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Distribution of Meteoritic Debris About the

Arizona Meteorite Crater!

By John S. Rinehart?

The meteorite crater in northern Arizona, an
outstanding topographic feature of the ecarth’s
surface, is the earth’s largest authenticated
meteorite crater. It is a large bowl-like de-
pression lying in a sandy semiarid region of
northern Arizona which is readily accessible by
car. In outline, the crater is a rough square,
about 4,100 feet across and 600 feet deep, with
an elevated rim rising 180 feet above the sur-
rounding plsin.

The crater has been well known since 1870.
By 1909 it had been exhaustively described
(Gilbert, 1896; Barringer, 1805, 1909; Tilgh-
man, 19C5; Merrill, 1908) and most serious in-
vestigators agreed with the view that it had
been blasted out by the impact of a large mete-
orite. Numerous surveys have been made
since then with various objectives. The chief
surveys were thcse of Barringer (1914) and
Barringer, Jr. (1927), who were intent upon
locating and, if possible, recovering the large
meteorite that made the crater; and of Nininger
(1951; 1956).

In a recent book Nininger (1956) has given
an excellent description of the researches and
surveys made since the discovery of the crater,
and has critically reviewed all of the findings
to date. He also speculates on the nature of
the event that took place at the time of the
sarth’s encounter with the meteorite. When
did it strike? How fast was it moving? From
what direction did it come? How large was it?
Was it a single large meteorite or a swarm of
meteorites? Speculations of Barringer (1914),

1} This work was partially supported by Contract No. AFI19(604)-1801
with the Geophysics Research Directorats, Alr Force Cambridge Re-
search Center, Air R h and Devel t O d

3 Smithsonian Astrophysicel Observatory and Harvard College Ob-
servatory, Cambridge, Mass,

Nininger (1956), and others are inconclusive in
many instances because of the great paucity of
data.

The object of the survey reported here was
to make a careful, systematic investigation of
the distribution of the minuscule bits and
pieces of meteoritic material that are scattered
through the mantle of soil surrounding the
crater, with a view to fixing more closely the
mass of the meteorite that made the crater and
its direction of flight. Our study arose from a
suggestion by Nininger (1951), whose explora-
tory survey of the distribution of this material
indicated that the amount might total several
thousand tons, a weight many times greater
than the 20 to 30 tons of meteorites that have
been picked up in the surrounding territory
thus far.

To carry out this survey, the Smithsonian
Astrophysical Observatory sent an expedition
into the field during the summer of 1956. This
paper describes the results obtained.

Processing the soil sample

The expedition collected and processed some
700 soil samples. Developing techniques to
extract the meteoritic material from the sam-
ples was a major problem. Nininger’s method
had employed a magnet, dragged through the
soil. The adhering magnetic material was then
collected from the magnet and separated by
hand, or by the use of an inclined surface
which divided spherical particles from those of
more irregular shape. A disadvantage of this
technique is that it collects both weakly and
strongly magnetic material, although none of
the weakly magnetic material has been found
145
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to be of meteoritic origin. Such material, for
example, never gives a positive test for nickel.

Since it seemed unwise to collect such mate-
rial even in a preliminary extraction, and since
we were interestad only in the total amount of
meteoritic material present whether its shape
was flaky, chunky, or spheroidal, we did not
use Nininger’s method, but developed a speciai
magnetic separator which is shown schemati-

cally in figure 1.

samples sometimes varied by several hundred
grams. This volume of dirt can be put con-
veniently into two paper quart containers, and
was found to contain amounts of meteoritic
material entirely adequate for the determina-
tions. In taking & sample, we first scruped
away about an inch of surface dirt, vegetable
matter, and rocks, and then with a shovel
scooped. up enough soil to fill our containers.
Each sample was labeled at the site and brought

Ficuse 1.~-Magnetic separator, shown schematically.

The separator consists basically of a vibrat-
ing hopper and a slanted trough down which
the soil moves under the combined action of
gravity and vibration. The trough is about
one inch wide and two feet long. Three strong
alnico magnets are suspended above the trough.
As the soil moves dewnward, the megnetic
material flies up and adheres to the suspended
magnets. This method readily differentiates
between weakly and strongly magnetic mate-
rial, for the separation between magnet and
trough is adjusted so that only the strongly
magnetic material flies up. This technique
worked especially well in the present instance
because the unwanted constituents were, for
the most part, only weakly magnetic and the
line of demarkation between the two was very
pronounced.

Various criteria for choosing the amount of
soil to be processed were considered, and we
fixed on a volume weighing about 2,000 grams
on the average, as best, although individual

back to the laboratory where we separated it
into four groups according to size by shaking
it down in a series of U. S. Standard Sieves,
Numbers 10, 40, and 100, which yielded four
components. These sieves, which are commonly
used for soil analysis, are made from woven
wire mesh; the No. 10 sieve is woven with ten
fairly coarse wires per inch; the No. 100 with
100 fine wires per inch.

