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A problem of considerable interest in orbital debris research is the determination of the cause of the fragmentation
of a satellite from the observed radar cross section and orbital element data. In this paper, analytic representations
of the observed distribution functions of the radar cross section and the orbital plane change angle are derived. This
then allows for the extraction of a small number of features that describe the observed data. Based on the known cause
of fragmentation of a subset of satellites, a linear classifier is trained on these derived features. The discriminant
function derived from this training is used to determine the previously unknown cause of the satellite breakup. The
technique developed is objective and has been applied to the study of the cause of a number of unknown satellite

breakup events.

Introduction

HE phenomenon of on-orbit fragmentation has con-

tributed to almost half of the current objects orbiting the
earth. There are at least three major causes of these fragmenta-
tion: 1) propulsion-related explosions, 2) intentional explo-
sions, such as antisatellite tests (ASAT), and 3) collisional or
hypervelocity impacts. The resulting debris distribution de-
pends on the mechanism of the breakup; however, current ob-
servational techniques do not allow objects of less than about
8 cm diam to be detected, even though objects as small as a few
millimeters pose a potentially significant spacecraft hazard.
The information about these objects has to be derived from a
knowledge of the cause of fragmentation and from the fluxes of
objects that can be seen, i.e., those with diameters above about
8 cm. Thus, the identification of the cause of the breakup from
data on objects that can be detected is an important aspect of
the orbital debris research.

Culp and McKnight! developed a Satellite Fragmentation
Event (SAFE) Test based on the analysis of mass distribution,
variations of periods and inclination, trackable mass, and
asymmetry of breakup in Gabbard plots. This test assigns a
score to six factors: 1) Is the mass distribution exponential? 2)
Is mass distribution describable by a polynomial of small finite
order? 3) What is the relative magnitude of dispersion of larger
pieces of debris in the Gabbard plot? 4) How asymmetric is this
dispersion? 5) the orderedness of this dispersion; and 6) the
change in velocity imparted to the larger pieces. The weighting
for the analytic and graphical approaches in the test scores is
equal. The graphical approach is inherently subjective, and
with finite errors in the observed data, a true exponential distri-
bution can be fitted with a polynomial of only a few terms so
that criteria 1 and 2 in the SAFE test may be redundant. In
addition, the Gabbard plots are influenced by the age of the
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debris due to atmospheric drag. Although the SAFE test is
subjective, it had reasonable success when applied to 12
breakups. This suggested that a quantitative and objective ap-
proach was needed to yield more satisfactory results.

In this paper, a methodology for the characterization of the
mechanism for on-orbit satellite fragmentation is developed
that is objective and provides the relative probability of the
satellite breakup event due to each of three major causes: 1)
low-intensity explosion, 2) high-intensity explosion, and 3) hy-
pervelocity collision. This is done by extracting simple features
from the observed data to develop “‘signatures” that character-
ize each of these classes. In this paper, the distribution in frag-
ment size (radar cross section) and orbital plane change angle
were used to characterize the breakup events. A linear classifier
is trained on-a known set of breakup events to develop these
signatures. The signatures of the unknown breakup satellites
are then objectively compared to these signatures to classify the
unknown events.

Approach

The approach described in this section is based on finding an
analytic representation of both the radar cross section (RCS)
and the orbital plane change angle distributions of the breakup
event. The RCS estimates are made from the AN/FPS-85 radar
operating at 442 MHz at Eglin Air Force Base, Florida, and
the orbital element sets needed for the calculation of the plane
change angle are provided by radars operated by the U.S.
Space Command (USSPACECOM). These radars have a
threshold in object size of about 8 cm diam orbiting at an
altitude of 400 km. Thus, only relatively large objects from
breakup events are detected. The parameters describing the
frequency distribution of the radar cross section and the plane
change are estimated by fitting the observed data to a derived
analytic form. A statistical analysis is used to select a subset of
these features that contains most of the information about the
type of breakup. These parameters are then used in a super-
vised classification mode to classify unknown breakup events.

