 
leads in two directions: (i) Would the 
Bruno impact have been observable? (ii) 
Would the Bruno impact have left ob- 
servable perturbations in the present mo- 
tion of the moon? The first question in- 
volves the relation between the locations 
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Fig. 1. Geometry of ejecta trajectories and 
their visibility from the earth (parallel ar- 
rows); a is the angle from the vertical at which 
particles are ejected by the cratering event at 
C, h the maximum height of the trajectory 
above the surface, and s the visibility from the 
earth. The distance d is the arc length along 
the lunar surface from C to the impact point I. 
The terminator, represented by T, divides the 
sunlit crescent from the dark face. The scale 
is exaggerated for clarity. 

of the crater, the visible limb of the 
moon, and the terminator at the time of 
impact, as well as the trajectories taken 
by the ejecta as a result of the impact. 
We shall show that the event should 
have been easily visible (indeed impres- 
sive) to naked-eye observers at Can- 
terbury. As for the second, the moon, 
like any other physical body, will suffer 
free oscillations when subjected to im- 
pact. The deformational oscillations will 
be damped to insignificance relatively 
quickly, but the free oscillations in the 
rotational motion of the moon, the so- 
called free librations, have damping 
times very long compared to 800 years. 
Thus, their current amplitudes can pro- 
vide a possible test of the Bruno hypoth- 
esis. 

Was the event visible? With an east 
longitude of 103?, Bruno is never visible 
from the earth. At 2100 U.T., 18 June 
1178 (JC), the lunar optical libration in 
longitude was +1.5?, so the crater was 
nearly 15? beyond the visible limb. The 
moon was 1.6 days past new, so the ter- 
minator was at east longitude 70?. Thus, 
the crater was 370 km beyond the limb 
and 840 km from the terminator along the 
circle of latitude. The lunar crescent, 
seen from the earth, subtended a mere 52 
arc seconds at the equator and 42 arc 
seconds at the latitude of crater Gior- 
dano Bruno. For the results of the im- 
pact to have been noticeable, the ejecta 
must have attained an elongation com- 
parable to the visible width of the cres- 
cent. For the horns to have been com- 
pletely separated by the cloud of debris, 
a significant fraction of the ejecta must 
have passed the terminator. 

The visibility is calculated by treating 
a trajectory of a particle of ejecta as a 
segment of a selenocentric Keplerian or- 
bit, necessary because the arc length is 
comparable to the lunar radius. The per- 
tinent parameters are the ejection angle 
(a), ejection velocity (v), maximum alti- 
tude (h) above the surface, and surface 
distance (d) between the crater and "alu- 
nissage" (5) of the particle ejected. The 
specification of any two of these parame- 
ters suffices to establish the others, and 
by extension the visible elongation of the 
debris cloud (Fig. 1). In our calculations, 
we have chosen two limiting values for 
the surface distance d: (i) 500 km be- 
cause from orbital photography it is eas- 
ily evident that the ray system extends at 
least that distance and (ii) 1200 km, the 
distance of the Luna 24 site. Given the 
estimation (6, 7) that perhaps 1 percent 
of the ejecta mass would be lost totally 
from the moon (that is, accelerated to es- 
cape velocity, 2.4 km/sec) in such an im- 
pact, it is reasonable to suppose that a 
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orbit resonance that ensures that we al- 
ways see the same face; that is, the moon 

/ rotates once per orbit revolution. Super- 
/ imposed on this gross motion are period- 

/ ic variations caused by the gravitational 
torques exerted by the earth and other 

1200 km bodies on the nonspherical bulges of the 
500 km moon. Expressions for these variations 

can be derived from the equations of 
classical mechanics. There is another 
mode of oscillation corresponding math- 
ematically to the homogeneous (un- 
forced) solutions of the equations of mo- 
tion (10), or physically to the natural me- 
chanical resonances of the lunar body. 
These oscillations, or "free librations," 
are stimulated by impacts on the moon 
but are gradually damped by internal 
friction. Their amplitudes at any particu- 
lar moment are determinable only by 

--8-- measurement, and they are sufficiently 
g 0) small that they can be detected only by 

ers for sur- the most precise observational tech- 
cm. (a) Re- niques presently available-laser ranging 
mum height and radio interferometry. aximum an- The theory for predicting the free li- 
en from the 

brational amplitudes excited by a partic- 
ular meteorite impact has been derived 
by Peale (7). One of his conclusions is 

might fall that "the libration in longitude is much 
have cho- more easily excited than the preces- 
ons for a sion." The assumption that there has 
e between been no large impact recently (denial of 
e dynami- privileged observers) leads him to state 
es smaller further that "amplitudes of this motion 
ances (8), as high as 1.0 must be regarded as very 
ost ejecta unlikely" (11). However, an impact 800 
s of these years ago would leave residual ampli- 
'ig. 2. tudes nearly unchanged from their origi- 
:s in Fig. 2 nal values, an4 it is thus of interest to es- 

mpact ve- timate the librational amplitudes that 
t section), would have been induced by the hypoth- 
tre not un- esized Bruno event. Since these values 
d between depend on the (unknown) geometry of 
ntric elon- the impact, it is necessary to make some 
r than the plausible assumptions concerning nu- 
ver a wide merical values. 
exceeds it As shown by Peale, the amplitudes are 
n the case closely specified by the vector com- 
iding 1200 ponents of the angular momentum L 
the event transmitted to the moon by the impact. 

