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A Probable Meteorite Crater of Precambrian Age 
at Hollef ord, Ontario 

c. S. BEALS 

AB TRACT:-A circular feature 1.46 miles in diameter and 100 feet deep located at longitude 76° 38' W and latitude 
44° 27' in soutbeastern Ontario bas been investigated as a possible meteorite crater. Stereoscopic studies of aerial 
photographs in conjunction with geological and geophysical investigations indicated the presence of a circular depres­
sion in Precambrian rock filled in and covered over by Palaeozoic sediments. Three diamond drill boles at distances of 
1,400 feet, 2,500 feet and 3,750 feet from the centre were sunk to sce whether the depth below the sediments and the 
sub-surface structure were consistent with a meteoritic origin. The results showed a depth and profile close to those 
prcdicted for a meteorite crater of the observed diameter. Below the sediments a thickne of several hundred feet of 
shattered and pulverized rock wa found for which no adequate explanation bas yet been found except that of meteorite 
impact and explosion. 

RÉSUMÉ:-Une dépression circulaire de 1.46 mille de diamètre et d'une profondeur de 100 pieds située par 76° 38' 
de longitude ouest et 44° 27' de latitude nord, dans le sud-est de !'Ontario, a été examinée en vue de déterminer s'il 
s'agit d'un cratère météorique. L'étude stéréoscopique de photographies aériennes exécutée conjointement avec des 
relevés géologiques et géophysiques ont indiqué la présence d'une dépression circulaire dans le roc précambrien, rem­
plie et recouverte de sédiments paléozoïques. Trois sondages à des distances de 1,400 pieds, 2,500 pieds et 3, 750 pieds 
du centre ont été effectué afin de déterminer si les profondeurs sous les sédiments et la couche inférieure sont d'origine 
météorique. Les ré ultats ont démontré une profondeur et un profil se rapprochant de ceux qui sont prévus pour un 
cratère météorique du diamètre ob ervé. Une couche de roc fracassé et pulvérisé d'une épaisseur de plusieurs centaines 
de pieds a été repérée sous les sédiments. Cette couche ne peut être expliquée que par le choc et l'explosion d'une 
météorite. 

Introduction 

Systematic studies of meteorite craters in Canada 
had their beginning with the inve tigations by V. B. 
Meen (1950, 1951) of the Chubb or New Quebec crater 
in northern Quebec. Meen's conclusion that the Chubb 
crater, 2 miles in diameter, at that time the largest known, 
was due to meteorite impact received general support 
from later studies by Harrison (1952) and Millman 
(1956) although their conclusions differed from his in 
certain details. 

hortly after Meen's first results were published an 
examination of aerial photographs of the Algonquin 
Park area of Ontario revealed another crater also about 
2 miles in diameter but with the kind of topographie 
relief and geological character suggestive of great age. 
(Millman, Liberty, Clark, Willmore and Innes, 1960). 
Later Meen (1957) made another discovery of a smaller 
crater in northern Labrador known as the Merewether 
crater and thi was followed by what has been, up to the 
pre ent, the greatest find of all, a tremendous crater of 
7! mile diameter at Deep Bay, Saskatchewan (Innes 
1957). Although the meteorite origin of these craters as 
yet lacks final proof the probability that they are due to 
this cause is considered to be high, and the fact that so 
many have been found within a short space of time 
suggests that the Canadian Shield is a good place to 
look for additional examples. With this object in mind a 
earch of Canadian aerial photographs was instituted in 

1955 and an account of the preliminary results has been 
given elsewhere (Beals, Ferguson and Landau 1956; 
Beals 1957, 1958). 
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So far the most important result of this search has 
been the discovery of the Holleford crater which was 
first detected by G. M. Ferguson and Miss A. Landau 
on RCAF photograph numbers A-13969-43 and -44. 
Reproductions of these two photographs are contained in 
a pocket in the back of this publication. A stereoscopic 
tucly of this pair of prints established the circular 

character of the feature, the existence of a rudimentary 
rim and the fact that the inner were much steeper than 
the outer slopes. 

A visit to the crater gave general confirmation to the 
information gained from aerial photographs but it was 
immediately seen that the stereoscope had given an 
exaggerated idea of the topography, which was less 
impressive than had been expected. While the crater 
had a diameter of well over a mile the average depth was 
less than 100 feet and it was clear that if this was truly a 
meteorite crater it had been filled in and covered over by 
edimentary deposits. In addition it was apparent that 

the sedimentary cover had been subject to considerable 
erosion, creating a drainage channel out of the crater 
and otherwise interfering with the symmetry of its form. 
In spite of these disturbing effects the general crater-like 
character of the feature was well maintained and it was 
decided to investigate it further, making use of topo­
graphical, geophysical and diamond-drilling techniques 
in the hope of gaining a more definite understanding of 
its origin. 



H 

Figure 1. Aerial view of Holleford crater. The lorge circle indicotes the top of the rim while the dip of the strato is shown by the small arrows. The three drill holes are indicoted by the circles 1, 2 
ond 3, lower right of centre. Top of the figure is North 
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A ;\IETEOHITE CRATER AT llOLLEFOHD, O~TAHIO ll!l 

Location and Surface Topo~raphy 

The longitude (76° 3 ' W) and latitude (H 0 27' X) 
of the crater place it about 17 miles northwest of 
Kingston, Ontario. The village of Holleford lies par tly 
'''ithin il circumference and several roads cro the rim 

' white one de cend clo e Lo the fioor of the crater. 
Knowllon Lake lies clo. e to the eastem boundary and 
the village of Ifarlington i. 2! mile to the outhwest on 
Lhe high"·ay from harbot Lake to Kingston. 

AlmosL the enlire area of the crater is covered by 
early Palacozoic sedimentary trata which slope genUy 
inward Loward · lhe centre. Owing to the effect of ero­
sion the circular form is more clearly outlined in some 
part ' of the fealurc than others, but there appears to be 
no exception lo Lhe rule that al! strata clip radially inward. 
The dcLails of the topography can be more easily followed 
by refcrence lo Figure 1. In this figure the circumferencc 
of the craler is indicated by the heavy circular line while 
separate areas arc outlincd by heavy brokcn lines. 

Approximalely in the centre of the photograph is a 
roughly circular area 2,200 feet in diameter de ignated as 
the floor of the crater. This lowest part of the crater, at 
an altitude above sea levcl of 492 feet, is all of closely the 
samc lcvel, alLhough the dark wooded parts, which are 
bog, are a few feet lmrnr than the lighter areas of pasture 
land. IL is partly flooded in spring and even in midsummer 
water i. close to the surface in many places. This part 
of the crater is almost entirely featureless and the more 
intercsting structural aspects are found in the sectors 
surrounding it. 

Looking outward from the centre, the arc ABC 
con titutes a moderately impressive cirque, rising to 
about 80 feet abovc the fioor with maximum elevations of 
up to 600 feet above sea level and unbroken by any 
marked erosional irregularity. The effect of erosion is 
however made apparent by the line of rock outcrops 
markcd by the light unbroken line a b c. In the vicinity of 
these outcrop there is an abrupt change in slope, the 
area above the outcrop being nearly flat. It seems prob­
able that this outer area has been planed off by erosion 
pos ibly due to glaciation and if this is correct the con­
clu ion follows that this topographically higher area is 
tratigraphically lower than the crater fioor. The point 

i illu -trated in Figure 2 (lower half) where full lines 
rcpre ent actual trata and dotted lines the part pre­
. ·umed to be removed by erosion. 

Following the circle around counterclocbYise the 
arc C D E define a sector of the crater where the walls 
rise to an average height of 50 feet above the floor. 

1o t of this sector has been rendered very irregular by 
erosion and the north-south road crossing it is featurcd 
by a series of gradua! rises and sha rp descents which at 
first appeared to have no obvious connection with crater 

. tructure. Ilowever, a carcful ;;tudy of the aC'rial photo­
graphs along wi th ground observations indicatcd that 
the irregularities could logically be cxplained in tcrm8 

of the ::;ketch diagram of Figure 2 (upper half). 

ERODEO STRATA 
EAST OF CENTRE 

SOUTH OF CENTRE 

HOL LEFORD CRATER 

STEEP SCARPS 

PROBABLE EXTENT OF EROOEOSTRATA j 
PRESENT GROUNO LEVEL 

Figure 2. Suggested explonolion of presenl ground topogrophy in terms of 
eroded sirota. 

Here i t ~s .seen that erosion has exposed a series of 
strata resulting in a succession of gentle slopes directed 
toward the centre of the crater together with short steep 
scarps in the opposite direction. The abrupt changes in 
the level of the road are explained by the fact that it cuts 
diagonally across several of these features. In Figure 1, 
the strike of the outcrops is indicated by light unbroken 
lines with arrows to show the direction of dip of the strata. 