Section I describes the development of the models used to
extract the relevant features from the radar cross section data
and the plane change angle data. The model for the radar cross
section is based on the experimental work of Bess.? Following
this development, the analysis of these data is discussed in Sec.
IT and finally, in Sec. III, the features derived from this analysis
are used in a supervised classification mode to classify various
fragmentation events.
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Model Development

Radar Cross Section

Bess? experimentally examined the mass m distribution re-
sulting from a hypervelocity impact, a high-intensity explosion,
and a low-intensity explosion and showed that the cumulative
mass distribution N( > m) of the debris caused by a hyperveloc-
ity projectile (3.04.5 km/s) impact is of the form

N(>m)=Nm~" Q)]

where N, and v are two constants, whereas the distribution
function for explosions followed an exponential distribution in
the square root of mass

N(>m) = N, exp(—c./m) (2a)

m, where ¢ is a constant. Equation (2a) can be converted to a
differential frequency distribution in radar cross section R by
first relating the mass m to area of the fragment 4 as m = bA4°
where &, for example, varies between 0.5 for a uniform plate to
0.75 for a uniform sphere and b is related to the density. This

gives
dN N,/b o
Evin 062\/_A [E_ l]expli—c\/bA‘s:l (2b)

For the Mie scattering region, R/A is a function of the ratio
2nr /A, where A is the operating wavelength of the radar and r
is the radius of scattering sphere. This function is quite compli-
cated; however, for r < 0.14 (Rayleigh region), it has a slope of
3in 4, and for 0.14 < r < 1.64 (Mie region), an average slope
of about 1. Combining Eq. (2b) with the expression for Mie
scattering suggests that the differential distribution of radar
cross section R can be written as

dN
R~ KR%exp(—fR?) (3

where a, f, and y are constants. Note that for § = 0, this equa-
tion is a power law, and for ¢ = 0, an exponential law.

If the equation is normalized such that

© dN
—dR=1
L dR

(note that peak RCS value is reached at the point R,,),

al 1
ST

then the distribution function can be written as

awrary a () o[ [}

e —ureymt=d Ell IR B | I F )

dR Toa+1/y R,|R, y || R,
A derivation identical to the one just followed using Eq. (1),
again leads to a model of the form of Eq. (3). Thus, these three
kinds of breakup events can be characterized in the RCS distri-
bution by «, R,,, and y. Physically, these parameters represent
the asymptotic rise, the peak, and the asymptotic fall in the
differential RCS distribution. It should, however, be remem-
bered that these parameters implicitly depend on the physical
density of the satellite fragments, the operating radar wave-
length, the altitude, and the age of the debris fragments. A
simple analysis shows that since the drag is proportional to the
area, the differential distribution will shift to higher values of «,
y, and a lower value of R,, as atmospheric drag removes debris
from the orbit. A more refined analysis should take these fac-
tors into account and analyze the data as close to the time of
breakup as possible. Equation (5) has been used in the analysis
of all the RCS data.
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Fig. 1 The spherical triangles showing the geometry of the plane change
angle calculation. The .S and C are the sine and cosine of the angle,
respectively.

Plane Change Angle Distribution

One of the important characteristics of a breakup process in
orbit is the velocity perturbations applied to the fragments
during the breakup. The velocity perturbation will, in general,
change energy, angular momentum, and the plane of orbit. Of
all the orbital elements that define the orbit of a given debris
fragment, the inclination changes the least for the major per-
turbations encountered in low Earth orbit. If the inclination of
the object before breakup is known, and the latitude at which
it occurred is also known, the plane change angle, which essen-
tially measures the cross-range velocity perturbation, can be
determined, and this can be done using either data taken imme-
diately after the breakup or “old” data; the quantities needed
to define plane change angle do not change with time.

The spherical triangles ABC and A’BC in Fig. 1 show the
relationship between the plane change angle, 0, the initial and
final inclination i, and i, the latitude of the breakup 1, and the
arguments of latitude 8, and 8, for a breakup occurring at B,
with fragments being injected from an initial orbit to a final
orbit at this point. This is

_ CiI Cip + Sil SiF C01 Cf)F _ Cil Cir + \/Slzl - S% \/Slzr - S%
1=S,5,5,8, 1582

Cy
(6)

where S,, = S,/S,, and S,, = §,/S,,. Although 6, and 0, cannot
be determined unambiguously knowing only the latitude of the
breakup, both S, Sy, and Cy, C,,. will be greater than zero in
all cases except where the argument of latitude is very near 90
or 270 deg or where the velocity perturbations are extremely
large.

For time-invariant calculation of the plane change angle, the
latitude of the breakup event must be known. This information
is taken from the work of Johnson et al.?