/isible but One can greatly simplify his expression 
'e justified for the axial and equatorial components 
.anterbury (L,, Le) of L, by introducing the geomet- 
cluster of ric parameters relating the selenocentric 
taneously, crater position and the meteorite veloc- 
angles, or ity vector, as shown in Fig. 3. One ob- 
:anism [as tains 
then one 

:essive ob- L = mvR sincr 
vhich is a La = L sint sinO 

d - 

(b) 

(c) 

I I 
40 60 

a (dec 

Fig. 2. Ejecta trajectory parametb 
face distances of 500 and 1200 k 
quired ejection velocity, (b) maxir 
above the lunar surface, and (c) m; 
gular extension ("visibility") as se 
earth. 

sizable fraction of the ejecta 
between these two limits. We 
sen to calculate the conditic 
range of values of ejection angl 
45? and 85? from the vertical; th 
cal solutions do not admit valu 
than 45? for this range of dist 
and Hartung estimates that m 
leave around 45?. The results 
calculations are displayed in F 

The implications of the curve 
are quite clear. Supposing an i 
locity of - 20 km/sec (see nex 
the required ejecta velocities a 
reasonable. For any value of X 

the adopted limits, the geocer 
gation of the ejecta is greater 
width of the visible crescent o' 

range of ejection angles, and 

by an impressive factor of 13 i 
of ejecta leaving at 45? and lar 
km away. That is to say that 
would have been not only v 
sufficiently apocalyptic to hav 
the description given in the C 
chronicle. If one supposes a 
objects impacting nearly simul 
or a quantization of ejection 
the impact triggering of volc 
proposed by O'Keefe (9)], 
might even accept several succ 
scurations of the crescent, v 
possible interpretation of the 
The Hartung hypothesis passe 
matic test of observability. 

Free librations. The apparel 
of the moon is dominated by 
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; account. acunt. Le =- L (1 - sin2s sin20)112 s the kine- 
where m is the meteorite mass, v its ve- 

nt rotation locity, and R the lunar radius. Various 
the spin- scaling laws have been derived to esti- 

Fig. 3. Definition of geometric parameters of 
impact energy transfer; MC is the selenocen- 
tric direction of the crater, VM the meteorite 
velocity direction, and MP the lunar rotation 
axis. 

mate impact energy from crater diame- 
ter. Adopting as extremes the relations 
due to Shoemaker et al. (12) and Gault et 
al. (13), combined with the known lunar 
radius, we obtain 

1.1 x 1019 < mvR < 2.2 x 1020 g km2/sec 

The angle 0 is the crater colatitude, 54?. 
The angle ? is related to the orbit plane of 
the meteorite; the fact that it intersected 
the lunar orbit implies a low inclination, 
hence we adopt sine = + 1. The angle ao 
is a measure of the impact angle; the cir- 
cularity of the crater implies a- < 70?, 
while the orbital eccentricities common- 
ly associated with comets and meteorites 
suggest that (o > 45?; consequently we 

adopt sino- = 0.8 in our calculations. 
There are three modes of free libra- 

tion. The free libration in longitude is a 
variation in the rate of rotation about 
the polar axis, with a period of about 3 

years. The amplitude range predicted by 
Peale's theory applied for the present hy- 
pothesis would be 

0.2 < A1 < 4.6 arc seconds 

The free precession of the rotation axis 
in space (period, 27.3 days) would be 

A2 < 0.14 arc second 

The third mode is a free precession of the 
axis of figure relative to the rotation axis 
(called "wobble" by Peale); its period is 
75 years, and the contribution from the 
Bruno impact is predicted as 

A3 < 0.2 arc second 

These values represent the selenocentric 
displacements. To appreciate them prop- 
erly, one must recall that 1 arc second 
selenocentric is equivalent to 8 m at the 
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lunar equator, or an angular displace- 
ment of less than 0.005 arc second as 
seen by an earthbound observer (about 
10 percent of the minimum resolution ca- 
pability of the largest conventional tele- 
scopes). 