All meterial larger than 2 mm in diameter
was caught on the No. 10 sieve; this fraction
contained stones, clods of dirt, vegetable mat-
ter, etc.,, and was always discarded. Some
meteoritic material was lost in this way; its
amount is roughly estimated in a later section.
The material that passed the No. 10 sieve and
was caught on the No. 40, referred to here as
size 40 material, was between 2 ram and 0.42
mm ip diameter, about the size of coarse sand.
To be caught on the No. 100 sieve the particles
(referred to henceforth as size 100) must be as
large as 0.149 mm in diameter. The residue,
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or size “pan’’ particles, were then all less than
0.149 mm in diameter. The No. 10 fraction
averaged 17 percent by weight of the saraple.
The remainder of the material was usually di-
vided approximately equally among the other
three fracticns. During the early stages of the
program, each of these was run through the
magnetic separatcr individually.

The sieving accomplished two things: it in-
sured that large particles of soil or sand did not
seriously interfere with the extraction of small
magnetic particles while being processed in the
separator; and it enabled us to study the rela-
tive abundances of nonmeteoritic magnetic ma-
terials, which, from our point of view, were
contaminants.

The magnets collected three types of strongly
magnetic material: a meteoritic particle that
consisted mostly of nickel-iron; a meteoritic
iron-oxide particle; and a black, shiny particlc.
In addition, many particles were a cross be-
tween the first two types: patches or veins of
iron-oxide would contain bits of unoxidized iron.
Some dirt and a thin layer of yellow limonite
adhered to the meteoritic particles. The black,
shiny particles were probably bits of magnetite.
The three types are most easily identified by
mountiug them in plastic and then grinding the
plastic so that the particles are seen in cross-
section. The copper from a copper sulfate solu-
tion plates out immediately on the iron particles
so that these can easily be distinguished from
iron-oxide particles although both have a metal-
lic lustre. The relative percentages of each
type of material varied among the size groups.

The meteoritic particles had various shepes:
flakes, angular chunks, and ball-like masses.
No very serious attempt was made to classify
them because Nininger (1956) has already done
so well in this regard. A portion of each sample
was mounted in plastic, and many of the
specimens were polished and inspected to make
sure that the contents of each sample were
principally meteoritic.

About one particle in every ten of the size 40
group was wholly nickel-iron in samples whose
concentration of meteoritic material was high.
'This ratio varied a great deal however from
sample to sample. Only a few particles were
of the black, shiny type; the amount of this
contaninant was much greater in the smaller

sizes, with the No. 1C0 componen: ccntaining
about 15 percent. The “pan’” material was
found to be ss highly contaminated that we
could not determine the exact amount of mete-
oritic material present, but examination under
a microscope showed that meteoritic fragments
formed an exceedingly small percentage of the
total magnatic component.

The correlation between the percentage of
meteoritic debris in the finer material (size
100) and that in the coarser material (size 40)
was found to be quite good; values for a number
of representative samples are plotted in figure 2.
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Figure 2.—Correlation between peicents of size 100 and size
40 materials. Each point represents an individual sample.
Ordinate is the percentage of size 100 material in the sample;
abscissa is the percentage of size 40 material.

The abscissa is the percent by weight of mete-
oritic material in the size 40 component of soil;
and the ordinate, the percentage in the size 100
component of the same sample. On the aver-
age, the concentration in the size 40 fraction
is seen to be roughly two and one-half times
that in the size 100 fraction. A similar plot
of size ‘“‘pan’’ versus size 40 showed oniy a very
slight correlation between the two, indicating
that a high percentage of the pan magnetic
material was nonmeteoritic. Usually, although
not always, the nickel test was negative with
the pan material.

Sampling procedure

The objective of the expedition was to sample
the entire area surrounding the crater and thus
determine as accurately as feasible the distri-
bution of meteoritic debris. Many factors
influenced the manner of sampling anl the
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number of samples made. Because of limited
time and funds, we decided to sample sparsely
over a wide area rather thean intensively over
a small region, and to take mainly surface
samples, relying on a few representative holes
for an indication of the vertical distribution of
material. We were anxious that our sampling
area be large enough so that at its periphery
the concentration of meteoritic material would
be negligible. Our procedure was to begin in
arees where we knew the concentration to be
high and work out from these as far as we
needed to.

Approximately 700 samples were taken from
the locations shown in figure 3. The pattern is
roughly a grid of 80 square miles with the crater
nearits center. The locations were separated by
a distance of one-half mile. In the early phases
of our work we occasionally took several samples
at a single location, to check reproducibility
of results or for other purposes; in general,
however, we took two samples, about 30 feet
apart. Each of these two samples was processed
individually in order to obtain a rough indica-
tion of the local variation or irregularity in
concentration. The two values were averaged
for most purposes.

