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Phenomena witnessed on June 18, 1178, by at least five men and reported 
in the chronicles of Gervase of Canterbury (1) have been interpreted as the 
result of the impact which produced the 20 km-diameter lunar crater, Giordano 
Bruno (2). Physical librations in longitude based on lunar laser ranging 
data are greater than expected and may be due to a very recent large impact, 
possibly the Giordano Bruno event (3). The main argument against the forma- 
tion of a 20 km diameter crater in historic times is the extremely low prob- 
ability of its occurrence. Based on counts and age measurements of large 
craters on the Earth (4), the expected production rate of craters over the 
entire surface of the Moon is one crater greater than about 20 km in diameter 
every 7 million years. 

One test of the hypothesis that Giordano Bruno was formed as little as 
803 years ago would be to identify on the surface of the Earth ejecta mate- 
rial from the impact. Because of the relatively low velocity required to 
escape from the Moon, 2.4 km sec-l, and the relatively high ejecta velocities 
achieved during hypervelocity impacts based on experimental ( 5 )  and theoreti- 
cal ( 6 )  results, it is almost certain that some fraction of the ejecta from 
an impact leaves the Moon. The aim of this paper is to describe expected 
characteristics of any lunar material on the Earth and, if possible, to iden- 
tify characteristics which would distinguish Giordano Bruno material from 
other lunar material. 

Composition and State of Ejecta Reaching Earth. Thermal energy depos- 
ited in impact ejecta material may lead to its ionization, vaporization, 
fusion, or just a temperature increase. A positive correlation exists between 
specific thermal energy input and ejecta velocity ( 5 , 6 ) .  Thus, material escap- 
ing the Moon would preferentially consist of ionized, vaporized, and melted 
material. The behavior of ionized and vaporized material in the Earth-Moon 
system under the influence of the solar wind requires further study before 
estimates regarding its occurrence on the Earth can be evaluated. We conclude 
that most of the recognizable material reaching the Earth from the Moon would 
be in the form of solidified liquid spherules. 

Compositions expected for lunar silicates reaching the Earth may range 
from Mg-Fe-rich from the lunar maria, to Ca-Al-rich from the highlands. Ran- 
ges of compositions expected correspond to those measured for glasses from 
mare surfaces (7) and from highland areas (8). 

Time Distribution of Escaping Mass. We assume mass escaping the Moon 
from one impact is proportional to the energy of that impact, M = kE. The 
impact energy is reiated to the crater diameter throu h the scaling rela- 5 tionship for large, km-sized, craters, D = 2.42 x 10- E ~ . ~ ~ ~  when D is in km 
and E is in oules (4). Thus, the mass escaping during a single impact, M = 
k (4.95 x 10i5)D3,4. If the crater pfoduction rate for D greater than 20 km, 
0.35 x 10-l4 km-2yr-1 (4), is connected by a straight line on a log-log plot 
to the crater production rate for D greater than 2 mm, %lo5 km-2yr-1 (91, 
the following cumulative roduction rate as a function of crater diameter is ! obtained, N = 1.10 x 10-I D-*.~O. The rate of mass escaping due to impacts 
all over the Moon' of surface area, A, during time interval, AT, is given by 

M(total) = ApT&;? Mdn. For Dl = km and D2 = lo2 km and AT = 1000 

years, M(total) = k (1.54 x This result may be compared with the mass 
escaping from the Giordano Bruno event alone. D(GB)= 20 km; therefore M(GB) = 
k (1.31 x 1 0 ~ ~ ) .  Thus, the mass of material escaping the Moon due to the 
Giordono Bruno impact is almost 1000 times more than that escaping as a result 
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of all other impacts during any recent 1000-year period. If Giordano Bruno 
was formed 803 years ago, then the time distribution of ejecta material 
escaping the Moon is a single spike at that time, with a negligible con- 
tribution before and after. 

Estimated Abundance of Giordano Bruno Ejecta on the Earth. Based on 
experimental (5) and theoretical (6) studies, up to lo1' gm of material is 
ejected at velocities exceeding 2.4 km sec-I and escapes from the Moon follow 
ing an impact which forms a crater 20 km in diameter. Material escaping the 
Moon may reach the Earth along a variety of trajectories. Even though the 
initial conditions for trajectories originating at Giordano Bruno are well 
constrained, no detailed study of Moon-to-Earth trajectories from Giordano 
Bruno has been made. Once free of lunar gravity the paths taken by ejecta 
material are strongly dependent upon residual velocities. A minor fraction 
of the escaping material will have residual velocities relative to the Earth 
exceeding 1.45 km sec and will escape the Earth-Moon system and achieve helio- 
centric orbits with low eccentricities and inclinations. The mean lifetime 
against collision with the Earth of this material is on the order of lo6 
years (10). Thus, this component of Giordano Bruno ejecta is of negligible 
importance. 