The irregular sector starting with the arc E F G 
and extending inward to the floor of the crater is a 
uniformly fiat area consisting of wooded bog and pasture 
land and represents the drainage pattern out of the crater. 
It is extended outward beyond the crater circumference 
to the vicinity of nearby Knowlton Lake which is at a 
considerably lower level. There is a cliff-like slope along 
the line e e e which is one of the boundaries of the area. 
Part of the corresponding boundary on the northern sicle 
of the drainage pattern, indicated by the letters g g g, 
follows for several hundred feet the base of a fairly steep 
hill which seems to have the characteristics of a mound of 
glacial debris. Nearer the centre the west boundary of 
this sector follows rather closely the edge of a wooded 
bog which is a conspicuous feature of the photograph. 
The entire area of this sector is closely at the same level, 
492 feet above sea level, corresponding to that of the 
crater floor. 

The irregular sector G HI A has been much modified 
by erosion and pre,·ents aspects somewhat similar to 
those already described in counectiou with ;;ector DE F. 
The erosion has been deeper and more irregular and in 
the areas indicated by the lctters i i i the level is close 
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to that of the crater floor. There is a relatively steep 
scarp from 10 to 20 feet high along the line h h h with 
corre ponding gentle slope toward the centre of the crater. 
This scarp and the associated clip of the strata is an 
important indication of the location of the crater circum­
ference in the northwest sector. In this, as in other 
sectors where such features appear, all scarps or abrupt 
changes in slope accompanied by rock outcrops are 
shown by light unbroken lines with arrows indicating 
the clip of the strata. When the stereoscopic pair of 
photographs in the pocket of this report are viewed 
through a suitable instrument, these features are clearly 
indicated. 

Diameter 

The attitudes of the various strata of sedimentary 
rock which make up the visible crater surface are most 
easily explained if it is assumed that a circular depression 
was formed in the basement rock and that the sediments 
were deposited within the depression and upon the slop­
ing sicles. As a working hypothesis it has been assumed 
that the depression was a meteorite crater with a raised 
rim surrounding it and the term "diameter" as used 
here refers to the diameter of the rim measured to the 
level where the slope is zero, i.e. the highest point on the 
rim. In the present instance the location of the original 
rim must be inferred from the dip of the surface trata 
which becomcs more and more indefinite as the top of 
the rim is approached. l\Ioreover, there are places where, 
due to erosion or thickness of drift, there are no indica­
tions of clip at all. In addition, an over-all study of the 
topography indicates that any raised rim which may 
have originally existed was largely, but probably not 
entirely, eroded away before the deposition of sediments. 

The area where indications of dip are most clear is 
the sector C D E of Figure 1. Unfortunately the slope 
approaches zero just on the edge of a cliff dropping to 
the shore of Knowlton Lake and this somewhat reduces 
the weight of rim locations in this area. There are, how­
ever, some good indications of clip on the western edge 
of the crater, and the scarp in sector G HA marked h h h 
gives a useful indication of minimum diameter. The hill 
traversed by the road north of the line g g g has flat-lying 
strata outcropping on it eastern slope, indicating that it 
is near the crater rim, but the top of the hill and its 
southern and western slopes have no outcrops and there 
is evidence that the rock strata in this location are covered 
by a glacial mound. 

The diameter finally adopted i 1.46 miles or 2.35 
kilometres. The writer feels reasonably confident that it 
is not in error by more than 5 per cent and it seems 
likely that any subsequent adjustment will make it larger 
rather than smaller. 

Surface Geolo~y 

The geology of the crater and its urrounding ha 
been studied by M. J. Frarey (1955), Geological urvey 
of Canada, and bis conclu ion may briefly be um­
marized as follows. 

Precambrian rocks are di tributed along the west, 
north and east ides of the depre ion area. These rocks 
are a mixture of crystalline limestone and biotite gnei s 
with other constituents uch a quartzite and pink granite 
associated with the limestone. Small outcrop. of X epean 
sandstone (believed to be Cambrian) are present. These 
outcrops are thin, consi ting of quartz grains and pebbles 
colored red by iron oxide. 

Ordovician rock are found south of the crater and, 
to some extent on the west. In places the Ordovician 
limestone i observed lying directly over the Precambrian 
rocks, indicating the scattered nature of the depo ition 
of the N epean formation. The Ordovician rock cover 
the entire depression area and practically all of the rim 
as delineated by the circle of Figure 1. The limestone 
beds a re physically intact, undisturbed apart from the 
gentle dip toward the centre. Frarey concludes that the 
condition of the Palaeozoic beds restricts to Precambrian 
time any meteoritic impact or other disturbance forming 
the depre sion. In his discussion of a possible origin for 
the depression he points out that there is no visible 
geological evidence for a meteorite origin, but that other 
possibilities such as volcanism, differential ero ion, sink­
hole formation, block faulting or subsidence are un­
promising. He suggests geophysical observations or 
diamond drilling to ascertain the depth of the depression 
for comparison with known meteorite craters. 

Geophysical Evidence 

Magnetic Observations 
Fortunately, with the aid of the Geological Survey of 

Canada an aeromagnetic map of the region was located 
and studied to see whether there were any magnetic 
anomalies which appeared to have a relation hip to the 
form and location of the crater. The results of this study 
are best illustrated by the map itself, a part of which i 
illustrated in Figure 3. Here the crater rim is shown as a 
circle in the centre of the figure. The magnetic contour 
interval is 10 gammas, the ba e intensity being arbitrary. 

It is seen that no anomalies occur within the rim of 
the crater and tho e which occur outside the rim have 
no obvious relationship with the crater tructure. 
Accordingly, if the crater wa formed by an iron mete­
orite, the quantity of material remaining in the crater 
was too small or was buried too deeply to be recorded 
by an aeromagnetic detector flying at an altitude of 
500 feet. Indeed modern theory would indicate that a 
large part of any iron or stony meteorite which could 
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Figure 3. Aeromognetic mop of Holleford croter vicinity. lt con be seen !hot there is o minimum of magnetic disturbance within the circle outlining the croter. 

have formed the crater would have been blown out of it 
by the resulting explosion. On any impact theory of 
origin, therefore, the undisturbed magnetic pattern could 
be interpreted as a consequence of the removal of a large 
volume of basement rock from within the rim and its 
replacement by sediments of lower and more uniform 
susceptibility. 

The aeromagnetic evidence is not favorable to the 
idea of a volcanic origin for the crater , since it seems 
likely that such a phenomenon would have shO\rn itself 
on the map in a pattern in some way associatcd with the 
circular area outlined by the rim. White the information 
given by the aeromagnetic map cannot be said to have 
provided positive evidence of an impact origin, the 
evidence it does provide is not such as to discouragc 
further investigation by other means. 

Seismic Methods 
A ei mie study of the crater and its surroundings 

wa made by J. H. Hodgson and P. L. Willmore of the 
Seismological Division. A number of arrays of seis-
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mometers were set up along a diameter and shots were 
fired to determine the nature of the material under the 
limestone strata filling the crater. A number of trials 
rcsulted in values of velocity for the swampy soil cover 
(1,100 ft/ sec) and of the limestone strata (17,000 ft/ sec). 
No other onsets were recorded. From this it was inferred 
that t he relatively hard, dense surface limestone gave a 
velocity higher than the underlying material, resulting in 
the refraction of the seismic waves away from the surface. 
It was accordingly concluded that no results of any Yalue 
could be obtained by applying the standard methods of 
rcfraction seismology within the crater. 

Since much of the country surrounding the crater is 
undcrlain by Ordovician limestone similar to that within 
the crater, the next stcp in the seismic study was to 
determine the limestone velocity and the basemcnt 
velocity by mcans of a series of relatively long-range 
shots outside of, and some distance from, the crater. 
The resulling velocity for the limestone was 16,800 ft / sec 
and for the basement 19,000 ft/scc. 
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It was then felt that orne information concerning the 
material under the cratcr might be obtnincd by firing a 
number of shots within the rim and recording thcm at 
di:tances ranging from 3,000 feet to 12,000 fcet outside 
the cratcr. If, a. eemed probable, the matcrial undcr thP 
crater " ·as of lo\Yer Yelocity than either the basement or 
the surface limestone, this might well show up in an 
analysis of the travel times. The rcsult::; are illustrated in 
Figure 4. 

1-0r-

0·9 ~ TRAVEL TIMES FOR LONG-RANGE SHOTS -
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Figure 4. The travel-times for seismic shots fired inside the crater are on 
th e average laie, relative Io those fired outside in und isturbed 
rack. 

Three shots, numbered 50, 51 and 52 were fired inside 
the crater, and were reeorded by seismographs out ide 
the crater. A fourth shot (No. 53) was fired at a point 
out ide the crater, in such a position that the ray paths 
to both receivers could be assumed to lie entirely in 
undisturbed basement rock. The results are illustratcd 
in Figure 4, in which the number along ide each recorded 
observation refers to the shot, and the accented and 
un-accented numbers distinguish between the two 
stations. The two records of , ·hot 53 define the bedrock 
velocity of 19,300 ft /sec and the onsets for shot 51 fall 
fairly close to the same travel-time line. The onsets for 
shots 50 and 52 showed an average delay of nearly io sec. 

