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ABSTRACT

A study was made of the distribution of ejecta from the crater formed by
exploding 20 tons of TNT at the surface of a limestone outcrop.

The distributions of both in situ material and material artificially intro-
duced inta the medium before the explosion are described. Variations with
distance from burst point in ejecta areal density and the size distribution of
ejecta are analyzed. Relationships Setween ejecta distributian and site topog-

raphy and geology are discussed.

Suggestions are made as to further work directed toward impraving methods

of predicting ejecta distribution from large explosions on rock.
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PREFACE

A canversatian with H. J. Maare (Branch of Astrogealogy, U. S.
Geological Survey} concerning his studies of hypervelacity impacts on rack
targets helped detemine the form af analysis used in this study of ejecta size
distribution.

Appreciation is also expressed far information received from persannel
of ather Flat Tap prajects, especially Projects 1.9 and 9.8, and far the

assistance af support groups.
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CHAPTER 1

INTRODUCTION

1.1  OBJECTIVES

The objectives of this project were (1) to obtain information on ejecia
arcal censity and thickness as a function of distance from Flat Top |, a 20-ton
surface burst of TNT on hard rock; (2) to obtain information on the size dis-
tribution of ejecta particles from this explosion; (3) to obtain information on
cratering and throwout mechanics from this explosion; and (4) to examine the
data obtained fror;1 the point of view of pievious cratering experiments and
theory, in an attempt to estcblish techniques for predicting ejecta size and
areal distribution from militarily significant chemical or nuclear explosions

on a hard rock surface,

1.2 BACKGROUND

The spatial distribution of ejecta from cratering explosions received
relatively little attention as a factor of military significance in the post-
attack environment before the early 1960's. Before this time, virtu ily cll
ejecta studies were concerned either with the maximum range at which ejectq,
following ballistic trajectories from buried explosions, would constitute a
hazard, or with the distribution of the fine particulate portion of the'ejecta

deposited beyond ballistic range from buried explosions.
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Ejecta data published threugh 1962 is summarized in Reference 1 in
the form of plots showing areal density as a function of distance from surface
zero, This reference also describes an empiricol method for predicting ejecta
areal density versus distance as a function of apparent crater dispth and radius,
and chorge weight.

With increasing emphasis on buried installations designed to survive
overpressures close to the edge of croters from megaton surface bursts, it
became necessary to predict ejecta thickness at these close-in ranges.
Reliable information on close-in ejecta thickness would then allow measures
to be taken to insure that the installations would not be made inoperative
because ejecta covered exits, communication and control fixtures, etc.,
even though the structures themselves hod survived the shock effects of the
attack,

Ejecto studies reported in References 2 and 3, employing a technique
described in Reference 4, were made on three Plowshare events in the desert
alluvium of the Nevada Test Site (NTS). These studies, although made for
peaceful applications, report data on ejecta areal density throughout the
range of military significance,

In these studies of buried explosions it was noted that the ejecta mass is

deposited relatively nearer the crater edge as the scaled depth cf burial is increased,

and that a greater proportion of the mass represented by the apparent crater
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volume is accounted for by ejecto from chemical explosions than from nuclear
explosions, These studies also established an empirical relationship between
the mass of fine particulate and apparent crater volume and examined relation-
ships between various mass quantities as a function of yield and depth of burial
for underground explosions in NTS alluvium,

In References 2 and 3 an assumption implicit in calculations of areal
density for the ballistically deposited portion of the ejecta is that drag effects
are ..aimportant. It is assumed that the trajectories of small cylindrical
peiieis with a specific gravity of about 6, 5 simulate the trajectories of large
clods of dirt, which have a specific gravity of only 1.6 and which tend to
gyrate and disaggregate in flight. When disagreemeni is observed between
computed areal densities and areal densities actually measured at the same
distance, the difference is attributed to inadequacies in the technigues used
to phys‘cally sample areal density,

Reference 5 describes a method of scaling ejecta mass as a function of
distance from surface zero thatevades problems concerning the dependence
of crater parameters on charge weight, yield, depth of burial, and properties
of the medium. This method, which was used o analyze the Sedan event,
uses the apparent crater radius instead of functions of charge weighi and
depth of burial as a scaling parameter,

Two dimensionless ratios are related: (1) the incremental mass of

ejecta summed to the distance of interest dividec by the total mass of ejecto,
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and (2) the distance of interest divided by the apparent crater radius, In
Reference 5 and subsequent related reports, plots showing t . relationship
are termed mass distribution curves,

Mass distribution curves are useful for siudying the relative distance
of which different proportions of the tatal mass of ejecta are deposited when
a single parameter such as charge weight or depth of burial is varied. How-
ever, to use these curves for predicting areal density as a function of distance
from surface zero, it is still necessary to predict crater dimensions and total
ejecta mass as a function of charge weight, depth of burial, and properties
cf the medium,

Reference 4 reports the results of applying the mass distribution method
to the analysis of five large high-explosive (HE) and three nuclear cratering
events. One of these shots was fired in the clayey silt of the Suffield Experi-
mental Station, Alberta, Canada; this shot vas a 100-ton hemisphere of
stacked TNT with its center of gravity above ground and its diametral plane
on the ground surface, Other events treated in this report were detonations
at various depths in NTS alluvium,

A relationship between totul ejecta mass and the mass represented by
the apparent crater was derived for shots in this typ2 soil. it was found that
chemical explosions gave an averuge ratio of 0,73 for total throwout mass/

apparent crater mass, whereas nuclear explosions gave an average ratio of
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only 0.56. This confirmed earlier observations reported in References 2 and

It wos olso reported that near-surfoce bursts tend to deposit ejecta
relotively farther from the crater edge than do more deeply buried shots. This

also confirmed earlier observations reported in References 2 and 3.

It wos found thot the mass distribution curves for Sedan, a 100-kiloton
nuclear explosion, and for Scooter, o 500-ton HE siiot ot the same scoled
depth of burial, were practicolly identicol. This suggested thot shots ot the

same scoled depth give similar moss distribution curves over a wide range of

yields, There were too few shots anolyzed to give other comparisons in whicti
only one parameter wos varied.