With the first 60 or 70 samples, we processed
all fractions, except the size 10. It soon be-
care clear, however, that processing the ‘“pan’
gave no reliable information because it was
highly contaminated with nonmeteoritic mate-
rial so this was abandoned. For most samples,
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igure 3.—Locations of sampling points. The crater is indi-
cated at center. Open circles indicate surface points; solid
circles, holes dug.
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Ficure 4.—Locations and sample numbers of holes dug.

therefore, meteoritic material wes recovered
only from the size 40 and size 100 fractions.

The first step in processing was the careful
weighing of each soil fraction. The magnetic
component extracted from each fraction was
weighad on an analytical balance and the per-
centage of meteoritic material computed. These
percentages are Jisted in table 1 for all size 40
and size 100 samples; figure 9 shows their
locations.

To study the vertical distribution of material,
we dug to bedrock at 25 locations, shown in
figure 4, and sampled the soil every few inches
along the wall of the hole. Great care was
taken not to contaminate a sample with dirt
from some other puart of the hole. The two
lines of holes were chosen so0 as to traverse areas
that could be considered representative of the
whole region over which surface samples were
taken. Bedrock was ususlly only one to three
feat below the surface. In most holes the
amount of meteoritic material decreased rap-
idly with depth in an approximately exponential
fashion. In a few holes the concentration re-
majned about constant from top to bottom.
The distribution within each bole is shown in
figure 5. Detailed data are listed in table 2.

Estimate of total mass of meteoritic macerial

The data obtained provide the basis for 'esti-
mating the total quantity of meteoriticjma-
terial around the crater. Such an estimate
suggests a minimum value for tha mass of the
metecrite that produced the crater. The pe:-
centages of size 40 magnetic material are the
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Ficure 5.—Vertical distribution of meteoritic debris in each hole; sample numbers are given at the top.
most reliable, and we have therefore used them by snil of mass S is given by
throughout as primary data. 38
To estimate the total weight, W, we eveluate V=§ ? @)

the integral
[ puav W

where p, is the density (gm/ec or 1b/{®; of
meteoritic material. This density of course
varies from point to point. The volume over
which the integration is carried out iz the
mantle of soil around the crater.

Certain assumptions and a number of ap-
proximations, some very good and others quite
rough, must be made in order to carry out the
integration.

First, we establish 2 standard soil sample.
By weight this sample consists of 17 peicent
size 10 fraction, 25 pe-cent size 40 fraction, 30
percent size 100, and 28 percent size ‘“‘pan.”
These percentages were obtained by averaging
values from the 700 samples taken.

Second, we assurue that in situ the soil hus a
void ratio of 1/3 so that the volume, V, occupied

where p i1s the average density of the soil
particles themselves. Since the soil is mostly
quartz sand we take p equal to 2.65 gm/cc or
2.65X62.4 1b/ft.?

Third, since the size 10 magnetic component
was not measured and the size 100 and size
“pan” were unduly contaminated with non-
meteoritic material, we must infer the amounts
of size 10, size 100, and size “pan,” from deter-
mination of the amount of size 40 meteoritic
material. The amount of size ‘“pan’’ was taken
a8 zero since there was 8o little correlation be-
tween size 40 and size “pan.” The amount of
size 100 component, as indicated in figure 2,
averaged about 0.4 that of size 40. The size
10 fraction of soil usually consisted of small
clods of dirt which broke up into sizes 40, 100,
and “pan” when crushed. Hence we assumed
that the amount of meteoritic material could
best be approximated by taking it as equal to
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the average of the other three components.
Summarizing, we have

m,=0
Mi=0.4 Mo

Myt-Mut+mi_(0+1+40.4)
3

3 mw=0-5 My

Mye

where m, is the mass of size “pan’’ meteoritic
material in the sample of total masz S; m, the
mass of size 40; m,, the mass of size 100; and
mMmye, the mass of size 10. Our final estimate for
the total mass, m, of meteoritic material in a
soil sample of mass S is the sum of the masses
of the individual fractions or

m=1.9 my
Now, as mentioned above
Sw= 0.25 S

where Sy is the mass of the size 40 fraction of
the soil so that

Mu
m=0.5 z— S S. 3)

Combining equations (1), (2), and (3) we have

W= f 0.5 '—gf‘) (g p) av @)

which can be integretcd if we know only the
ratio, m/Sw, for each point.

Fourth, while this ratioc is well established
at the surface of the scil mantle, we need to
nmake some assumptions regarding the variation
with depth. The vertical distribution of mete-
oritic material within the hoies shows that the
density decays roughly exponentially with
depth and is reasonably well ropresented by the
equation

Pm=Pm°‘L“' (5)

where pm, is the density of meteoritic material
at the surface and y is distance in feet below
the surface. The constant in the exponent was
chosen so that p, would be equal to Yeom, for y=
¥ ft. The choice is in good accord with the
observations made in the 25 holes.