The insensitivity to time in the calculation of plane change
angle is important because data on fragmentation events are
often not available until long after the breakup occurs. How-
ever, beyond the fact that the quantities in Eq. (6) do not vary
in time, the plane change angle, because it is measuring the
cross-range velocity perturbation and has only a second-order
effect on the energy, is less susceptible to selection effects than
other characteristics, such as change in semimajor axis.

Wiesel* first suggested that the plane change angle can be
used to separate the type of explosion and, based on simple
arguments of the equipartition of energy and a spherical explo-
sion geometry, showed that their distribution should be Gaus-
sian. An examination of the differential plane change angle
distribution dN/d# as a function of the plane change angle §
for number of breakups showed that the distribution is essen-
tially Gaussian but with constant background contribution.
This distribution can be parameterized by

dN A [0 —0,1
hanh — + 7
dé 27wa? exp[ 20 K M

where 0, is the peak of the distribution, ¢ is its variance, and 5
is the background level.
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Fig. 2 A plot of the frequency distribution of the weighted radar cross
section for the breakup of the NOAA-4 (low-intensity explosion), Cos-
mos 252 (high-intensity), and Solwind (hypervelocity). The points with
error bars are the actual observed values, and the solid curve is the best

fit to Eq. (5).

Analysis

Radar Cross Section

The observed RCS data were grouped into ten nonuniform
intervals, and the weighted RCS values of each interval and the
number of fragments falling in each interval was calculated.
The grouped data were fitted to the model of Eq. (5) by a
nonlinear fitting algorithm to estimate the three parameters «,
R, and 7 and their associated errors. Figure 2a shows the
observed data for the NOAA-4 breakup, which was a propul-
sion-related low-intensity explosion breakup. The points with
error bars are the data points, and the solid line is the best fit
curve that joins the predicted value estimated by the best fit to
Eq. (5) of the observed distribution. Figure 2b shows a similar
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Fig. 3 A plot of the frequency distribution of the weighted radar cross
section for the breakup of the Ariane second stage. Note the large number
of pieces at the threshold of observation of the radar. The cause of this
breakup is under investigation but currently is believed to be a high-
intensity explosion.
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Fig. 4 A three-dimensional plot of the parameters derived from the
radar cross-sectional data for the 26 breakup events. The high-intensity
explosion are shown as dots, the hypervelocity impacts as horizontal
stripes, the low-intensity explosion as cross stripes, and the unknown
events as blank. Note that the low-intensity explosion lies above the a, y
plane and that there is a general clustering of the high-intensity explosion
data.

plot for an alleged Soviet ASAT test Cosmos 252 destroyed by
a high-intensity explosion.> The Cosmos 252 curve is quite
steep compared to the NOAA-4 breakup. Figure 2¢ is a plot of
the only definitely known hypervelocity impact breakup event
(Solwind). The frequency distribution is more like that of the
Cosmos 252 breakup and less like that of the NOAA-4
breakup. Figure 3 is the same plot of the 226 fragments result-
ing from the breakup (cause unknown, although the explosion
story is most likely) of the Ariane second stage. It shows that
the distribution may be even steeper than the Cosmos 252
breakup. As was expected from the earlier discussion, the RCS
distribution can indeed be described by the model of Eq. (5).
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Fig.5 A plot of the frequency distribution of the plane change angle for
the breakup of the NOAA-4 (low-intensity), Cosmos 252 (high-inten-
sity), and Solwind (hypervelocity impact). The points with error bars are
the observed values, and the solid curve is the best fit to the Gaussian
equation, Eq. (7).

Figure 4 is a plot of the a, R,,, and y for all of the break
events for which RCS data are available. The symbols identify
the various parent satellites and the shades identify the cur-
rently believed cause of the breakup. Much of this information
is derived from Johnson et al.* It is, however, clear that all the
low-intensity explosions lie substantially above the «, y plane.
It also should be pointed out that the values of y and «
observed are in rough qualitative agreement with values for
explosions as seen in the work of Bess.? They are also in
accord with Bess’s observation that ¢ for a high-intensity
explosion is greater than for a low-intensity explosion. This
figure suggests a rough classification scheme: collision-type
breakups are defined by R,, ~ 0, high-intensity explosions by
R, ~ 0, o>+, and low-intensity explosions by R,, >0.05 and
a, v>0.3.
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Fig. 6 A plot of the frequency distribution of the plane change angle for
the breakup of the Ariane second stage. The fit to data is not as good as
in the case of the NOAA-4 and Cosmos 252 breakups. However, the
central peak is very narrow. This suggests that this breakup is a high-
intensity explosion.