It wos pointed out that the statistical distribution of areal density ot

o given range from surface zero, due to ejecta being deposited in o ray
pattern, is distinctly nongaussion; however, the exact form of the distribution
was not determined.
Achieving moss balances by compating known volumes is particulorly
simple for dry NTS olluvium, since the unit weights of the undisturbed materiol,

fallbock, and ejecta are oll oppraximately the same, os was assumed in

References 2, 3, 5, and 6.

Reference 2 reports density tests of undisturbed alluvium ond alluvium

tuken from crater lips thot show negligible differences in dry unit weight, A
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comparison between the undisturbed density determinations and the results of
modified AASHO compaction tests given in this repert shows volume changes
of less than 10 percent for dry NTS alluvium, Both the dry unit weight of
undisturbed material and its compaction under this effort are lower than usual
for soils with a grain size distribution like the NTS alluvium,

It has been found from shaft-sinking experience in this unusual material
that bucket loads of blasted muck show an increase in volume only about 8 to
12 percent above that occupied by the material in situ (Reference 7). Since
the muck is handled while still damp from the drilling cycle and some swell
can be attribuied io the moisture content, it is obvious that little account
need be taken of swelling in ejecta and fallback when obtaining mass balances
for craters in dry NTS alluvium,

Reference 8 reports the results obtained by reducing ejecta data and
plotting mass distribution curves for the Air Vent series of HE shots in French-
man playa silt, Considerable difficulty was encountered in obtaining mass
balances to establish relationships between crater and ejecta parameters for
these bursts, This difficulty was due to lack of sufficient dato on the unit
weights of undisturbed material, mcterial in the region of distortion and uplift
around the crater, failback, and ejecta. Despite insufficient sampling,
important differences were found in the unit weights of the material from these
different regions for any given burst,

This study verified earlier statements that the relative positions of

ejecta from shots of the same charge weight in the same material vary with
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depth of burst. The shape of mass distribution curves for surface bursts in
playa silt wus also found to vary as a function of charge weight. This would
seem to contradict the suggestion made in Reference 6 that different charge
weights at the same scaled depth of burial give similar mass distribution
curves,

Reference 9 reports the results obtained by preparing mass distribution
curves of all cratering events for which sufficient published data were avail-
able through 1964, In oddition to the cratering events discussed previously in
this section, Danny Boy (a buried nuclear burst in basalt) and Flat Top Il and
iii (HE surface bursis in piaya siit) were also studied. Preliminary data on
Flat Top | were also incorporated in this report.

The mass distribution curves shown in this report for Danny Boy and
Flat Top | are inconclusive as to whether significant differences exist between
the mass distribution of ejecta from craters in rock and those in soil. The
Danny Boy curve is difiarent from curves for soil, but the Flat Top | curve is
not,

Other investigations of the throwout mechanics from cratering shots
have been made by placing objects at known positions within the anticipated
crater region and noting their postshot locations (References 10 through 14).

References 10 and 11 report studies made to determine the hazard
from missiles due to rocks in the medium or to concrete pavements and walls

near the epicenter of shallow underground shots in soil,
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Reference 11 summarizes these studies with the following statement:
"It is concluded that on large shallow underground explosions damage by the
mechanism of air blast will extend further than damage by the mechanism of
missiles. This conclusion is sufficiently firm that no further missile experi-
ments appear necessary. "

Reference 12 reports the results of a throwout study conducted on
Danny Boy. Objects were emplaced at various regions within the anticipated
crater area, both at the ground surface and below, Although data were
obtained from surface objects, the recovery of the buried objects was too
poor to draw conclusions about throwout mechanics.

Two other coded ejecta experiments are known to have been
made, but their results are not yet published. The experiments referred to
were conducted by burying objects at known positions within the anticipated
crater region from shots in soil. One experiment (Reference 13) was conducted
at the Suffield Experimental Siation and the other (Reference 14) on French-
man playa at NTS,

It is expected that these experiments will provide valuable information
on the applicability of this method in determining true areal density-distance
relationships for surface-burst~cratering explosions on soil, Additional infor-
mation on the initial velocity field in the crater region, and on the compression
and distortion in the region surrounding craters from explosions in soil, is

also expected from these studies.
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As has been indicated in this summary, the most significant explosive-
burst geometry for oresent military planning is the surface burst. However,
prior to the Air Vent/Flat Top test series, useful data on ejecta distribution
from surface bursts on soil were scarce and no such useful data from a surface

burst on rock had been obtained.
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CHAPTER 2

EXPERIMENTAL PROCEDURE

2,1 EXPERIMENTAL PLAN

Because analysis of the data obtained from this project would be based
on statistical inferences from samples, the data requirements were simply to
obtain the maximum possikie information on comminution and areal distribution
of ejecta that available time and funds would permit, The proposal for this
study was made before the site had been visited, and some changes in the
original plan were necessary because of unusual site conditions. The proposed
study plan was as follows (Reference 15):

Total ejecta were to be sampled as a function of range and azimuth
from the burst point. The volume of a portion of the ejecta between 1 and 3
crater radii would be determined, after which these ejecta would be screened
uand weighed, Other portions of the ejecta deposited farther from the crater
edge would be weighed and, if time permitted, screened.

A sector around the burst point was to be thoroughly searched for
portions of ihe eiecfa originally coded and emplaced at known locations
within the anticipated crater, This coded material was te be composed of
material with properties matching the properties of the Flut Top ! mecium;
its postshot areal distribution would be recorded to give information on

cratering and throwout mechenics.
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Data on true and apparent crater parameters, lip upthrust, and in situ

properties of the medium were required from Project 1. 9 personnel.

2.2 SITE TOPOGRAPHY AND GEOLOGY

Factors of the Flat Top | topography and geology were expected to
influence cratering and throwout mechanics, and these were taken into
account in preparing the ejecta sampling array. Elements of site topography
also influenced the choice of sectors used for the throwout study and far-out
missile survey.