Another small, but possibly important, component of escaping ejecta is 
that material which leaves the Moon on a direct orbit, i.e., one which inter- 
sects the Earth without first going into orbit about the Earth, Sun, or 
possibly the Moon. Such a path from Giordano Bruno is favored by its location 
on the trailing edge of the Moon. Rearward ejecta moving opposite to the 
Moon's orbital motion, which is the case for most of Giordano Bruno ejecta, 
will have a lower velocity relative to the Earth than forward ejecta. The 
ideal case corresponds to ejecta leaving the vicinity of the Moon in exactly 
the rearward direction with residual velocity relative to the Moon of 1.02 km/ 
sec. This corresponds to zero velocity relative to the Earth, and the mate- 
rial will "fall" straight toward the Earth. In the absence of detailed tra- 
jectory analyses I estimate about 0.1% of the escaping mass will reach the 
Earth on direct orbits within days to weeks of the impact date. If 10% of 
the mass arriving at the Earth survives entry in the form of solid spherules 
and these spherules are distributed equally over the surface of the Earth, we 
would expect to find one spherule, 0.1 mm in diameter, in an area of 100 cm2. 
If 100% of the arriving mass is deposited as anorthite molecules, then the 
areal concentration of molecules would be about 4 x 10l~cm-~. 

The majority of the material escaping the Moon will remain in geocentric 
orbits because the residual velocities of most ejecta will be very low. Based 
on experimental velocity distributions ( 5 ) ,  about one-half the material that 
escapes the Moon has a residual velocity less than 400 m/sec. Most of this 
material will collide with the Moon on a time scale estimated to be about lo4 
yr. The remaining material will be perturbed onto orbits that intersect the 
Earth or eventually escape the Earth-Moon system. Earlier we showed that the 
mass of Giordano Bruno ejecta exceeded the background mass of ejecta from 
other sources in one year by a factor of 8.5 x lo5. If we assume that the 
production of "background" ejecta, i.e., from sources other than Giordano 
Bruno, is in equilibrium with destruction or loss processes and that the 
half-life for destruction is 104 years, then the Giordano Bruno ejecta would 
be 60 times the total mass of "background" ejecta in orbit at the time. If 
we assume 10% of all orbiting Giordano Bruno ejecta will finally reach the 
Earth, the amount accumulated during the last 803 years would be 5 times that 
reaching the Earth immediately on direct orbits. 

~eco~nition of Giordano Bruno Ejecta on Earth. The presence of Giordano 
Bruno ejecta on the Earth is a certainty. The eventual recognition of that 
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ejecta is far from certain. The Giordano Bruno impact was in the highlands 
and would have ejected Ca-Al-rich material. Such a composition is different 
from most terrestrial volcanic materials and most types of meteorites. In 
his search for and study of microtektites B. Glass (personal communication) 
has found spherules which are compositionally similar to some lunar highland 
glasses which are interpreted to have suffered selective volatilization of 
~i(~). These spherules may have come from the Moon. Because these spherules 
were apparently deposited in deep sea sediments millions of years ago, they 
cannot be Giordano Bruno ejecta. However, these observations admit the possi- 
bility that the "background" arrival rate of lunar ejecta may be a measurable 
quantity. 

It may be possible to distinguish Giordano Bruno ejecta from ejecta 
produced by other impacts in the lunar highlands based on the time history of 
its arrival on the Earth. Ejecta on direct orbits would arrive at the Earth 
within a few days. The arrival of a comparable or larger mass of material 
would be spread out over the last 803 years. The arrival rate of both com- 
ponents would be expected to far exceed the "background" accumulation rate of 
lunar material before 803 years ago. "Background" material accumulated over 
a period of about lo6 years would be comparable to the amount of Giordano 
Bruno ejecta presently on the Earth. Thus, if a terrestrial "collector," 
such as deep sea sediments or polar ice, has the capability to detect lunar 
material with a time resolution better than about 100 years, then the dis- 
tinction should be possible between the Giordano Bruno "spiice" and "decaying" 
components and the "background" lunar ejecta arriving at the Earch. A time 
resolution of lo5 years would be adequate to distinguish between Giordano 
Bruno and "background" ejec ta. 

Concluding Remarks. In conclusion, even though no iunar material has 
been positively identified on the Earth, it would seem that a directed 
collection effort would yield such material. The experimental difficulty 
associated with distinguishing Giordano Bruno material would be higher by 
perhaps an order of magnitude because time-history data would be required. 
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