The technique described differs substantially from the work
of Culp and McKnight' in that they work with the cumulative
mass density distribution and thus require a knowledge of the
spacecraft density, or more precisely, the fragment densities,
and that they do not consider the effects of Mie scattering on
the relation between size and RCS. They also do not have a
single model to describe all types of breakup events.

It has been shown that the RCS data can be fitted to a single
three-parameter model that has experimental support and that
these parameters permit a rough separation of breakup types.
In the next section, information deduced from the plane change
angle data is described.

Plane Change Angle Analysis

The plane angle data for each breakup event were grouped
into 0.18-deg intervals, and the differential number density dN/
df was computed such that the total area under the curve is
unity. This normalized distribution was fitted to the model of
Eq. (7) and the parameters corresponding to the peak of the
distribution, its variance, and the background values esti-
mated. The accuracy with which the plane change angle can be
computed depends on the precise knowledge of the breakup
latitude and longitude, which, if accurately known, give better
than 0.1-deg accuracy in plane change. As already mentioned,
the plane change angle is relatively insensitive to the age of the
breakup. Figure 5a shows the plane change angle € distribution
for the NOAA-4 fragmentation. The error bars again corre-
spond to the number of fragments in each interval, and the
fluctuations are caused by a very fine interval size. The solid
curve is the best fit to the data using Eq. (6). Figures 5b and 5¢
show similar plot for Cosmos 252, an alleged ASAT high-in-
tensity explosion, and Solwind, the only definitely known hy-
pervelocity impact breakup event. The Cosmos 252 and
Solwind breakups have narrow distributions compared to the
NOAA-4 distribution. This is what one might expect because a
low-intensity explosion would, like an overpressurized balloon,
more likely scatter the debris into a large angular range than
would a high-intensity explosion. Figure 6 shows the same plot
for the debris from the Ariane V16 breakup. However, because
of the smaller range of data, the interval is 0.05 deg. This distri-
bution is extremely narrow and much more like a high-inten-
sity explosion than a low-intensity explosion. There are two
asymmetric secondary peaks on either side of the central peak.
The variance of these peaks is quite comparable to that of the
central peak. An examination of the RCS data of these sec-
ondary peaks shows no particular difference from the RCS
distribution of the main peak. The reasons for these peaks are
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Fig. 7 A three-dimensional plot of the parameters derived from fitting
the plane change angle frequency distribution for the breakup events.
Note that the location of the peak of the plane change angle distribution
provides no separation into classes and that much of the separation infor-
mation is contained in the measure of the variance.
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Fig. 8 A three-dimensional plot of the parameters o, a, and y for
breakups. From Figs. 4 and 7 it is clear that information from the radar
cross section or the plane change angle by itself is not sufficient for
class separation but that combining the two gives a better measure of
separation.

not understood but may well be the accuracy with which 6 can
be calculated. In subsequent analysis, the variance of the cen-
tral peak distribution is used.

Figure 7 is the plot of the variance, the peak, and the back-
ground level of the plane change angle distribution for all of
the breakup events. The high-intensity explosions are all clus-
tered around low variance values and the low-intensity explo-
sion around high variance values. The exception is the Landsat
2 upper stage breakup. This event was characterized by two
breakup events and should have been treated as such. As ex-
pected, the peak values do not allow any separation because it
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tells more about which way the momentum transfer took place
and not why the breakup occurred. The background values do
provide some separation; however, the error in its determina-
tion is typically large because of the poor statistics at the tail
ends of the distribution.

Analysis of the Combined Radar Cross Section and Plane Change
Angle Data

A principal component analysis of all of the derived features
shows that the features a, R,,, and ¢ carry most of the informa-
tion on the class of the breakup event. It should be emphasized
that other features derived from the angular momentum trans-
fer, energy, or velocity perturbations may be more powerful
discriminators of breakup type but have not been carefully
analyzed.