Figure 2.1 shows the general topography of the Flat Top | site. Figure
2.2 is a geologic sketch of the immediate vicinity surrounding ground zero (GZ),
prepared from information in Reference 16.

The Flat Top | site is on a limestone outcrop near the southeast end of
Banded Mountain in Area 9 of NTS. From GZ the slope of the outcrop is
down about 4 degrees to the west and south. To the east it rises more gently.
To the north it rises about 4 degrees for the first 150 feet where a smali lime-
stone knoll, an outlier of Banded Mountain, rises abruptly.

The site is in the middle subunit of the Banded Mountain Member of
the Bonanza King Formation. Tni/s-"s'mit is composed of thick to very thin
beds of light-gray to yellowish-g;r\%y, fine-grained limestone. Chemical
analyses of three samples from ﬁ.ré‘site showed nearly. pure calcium carbonate.

A fourth sample was somewhat magnesian.
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Alluvium composed of limestone detritus with a smoll component of
tuff overlaps the outcrop to the west, south, and east; it olso fills declivities
coused by differential weathering olong the strike of the outcrop.

The strike of the beds is opproximately N 27° W neuar GZ, and the
dip is obout 55 degrees to the southwest.

A frequency distribution study of 378 fractures within cbout 50 feet
of GZ showed an average of about 4 fractures, predominantly vertical, per
100 square feet of ground surface.  Over iolf of these fractures had o strike
between N 60° E ond N 80° E. This study was made before the alluvium had
been stripped from o circulor area with a radius of 50 feet centered on GZ,

It was opparent, ofter the orea had been stripped, thot the number of fractures
hod been considerably underestimoted. Figure 2.3 is o photograph taken from
obout 25 feet east of GZ (marked by the steel pipe) looking opproximately
down dip.

Core from drill holes showed from one to four fractures per verticol
foot, sume of which were due to vibrations from drilling.

It wos estimated thot calcite or cloy filled obout 90 percent of the
fractures, sealing them more or less tightly., The other 10 perceat of the
fractures were open,

Figure 2.4 is onother view of the site token o few feet northeost of G2

looking south,
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Table 2.1 is a summary of the results of physical property determinations
made on rock samples collected from the ground surface to a depth of 15 feet
at the Flat Top | site, Determinations were made by U, S. Geological Sur-

vey and Waterways Experiment Station (WES) personnel (Reference 17).

2,3 EXPERIMENTAL ARRAY

in order to get an estimate of crater and ejecta parameters to use in
planning the ejecta sampling array and screening plant capacity, data from
previous surface bursts on hard rock were scaled to the Flat Top | charge
weight, Data were available from only two sources. Two surface shots of
200 pound: of TNT had been detonated in basalt during the \CS series in
Panaoma and two surface shots of 64 pounds of TNT had been detonated by
Boeing in argillite,

Depending on the choice of data and scaling exponent, this analysis
gave on apparent crater radius ranging from 23 to 36 feet and an apparent
depth from 8 to 13 feet for Flat Top 1. For planning purposes the average
apparent radius was assumed to be 30 (43) feet and the apparent depth
10 (£1) feet,

It was expected that ejecta would completely cover the ground surface
to a distance of about 3 crot.er~radii from GZ, and that virtually all the
ejecta mass would be deposited within 10 crater radii from GZ; therefore,

most of the ejecta sampling stations were placed between 3 crater radii from

23
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GZ, the distance ta which the ejecta wauld be completely excavated in a
selected sectar, and 9 crater radii, the diztance beyand which ejecta wauld
be sparsely distributed,

The ejecta sampling stations used within this region were 3-by-3-foot
by 4-inch-thick concrete pads. |t was thought that these pads wauld survive
the airblast and wauld satisfactorily simulate the surface of the limestone
aufcrop.

It was alsc expected that the configurotion af the crater and ejecta
would be strongly influenced by the gealogic and topographic features af the
site discussed in Section 2.2,

To check the influence of bedding dip and fracture pattern on the
ejecta distribution, ejecta sampling stations were placed ta a maximum dis-
tance of 520 feet on three radials approximately alang the strike of the beds
to the southeast and on three radials appraximately alang the strike of the
maijor fracture pattern (i.e. along the dip of the beds) to the sauthwest,

Because the ground surface in the region of these extended radials was
alluvium, and because no prablems of survival due ta airblast were expected,
3-foot 8~-inch-square canvas tarpaul ins were used for sampling stations.

It was thought that the collection surface pravided by the tarps would satis-
factarily simulate the resiliency and frictional characteristics of the alluvium,

The array of ejecta collectian stations is shown in Figure 2, 5. Slight

adjustments in the regular pattern of the array were necessary to avoid the
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airblast experimental array to the southeast, Some tarpaulins were offset a
few feet to avoid obstructions or poor locations. Three stations were eliminated
to the northeast because of unsatisfactory topography. A total of 111 ejecta
wollection stations were used.

To reduce the number of geologic variables influencing the coded
throwout experiment it was necessary to emplace the coded grout on a radial
from GZ thet would be either parallel or perpendicular to the strike of the beds
and major fracture pattern. Radials parallel to the strike of the beds were
ruled out because of the steep topography to the northwest and probable inter-
ference with airblazt and ground-shock experiments to the southeast.

Since the topography was more open and level down dip than up, it
was decided to emplace the coded grout on the radici extending down dip.

As noted previously, the direction of dip at GZ hau been determined to be
S 63° W, This direction was also considered to be satisfactorily parallel to
the strike cf the major fracture pattern so that the azimuth of trajectories of
the coded grout would not be influenced by inhomoaer.eities of the medium,

Four vertical é~inch holes were drilled on this radial at distances of
6, 12, 18, and 24 feet from GZ. Cylinders of coded grout 3 inches in
diameter and 1 foot long were lowered into these holes and grouted in place,
thus forming continuous cylinders of grout extending from a depth about 16

feet below the elevation of the charge center to the ground surface.
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The coding employed to denote initial horizontal position was to make
all the cylinders in a given hole from grout dyed one color. Verticai position
was coded by introducing about 1/2 pound of glass beads into the grout com-
posing each 1-foot cyiinder. A given color of bead indicated a predetermined
1-foot vertical interval. The vertical positions of the tops of the cylinders
were recorded to the nearest 0.1 foot. Figures 2.6 and 2.7 show grout
cylinders being emplaced. The irregularity of the outcrop surface is well
illustrated in Figure 2.6.