Fifth, we sssume that the average depth of

the mantle is two feet. The exact depth is not
critical because the density of meteoritic mate-
rial falls off so rapidly with depth; at two feet
it is only 0.06 the surfacs density. The average
density, pm,,, in & mentle of this depth is

14l | 1
pm..*=§ﬁ pmjeap”dy=5gg Pmy  (©)

With these assumptions we can now perform
the integration. We have according to equa-

tion (4)
W=0.5 (g p)z (’—é‘f Vi @

where (ﬂ‘-"> is the average value of the ratio
S/

for the volume element V, of the mantle. Now
V. can be replaced by 24, where A, is a surface
element of the mantle expressed in square feet

L) el (".’10)
and ( T )‘ can be replaced by 5.88 \ B s,

where the subscript & denotes the surface value
of the ratio. Substituting these values into
equation (7) we have the weight in pounds,

W=0.5X2X 5= 88><3><2 65 X62. 42 (Sm )

=382) (52 N

The value of the summation is most easily
computed from the chart in figure 6 which gives
average values of the ratio for segments of area.
We find that

Z(?’ A,=6.46 X 10" ft2.
0./8;

Substituting, we have

W=38.2X6.46 X 10°
=24.7X10°% Ib,
or
=12,000 tons.
Thus the total amount of finely divided meteor-
itic material present in the soil is about 12,000

tons. However, this figure is subject to a still
further uncertainty. We noted that about 90
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percent of .the. meteoritic material that we
ccllected is iron-oxide, Fe;O, and contained
27.6 percent oxygen by weight. Thus, about
one-quarter of the above estimated mass is
very likely terrestrial oxygen that combined
with the meteoric iron after its encounter with
the earth,

Further, there seems to be no way to ailow
precisely for the amount of contaminating ma-
terial present. Increasing the area of the soil
mantle over which the integration was taken
enlarges the error caused by contamination
since in the outlying regions the ratio between
contaminant and meteoritic material becomes
over larger. We have tried to choose an ares
that minimizes the effects of conteminants but
at the same time includes almost all of the
moteoritic material. It will be noted, how-

ever, that even for the area chosen, the density
of magnetic material falls off less rapidly than
1/r* (r equals distance from center of crater) and
the integral dces not converge. At distances
of over about two niles from the crater the
percentages given on the chart are little if any
higher than the background containination
which on the average ranged from 0.002 to
0.005 percent. To obtain a true measure of
the meteoritic materiel, the percentage in each
segment should be reduced by this amount.
When this is donc our computed mass of 12,000
tons is reduced by about 10 to 20 percent.

Distribution of meteoritic debris

The distribution pattern of the meteoritic
debris around the crater is shown in figure 7,
based cn the data for the size 40 material

FiGURE 6.—Average percentages of sizz 40 meteoritic material in the soil around the crater.
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(given in table 1). The contour lines show
areas having equal densities of debris; the solid
lines represent 0.1 percent changes. The
broken lines indicate the 0.05 percent level.
The chart indicates several things. First,
the debris itself lies in a perfectly definite
pattern. Second, the crater itself does not lie
at the center of the pattern. Third, the debris
is symmetrically distributed about a line that
runs somewhat north of east. Its exact posi-
tion is hard to fix more specifically from our da-
ta, but the outside limits are due east and 45°
north of east. Fourth, the distribution, while
symmetrical, is not smooth, but contains several
local areas in which the density of meteoritic
material is high. And, fifth, there is a concen-
tration of material to the east of the crater.
Although the definite pattern of debris was
not surprising, it was encouraging, for it repre-
sents evidence that our data were not seriously
distorted by sample contamination with ter-
restrial magneiic material. The symmetry of
the pattern, its relationship to the crater, and

the localization of raaterial are our most signifi-
cant results, and will be discussed later.

It is interesting to speculate on how the me-
teoritic debris reached the points where it is
found today. The two chief hypotheses are:
the material fell to its present location shortly
before, just at, or shortly after, the instant of
the meteor’s impact; or the materinl was de-
posited, after the impact, by the action of wind
and water or other carriers. The very close
similarity between the distribution of ponder-
able chunks of meteoritic material, as shown in
Barringer’s (1909) chart, and the distribution of
minute pieces 8s determined by our survey, con-
stitutes strong evidence pointing to the first
as the most prebable hypothesis.

Nininger (1956) has suggested that a strong
wind was blowing at the time of the meteor’s
impact, and that the meteoritic debris repre-
sents condensation products from a vast metallic
cloud rising verticaliy from the crater and dis-
tributed asymmetrically about the crater by the
wind. Oursurvey does not support this theory,

| i ] 1

| 1 | |

Ficuxe 7.—Distribution pattern of meteoritic debris around the crater. Contour lines indicate areas of equal density, given in

percents; solid lines represent 0.1 percent changes; broken lines indicats the 0.05 percent level.
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however; it is not easy to imagine & wind strong
enough to propel large chunks and minute
picces of the same material in exactly the same
direction and for the same distance. The
present juxtaposition of the two classes of ma-
terial while not irrefutable evidence, certainly
strongly suggests that both were deposited at
the same time, and that any subsequent shifting
by the wind has been negligible. Many of the
bits are probably remnants of ponderable
chunks.