From Figs. 4 and 7 it can be seen that neither the RCS-
derived parameters nor the plane change angle-derived para-
meters individually are sufficient to separate the type of
breakup. Furthermore, only the variance of the plane change
angle is important among the plané change-derived parame-
ters. However, combining the two sets of parameters does lead
to a better separation. This is shown in Fig. 8, a plot of the o,
a, and R,,, which shows that the separation into three classes is
indeed better than that indicated in cither Fig. 4 or 7. The next
section describes the method of classification using the four
features previously discussed.

Classification of Breakup Events

For the set of breakup events containing the variables o, R,,,,
y, and ¢ and a classification variablé defining the group of
breakup (high-intensity explosion, low-intensity explosion,
and hypervelocity impact), a linear discriminant function or
classification criterion can be determined. This is defined by a
measure of the generalized squared distance®

Di(x) = gi(x.0) + () (8)

where x is the vector of observations and ¢ a subscript to
distinguish the group,

g )= -y (x—w+1n

)y

and g(¢) = 0 if all classes are equally probable and = — 1n (the
prior probability for group #). The vector u contains the means
of the variable in the group ¢, and X is the covariance matrix.

The posterior probability of an observation x belonging to
the group ¢ is

)

exp[ —0.5D2(x)]
%, exp[ —0.5D%(x)]

pAx) = (10)

An observation belongs to the group ¢ =k if D2(x) is the least
or p(x) is the highest value.

Table 1 Classification of debris known data

Number of observations and percentages classified

Type into type

C C D E Total

3 0 0 3
100.00 0.00 0.00 100.00

D 0 7 0 7
0.00 100.00 0.00 100.00

E 1 0 6 7
14.29 0.00 86.71 100.00

Total 4 7 6 17
percent 23.53 41.18 35.29 100.00
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Table 2 Classification of debris known data

Posterior probability of membership in type:

Classified

Satellite Type into type C D E

Cosmos 839 C C 0.6031 0.0000 0.3969
Solwind C C 0.9185 0.0000 0.0815
Cosmos 1375 C C 0.6988 0.0000 0.3012
Hiwari D D 0.0000 1.0000 0.0000
Landsat 1 D D 0.0000 1.0000 0.0000
Landsat 3 - D D 0.0000 1.0000 0.0000
NOAA 3 D D 0.0000 1.0000 0.0000
NOAA 4 D D 0.0000 1.0000 0.0000
NOAA 5 D D 0.0000 1.0000 0.0000
Landsat 2 D D 0.0605 0.9034 0.0361
Cosmos 252 E E 0.3228 0.0000 0.9772
Cosmos 970 E E 0.0826 0.0000 0.9174
Cosmos 886 E E 0.2141 0.0000 0.7858
Cosmos 397 E E 0.4724 0.0000 0.5276
Cosmos 375 E (o 0.6205 0.0000 0.3795
Cosmos 374 E E 0.2166 0.0000 0.7834
Cosmos 1174 E E 0.0377 0.0000 0.9623

*Misclassified observation (probably due to inixing of K 374 and K 375 orbital elements). C = hypervelocity
impact, D = low-intensity explosion, E = high-intensity explosion.

The discrimination procedure was trained on breakup events
of known category, and then the same observations were re-
classified. This gives the best possible performance of the
classifier. It should be noted that the accuracy of any such
classifier depends on how well the training class samples the
actual class distribution, and since there are only three known
or suspected hypervelocity impact events, this increases the
uncertainty with which this class can be identified.

The division of all the breakup events into these three classes
is based on the work of Bess;> however, it is quite arbitrary in
the sense that each explosion is unique in its energetics and the
location of the detonation charge on the body. Similarly, the
collision can be head-on or glancing. Thus, in each class there
exists a distribution of parameters that describes that overall
class. This is only a first-order broad classification.

Table 1 gives the confusion matrix, and Table 2 gives the
actual breakdown of the posterior membership probabilities.
Cosmos 375 is misclassified. It is believed that the orbital ele-
ments of the fragments from the breakup of Cosmos 374 and
375 have been mixed.® Using the training statistics developed,
the breakup events labeled black (hollow) were classified.