' 
' 

Precambrian 

52 

Limes1one 

Breccia 

' / 

~/To Radio Se1smometer. 

Figure 5. Diogra m illustrating ray paths of seismic shots fired inside the 
cra ter. 

The situation which could \Yell explain these results 
is illustrated in Figure 5. IIere it is secn that all t.hree 
shots traYcrse first the limcstone layer, then the a sumecl 
breccia, bcfore entering the basement rock. The geomctry 
of the figure suggest that hots 50 and 52 would pcne-

trate a greater thickne:s of brcccia than 51. Thi , 
combincd with local condition impo ible to predict, 
could account for the different hehaviour of ·hot 51. 
While the e result · are not definitive, they are neyerthe­
less consistent with the pre ence, uncler the crater, of a 
considerable thicknes · of low-Yelocity material of the 
kind associatecl wiLh a meteorite impact, namely, the 
broken and hatterecl layer· clesi"natecl as brercia. 

Gravity Studies 
Both the magnetic and . ei mie data were consi tent 

with the idea of a depression fi.lied with material of lower 
density and more uniform magnetic susceptibility than 
the surrounding country rock. White the e indication 
were not of positive character they cli<l reinforce the 
indication of the surface geology 'uggesting a clepression 
in t he Precambrian basement fi.lied with Palaeozoic 
sediments, with the aclditional uggestion of a brecciated 
layer with a relatively low density and a low velocity of 
propagation for ei mie wayes. 
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Figure 6. Diagrom illuslro ting the ne gotive grovity anomoly over the 
Holleford cra ter. 

It was considered that if these indications had any 
meaning they hould al:o be refiected in the gravity field 
over the crater. Observations of gravity were made by 
members of the Gnwity Division and the area wa 
covered by a net\\·ork of gravity tations. A. l\l. Bancroft 
analyzed the data and although the re ults are being 
published elsewhere, his main ronrlusiomi are e sentially 
as follows: 

In Figure 6 is ·hown the Bouguer anomaly map of the 
region. The contours are circular and follow in a general 
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way the outlinc of the rrater dcpression . Th<' g;ravil)' low 
in the rentre indicates an anomaly of approximately 
Lwo milligal . Thi. suggesls a circular dcpression filled 
'vith materia l which is on the average of a lo,,·cr dcnsity 
t.ban t he ·u1Tounding Prerumbrian roeb. SinC'r thr 
, cdiments on the urfare of the crnlr r a re of dcn;.;c 
lithographie limeslone of closcly the samc dcnsity as the 
Preca mbrian it i · evident that the low-densit.y matrrial 
must be at con. iderable depth. It could C'Onsist eithcr of 
lower den ity sediment.s or breceia, or both. Ba ncroft ha. 
est.imat.ed t.hat the maximum dcpth to the top of the low­
densiLy matcrial is 300 feet a nd that ils t.hicknN1s is 
bel wcen 400 and 1,600 feet. It is therefore roncluded that 
bct\\·een 700 feet and 1,600 fcet of drilling would be 
nceessary to be rca onably sure of penetrating the low­
den ity mat.erial and reaching undisturbed bedrock. 

The Diamond Drilling Program 

Allhough surface studios suggested that meteori te 
impact was a promising possibility for the origin of t he 
crater, it became clear that they could not by them elve 
provide definite an wers to the crater problem. Sinre 
practically the en tire original crater surface wa · believed 
to be buried beneath edimentary laycrs, on ly a method 
capable of penetrating to considerable depths and bring­
ing samples to the surface could lead to a dcfinite result. 
It wa accordingly decided to attempt a diamond drilling 
program in the hope of obtaining information concerning 
the dcpth and shape of the original crater surface and the 
materials of which it was composed. 

Plan for thi program werc con. iderably influenccd 
by previous experience at the Brent crater where there 
wa a similar situation of a crater in Precambrian rock 
filled with Palaeozoic sediments. At Brent a hole drilled 
with an EXT drill (core H in.) near the centre attaincd 
a depth of 570 feet but failed to rcach the original crater 
surface. A second hole drillcd near the edge of the r rntcr 
succeeded in penctrat ing the sediments where it encoun­
tered fragmcnted material at 135 feet identificd wi th the 
brecciated rock expected \Yith any explo ion crater. 
The difficulties cncountered in the deeper hole were 
largely due to ero ion of the walls of the ho le by the 
drilling water, in layers of poorly consolidated sediments. 
Because no casing was used, the hole became enlarged 
and caused vibration of the drilling rods, diminished 
efficiency and somctimes loss of rods and drills. Sorne of 
the e difficulties could 110 doubt haYc been tn-oided by 
the use of casing but primarily the drilling rig was loo 
light and it wa decided to ti. ·e heavier equipmcnt at 
Holleford . Accordingly AXT core (lî in. diam. ) or B 
core (lt in. diam.) was specificd for rC'covery. A gcncral 
de cription of the type of equipment u ed in diamond 
drilling ha already been given by Bremner (1955). 

6536-0-2! 

IIole 1 (8wf ace 4.92 fl abm•e sea lei•el ) 
I n choosing a loealion for the first hole, <·onsidcrahl<' 

\\·eight \\'US gi\·en lo thr pl'C\' ÎOllS CX J)('l'iC'l1{'(' in drilling 
at the Brrnl craler. In ordrr to makr rrasonably sure of a 
posili,·e rcsull it 1\·as dr('idcd lo drill the first hoir 1,.fOO 
fect from thr ecnt.rc of thr eratC'l' or o.:37 of tlw distance 
from the cC'nlre to the edgr. This holc \\·as on the fa rm 
of II. D. Babcock who kinclly gave permission to drill 
on his proprrty a nd was Yery hclpful throughout the 
life of the project. 

Drilling was commcnced on November 28, 1956. The 
drill rig \\'as set up on solicl rock ronsisting of scdimentary 
limeslonc so that no diffirulties duc to overburden wcre 
encounterccl. NX I.D. 3-inch casing was used to a depth 
of 20 feet, and cemcnted in place preparatory to drilling 
with BX rods and casing. The hole was ca cd 1Yith BX 
(I.D. 2g inrhcs) to 174 fcet when drilling commcnced wit.h 
A rods. At 174 feet water at high pres ure appeared in the 
holc a nd was forrcd out by gas pressure around the 
casing. Below 174 feet AX rod was uscd inside the BX 
ca. ing and at 205 feet gas was again cncountered which 
partially filled the drilling hu t and was ignited hy a 
lantern u. cd for nigh t operation . The rcsulting explosion 
started a fire \\·hich burned the hut to the ground and 
seriously damaged the equipment. * 

Becausc of nece · ary repairs drilling clid not recom­
mence until January 5, 1957. The progress of the drilling 
in hole No. 1, subsequcnt to the a bove occurrence was 
somcwhat crratic and difficult to relate clearly in detail. 
N umcrous difficulties \\·ore encountercd and considerablc 
length. · of d ri li rod were lost. The final re ul ts for IIole 
No. 1 may bricfly be summarizcd as follows: 

BX corc was recovered to a dept h of 610 feet. AX 
core was recovercd betwecn 640 feet and 1,128 fcet . At 
1,128 feet a considerable length of drill rod bccame 
stuc:k and the holc had to be abandoned. The sedimentary 
laycrs werc fou nd to extend to 750 fect and helow this 
leYcl broken, frngmentcd and pulveri zed rock was 
encoun tered, subscquent ly referrcd to tu; breccia. It \\·as 
hoped to dri ll t hrough the brecc:ia and t.hus measure it.· 
t hickness, but the drilling diffieullies preyented this. 

*One u1wxpprled result of the releuse of gas pressul'e ll'as that it 
intcl'fC'l'C'cl ll'ilh the flow of undC'rground ll'Ulcr " ·hich supplied :\Ir. 
B abroC'k's ll'ell. The \\'C' ll , 100 fC'C't drcp a nd !J-IG fect from the drill 
hole ll'Cnt comple tel.1· dry fol' sevel'al days a nd u lthough some of the 
" ·ater eventuall.'' returned, its quantily ll'llR nC'ver suffiC'icnt fo r the 
farm 1weds. Since t hl' \H'll \rns inside fl cattle barn it " ·a difficu lt lo 
dccprn it. A ll'l'il \\'US at·<·ol'ding ly drilled neal'b,I' in thl' hc licf thal 
\\'::tll'r \\'Oule! IJ<' fou nd in the nalural basin forn1C'd li.v the C' l'lllcr 
" ·ithin " ·hich tlw ll'l'il and a suhstanlia l pal'l of the Ba l>C"ork farm 
\\'Us loC'ated. \\'alcr \\' llS finally located al 220 fpp( but it prowd to 
huvl' a high Hait ront<'nl (t\\·ic<> lha t of sc:t mtl<•r ) and \1·as lhus 
usek•ss. Ev<>nlua lly on ad vice from E. l. l\: . Pollilt of tlw C:<'ologic·al 
Sul'V<'\' of Canada drilling 'rns <·omme m·pd ïOO i'<'C't frnm tlw original 
" ·e ll , ir1 slrata ll'h i ~·h \\'<'l'l' topogrnphi<"all,I' loll'<'I' but slra t igraph iC'ally 
highC'I' lhan those <"O nla ining llll' s:dl \ntlel'. Fn•sh \rnl<'r " ·as found 
at ï5 feet and the " ·<'Il " ·a s pushPd to 1.50 fppt to Pns11r<' a 11 ahu 11 da11( 
supply. 
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IIole 2 (Surf ace 537 fl above sea level) 