Shifting of the materizl by the wind over the
centuries is a reasonable thing to postulate, and,
in fact, the direction of the observed asymmetry
is that of the prevailing wind. Another possi-
bility which must be considered is that the
vaporized metal condensed in droplets which
fell with radial symmetry about thecraterand
were subsequently blown northeasterly by the
wind. The asymmetrical distribution of the
large chunks, however, cannot be explained on
this basis. If wind were a factor we might
expect that the bits would be sorted by weight;
no evidence of such & sorting was fouad.

A highly reasonable hypothesis is that the
meteorite approached the eerth from a south-
westerly direction and, when it struck, pitched
forward large quantities of metwvoritic material
to the position where it now rests. (Such a
shoveling action occurs frequently with ob-
liquely iimpacting high speed missiles.) Orbital
arguments do not favor any particular direction
of encounter except possibly east-west (or west-
east) slightly over north-south (or south-north).
When the meteorite struck it must have been
almost completely shattered, into pieces that
weighed from a thousand pounds or so down-
ward. No piece larger than 2000 pounds has
ever beeu found (Barringer, 1914) while thou-
sands of smaller pieces weighing a few ounces
or less have been recovered. Much melting and
considerable vaporization would have accom-
panied this shattering. It seems unlikely, how-
ever, that -nuch of the vaporized material would
have condcnsed into metallic droplets. More
rrobebly, it would have oxidized and drifted
off as a fine powder. On the other hand, the
sprays of molten material would probably have
moved along with the solid fragments so that

deposition of molten (which of course would
quickly solidify) and of solid fragments would
have occurrcd at the same time.?

Eventually, of course, both forms of materisl
would graduslly bave disintegrated, by a
process of oxidation and subsequent exfoliation.
The taenite, being more resistant to oxidation
than the kamacite, would be the last to go. It
is significant that Nininger finds that the me-
tallic bits contain about 17 percent nickel, &
composition compatible with that of taenite.
Thus, one would -expect to find in the seil
minute pieces of both oxide and metailic
matter, and even to find them intimately
mixed. The observed variety in particle shape
is likewise consistent with the view that these
bits are, in the main, remnants of larger chunks
of meteoritic material. The exact nature of
the bits is still being intensively studied and
they will be described in a later report.

The several local areas of high concentration
indicate that the rain of meteoritic debris was
spotty. Each area would then represent a
region in which a large swarm of fragments fell
after being ejected from the crater. This
theory receives strong support from the data
yielded by our pairs of samples. Recall that
two samples, about 30 feet apart, were taken
from each location; and the percentage of
meteoritic material in the two often differed
Ly a factor of two or three, and had no relation
to local irregularities of terrain. Local wind
eddies may have affected the distribution
slightly. Such highly localized variation in the
distribution indicates a second order patchiness
of the ejecta that is entirely consistent with our
knowledge of the phenomena of high speed
impact.

3 E. P. Henderson, of the U, 8, National Museum, after reading this
paper in manuscript, made the following comment:

‘“Possibly the mass that made the crater had sorne satcllite masscl,
These, being smaller, were retarded during the fall through our atmos-
phere, 30 possibly they fell outside the area of the crater. Being small,
they did not msake a crater. The crater-forming mass rotained its ve-
locity and was ablating until the moment of impact. Quantities of
material were removed and carried into the turbulent wake of the mete-
orite. Bince these pleces were small, their veloeity was quickly lost.
‘They should settle to the ground at a considerable distance short of the
end point of the large srater-producing mass. It would seem that such
material should be tracked almost up to the rim of the crater. On the
cpposite side and in iine with the trajectory of tae falling meteorite, one
should get places that broke from the large meieorite and rocks that

were tessed out of the crater. This point was stressed earlier In the
paper.”
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The direction of impact

The fact that the meteoritic debris is distributed
symmetrically about a line gives us the direction
but not necessarily the seuse of ihe trajectory
of the metecrite, Experience with the effects
of high speed impact shcws that one can un-
ambiguously associate symmetry of the ejected
missile and irapact debris with direction of
impact. The exis of symmetry and the tra-
jectory of the missile always lie in the same
plane. The same situation must obtain here.
Thus, if we assume that the debris now lies
where it originally fell, then there is little doubt
that the meteorite approached the earth along
the axis of symmetry of our pattern: roughly,
north of east or south of west.

Whether the approach was from the east or
from the west is debatable. If the meteorite
approached its point of impact at a steep angle
from the east, shedding material as it neared
the ground, deposited a substantial amount of
debris to the east of the crater and then buried
itself beneath the floor of the crater, it could
now lie under the southwest corner of the crater.
The assumption of a steep appreach would be
required to account for the fact that very littl»
meteoritic material is found to the west of the
crater although & large field of ejected boulders
lies on this side. On the other hand, the
meteorite could well have approached from the
west and thrown debris forward, to the east,
where we find an even greater accumulation of
large fragmented limestone boulders and other
ejecta than on the west. The boulders east of
the crater have been thrown farther than on the
west, in some cases two or three miles (Bar-
ringer, 1909, 1914). A western approach
would not requirs us to assume so steep an
angle of impact since we are now permitted to
assume also that meteoritic material was
thrown forward by the force of the impuct.
The evidence for a western approach is there-
fore the stronger.