A comparison of these results with the work of Culp and
McKnight (1986) shows good agreement in two-class separa-
tion, i.e., low-intensity eéxplosion (called propulsion related
by Culp and McKnight) and high intensity + hypervelocity
breakups. Nimbus 4, although thought to be a propulsion-
related breakup, is not classified as propulsion-related in this
study or in Culp and McKnight’s analysis. However, Cosmos
1275 is considered to be a hypervelocity impact by Culp and
McKnight, whereas this analysis shows only a 38.1% probabil-
ity for impact. OPS 7613 is a Delta class breakup and is so
classified. In this analysis, Cosmos 1461 is misclassified as a
collision whereas it is considered to be a high-intensity explo-
sion.? In this case, there were two distinct breakup events that
occurred at different times. They have been treated as one in
this analysis. A more refined analysis would treat them as sep-
arate events, hence, the misclassification.

The analysis of the Ariane V16 breakup shows that it was a
high-intensity explosion with a probability of 89.6% and a
collision with a probability of 10.4%. If one assumes that Cos-
mos 1275 is a collisional breakup and reclassifies the data ac-
cordingly, Ariane would show probabilities of 78.6 and 21.4%,
respectively, for the same two categories. It was mentioned
earlier that there are secondary peaks on either side of the
central peak in the plane change angle differential distribution
and that the variance of the central peak was used in the anal-

Table 3 Classification of debris unknown data, posterior probability of
membership in type

Classified

Satellite Type into type C D E

Ariane U E 02142 0.0000 0.7858
Cosmos 1275 U E 0.38{3  0.0000 0.6187
Cosmos 61-63 8) F 0.3147  0.0000  0.6853
Nimbus 4 10) C 0.9328 0.0000 0.0672
OPS7613 U D 0.0000  1.0000  0.0000
Titan 3C U C 0.8198  0.0000  0.1802
Transit U C 0.8816  0.0005 0.1178
Cosmos 1461 U C 0.5510  0.0000  0.4490
Cosmos 1220 U E 0.1358  0.0000  0.8642

ysis. The given resuits are not affected if the data is binned in
coarser bins and refitted to smooth out the secondary peaks.
This is because this distribution is extremely narrow to begin
with.

This conclusion differs from the analysis of Benz et al.” who
concluded that the breakup of Ariane’s third stage was caused
by a physical pressure burst, i.e., the pressure source is of
nonchemical means, such as inert gas pressure. This analysis
was based on a comparison of the predicted fragment velocities
based on models of exploding orbital tanks to the fragment
velocities calculated from the observed orbital elements of the
fragments, an analysis of the debris pattern, and a comparison
of the total energy calculated for the debris with total energy
calculated for the explosion based on theoretical models. Their
calculation assumed that the radar observed most of the debris,
and the orbital parameters are known with great precision.
Both of these assumptions are not quite correct. Indeed, about
two-thirds of the fragments are not seen by the radar. Benz et
al.” do suggest that the initial failure of the tanks could have
been caused by a collision of small particles or a linear-shaped
destruct charge, or from fatigue of the tanks or failure of the
bulkhead that separates the fuel tanks. Our results can be con-
sistent with the analysis of Benz et al.” if the physical pressure
burst mechanism advocated by them produces an extremely
narrow plane change angle distribution. If so, the definition of
high-intensity explosions suggested by Bess? needs to be en-
larged to encompass such events.

Neumann® stated that Ariane engineers had concluded that
a possible cause of the breakup was leakage from the hydrogen
tank. When pressure in the hydrogen tank dropped below that



426 BADHWAR, POTTER, ANZ-MEADOR, AND REYNOLDS

in the oxygen tank, the bulkhead separating the two chambers
reversed, broke, and initiated a catastrophic breakup of the
entire structure.

Conclusions

1) A three-parameter model that describes the differential
RCS distribution has been developed. This model is related to
laboratory-derived mass distributions for various breakup cat-
egories and permits a classification for various satellite break-
ups. However, these parameters depend on age and fragment
density.

2) A parametric representation of the plane change angle
differential distribution has been found. It is shown that the
variance of this distribution is an effective separator of breakup
classes.

3) A linear discriminant procedure trained on known
breakup events has been used to classify unknown breakups.
The results are in general agreement with the work of Culp
and McKnight,! although they do differ in specific cases.

4) Additional information derived from the orbital elements
such as angular momentum, energy change, decay rates, and so
forth, should be examined to further refine the classification
results. The age dependence of the RCS data distribution
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should also be taken into account.

5) A clear need to identify additional hypervelocity impact
events exists. The signatures of these events are very firmly
established.
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