\Yhen it became clear thaL the first hole could not be 
pushed beyond 1,128 feet a deciRion had to be made ho\\· 
to u. e to best advantage the limited financial resources 
of the project. It would have bcen desirable to a certain 
the depth in the centre of the crater but this would have 
been very expensive and succefis was by no mean certain. 
There were al o definite advantagcfi to holes nearer the 
rim for the purpose of ascertaining the crater profile. 
It "·as accordingly decided to drill two additional hole 
nearer the rim. The location of Ilole 2 is indicated on 
Figure 1 by a filled circle. It is 2,500 feet from the centre 
on land owned by l\Ir. Babcock. It was possible to locate 
the rig on olid rock and as a result of cxperience gained 
in Ilole 1 the 'York went forward much more smoothly. 
BX core was recovered to a dcpth of 630 feet and AX 
core betwcen 630 feet and 1,486 fcet, where the hole was 
stopped. The scdimentary layers extended to 440 feet 
and below this for 160 feet the core consistcd of rock 
fragment without any indication of stratification. At 
600 feet solid rock was encountered and continued to the 
bottom of the hole. 

Hole 3 (Swjace 582 fl above sea level) 

This hole, at 3,750 feet from the centre as indicated 
in Figure 1, is close to the rim of the crater. It was drilled 
in a hay field and the overburden was about 9 feet thick. 
The surface rock was scdimentary limestone and 64 fcet 
of sedimentary core of diameter 1 ~ inchcs wa recovered. 
There was about a foot or two of breccia or conglomerate 
mixed with the sedimentary lime::;tone at 64 feet. \Vhat is 
presumed to be the crater rim, consisting of Precambrian 
rock was encountered at 65 feet. The hole was carried to 
443 feet, B core being recovered for the entire depth 
and as in Hole 2 a considerable variety of rock was 
encountered. 

Analysis of Drilling Resul ts 
The Crater Profile 

The profile of the crater as deduced from the three 
drill holes is shown in Figure 7. This profile may be 
con idered as the crater surface defined as the area left 
bare by the original explo ·ion plus such erosion as took 
place before the deposition of scdiments. There are no 
means of estimating how old the crater was and how 
much ero ion had taken place before deposition began. 
This naturally interferes with the validity of any com­
parison with well authenticatecl objects like the Barringer 
or K ew Que bec craters. l'i evertheless, in predicting in a 
general way the depths of holes to be drilled in a program 
of this kind, there seem no alternati,·e but to a ·sume 
that the buried craler is similar in a general way to 
known object . In addition to comparing it \Yith earthly 
craler ·, whose numbers are very small, it is also possible 

to make use of Baldwin' · relalionship of depth to diam­
eter of lunar and Lerrestrial crater . Before making 
:uch a compari on it hould fir t be empha ized that any 
raised rim originally a ociated with the Hollefor<l craler 
mu -t have been largely eroded away before the crater 
was buried under Palacozoic scdiment . A crater Jike 
IIolleford of 7, 700 feet diamcter should, according lo 
Balclwin's relationship, have had a rim rising approxi­
mately 4 0 feet above the plain although the catter of 
points on the diagram makes thi figure uncertain by a 
factor of 2. It i. clear, however, from a tudy of aerial 
photographs and from a contour map of the area pre­
pared from them that no more than a rudimentary 
rim now exi ts. There are numerou Precambrian out­
crops to the north, east and west of the crater area but 
it would be difficult from them to as ign a level for the 
plain surrounding the crater of les than 480 feet above 
sea level. The ground level at Hole 3 was measured 
by altimeter a 5 2 feet and subtracting 64 feet, the 
thickne s of the sedimentary rock at this point, leaves 
51 feet "·hich indicates a rim height above plain leyel of 
38 feet. There i actually a Precambrian outcrop of 
crystalline limestone on the rim diametrically oppo ite 
Ilole 3, designated by the capital letter I on the circle 
outlining the rim (Figure 1). It is in an area which appears 
to have suffered heavy erosion and its altitude of 517 
feet is, within the errors of men.surement, the sa.me as that 
at Hole 3. There is some eviclence of a slightly higher rim 
from 800 to 1,500 feet to the west of Hole 3 where the 
land ri e to 600 feet but this additional height ma.y be 
due to greater thickness of ediments. It is difficult to 
believe therefore that any part of the present rim ri e 
as mucha 100 feet about the plain and in di eu sing the 
profile of the cm.ter it i neces ary to regard it as having 
only the remnant of a rim. 

In planning the drilling program, rough e timates of 
the depth to the breccia in Iloles 1 and 2 were made at 
800 feet and 400 feet re pectively. The actual depth of 
sediments in Hole 1 was 750 feet while that in Ilole 2 
wa 440 feet. :X o estima.te was possible for the depth of 
Hole 3 except that it should be much le than the other 
two holes. The resulting depth of 65 feet repre ented 
satisfactory agreement with expectation. These estimate 
wcre made before any firm conclusions had been reached 
a to the character of the rim, and before any seriou 
attempt had bcen made at e timating the cm.ter' 
diameter. They sened a u eful purpo e in giving the 
driller . ome idea "·hat to expect but have ince been 
·uperseded by a more preci e e timate. For a more 
·ignificant comparison with prediction we make u ' e of 
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thr follo11·ing cmpirical rebtion><hip,; bct\\·cen the diam­
metrr><, drpths and rim hC'ighb of lunar and terre:;trial 
crater>< duc to Bald\Yin (19..J.9 ): 

If D = log cliamctcr (ft), d = log depth (ft ) 
and E = log rim height al)(J\'e plain (ft) then the 

followi ng eq ua tions haYe bren fou nd to apply; 

D = 0.1083 cF + 0.6917 d + 0.75 .. .... (l ) 
and E = 0.097 D 2 + 1.542 D - 1.841 ..... (2). 

Of the;;e hm equations (1) is illu;;tratcd graphically 
in Figure 8. ).Iaking u,;e of thc;;e equations to prediC't 
depth belO\\. plain of a crater 7,700 fcet in diameter leads 
to a depth of 674 feet. If the e;;timate of the plain level is 
accepted a:; 480 feet, and the surface location of Hole 1 as 
492 feet, then the actual depth of the hole to the crater 
surface should be e8G feet) Ol' of the order of 50 to 7 5 
fect less, sincc the hole was not in the centre of the crater. 
Although rock breccia appearcd as early as 655 fcct the 
definite contact betwcen scdiments and breccia was at 
7 55 fcct. It appcars thcrefore, if the estima te of the plain 
level is correct that the crater is rather more than 100 
feet deeper than predicted by Baldwin's relationships. 
An examination of BaJd,\·in's empirical curve, howe\·er, 
indicates that the scatter of the points both for lunar 
craters and explosion pits iH quite large, of the order of 
± 0.25 in the logarithm, which \\·oulcl correspond in the 
presenl instance to more than ± 200 feet so that Lhe 
agreenwnt i8 still reasonably goocl. As an indication of the 
fiL (1) ahove may be used to calculate the hypothctical 
rim hcight, \\·hich comes to ..J.86 fceL If this is added to the 
mea. ured depth below plain of 742 feet the resulting 
crater depth is 1 ,228 feet; adding 75 feet as a correction 
to the centre (see Figure 7) makes 1,303 feet. The 
logarilhm of this figure , plotted on Baldwin's cun·e is 
shown in Figure 8. The point is , o close to the curve as 
to hc well within the probable error of the general 
empirical relationship, indicating satisfactory agreement. 

An additional comparison bet,1·een prediction and 
observation is sho1Yn in the cliagram of Figure 7. Here 
the threc holes are plotted on a diagram representing a 
section of thP crater \l·ith its filling of sedimentary 
material. For comparison, a mean profile deri\·cd frorn 
the X ew Que bec or Chubb cm ter ().Iillman, 195G) and 
the Barringer erater (Xiningcr, 19.:JG) has becn used. The 
Chubh erater is 11 ,500 feet in diametcr white that of the 
Bani ngcr C'l'aler iH ..J.,000 feet. Si nec the Ilolleford cratcr 
cliameter \l·ithin the limits of error of ils cletermination 
i:-; almos( precisely the mcan of the t11·0 it 1rns con::;idcrccl 
thaL a linenr interpolation should pro,·idc a \·alid hasis 
of comparison. 