Impactite and rock flour are other forms of
ejecta (Merrill, 1908; Nininger, 1954). Impac~
tite is sandstone metamorphosed by the intense
heat of the impact, and impregnated with fine
bits of meteoritic material and, occasionally,
bits of limestone. Two large patches have
been found, southLeast and northwest of the
crater. Thesandstone from which this material

was made lies deep in the crater. Rock flour iy
similar sandstone that was ground to fine
powder at the time of impact. Large quan-
tities lie within and piled more or less uniformly
around the rim of the crater (Barringer, 1909).
Large musses of meteoritic oxide and metsorites
are occasionally found embedded in it. It is
not at all obvious how the impactite and rock
flonr got to their present position. They prob-
ably were thrown out immediately after the
limestone boulders and meteoritic debris were
ejected, although it is difficult to demonstrate
this conclusively.

The structures of recovered meteorites also
suggest an approach from the southwest or
west. Maeteorites found to the east and north-
east of the crater have been severely altered by
heat and deformation. Those found far out on
the plain to the southwest and west, however,
are in their virgin state (Nininger, 1956), and
may well be pieces that broke from the meteorite
a8 it approached from the west. Usually these
specimens are fairly large and eare sparsely
distributed.

Heretofore, it has been postulated that the
metearite approached from a north-northwest-
erly direction (Barringer, 1909, 1914; Nininger,
1956). This conclusion was based, at first,
on a reconnaissance examination of the tilting
of the rock strata; later, on extensive drillings
made in the crater and on its south rim; and
finally, on magnetic, electrical, and gravimetric
surveys. These data are difficult to evaluate.
Many investigators have attempted to do so
and much of what has been written is naturally
conjectural. The magnetic, electrical, and
gravimetric surveys seem, in spite of some
contradictory evidence, to favor a southwest
to northeast direction. The observed anoma-
lies, shown in figure 8 (from Nininger, 1956),
are not pronounced but they all seem to lie
either in or beyond the southwest part of ths
crater.

Barringer made extensive drillings over a
long period of years, and thus established the
fact that large masses of fragmented rock lie
buried beneath the floor and south rim of the
crater. Since drillings have not been made at
other locations we have no way of knowing how
much fragmented rock lies beneath the east,
north, and west rims, and we know very little
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Ficure 8.—Results of various geonhysical surveys of crater.

about the shape of the subsurface region that
was shattered by the impact. Further data
on this point could be of very great help in
establishing the direction of impact.

— Aswell as we can determine, the only study
of the tilting of strata was a reconnaissance
surface examination made by Barringer (1909)
whose “findings have been summarized by
Watson (1936):

The least amount of tilt is found in the northern
wall. The slope increases along both the eastern and
western walls, until in the southeast and southwest
the strata are practically vertical. In contrast to the
strata so tilted, and separated from them by an abrupt
discontinuity, there occura, along the rim slightly east
of south, a broad arch, 2,700 feet long, the almost flat
strata of which have been raised vertically about 100
feet. The arch appears to be a localized uplift possibly
due to steam explosion subsequent to the complete
deceleration of the penetrating body. The peculiarity
of the tilting combined with the rock structure beneath
the crater, ruggests that the impact was not vertical,
as previously supposed, but at a considerable slant
from the north,

Location of meteoritic mass as concluded by Barringer
surveys cnd drillings up to 1928.

Location of electrical and magnetic anomaly recorded by
Jakosky,. 1939 (described as definite but weak).

Location of magnetic anomalies determined by Lundberg in
1937 (depth about 1200 to 1500 feet).

Locations of two high-density areas as indicated by gravi-
metric survey conducted by Roswell Miller, III, and
financed by the Barringer Company in 1851.

Three magnetometer itraverses (470 stations at 30-foot
intervals) run by A. Whelan for American Msteorite
Museum in 1947. (Only highly localized anomalies due
to near-surface materials were encountered.)

To test this theory of the direction of impact, a
churn-drill was put down through the center of the
arch in the south rim of the crater wall. Below a
depth of 1,200 feet the drill passed through a region
increasingly rich in loose meteoritic material and finally
stuck at 1,340 feet, a region very rich in nickel-iron and
exceedingly resistant to boring. The drill was slowly
forced through 30 feet of this material but it stuck and
remains completely immovable at 1,376 feet. The
behavior of the drill shows that the meteoritic penetra-
tion continued to a depth of over 1,300 feet and also
that very probably a portion of the original mass lies
buried beneath the southern rim of the crater. From
the position of this mass, the various depths of the
undisturbed strata under the crater, and the symmetrical
tilting of the crater walls around the north-south axis,
it was concluded by the Barringers and their associates
that the body struck from the north and at an angle of
approximately 45°.