A 3-foot-wide by 40-foot-long grout pad was emplaced with its
centerline on the S 63° W radial. This pad was cast in four 10-foot sections,
each section of a different color. The pad extended from the edge of the TNT
sphere to about 45, 5 feet from GZ,

The grout used for the coded cylinders and pad was designed by WES
personnel to match the density of the medium, Only four easily distinguished
colors could be fumished and requirements for a grout matching strength
properties of the rock could not be met.

The limited number of colors available, the low strength of the grout,
and the difficulty of emplacing a pad of uniform thickness over the irregular
ground surface restricted the usefulness of the coded pad in the throwout
mechanics study. [t had been planned to use data on areal distribution and

comminution of frugments from the pad to (1) gain insight into the change from
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compressive to tensile failure of rock at the ground surface as a function of
distance from the burst point,and (2) study differences in throwout trajectorics

of fragments from zones in and near ihe crater having these different failure modes.
Figure 2, 5 shows the array of the coded grout experiment, Figure 2, 8 shows the
coded grout pad in place. The top: of the uppermost coded grout cylinders are
also visible in this photograph.

Since it was necessary to recover fragments of coded grout that would be
buried in the ejecta lip, it was decided to excavate a 30~degree sector centered
on the S 63° W radial, from the crater edge to a distance 3 crater radii from GZ
after the shot, Th2 material excavated would be used a: the ciose-in ejecta
samples for determinations of fragment size and bulk density as a function of dis-
tance from GZ. Figure 2,9 is a view of the site made from the knoll north of

GZ after the charge was stucked.

2,4 DATA RECOVERY

The Flat Top | event took place at 0930 on 22 June 1964. The surface
wind was blowing from N 30° E at 12 knots. Atabe. 00 feet above ground the
wind was from N 36° E at 18 knots; at about 1, 000 feet above ground, the wind
direction was N 30° E, and the velocity was 14 knots.

Figures 2. 10 and 2, 11 are views of the crater and ejecta, Figure 2. 10

is a view into the crater from the north lip. Figure 2, 11 looks north from
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about 65 feet south of GZ,

Collection of ejecta samples from the stations farthest from GZ was
begun by H + 30 minutes. Collection of ejecta from ali sampiing stations was
completed on D + 1,

The ejecta samples beyond about 125 feet from GZ were badly contam~
inated by alluvium and organic material blown onto the collection stations by
the airblast. Loss of fine particulate due to wind or collection procedure was
negligible.

In the case of large fragments found partly on and partly off a collec-
tion station, the portion on the station was marked in the recovery procedure,
In determining fragment size distribution later, the weight of the portion on
the station was recorded with the equivalent diameter of the whole fragment,

The sample from Station J-18 was lost due to destruction of the
tarpaulin by the airblast. Other stations were damaged, but samples from
all other collection stations, a total of 110, were recovered.

Figures 2, 12 through 2, 19 show the ejecta samples at various collec~
tion stations. Appendix A gives u brief description of the postshot condition
of each collection station.

At some close-in stations, a pileup of debris on the side of the
4-inch-thick pad facing GZ was noted. Figures 2. 13 and 2. 14 show pro-

nounced examples of this. The qualitative effect of this condition on the
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ejecta sample is noted in Appendix A for all occurrences. This same effect
was noted at positions not occupied by collection stations because of irregu-
larities in the surface of the rock outcrop.

While the samples were being collected,it was realized that the collector
array was inadequate to provide an accurate estimate of arcal density as a
function of distance. The reason was that beyond a few crater radii most of
the ejecta mass at a given radial distance from GZ was concentrated in relatively
few large fragments, and these fragments were too sparsely distributed to be
adequately represented in the small area sampled. Figures 2. 15 and 2. 17
illustrate this problem,

It was proposed to handpick the ejecta in four 29-foot annular strips
across the 30-degree sector from about 175 to 800 feet from GZ; this would
have allowed comparison between the large annular samples and the samples
collected on the three extended radials, The comparison would have given
an indication of the reliability of sampling ejecta from shots in rock by small
collector stations.

The extra effort involved could not be accomplished within the scope
of the contract and, since it was decided not to enlarge the contract scope,
the comparison could not be made.

The samples were bagged, identified, and stored for shipment to the

Nevada Testing Laboratory (NTL) in Las Vegas,
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At NTL the samples were weighed and screened. The methods used
and the data obtained from each collection station are described in Appendix B.

The remaining field work involving data collection for other portions
of the project was accomplished as manpower and equipment became awvailable,
All field work was completed by 22 July 1964,

A survey crew provided by Holmes and Narver (H and N) determined
the elevation of the ejecta and fallback surface at 5-foot intervals along
radials from GZ to a distance of 90 feet, This leveling was done on 15 radials
at 3-degree intervals from S 42° W to S 84° W in order to cover completely
the 30-degree sector centered on S 63° W and any adjoining area that might
slump while ejecta were being removed from the 30-degree sector. Elevations
were determined to the nearest 0. 1 foot.

The ejecta in this sector were then removed in two increments by hand
labor. The increment from 2 to 3 crater radii formed one sample and that
from 1 to 2 crater radii another. Early results of Project 1.9 indicaied an
apparent crater radius of 29 feet; therefare, the samples were collected from
29 to 58 feet and from 58 to 87 feet from GZ.