Tlw interpolatcd l'rnter prnfilc i:-; ,;h(mn on the dia­
gram by the small C'ÏrC'les \\·hile the IIollcford crater 
profile• (in,.,ofar a,; it can be deduecd from the thrce drill 
holes) i>< sho1rn aR a full line. Indications are gi\·en of the 

clepths of the drill holes and of the, edimentary material. 
lla,·ing regard to the uncertaintie. of prediction for an 
object like an explosion craler it is clear that the agree­
ment for the part of the crater below plain level i8 as good 
as could reasonably be expected. The ab ence of an 
appreciable rim i. the most serious di agreement with 
prediction but eroRion and depo ·ition over a period of 
lOO J 200 million years coule! procluce the result that 
bas been observed. As long a the crater rim remained 
intact (preventing, for example a .-tream from fiO\Ying 
through the crater) thaL part of the profile below plain 
leYel would likely escape severe erosion. Indeed the 
production of talus slopes and rock slide. could operatc 
to protect the lo\l·er part of the Htructure. If the cratcr 
were partially filled with water, lake deposits could act 
a8 further protection to the undenrnter areas, but the 
rim itsclf \\"Ould be subject to the usual erosion sufierecl 
by any elcvated part of the earth's surface. 

The rim must eventually have been breached by the 
Palaeozoic seas but here the effect woulcl be very cliffercnt 
from that " ·hich \\·oulcl be procluced by ordinary ero­
sional processe (which could result in drainage through 
the crater). Once the sea itwadecl the crater, deposition 
would begin on the bottom and '1oping sicles of the 
structure white protection from currents would be pro­
videcl by the remaining parts of the rim. The rim itself 
would be subject to wave and tidal action for many 
years during the timc the ·ea was rising. l\ o doubt the 
rim \rnuld becomc a ring of islands on which erosion 
woulcl act relati1·ely rapidly. The shattered condition 
of the rocks of the rim woulcl undoubtedly encourage 
this action. The final result when (as appears to htwe 
been the case) the sea ro e still higher would be to inun­
clate the remains of the structure which woulcl then be 
covered over and preserved from further erosion by the 
Palaeozoic sediments which Lill co\·er almost the entire 
area. 

Materials Produced by the Explosion 
It has been pointed out that the shape of the Ilolle­

forcl crater surface corresponds closely to what might 
have been predictecl for a typical meteorite crater of its 
::Üze and age. Eùdence of this kind ha much grealer 
n1Jiclity if it can be shown that the materials of \\·hieh the 
crnter surface is composed arc also in accord 11·ith pre<lic­
tion. In making predictiom; of this kind main reliance is 
placed in the data from lhe Barringer crater, the rnost 
•ompletely authenticated large terrestrial meteoritc 
crater known. A frwornble consideration he1·e is the fact 
that the Barringer crnter though smaller (-!,000 fcet in 
cliameler) is of the same general order of size as Ilolleford 
(7,ïOO fect in diameter). 

White sc ientifi c cli:-;cu><><ions of the Barringer crater 
ha,·e bcen concentrated largcly on the metallic meteorite · 
found in it · vicinity, it is well known that the crater 
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surface is made up almost entirely of brokcn rock frag­
ments of all izes such as boulders, rock breccia, rock 
flour and conglomerate (Baldwin 1949, Xininger 1956). 
Close-up photogrnphs of t he crater surface lead to the 

sa me conclusion. Recen tly t hrougb the courtcsy of Dr. 
P . ::'II. ::\Iillman the \\Titer has hacl the opportunity of 
examining a vcry extensi,·e collect ion of nrn terial 
gathercd from a number of representati\'C location:-; of the 
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crater bath on the surface and at considerable depths. 
The material consists practically entirely of rock frag­
ments of various sizes, fine sand and rock fiour beyond 
question produced from the country rock of limestone 
and sandstone by the explosion which formed the crater. 

Even in the absence of such detailed evidence it would 
still appear certain that fragmented materials of all 
sizes would constitute the surface of an explosion crater. 
In drilling such an abject it could confidently be pre­
dicted that if it were truly a meteorite crater, rock breccia 
would be encountered as soon as the drill penetrated the 
concealing sedimentary layers. In discussing the crater 
profile it has already been indicated that rock breccia 
was encountered at approximately the predicted depths. 
Sorne details of the character of the material encountered 
in the various ho les follow: 

Hole 1 

For nearly 700 feet the drill cores recovered from 
Hale 1 consisted of sedimentary limestone typical of the 
early Palaeozoic era. Dr. T. E. Bolton, Geological Survey 
of Canada, examined these cores and pointed out that, 
although the cores were by no mcans uniform they did 
not differ in important respects from other specimens of 
sedimentary rock of Ordovician or earlier age in that 
general region of Ontario. A part from the very important 
indication of age given by the surface rocks found in the 

Figure 9 
lnterbedded breccia near the 
contact between sedimenfs 
and fractured rack. The lighter 
colored material al depths 
7 42 feet and 7 44 feet is 
believed to be finely divided 
explosion debris washed 
into the crater before the 
deposition of Palaeozoic sedi­
ments, 

crater, this investigation is not directly concerned with 
the Palaeozoic strata. It i confined almost entirely to 
the fragmenta! material which i considered to be 
produced by the assumed explosion, and the original 
country rock from which this material is derived. 

At about 650 feet the rock interpreted as explosion 
breccia began to appear interbedded with edimentary 
material. The identification of such material at this 
depth is complicated by the fact that a large proportion 
of the country rock in the vicinity of Holleforcl is crystal­
line limestone which, when finely pulverized cloes not 
differ greatly from fragments of some of the sedimentary 
rocks. There are, however, numerous fragment of 
material quite foreign to the sedimentary rock which 
could logically be attributed to fragments of the base­
ment rock shattered by an explosion. The interbeddcd 
breccia continues down to 755 feet. At this level al! 
evidence of stratification disappear and the cores are 
composed of rock fragments of various sizes embedded 
in a matrix of finely divided material. Figure 9 shows 
examples of sedimentary rocks and interbedded breccia. 
At 671, 672 and 720 feet breccia consisting of small to 
medium fragments is shown. At 742 and 744 feet the 
cores contain a good deal of the finely divided material 
referred to above as the "matrix" which has become 



A IETEOIUTE CRATER AT IIOLLEFOHD, OXTAHIO 129 

mixed with the ediment . In Figure 10, the three core 
on th lefL . how example · of pur cdiment. and inter­
bedded breccia, while the three on the right are pure 
br ccia where all indication of bedding plane has di -
app ar d. A careful examinaLion of corei; in the Yicinity 

f 950 f eL indicate that at thi level there are few size­
abl fragm n L and the main volume of t he core is of the 
finely divided matrix material. Above this leYel, as the 
illu. traiion ugge ts, there are rnany fragments of appre­
ciable siz . Below 950 feet to the bottom of the holc, 
iz able chunk of rock rano"ing from a few inches to a 

few fcet in diamcter arc common. Figure 11 show cores 
of omc of the coar er material encountered at the e 
depth ' white Figure 12 illu trate a block nearly 4 feet 
thick of light-colored biotite gneis . Although the core 
wa broken into short segment in the core barrel the 
breaks are fresh and it i clear that a single chunk of rock 
i. involved. The two end of the multiple specimen 
how tain of the dark grey-grcen matrix in which this 

large fragment wa imbeclded. 

Hole 2 

Cores from the upper part of the hole consi t of 
edimenLary limcstone of Ordovician age normally 

encountered in that part of Ontario. At 354 feet rock 
fragment 1 cgin lo appear, interbeddecl with the sedi­
mcnls and thcse fragments bccome increa. ingly frequent 
as the depth increases. Sorne of the core · containing 

such interbedded breccia arc shO\rn in Figure 13. The 
contact, bcl\Ycen lhe scdimcnts and pure breccia is less 
sharp than in Hole 1 and this is attributecl to the fact 
that the wall of the crater !ope" . kcply herc, . o that it 
would be normal for talu. material from lhe slope to be 
mixcd wiih the sedimcntary layers. Below 440 feet no 
bedding planes are cvident and the corcs consist mainly 
of rock fragments with a fin -grained matrix which 
usually, but not always, gives a te t for lime tone. 

Below 500 feet the ize of the rock fragments increa e 
rapidly and the last clearly markcd breccia i at a depth 
of 600 feet. Figure 14 illustrates the contrast between 
edimentary layers and breccia with cores from 3 7, 391, 

455 and 472 feet. Drilling was continued to 1,4 6 feet 
in order to have a good section of the rock in the crater 
vicinity and to make reasonably sure that the breccia 
and other layers affccted by the as umed meteoritic 
explosion had been penetrated. 

Below the layer of breccia, rclatively undi turbed 
rock, pre umably of Precambrian age, was encountered. 
In the first hundred feet and to a lesser extent at greater 
depths, numerous cracks were found in the rock which 
may have been eau ed by a hock wave from the mete­
orite impact. It is difficult to be certain of this since it is 
common to find rocks at ail depth inter ected by cracks 
and fi. ·ures. Many of the cores were found to consist of 

Figure 10 
Sediments, in terbedded 

breccia and pure breccia in 

Hole 1. 
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Figure 11 

Bouldery moteriol ot depths 

below 900 feet in Hole 1. 