1t is hard to appreciate, however, what these
tilt measurements do in fact signify. They
show us only the condition at the surface and
leave us completely in the dark as to how much
tilting and faulting has occurred below the
surface. Qur best evidence on this point is the
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overall shape of the rim of the crater. The medium would produce no rim at all. In
rim rises above the surrounding plain to a a plastic medium, such as steel, a flow of
height, about 160 feet, which is almost the same material would occur and a rim would be built
at all points. The rock strata are completely up very asymmetrical in height which would
exposed along the crest of the rim. The strata be greatest on the side away from that of the
and the general area of the crater lie more or missile’s approach. The rim would possess a
less horizontally salthough they dip slightly to bilateral symmetry about a line parallel to the
the north. The uniformly high rim must mean trajectory of the impacting missile.
that gross tilting and faulting are about the In the case of the Arizona Meteorite Crater,
same all around the rim. . the mechanical properties of the strata in sifu
This. sibu'a.tion is not surprising. At the must play an important role in influencing the
meteorite’s impact, one would expect the strata coufiguration that the strata assume after im-

:\?ojlrgglzz e;:’ t;:t?:;mtl;??ai?tixglglt’n:t?(ll)ertlltlit{;f;g pact (see Hager, 1953, for a detailed discussion
? » 4 .

which can be accomplished only under slow ?f .the strata).l r“%e ge.neral Idn'ft of the ;t;mta.

application of load. Fragmentation or faulling is in & northerly dxrectxon.. tis rOREoNaD 0 to

would radiate out from the point of impact and suppose that the mechamcal‘propertles ‘_’f the

would cease only when the stress of impact had strata ¢n situ possess an anisotropy which is

decayed to a value less than the fracture directly related to this northerly dip, and could
strength of the rock. Obliqgue impact into easily cause a failure pattern of the rock to
a perfectly brittle, homogeneous, isotropic assume an east-west symmetry. The pattern
I I I ] T I I I | T I
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Ficure 9.—Locations of all sampling points. - Distance between grid lines: 1 mile.
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might therefore bear littie relationship to the
direction of the impact.

Our argument here leaves much to be desired
in the way of completeness. It is indeed
unfortunate that we have so little experimental
data on these matters.

—Evidence for large buried mass

The data presented here give no direct indica-~
tion as to whether a large mass of meteoritic
material lies buried in the crater. If one ac-
cepts the low estimates, 10,000 to 15,000 tons
(Rinehart, 1950; Wylie, 1943) of the mass
needed to form the crater then no large mass
could possibly remain. If, on the other hand,
one accepis the 5,000,000 ton estimate of Opik
(1936) and of Rostoker (1953) as more realistic,
then the amount of meteoritic debris so far
recovered is insignificant and a large mass could
well lie buried. According to F. L. Whipple
(personal communication), a most reasonable

mass is that given recently by Hill and Gilvarry. .,

(1956), between 80,000 and 400,000 tons.

TaBLE 1.—Horizontal surface dislribution of meteoritic

material
Percent by weight of magnetic material
Location of
saraple (see Size 40 8ize 100
fig. 9)
In samples Average In samples Average
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TaBLe 1.—Horizontal surface disiribution of seleorilic
material—Continued