After the lip ejecta had been removed, the H and N survey crew
determined elevations over the excavated suiface at the same distances and
azimuths that had been covered in the pre-excavation survey. Again the

elevations were determined to the nearest 0, 1 foot. Because there had been
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ro slump in the ejecta adjoining the excava’ed 30-degree sector, the post-
excavation survey covered only the 11 radials 3 degrees apart from S 48° W
to S78° W,

Appendix C gives the pre- and post-excavation profiles made over the
crater lip in this sector, Figure 2, 20 shows the 50-degree sector after
excavation of the outermost sample was almost complete. Figure 2,21 is «
post-excavation view of the area in which the innermost sample was taken,

The personnel shown in Figure 2. 21 are standing 29 feet from GZ
along the limiting radials of the 30-degree sector,

Figure 2, 22 is a closeup of the uplifted surface of the sector after
excavation. This view looks almost north from the southernmost limit of the
excavatrd sector, The camera bag is about 45 feet from GZ along the S 63° W
radial,

In the close=in region the uplifted surface was covered with rock dust
from the explosion. This dust and the extreme fracturing of the uplifted rock
near the crater edge made it difficult to distinguish between ejecta and the
uplifted surface. It is doubtful that this distinction could have been made if
the original rock surface had not been painted before the event.

Fragments with an equivalent diameter greater than 2 feet were
separated at the site and weighed individually., 'The proportion inside the
sector was estimated for large fragments cn the sector border and the weight

of the proportion inside the sector recorded with the total fragment size, The
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ejecta from the excavated sector less than 2 feet in equivalent diameter were
taken to a screening plant located about a mile south of GZ where they were
classified by size into four intervals, The sized ejecta were then transported
by truck to Mercury, Nevada, where they were weighed.

Figures 2. 23 through 2. 25 show the screening plant. Truckloads of
the material recovered were dumped over an 8-1/2-inch-square grizzly. The
urdersize material passed into a chute and up @ conveyor belt orto a 3-inch
vibrating screen. The oversize material passed into a tiuck, and the undersize
material passed onto a 1-inch vibrating screen, From the 1-inch screen the
oversize material passed into a truck, and the undersize material passed into
a Jones riffle where it was quartered. Fragments smaller than 1 inch were
coned and quartered again and further sizing was done on these samples at NTL.

Loss of fine particulate was unavoidable in screening these large
samples. The total loss of fines from the two samples is estimated to be of the
order of 100 pounds. Reduction in size of the ejecta due to handling was
considered to be a second-order effect. Appendix D presents the data
obtained from the two close~in samples.

The search for close-in fragments of coded grout was made concurrently
with excavation of the 30-degree sector of the lip and with excavation of
fallback along the S 63° W radial by Project 1. 9 personnel, In the close-in

region the location of coded fragments was determined by plane tabling or by

taping distances to fixed points,
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Excavation of the fallback was done with a crane-mounted clamshell

el

(Figure 2.25); a thorough search for grout fragments within the apparent
crater was precluded by the speed with which the material was excavated,

Thorough recovery of grout fragments within the crater was further
complicated by the covering of rock dust over surfaces ¢f limestone blocks
containing the grout. A typical close-in fragment of qrout with the dust
removed is shown in Figure 2, 27.

Beyond 3 crater radii from GZ, the 30-degree sector was divided into
25-foot radial increments to a distance of 1, 000 feet from GZ. The limits of
each annular increment were outlined with lath., Each increment was then
thoroughly searched for grout fragments by from three to five men. Figure
2, 28 shows a large fragment of a coded cylinder found about 200 feet from

GZ. A few fragments as small as the ultimate identifiable particle, containing

only a single bead, were found.

The location of fragments of coded cylinders was marked on a plane
table map by the H and N survey crew, after which the fragments were
identified and bagged. The location of fragments was plotted to an accuracy
closer than 5 feet,

On each sweep of a 25-foot annular area, the location of the first
and last fragment of each color of the coded pad found was also plotted on

the plane table map.
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Because all detuiled reports of the distribution of coded ejecta from
zratering explosions indicote that deviations from radial trajectories are
common, angular dispersion of the grout fragments was expected. However,
because of the care &i:en to align the coded material along a radial where
the effect of geologic inhomogeneities on trajectory azimuths would be
minimized, it was expected that virtually all of the fragments would be found
within 15 degrees of S 63° W,

Actually the trajectories of most of the fragments were deflected
considerably to the south, and the sector searched beyond 3 crater radii was
extended another 25 degrees to the south. The procedure usad to search the
extended sector was the same as that used in searching the original 30~-degree
sector.

A cursory search for fragments of the coded pad was made beyond
', 000 feet from GZ to determine the maximum mnge for fragments of each
grout color, Another cursory search was made south of the extended sector,
where a few fragments of the coded ejecta were found. Awailable time was
insufficient to extend farthe: the sector in which a thorough search for frag-
ments could be made.

It is considerad likely that extending the thorough search to the south
would have resulted in discovery of a significant number of fragments of the

two colored segments of the coded pad nearest GZ. 1t is unlikely, however,
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that this extended search would have resulted in discovery cf enough fragments

of the other two segments of the coded pad, or of the coded cylinders, to

i il L T N

cause significant changes in the conclusions drawn in the following chapter.

Appendix E gives the range from GZ and azimuth of the recovered
fragments of coded cylinders. The distribution of fragments of the coded pad
is presented graphically in the following chapter.

There was genera! interest as to the distribution of ejecta at distances
beyond about 2, 500 feet from GZ. Safety criteria for the hazard from flyrock
nad been based on data that indicated that there would be essentially no
ejecta thrown beyond 2, 550 feet from GZ; however, this range was obviously
exceeded by a great number of fragments from the Flat Top | event, some of
which passed over manned statiens,

‘he Scientific Director suggested that some effort be devoted to deter-
mining the distribution of ejecto beyond a range of 2, 550 feet; therefore, o
helicopter flight was arranged fo enable the Project Officer to assess roughly
the distribution of the fur-out missiles,

It was found that the greatest concentration of missiles and maximum
ranges from GZ occurred in a poorly defined lobe to the northwest of the site.
Fewer missiles at somewhat less range from GZ were found in a rough lobe to

“Fhe southeast, and somewhat fewer yet to the northeast and southwest.