Figure 12 

Single large rock fragment 

3 feet 9 inches thick in Hole 1. 

Note stains of motrix moteriol 

al 1,055 feet and 1,058 feet 
9 inches. 

PUBLICATIONS OF THE DOM! ION OB ERVATORY 
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Figure 13 

lnterbedded breccia above 

425 feet and pure breccia 
below 550 feet in Hale 2. 

Note indications of stratifica­

tion al 412 feet and 415 feet. 

Figure 14 

Comparison of sediments and 

breccia in Hale 2. 
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crystalline limestone, though numerous other type. of 
rock were also present, the petrology of which is dis­
cu sed in a luter paragraph. At ..J:O feet, a . hown in 
Figure l 5, some green biotite gnei s wa encountered, 
splintered by artificial-looking cracks which were filled 
with calcite crystals. It seem quite possible that these 
crack. were a consequence of the shock wave from the 
meteorite explosion. Rocks of a lo"·er depth "·ith cracks 
of quite different character are shown in Figure 16. 

Hole 3 

Thi hole was relatively hallow compared wilh the 
others and the sedimentary rock was confined to the 
first 65 feet. At about 6..J: feet rock fragments began lo 
appear interbedded with sedimenlary rocks, and at 65 
feet undisturbed basement rock wa reached. The hole 
was pushed to 4..J:3 feet and again as in Hole 2 a con-
iderable variety of rock wa encountercd much of which 

consisted of crystalline lime tone. Figure 17 illu lrates 
the nature of the cores obtained at various leYels includ­
ing the rock fragment found at the contact betwecn the 
sedimentary layers and the basement. These fragments, 
as can be seen, were of rather different character from 
those met with in the other two holes. 

Dr. K. R. Dawson, Gcological Suffey of Canada, 
undertook to examine a represenlati"e seleclion of core 
from the H olleford cralcr and his report on lhcse eorcs is 

Figure 15 

Base ment rack belaw 7 50 
feet in Hale 2. There is clear 

indication af fracturing, 

possibly due Io shock wave 

from explosion. 

quoted: "The rocks encountered in the core from the 
Holleford Crater include from top to bottom grey lime­
stone and limey andstone, polymict breccia, cry::;lalline 
lime tone, biotite and biotite-pyroxene gneiss, lime sili­
cate rock and rarely amphibolite. The polymict breccia 
con i ts of fragments of the la t four rock specie in a 
paste of unaltered grains of polash feld~par, clino­
pyroxene, quartz, hornblende biotite and rarely calcite 
cemenLed by a micro copie aggregate of mica-illite, 
kaolinile and chlorite". Thin ection. of the breccia a 
well as othcr rock type · in Iloles 1 and 2 are illu trated 
in Figure 1 . 

The grey lime tone and limcy Rand tone arc the 
sedimentary rocks with which the crater is filled. The 
breccia is the cru hed rock zone which extend below 
1,12 fcet in Hole 1, to 600 feet in Ilole 2, and 65 feet in 
Ilole 3. The remaining rock. mentioned in Dr. Daw on's 
report are tho e encountered below the breccia in Ilole 2 
and 3. The variety of the e rocks i con iderable a is 
shown in Figure. 9 to 17. It will be een that the aboYe 
technical description of the breccia is con i tent with our 
assumption that it was formed approximately in itu, the 
circumstance of the explosion causing the thorough mix­
ing of rock types, a ob erved in the thin section of orne 
of the cores and the production of breccia of uniform 
composition in oLhers. 
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Figure 16 

Basement rack belaw 1, 150 

feet in Hale 2. The cracks are 
typical af this kind of rock 

and may be unconnected 

with the explosion. 

Figure 17 

Sediments, thin layer of 

breccia and basement rock in 

Hale 3. 
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HOLE 2 
38 4 ft 

HOLE 2 
42 9 ft. 
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THIN SECTIONS OF HOLLEFORD CO RES 

HOLE2 
4 3 8 f t. 

HOLE 1 
909 ft. 

Figure 18. Thin sections of cores, Holleford crater; Hole 2, 384 feet, sedimenlary rock . Hole 2, 1,325 feet, granitic basemenl rock. Hole 2, 429 and 438 
feet, conglomerate breccia. Hole 1, 1,035 and 909 feet, linely divided pyroxene breccia probably representing rock shattered in place. 
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The Search for Meteoritic Material 

,\ car ful \'iHlHtl examination of the cores from ] foll e­
f ord disclosed no metallic iron or iron oxidc fragments 
such a. arc found in the Barringer eratcr, so a more 
cl tailed cxamination \l'as condueted by mugnetic 
mcthods. The fîrnt \l'as a :-;Ludy of the magnetie moment 
per unit Yolume of the cores with the aid of a reeently 
eonslruct cl asialie magnetometer belonging to the 
Divi ion of Geomagnelism. This instrument i::; extremely 
ensitive, being able to detect lhe prescnce of magneliza­

tion of le . lhan 10- 1 cgs units per c.c. in a picce of corc 
of lhe order of 7 .5 cm. in length. Ali of the cores belo\\' 
the Palœozoic strata in IIoles l, 2 and 3 as well as Home 
of the cores above the contact werc examined by J. L. 
Roy of the DiYision of Geomagnetism. 1r. Roy examined 
each piece of core in the above mentioned level. for the 
three holc . In addition to the brecciated material, which 
howed no eYidence of lratifîcalion, about 100 feet of 

sedimenl immcdiately above the breccia were also 
examined. IL \\'as considered that these sediments, (which 
difîered from lhe other sediments filling the crater in 
that they contained considerable quantities of rock 
fragment ) rnighl al::;o con tain . orne of the finely diYided 
malerial produced by the explo ion and . ubsequently 
transported back into the central part of the cntter by 
\\·ind and \\'aler. In Holes 2 and 3 which penetrated into 
undisturbe<l rock below the breccia, all the cores from 
the basernent rock \rere examined in order to provide a 
basi. of comparison. 

The re ·ults of these measurements are illustrated in 
Tables 1 and 2. In Table 1 are shown the values of 1\I/ cc, 
the magnetic moment per unit volume in cgs units, for 
the ten mo 't strongly magnetic specimens in the breccia 
of IIoles 1 and 2. At t he bottom of each column is shown 
the average value of 1\I/ cc for the entire depth covered. 
1\Iany specimens showed values of magnetic moment too 

TABJ,E 1. l'ECIMEIŒ OF LARGEST ::\fAGNETIC J\IoMENT 

Breccia of Holes 1 and 2 

IIole 1 Trole 2 

Depth i\l /cc Depth :\I/cc 

7Ci l.5Ci X 10-• 597 4.80 X 10-· 
783 4.50 X 10-• 59ï.3 9.60 X 10-• 
85-! l.5Ci X 10-• 5!J7.8 5.10 X 10-• 
96-! 1.46 X 10-5 5!J8.4 38.20 X 10-· 
9 6 1.92 X 10-0 5!J8.6 6AO X 10-• 

100:3 l.3Ci X 10-• 598.9 7.25 X 10-• 
1028 6.87 X 10-· 602 7.00 X 10-; 
lO·I6 4. Ci X 10-• 60-1 6.90 X 10-• 
1064 1.60 X 10-• (i04.6 9.40 X 10-• 
1106 2.30 X 10-• 608 3.96 X 10-• 

Average l\1/cc for Breccia Average :\1/ cc for Breccia 
!Iole 1, 0 .139 X 10-• llole 2, 0. -!Ci9 X 10-• 

Prera111/1rian Brrnemnit, /foies 2 mu/ 3 

l lolp 2 /I_ l foie :3 

DPp!h :\l / C'C' D Ppth :\! / cr 

1 !() 10:3 .00 X 10-:· :3()(i 15 .00 X 1() -5 
l :32ï 87.00 X 10- 5 ;307 rn.oo X 10-• 
1:3:30 ï<i.00 X 1()-5 :309 :30.00 X 1()-S 
1~ 1:3.Q 7l.50 X 1()-• :30!J.5 5Ci.OO X 1()-5 
l~ 1:3 . Ci 520.00 X 10-• ;3 10 l . 75 X 10-· 
1-11:3. 1:31 .OO X 10-s :313 7-i.50 X 10-· 
1435 89.00 X 10-• 313.-i 37.00 X 10-• 
1437 7Ci.OO X l()-5 31!) 40.80 X 10-• 
1-1-15 124 .80 X lQ-0 31!J.5 17.90 X 10-• 
H74 202.80 X 10-• :320 21. GO X 10-• 

Average '.\I / ec for Holc 2 Average :'If/ cc for !Iole 3 
Ba emen t, 2. 338 X 10-• Base ment, 5. 647 X 10-5 

l\I/ cc for f<·1Tomagnelic substances 10 to 100 

small for measurement and it if> clear that there is a 
very great range in the magnetic characterislics of the 
maLerial making up the breccia of these two holes. 