Percent by weight of magnetic material
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sample (see 8ize 40 8ize 100
fig. 9)
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TasLe 1.—Horizontal surface distribution of meleoritic TasLe 1.—Horizontal surface distributic of mateoritic
material—Continued malerial—Continued
Percent by weight of magnetic material Percent by weight of magnetic material
Location of Location of
ssmple (see Bize 40 Size 100 sample (see Size 40 Bize 100
fig. 9} £g. 9)
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218 o . 0007 L0008 | .0006 .000% . 00068 301 L0058 0272 .0185 0396  .0545 L0470
219 .C017  .0020 0023 | .0083 .0052 .0052 302 L0040 0085 0087 0432 . 0319
o . 0007 L0004 | .0011 . . 0026 303 .0066  .0080 .0073 | .0035 . 0050
221 L0180  .0147 .0164 | .0187 . 0110 304 L0031 0049 t .0083  .0022 . 0052
222 . 0085 . 0013 . 0039 . 0053 .0100 - 007 305 . 0036 L0017 5 . 0039 . 0047
L0024 . 0003 L0014 | .0050 4 J 308 L0196  .0005 .0148 | .0088  .0204 0181
24 .0005 0017 L0011 | .0018  .0009 .0012 307 b . 01321 0070 | .0074  .0174 . 0124
228 L0000 0000 . 3 .0014 . 0008 308 L0140 . 0241 L0100 | .0040 0030 0
228 . 0008 0005 L0006 | .0005 0015 . 0010 309 b .0021  .0020 .0020
227 L0125 0002 L0084 | 0001  .0007 J 310 L0152 .0190 0171 L0027 .0113 0070
228 L0042 0005 0024 | .0054 0042 . 0048 311 { . 0146 . 0245 L0047 . .0024
220 L0010 0039 . 0025 e . 0048 812 L0006 . .0007 0007  .0007 0007
230 L0020 0025 0022 0038 . . 0040 313 .0100 7 3 0053 .0123 .0u88
231 L0009  .0002 L0006 | .0011  .0007 . 00G9 314 L0075 .0100 . 0088 L0076 0058 . 0067
232 L0005 .0003 L0004 | .0012  .0018 . 0014 315 L0021 .00 .0048 | .0056 .00 0068
233 L0288 (0299 .0278 | .0053 0185 .0119 316 L0013 0000 0008 .0057  .0016 .0036
234 L0001 0017 L0000 | .o003 . 4 317 .0026  .0104 0085 .0038  .0013 . 0026
235 L0154 0172 .0163 | .0084 .0115 0100 318 .0018  .0081 . 0048 L0039 0067 . 0053
238 .0003 . 0000 A L0007 319 L0012 .0022 .0017 L0076  .0051 . 0064
237 L0203 .0129 0186 | . 0040 0144 320 L0120 . . 0082 L0151 .0089 .0125
238 0117 . L0086 | .0107 . . 0078 321 L0020 .0052 . 0040 L0017 0021 0024
29 L0000 .0110 L0100 | . L0178 | .0100 32 L0045  .0002 0024 i .0011 . 0016
240 L0082 L0028 | 0022 . | .0028 323 .0005  .0002 0004 .0008 . . 0008
241 . 0099 072 L0088 | .0085 . . 0062 824 L0040  .0006 0023 L0080 .0024 .0087
242 L0023 L0040 . 0082 0061  .0042 . 325 - - — - - —
u3 . 0068 . 0066 . 0067 . 0098 L0060 | 0082
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TABLE 2.— Distribution of meteoritic material in vertical

shafts
Percent by welght
Location of | Depth
sample (taches)
Bire 40 Bize 100

164 0 . 5600 .0302
2 . 3500 . 1080
12 . 0500 . 0408
24 . 0084 . 0087
165 0 . 0035 . 0160
3 . 0033 . 0021
12 . 0011 -. 0188
30 .0017 . 0067
166 9 . 0748 .0539
2 . 1800 . 0771
18 . 0118 . 0064
33 . 0054 .0163
67 (1] . 3030 . 0207
1 . 2050 . 0274
() . 1400 . 0288
18 . 0455 . 0043
168 [ <2220 .0128
1 .0788 . 0459
] . 1360 . 0150
169 (1] . 0834 . 0337
1 . 0630 . 0224
12 . 0036 . 0036
21 . 0054 . 0048
170 0 .0320 . 0431
1 . 0435 . 0139
25 . 0033 .01€8
54 . 0002 . 0042
171 1] . 0032 . 0234
1 . 0603 . 02868
12 L0274 . 0068
27 . 0013 . 0008
172 1] . 0054 . 0036
1 . 0066 . 0050
15 . 0002 . 0014
3 . 0001 . 0009
173 0 . 1295 . 0411
1 . 0810 . 0241
Bolime | e
174 9 » (l,gi . 0605
1 . 0024 . 0458
18 . 0430 . 0088
3 . 0250 . 0054
175 0 . 0179 . 0141
1 .0103 . 0143
12 . 0036 . 0018

39 . 0018
176 o Py it
1 . 0570 . 0144
9 . 0378 . 0104

196 0 . 6751 .

. . 0990 .0134
18 . 1630 . 0195
30 . 1425 .0174
197 (1] L1748 . G608
1 . 0903 . 0104
9 L0171 . 0384
18 . 0426 .0023
198 (1] L1218 . 0307
1 . 1031 .0150
21 . 0039 . 0013
42 . 0032 . 0043
199 1] . 0297 - 0060
1 . 0081 . 0049
7 . 0080 L0117
200 0 . 0072 . 0017
1 . 0101 . 0027
'] . 0060 . 0038
201 o . 0052 L0124
1 . 0048 . 0075
] . 0103 0144
15 . 0164 . 05368
202 (1} .0212 .0117
1 .0122 . 0099
18 - 0010 . 0007
a8 . 0008 . 0030
203 0 . 0105 . 0307
1 .0221 . 0053
13 . 0223 0033
204 0 . 0287 0209
1 . 0060 0141

18 - 0006
45 - 0066 0021

TaBLE 2.—Distribution of meteoritic material in vertical

shafts—Coutinued
Percent by welight
Loatio{x of (gem)
g = Sive 40 | Blze100
205 0 . 0064 .0013
1 .0012 . 0031
0 .C3% . 0006
206 0 . 0007 .0011
1 L0000 . 0008
11 ~0000 - 0000
7 0 .0012 L0016
1 .0001 0003
M5 0000
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