Impressions of the roughly lobate character of the far-out missile distribution

LIRS
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were formed entirely on the basis of observations during the fiight, Time and

funds were not available to substantiate these observations by detailed work.

In the lobe to the southwest, missiles were seen on the west slope of
Balloon Hill, Missiles in the northwest and northeast lobes were seen far up
on the steep limestone outcrops of "anded Mountain and on the ridge between
Banded Mountain and Jangle Ridge (see Figure 2.1).  The orientation of
poughle slonwthe mtnike of fhe
beds and parallel to the dip.

The Project Officer directed the H and N survey crew to establish
contrc;l points and begin triangulation of impact points of missiles thrown
beyond 2, 500 feet to the southeast of GZ, This work was done intermittently,
as other survey work on the project permitted, until 17 July 1964, On this
date permission was obtained from the Test Group Director to survey the sector
from S 12° E to S 72° E for far-out missiles.

The decision to concentrate on tnis area was made for the following
reasons: First, the terrain was most open and accessible to the surveyors in
the southeast quadrant and a minimum of triangulation stations were necessary
to locate points in this area, By the time the far-out missile search had been
officially approved, about haif of the 60-degree sector had already been

searched, Second, the ground surface to the southeast is alluvium, and impact

points were more easily determined on soil than on rock. A heavy rain on
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10 July 1964 hod obliterated many impact marks made by missiles striking
rock, Third, it was thought that the missile concentration in this area was
fairly represent:tive of the average distribution of missiles in the lobes beyond
2, 500 feet f:om GZ. Finally, motion pictures had been made of the Flat Top |
event from stations southeast and southwest of GZ (Figure 2. 1). Thus it
would be possible to check initial velocities and angles of missiles thrown to
the southiast fiom picivies umde southwesi of GZ, Fictures made from the
southwest would provide information on the number of missiles thrown in this
direction and the proportion falling a distance less than the camera distance
from GZ,

Location of impact points of the far-out missiles was dene without
increasing the scope of the contract. The work was accomplished by H and N

survey crews with a minimum of supervision by project personnel.

Appendix F presents the results of the far-out missile survey.

317




*adojarua tyoyy
D §2N14sU0d O} Jua!d1ynsul w10 oypq  1sd OOE 04 001 woly ButSuns saunssasd Bujurtuos 104 aip ojoQ,

*suawidads asay} JO NOj LS spoyyaw Om} Aq spow suolbuIWIREp suawidads uaAas Ajuo woyy oynq

q

*PapNn|oxa aip ad0yIns punoib wouy uawioads pasayjoem auo 1oy oieQ,

S < q ol SUOL DUIWIR}a(]
L9l %zl L6L % €IS 9€°0 % £Z°0 obuny
L°st 0¥9 LE*0 . uoaw
. Ot x1sd 1sd
= yibuayg yibuayg O DY s,U0ss10y
uo>_nnuanU 6uyyidg s1uwouiQq
ajisuaf
q il ol of of Ll suolpulwiajaq
5°ZL % g0l B'0ZC06l 809%Z°0 LT LT LT o1 49T abuny
St 6°61 90 14T 12°C )
o...on x 1sd m...o— X 238/44 juanied 25/6 +3/6
SN|NPOW s, 6UNOL  AJ120[a A DADM Apsoiog  Ajsuaq uims Jybiay, 41un L1
siwoudq jpuoissasdwon

Viva 31dWVS JAD0¥ 40 AYVWWNS | °C 319vL

38




§§§§ CODED EJECTA SEARCH AREA

0 2, 000 4,000

S \d W LA ' [

NN\ FAR-OUT MISSILE SEARCH AREA T AT 0
A PROJECT 9.8 CAMERA STATIONS FEET

© GROUND ZERO CONTOUR INTERVAL: 20 FEET.

Figure 2.1 Flat Top 1 site, Area 9, Nevada Test Si..
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Figure 2.2 Geologic gketch of Flat Top 1 site.
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DETAIL OF COCED-GROUT PAD
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Figure 2.5 Experimental array.
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Figure 2.6 Emplacement of coded grout cylinders. (DASA 58-02-NTS-64)
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Figure 2.7 Detail of coded cylinder emplacement. (DASA 56-01-NTS-64)
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Figure 2.8 Coded grout pad in place.
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Figure 2.14 Station A-17. (DASA 67-03-NTS-64)
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(DASA 64-30-NTS-64)

Figure 2.18 Station O-17.
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Figure 2.22 Uplifted surface of excavated area. (DASA 73-11-NTS-64)
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Figure 2.25 Jones riffle used at screening plant. (DASA 70-14-NTS-64)
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Figure 2.27 Coded grout in rock fragment. (DASA 70-19-NT§S-64)
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28 Cylinder of coded grout broken loose from enclosing rock.

Figure 2.
(DASA 65-

18-NTS-64)
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CHAPTER 3

DATA ANALYSIS

3.1 cJECTA MASS DISTRIBUTION

As had been anticipated, the crater configuration and ejecta distribu-
tion were strongly influenced by the site geology. The apparent crater was
roughly elliptical with its major axis parallel to the strike and its minor axis
perpendicular to the strike,

The close-in ejecta were deposited in a rayed pattern. Six distinct
rays were formed, The four most prominent rays were nearly parallel with the
strike and perpendicular to it, although the northwesterly ray was displaced
somewhat west of the strike. The most pronounced ruy was down dip, covering
the 30-degree sector centered on the S 63° W radial. The two other prominent
rays were deposited due north and about N 40° E of GZ. These rays correlate
fairly well with secondary highs in joint frequency. It is possible that they
were caused by these secondary joint patterns. If so, their symmetrical
occurrence in the southern quadrant may have been prevented by the large
concrete pad emplaced there for Project 1. 2 (see Figure 2.9).  The rayed
ejecta pattern is clearly visible on aerial photographs of the crater, but a
suitable copy of such a photograph was not available for enclosure in the
report.