It is worthwhile to compare the value. of 1/cc of 
Table 1 wi th similar values in Table 2 for core specimens 
from the undisturbed Precambrian of IIoles 2 and 3. 
(The Precambrian was not reached in Hole 1). IIere 
again the ten highest values of M /cc are shown for the 
two holes and these values are a lso compared with the 
aYerage values for the rock throughout the clepth 
observed. It is immediately apparent that both the 
average and the maximum values for the undisturbed 
Precambrian are greater than for the breccia, but it 
should be empha izcd that all values are encountered 
from nearly zero, for crystalline limestone, to 520 X 10-s, 
for dense basic rock like amphibolite. It is apparent that 
ail values of magnetic moment given in these lists are 
smalt relative to ferromagnetic substances, which have 
values of M/ cc of the order of 10 to 100 cgs units per cc. 

The first step in analyzing the results 'rns to study in 
detail a number of the more highly magnetic cores to see 
\\'hether any separate particles of significantly high 
magnetic moment could be found. The cores were first 
iuspectecl vümally and then broken up by hand tools and 
senrched \\·ith a rnagnet. In every case the high values of 
magnetic moment appeared to be due to Hrnall fragments 
of Preeambrian rock imbeddecl in the matrix of finely 
divide<l material forming the eementing agent of the 
cores. Xo fragment:-; which couic! rea;;onably be attrib­
uted to metallic iron or mas::;Îye iron oxide \Yere located. 

As a furLher check, Dr. K. R Da\\·son, C:eologirnl 
, 'urvey of Canada, studic<l the eore:-; 11·ith the aie! of 
rnaehinery which pulvcrized the rocks and separntecl the 
particle;; of high magnet ic susceptibility from the 11011-

magnetie eonstit uents. Dr. Dawson nol only stucliccl ail 
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the specially magnetic samples in this way, but also 
selected massive amounts of cores (one specimen every 
5 feet) from both holes. This selection included not only 
cores consisting of breccia but also specimen of sediments 
immediately above the breccia which were considered to 
contain finely divided fragmented material washed back 
into the crater before the main bulk of the Palaeozoic 
sediments were laid clown. 

Although, as in the case of practically all igneous 
rocks or rock fragments, numerous particles of high 
magnetic susceptibility were found, the nickel content 
of the specimens was not essentially different from that 
of many typical terrestrial rocks. The largest percentage 
found for a single specimen of material subjected to 
chemical analysis was 800 p.p. million whereas meteoritic 
nickel iron should show a nickel content of from 3 to 
15 percent. 

These studies, which gave negative evidence for 
nickel, should be considered in their relation to the 
effectiveness of the sampling technique which involved 
cores with an average diameter of 1.47 inches. Compar­
ing the area of such a core with that of the crater itself 
(diameter 7,650 feet or 91,900 inches), and disregarding 
the curvature of the crater surface by treating it as a 
plane, a single specimen taken at the crater surface 
corresponds to 2.2 X 10- 10 of the total area. This is a 
very small fraction and while it would increase con­
siderably with the decrease of the crater diameter at 
depth , it would still not be surprising if such a technique 
should fail to locate nickel in the cores even if it were 
certain that some nickel-iron fragments were present 
diffused throughout the mass of breccia. From what is 
known of the Barringer crater it is by no means certain 
that evi<lence of meteoritic fragments would have been 
unearthed by a comparable procedure, i.e. three holes at 
random, widely spaced along a radius within the crater. 
An additional uncertain factor for Holleford is the un­
known effect of chemical disintegration and diffusion 
operating over a very extended period of time. 

Although the inadequacy of the sampling leaves the 
matter of the presence or absence of nickel-iron uncertain, 
consideration should be given to the possibility or even 
the probability that the Holleford crater was formed by a 
stone meteorite in which the usual nickel iron content was 
absent or very low. Even to consider such an idea goes 
strongly counter to all the evidence so far collected from 
the vicinity of well authenticated recent meteorite 
craters. Also, while it is true that stone meteorites out­
number the irons by a large factor, many of the stones 
have nickel-iron as an important constituent; while 
such large meteorite craters as Barringer and Wolf Creek 
as vvell as the cluster of small craters caused by the 
Sikhote Aline fall were certainly caused by nickel-iron 

meteorites. It has been suggested that even a very mas­
sive stone meteorite could not form a large crater since 
it would break up and be dispersed in the earth's atmos­
phere, as many tones have been observed to do in the 
past. 

In spite of the impressive array of evidencc associat­
ing nickel-iron metcorites "·ith large craters, the un­
questioning acceptance of the view that such features 
cannot be due to impacts of other rock types, would place 
restrictions on hypotheses, othenvise logical, which 
deserve consideration in trying to explain ob erved 
phenomena of the solar system. For example the earth 
is presumably a normal member of the ola.r system and 
if it were broken up there could be many large fragments 
which contained no nickel-iron. Conversely if in the 
moderately distant past there had been many meteorite 
falls consisting of rocky material of the kind found in the 
earth's crust the chance of identifying them as extra­
terrestrial objects would be slight. The uncertainty over 
the origin of tektites is a good example of the desira­
bility of keeping an open mind on this subject. Many 
earthly rocks are hard and coherent compa.red with the 
average meteorite stone, and might well survive a 
journey through the earth's atmosphere. 

In view of these considerations the scientific impor­
tance of extending the data on fossil craters and if pos­
sible finding specimens of the meteorites which produced 
them can scarcely be over-estimated. It is empha.sized 
by the degree to which the following information on 
meteorites has influenced our thinking about the earth 
and the solar system. 

1. The work of H. A. rey (1958) on the origin of 
meteorites has shown how complex are the proces es 
which went into the making of the minor plu.nets or 
asteroids. He has advanced strong reasons for believing 
that catastrophic planetary collisions involving large 
bodies are involved, with later re-integration of the 
fragments into more complex bodies 'vhich are in turn 
broken up to form meteorites. It is difficult to ee how it 
would have been possible even to guess at the character 
of these processes without the evidence provided by 
meteorite falls. 

2. Studies by Paneth (1953), Opik and Singer (1957), 
Singer (1958) Ehmann and Kohmann (1958) and others 
on the radioactive decay products of meteorites and the 
nuclides due to bombardment by co mie ray during the 
journey of the meteorites through space, have provided 
valuable information on the age of meteorites and of the 
solar system, and suggest the possibility of testing the 
intensities of cosmic rays in former times. In addition it 
has been shown that the proportion of different varieties 
of helium, in particular the appearance of He3 affords 
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a possible means for the identification of non-nickel­
iferous meteorit ic material and this might be of con­
siderable importance in the tudy of ancient craters. 

3. Ideas concerning a molten iron core for the earth 
are ba ed to a large extent on the information provided 
by iron meteorites. 

4. Finally it has been suggested (Skerl, 1957) that 
some of the terrestrial metallogenic provinces are due to 
the bombardment of the earth by very large meteorites 
in the distant past. 

Up to the present all studies of meteorites and the 
conclusions from such studies are based on examinations 
of relatively recent meteorite falls and it is possible that 
they are all related to one extra-terrestrial collisional 
event or to one related series of events which may not 
give a sufficiently general picture of conditions in t he 
region of the solar system involved. If this should be the 
case then the finding of meteoritic material in a number 
of very ancient craters would be extremely valuable 
since it would test the general validity of these hypoth­
eses and conclusions by providing evidence dating 
from an earlier and perhaps much more extended period 
of time. Unfortunately, no such material has as yet been 
identified in the Holleford cores. It would appear, how­
ever, that the best, if not the only chance of finding 
meteoritic material from very ancient falls, is by addi­
tional searches at the sites of fossil craters such as the 
one here described. 

Results of Rock Density Measurements 

Measurements of rock density under the crater 
surface make it possible to test directly the conclusion, 
from the gravity results, that the crater was filled with 
material of relatively low density. Systematic measure­
ments of cores every 5 feet were made in al! three holes 
by R. J. Buck and L. W. Sobczak of the Gravity Division. 
The results are listed in Tables 3, 4 and 5, where average 
values of density are given against depth. Averages for 
approximately every 20 feet are shown for each hole and 
the general character of the rock is also indicated. These 
indications are based on direct visual examination and 
differ in some details from the petrographic report 
given previously. A study of the figures in the tables 
leads to the following general conclusions. 

1. The density of the hard lithographie limestone at 
and near the surface is comparable to, though slightly 
less than, that of the average basement rock of Holes 2 
and 3. The averages for the first hundred feet of sedi­
mentary rock of Holes 1, 2 and 3 are 2.71, 2.70 and 2.69 
respectively. The corresponding basement averages for 
Holes 2 and 3 are 2.81 and 2.71. 

2. In general the density of the sediments decrease 
"·ith depth, minimum values being 2.27 for Hole 1 and 
2.16 for Hole 2. These densities were measured about 2 
years after the drilling and for some of the porous sand­
stone, evaporation of moisture has no doubt decreased 
the effective density. The difference is probably not 
great enough to invalidate the general comparison, 
however, and there seems no doubt that these low­
density sediments have had a strong influence on the 
gravity field. 