The only observations presently avail- 
able that are capable of resolving such 
small displacements of the moon are the 
series of laser range measures obtained 
at the McDonald Observatory since the 
Apollo 11 landing in July 1969 (14). We 
recognized the interest inherent in the 
possible existence of free librations in 
1974, and since that time one of us has 
undertaken a series of investigations to 
deduce them from the laser observations 
(15). The techniques required for such a 
study are too complex to be treated here 
(16), but they have been conducted with 
several different models of the forced li- 
brations and several lunar ephemerides, 
including those of our own construction. 
There is considerable inherent difficulty 
in determining modes A2 and A3 with 
these data; for A2, the correlations with 
other parameters having periods close to 
the sidereal month are enormous, requir- 
ing 24 years for good separation; for A3, 
the observations cover only 10 percent 
of a period and thus this parameter can 
easily be confused with secular varia- 
tions in other parameters. It appears that 
the best test of the dynamical con- 
sistency rests with the amplitude A1 of 
the free libration in longitude; over the 
past 3 years, with different models, the 
value given by the laser data has re- 
mained essentially constant at about 1.8 
arc seconds, which corresponds very 
closely with the theoretical value for the 
Bruno event if one adopts an impact en- 
ergy law midway between the two ex- 
tremes cited above. 

Discussion. Hartung's interpretation 
of the Canterbury chronicle has been 
challenged by Nininger and Huss (17), 
who prefer to believe that the event was 
a meteor entering the earth's atmosphere 
along the line of sight between Can- 
terbury and the moon. Their claim that 
the ejecta from a lunar impact would not 
be visible (citing the naked-eye invis- 
ibility of large craters) seems specious 
since one may imagine a considerably 
different albedo for a dust cloud than for 
low-contrast surface features. The refer- 
ence to the coldness along the ejecta tra- 
jectory is also irrelevant. On the other 
hand, their interpretation requires that 
the already-improbable trajectory enter 
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jectory is also irrelevant. On the other 
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the already-improbable trajectory enter 
the earth's atmosphere at nearly grazing 
incidence, and atmospheric drag should 
surely cause a curvature of the path, eas- 
ily discernible in the line of sight against 
such a well-defined background object as 
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the 1.6-day-old lunar crescent. Consid- 
ering that we are dealing with an ex- 
ceptional event, Hartung's interpretation 
seems at worst no less believable than 
that of Nininger and Huss. 

From the point of view of the free li- 
brations, it is evident that the Bruno im- 
pact is very convenient. We have al- 
ready cited Peale on the values imag- 
inable in the absence of recent stimu- 
lation. The results of the laser analyses 
are only explicable by a recent impact. 
Thus, as stated by Kovalevsky (18), 
"It could be an interesting challenge 
to lunar geologists to try to find a very 
recent crater." Convenience is not an 
a priori reason for rejection. The laser 
value of A1 and the Hartung hypothesis 
are supportive of one another. 

We will be the first to admit that the 
calculations outlined above do not prove 
the Hartung hypothesis. What we have 
done is to show that such an impact 
would have been observable and that the 
only modern observations that are ca- 
pable of revealing the dynamical vestiges 
of such an event provide a compatible re- 
sult. Neither the required ejecta trajec- 
tories nor the determinations of free li- 
brations cited here can be used to refute 
Hartung's interpretation, which has thus 
passed a considerable test. Neither can 
these results be sufficient to confirm it. 
Perhaps this question can be resolved, or 
at least narrowed, by the chemical analy- 
ses of soil samples returned by Luna 24. 

ODILE CALAME 
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Balof is a small overhang in uplifted 
corralline limestone, situated about 
1 km inland of the east coast of New 
Ireland and 90 km south of Kavieng 
(Fig. 1). Six square meters were ex- 
cavated (1); the maximum depth of occu- 
pation deposit was 80 cm. There was 
little visible stratigraphic differentiation, 
except for recent disturbances in the top 
20 cm. Our interpretation is that human 
treading and scuffing, along with a slow 
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rate of deposit accumulation, has de- 
stroyed many formerly visible features. 
Scattered charcoal fragments found 17 to 
23 cm below the surface dated to 
1540 + 270 years ago (GaK 2437: half- 
life, 5730 years); 550 g of food-bone re- 
mains found 58 to 85 cm below the sur- 
face dated to > 6800 + 410 years ago 
[NSW 95: half-life (corrected), 5730 
years]. The dates conform to the hypoth- 
esis of steady site accumulation, and the 
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Mid-Recent Human Occupation and Resource 

Exploitation in the Bismarck Archipelago 

Abstract. Human settlement of the Bismarck Archipelago occurred by 6000 to 7500 
years ago. Early inhabitants of New Ireland drew on widely dispersed stone sources, 
including obsidian from Talasea (New Britain), whereas those after about 3000 years 
ago used either stone from more local sources or obsidian from Lou Island (Admiral- 
ty Islands group) or Talasea. The dates and resource changes support a gradualist 
model of Melanesian settlement. 
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