The lip about due west of GZ (i.e. just north of the excavated sector)
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was almost completely bare of ejecta (see Figures 2.22 and 3.1).  Ejecte
were only sparsely deposited in a sector centered on the radial about $ 55° E
from GZ. This sector was sheitered by the uplitt of a large block of the
Project i.2 concrete pad (see Figures 3.2 and 3.3).

Figure 3.4 is a plot of elevation differences between pre- and post-
shof ispographic maps of the crater area by American Aerial Surveys, Inc.

The contours showing changes in elevation include the effect of uplift as well
as ejecha thickness. The rayed pattern of ejecta distribution can be seen in
this illustration.

Figure 3.5 is an isopachous plot of ejecta thickness in the 30~-degree
sector centered on the S 63° W radial. This plot was made from the H and N
surveys over the pre- and post-excavation surfaces. Although it was not part
of Project 1.5 to obtain uplift informaticn, the uplift profile along the S 63° W
radial was obtained as a byproduct of Project 1.5 data and is presented in
Figure 3.5.

The volume of ejecta in the 30-degree sector 29 to 87 feet from GZ
was determined by three methods: (1) The centroids of the thickness profiles
from the H and N survey were revolved through appropriate arcs and the
resulting volumes summed. (2) The isopachs of Figure 3.5, from the Hand N
survevs, were planimetered and the volume computed. (3) The contours of

equal pre- and postshot differences in elevation of Figure 3.4, from the

aeria! surveys, were planimetered and the volume computed. From this the




volume of the uplifted |ip, obtained by revolving the S 63° W uplift profile
through 30 degrees, was subtracted. Contour intervals from the aerial surveys
were not detailed enough to give reliable results in the region from 58 to 87
feet.

The results of these computotions are given in Toble 3.1. The bulk
density of the ejecta from the two samples was computed by dividing the
weight of the samples by the average volumes found by methods No. 1
and No. 2. The bulk density of the somple 29 to 58 feet from GZ averaged
100 pcf, and the sample from 58 to 87 feet averoged 142 pcf.

The difference -~ bulk density as a function of distance is ottributed
to differences in ejecto thickness. In the sector sampled, ejecto thickness
ranged from about 0.5 to 6.5 feet at radial distances of 29 to 58 feet from
GZ; hence, bulking of fragments was significant in this region (see
Figure 3.6). Ejecta thickness ranged from O to about 1.5 feet ¢t radial
distances from 58 to 87 teet. Over much of this areo the ejecta distribu-
tion was nearly a monolayer of particles.

Six truckloads of the fallback removed by Project 1.9 personnel
had an average bulk density of about 180G pcf in the as-ioaded condition
(Reference 17). Truckloads of the screened material also averaged about
100 pcf.

Areal density as a function of distance from GZ was computed from
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determinations of ejecta thickness in the lip area. Ejecta thickness was
found along the 24 sample radials from Figure 3.4, after which corrections
were made for uplift. The uplift corrections were made by assuming that

the two uplift profiles along the strike and the two perpendicular to the

strike were representative of their respective 90-degree sectors. Uplift
profiles used, except along the $63° W radial, were furnished by Project 1.9
personnel (Reference 17).

Ejecta bulk density was assumed to be 100 pcf where the elevation
differences of Figure 3.4 were greater than 2 feet. In the region between
100 and 520 feet from GZ, ejecta areal densities were detemined by taking
the mean of the samples collected at a given radial distarce. Figure 3.7 is
a plot of mean ejecta areal density as a function of distance from GZ.

Ejecta mass through 100 feet from GZ was found by planimeter to be
2.63 x 106 pounds. This number includes a small adjustment for the uglift
of the Project 1.2 pad as well as adjustment for the four uplift profiles.
Integration of the area under the areal density versus distance curve of
Figure 3.7 gave an ejecta mass of 2. 26 x 'IO6 pounds through 100 feet from
GZ. This was a machine integration from point to point assuming a power
law fit between points.

Two methods were used to integrate the areal density-distance curve

ecta mass between 100 and 520 feet: Cne mathod assumed
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areol density varied us the two line segments shown in Figure 3.7. These
segments represent best fit mean values of the slope through 270 feet, extended
to 520 feet. Computed ejectu mass from 100 to 520 feet was 0. 26 x 106 pounds
by this method. The other method used was the point-to-point machine inte-
gration. This colculotion gove an ejecta moss of 0. 34 x 106 pounds from 100
to 520 feet. Thus, calculotions of ejecta mass through 520 feet give values
ranging from about 2. 52 to 2.97 x 106 pounds, depending on the procedure
used.

With the ejecto sampling data that are available, it is not possible
to compute total ejecta mass with the accuracy hoped for when the project
was plunned. An approximate lower bound of 2.52 x 108 pounds is obtoined
by accepting the minimum colculation based on sample data throug" 520 feet
and assuming that the ejecta deposited beyond this distance are negligible.
This is not a particularly good assumption, as discussion of the far-out missile
survey (Section 3. 3) will demonstrate.

An attempt was made to draw an upper bound for total ejecta mass
by the following calculation: The toil of the areal density curve is usually
approximated by a power law fit that is terminated at some arbitrary distance.
Using this assumption, the areal density-distance curve was extropolated to
4,000 feet, the approximote distance of the farthest recorded missile, by

extending the pcwer law best fit of data points between 125 and 520 feet.
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Integration of this curve gave a completely unreasonable value of 1.44 x 107

pounds for total ejecta mass.

Data from Project 1.9 indicate an apparent crater volume of about
370 yd3 and a true crater volume of about 900(+100) yd3 (Reference 17).

If it is assumed that total ejecta mass is equal to the preshot mass of the
true crater volume less the mass of fallback material, computed at 100 pcf,
total ejecta mass ranges between about 2.44 ard 2.82 x 106 pounds. The
effect on true crater volume of density changes in the medium around the
crater due to shattering of the rock cannot be evaluated.

Because of differences in definition of crater parameters to be discussed
in Section 3.4, the Project 1.9 dota are not comparable with those used in
this analysis; therefore, close agreement between results of ejecta mass calcu-
lations using the two sets of data is not to be expected.

The ratio of the range of areal density to mean areal density at a given
radiai distance is shown in Figure 3.7. This ratio, rather than the standard
deviation, is given to emphasize that the distribution of areal density asa
function of azimuth is unknown. The ratio of range to mean is seen to increase
almost exponentially with distance from GZ through 270 feet, where the num-
ber of sampling stations per ring was decreased.

The increase of sample scatter with distance is attributed to two

factors: One factor is the increasing concentration with distance of ejecta
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mass in a relatively few large fragments. The likelihood of obtaining repre-
sentative ejecta samples with a few small collector surfaces under these
conditions is remote. An example illustrating this point was seen at the
270~foot sampling ring where over 80 percent of the mass collected from

10 pads was in a single fragment. The second factor concerns concentration
of the ejecta mass in rays. Intuition suggests that for a rayed deposition
pattern the true probabil ity density function for areal density at a given
distance is at least bimodal. For a distribution of this type, the mean is

not necessarily a good estimate of central tendency; something must be known
about the relative probabilities of being on a ray or between rays.

For the Flat Top | event the sample array was inadequate to define
differences in ejecta distribution as a function of azimuth. There was a
complete hiatus in sampling of noncoded ejecta between 520 and 2, 500 feet.
A qualitative description of ejecta distribution beyond 2, 500 feet is given

in Section 3. 3.

3.2  EJECTA SIZE DISTRIBUTION

The site geology caused differences in the size of |ip ejecta up dip
and down dip from GZ. Up dip, large blocks of |imestone parted along
bedding planes, sliding up and away from GZ. Figure 3.8 shows the best
exanple of this. The largest portion of the block shown had dimensions of

about 5-by-3-1/2-by-2 feet. It is a question of definition as to whether
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these upthrust blocks are ejecta or uplift; for this analysis they were assumed
to be ejecta.

In Figure 3.9, also taken on the eastern portion of the lip, the large
fragment behind the camera bag has been overturned, with little horizontal
displacement. The smooth upper surface to the right is a bedding plane.

The pointed surface originally at ground level is lying face down.

No fragments as large as the upthrust block shown in Figure 3.8 were
included in the ejecta along the western side of the crater. The beds dipped
away from GZ in this direction, and large blocks separating along bedding
planes tended to be displaced upward more or less as a unit. These blocks
were defined as the uplift surface. Figure 3. 10 illustrates this phenomenon.
The view is of the bare surface, just north of the excavated sector, looking
east toward the crater. In the excavated sector this intense fracturing of
the uplifted surface extended about 35 feet from GZ (see Figure 2.22).

The largest ejecta fragment in the sector between 29 and 58 feet from
GZ measured 4 by 2-1/4 by 2 feet, and weighed 1, 190 pounds; the largest
ejecta fragment between 58 and 87 feet from GZ measured 3 by 2 by 1 feet,
and weighed 722 pounds.

Figure 3. 11 shows plots of cumulative percentage of ejecta finer than
a given size and incremental percentage of ejecta in given size intervals,

as a function of fragment size. These plots are for the samples of :jecta
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taken in the 30-degree sector and in the sampling rings at 100 ond 125 feet
from GZ. For reaons discussed previousiy, the sampling array was inadequate
to provide representative data on ejecta size distribution beyond 125 feat.

(It was originally planned to size a sample of the fallback material excavated
by Project 1.9, but this was precluded by lack of time.)

The plots in Figure 3. 11 show tha!, within the range of distances for
which valid data were obtained, the size of the largest ejecta fragment
decreases, and the proportion by weight of fragments in given size intervals
increases with decreasing size, as the distance from GZ becomes greater.

The results are not unexpected, but as far as is known, these relationships
have not previously been investigated in o quantitative manner.

Figure 3.12 shows the results of combining all the ejecta size data
after weighting with respect to ejecta mass represented by each sample. The
machine computation of ejecta mass using the areal density data plotted in
Figure 3.7 was used in the weighting procedure. The hump in the size inter-
val from 3 to 8-1/2 inches may be related to the spacing of fractures and
bedding planes. From field observations it seems |ikely that the hump would
be more pronounced if the class intervals had been so chosen that one inter-
val was intermediate between the 3-to-8-1/2-inch and the 8-1/2-tc-24 inch

intervals.
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The relative proportions of intervals of fines were not accurately
determined, but this has little effect on the proportions determined for the
intervals of coarser material. Limitations on the accuracy in detemining
the proportion of fine material are discussed in Appendix B and Section 3. 3.
The cumulative effect of all limitations of the size analysis results in an
understatement of the true amount of comminution caused by the explosion.
(The data were not sufficient to analyze variations in ejecta size distribution

as a function of azimuth. )

3.3  FAR-OUT MISSILE SEARCH

As noted previously, no effort was made to collect data on noncoded
ejecta distribution between 520 ond 2, 500 feet from GZ. A particularly
large splash crater was seen in the sector searched for coded grout fragments
about 1, 250 feat from GZ. This crater was formed by the impact of a large
limestone fragment on alluvium. The crater diometer was about 5 feet and
its depth about 1.5 feet. Secondary particles of the limestone fragment
were found as far as 75 feet beyond the impact point.

Virtually all the ejecta found beyond 2, 50C feet from GZ were in
the form of shock comminuted but coherent masses of dust-size limestone
particles. The massive fragments had considerable cohesive strength but
were friable and could be powdered between the fingers. They were white

and showed grooves or slickensidzs on surfaces not broken by the impact
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of landing (see Figure 3.13).  These ejecta are referred to as shatter
canes.

Figure 3. 14 shows a thin section from the normal, unshattered ejecta
fragment shown in Figure 3.13. The phatograph was made with polarized
light at a magnification of 160 diameters. The individual calcite grains
are unbroken. This figure may be compared with Figure 3.15, u thin section
from a shatter cane photographed at the same magnification. The shatter
cone thin section shows innumerable close=-spaced fractures cutting individual
grains with no apparent control by grain boundaries.

Obviously, the size analysis of Sectian 3.2, based on screening
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