3. The Precambrian basement rock shows a very 
considerable variation in density, extreme values ranging 
from 2.71 to 3.07. It is perhaps significant however that 
the larger values are associated with Hole 2 where the 
basement is first encountered at a depth of 600 feet or 
63 feet below mean sea level. In Hole 3 on the other hand, 

T ABLE 3.-MEASUREMENTS OF CORE D ENSITY 

Hole 1 

Mean 
D epth Density Description 

0- 24 

2 69 l 24- 40 2.71 
40- 63 2.71 Lithographie limestone 
63- 83 2.71 
83- 102 2.71 

102- 119 2.73 
120- 140 2.67 Limestone grading into green shale 
140- 160 2.67 D ark shale 
161- 182 2.65 Dark shale grading into limestone 
178- 198 2.72 Limestone 
200- 220 2.72 Limestone grading into shale 
220- 240 2.55 Shale grading into sandstone 
240- 260 2.46 } 
260- 334 2.40 Sandstone 
334- 380 2.37 

380- 400 253 ) 405- 440 2.37 Limey sandstone 450- 470 2.27 
470- 495 2.49 
495- 520 2.55 Shaley limestone 
520- 554 2.55 Limestone grading into sandstone 
553- 571 2.41 Sandstone 
571- 590 2 41 l 591- 610 2.46 
610- 630 2.37 Limey sandstone 
630- 650 2 .50 

650- 675 2.60 } Limestone 676- 700 2.60 
701- 725 2.65 Shaley limestone 
725- 750 2.68 } Limey breccia (quartz, mica, feldspar) 
750- 789 2.74 
788- 813 2.53 Limey breccia 
813- 839 2.59 
839- 864 2.48 
864- 889 2.46 
889- 915 2.37 Limey breccia ( powdery) 
915- 935 2.45 
938- 963 2.39 
968- 989 2.44 

989- 1015 264 ) 1015- 1040 2.64 
1040- 1065 2.79 Breccia 
1065- 1088 2.70 
1090- 1128 2.62 
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TABLE 4.- :\!EASUREME/iTS OF CORE DENRITY 

Depth 

0- 23 
23- 43 
43- 62 
63- 83 
83 103 

103- 123 
123- 144 
144- 163 
163- 183 
183- 203 
204- 231 
231- 255 
259- 289 
290- 326 
327- 354 
354- 374 
376- 392 
392- 410 
412- 435 
435- 455 
455- 475 
475- 4!)5 
495- 5-15 
515- 535 
536- 554 
554- 574 
577- 598 
598- 617 
617- 642 
649- 672 
672- 697 
698- 725 
727- 757 

75ï- 777 
777- 801 
801- 827 
827- 852 
853- 8ï8 
880- 909 
914- 938 
!)38- 964 
966- 991 
992- 1016 

1016- 1045 
l0-l8- l074 
1075- 1100 
1105- 1134 
1135- 1160 
1163- 1199 
1200-1225 
1226- 1251 
1251- 1275 
12ï5- 1300 

1:300- 1325 
1326- 1355 
1355- 1379 
1379- 1404 
1405 14:~0 

Mean 
Density 

2 .76 
2.61 
2.74 
2.68 
2 .70 
2 .63 
2 .73 
2.70 
2 .58 

2.42 l 2.35 
2.32 
2 .39 
2.16 
2.32 
2 .63 
2.59 
2.63 

2.61 l 2.62 
2.69 
2 .66 
2 .75 
2.77 

2.69 } 
2.92 
2.86 

2 .9-l } 
2.85 
2.82 
2.81 
2.81 
2.77 

2.80 

3.07 l 2.94 
2.78 
2 .83 
2 . 78 J 

2 .!)2 1 2.90 
2 .85 
2 . 77 J 
2 .71 } 
2 .78 
2 .74 
2.70 

2.72 l 2.71 
2 .74 
2.73 
2 .86 J 
2 .90 

8 .0-l 
2 .76 

Hole 2 

Description 

Shale with calcite 

Shale 

Shale grading into Limey shale 

Limey sandstone 

Limey sanclstone into shaley sandstone 
Sandy shale 
Quartzitic shale 
Quartzitic shale grading into Limey breccia 

Limey breccia 

Limey breccia wiLh mineralization 
Granodiorite (mica, quartz and pyrite) 

Quartz, mica, + ferromagnesium minerais 
and coarse grained 

Granitic type of rock 

Granitic type becoming more fine grainecl 
Sorne <'alcite stringers 
:Vfetamorphic zone grading into breccia 
Fine-grained brecciation grading into 

schist 
Srhist 

Schistic breccia 

Schist 

Schistic breccia 

Schistic breccia grading into limestonc 
Crystalline limestone (marble) 

:\Iarble 

Fine-graincd, erystallinc limcstonc and 
impurities 

Crystalline limestone grading into gneiss 
Gneiss grading into altered breccia 

3 · o5 }1 Alterecl breccia 2 .9ï 
:3. 19 Alterecl breccia grading into crystalline 

limestone 

TABLE 5.- :\1EASUREMENTS OF CORE DENSITY 

Depth 

0- 30 
30- 48 
48- 68 
63- 80 
80- 100 

100- 124 
12.'i- 145 
145- 165 
164- 180 
180- 200 
200- 220 
220- 240 
240- 260 
260- 278 
280- 300 

300- 320 

320- 3-W 
340- 360 
360- 380 
380- 402 
402- 422 

Mean 
Density 

2.69 
2.66 } 
2 .72 
2.71 
2.60 
2.64 
2.67 
2.66 
2.71 
2 .69 
2 .74 
2.65 
2.74 '\ 
2.68 f 
2.69 

2.78 

2.79 } 
2 .82 
2.72 
2.79 
2.73 

HoleS 

Description 

Limey shale 

hale 

Brcccia in shaley malrix 
Metamorphic breccia with calcite 
Low temperalure zone with mica 
Calcite, quartz and talc 

Grading into crystalline limestonc 
Crystalline limestone 
Dark altered rock 

Crystalline limestone 

Dark, Jow-temperature, metamorphic 
rock, grading into crystalline limestone 

Crystalline limestone in contact with dark 
basic rock 

Basic rock 

Some calcite slringers 
Crystalline limestone 

the hasement is first encountered at a dcpth of 65 feet or 
517 feet aboYe sea level. The value. of density for the 
two holes thus refer to entirely different levcls of the 
country rock and t his must be considered in assessing 
the origin of the gra,·ity field of the crater. 

4. The breccia in Hole 1 has an average density of 
2.56, extreme values being 2.79 and 2.37. It is clear from 
a study of individual specimens that the larger value: are 
associated with bouldery material while the lower values 
are due to the more finely divided material preYiou ly 
referred to as the matrix. 

Rather surprisingly the average density for the 
hreecia in Hole 2 is 2.74. This result is uo doubt largcly 
duc to the greater proportion of bouldery material in the 
cores. In a centrally loeated explosion the finer material 
ir:; likely to be nearest the source, the larger fragments 
being ejected to greater distances. In addition, since the 
crater surface at thi location has a relatively large slope 
of the order of 27 degrees it is probable that rock !ides 
and the accumulation of talus material has influenced 
the character of the breccia. 

It thus appears that the gravity eontrast between the 
breceia and the bar:;ement is an important factor in the 
ohserved gn.wity field and that this field, represented in 
Figure 6 is a consequence of both the breceia and the 
Jow-density sediments. Although the density contrast 
of the sediments is greater, it i proba ble that the breecia, 
whieh is believed to oeeupy a mueh greater volume, is 
the main determining factor for the grayity field. This 
result gains added significance from the graYity results at 
Brent (l\Iillman etal. , 1960) and Deep Bay (Innes, 1960) 
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Lwo cral r difTering in size bul showing an anomaly 
pattern generally similar to that at Hollcford . .\quanti ta­
tive discus ion of the gravity data for thesc three eratcrs 
i bcing publi hed elsewhere by M . .J. 8. Inne:-;. 

Correlation with Seismic and Magnetic Results 

It is clear thal the low den ities cncou nlcred in lhe 
breccia are to a large extent a consequence of the slate 
of division of the material and even for those breccia 
core which show a relatively high density the materials 
are usually rather weakly recemented and must have 
very difTerent ela ·tic con tants then the undisturbed 
basement rocks. Rocks of this character " ·ould be 
expected to have lower velocities for seismic waves than 
the undisturbed Precambrian and this provide a logical 
explanation for the sei mie results of Figure -±. The 
fragmentation of the material i also consistent with Lhe 
magnetic results, since the random distribution of 
magn tized rock particles would normally produce a 
volume of material with low magnetic moment. 

Age of the Crater 

Evidence concerning the minimum age of Lhe crater 
ha been derived from geological reports on the sedi­
ments adjacent to and actually inside the crater by Drs. 
M. J. Frarey and B. V. Sanford, Geological Survey of 
Canada. Frarey's report places the origin of the circular 
feature in Precambrian time, although the surface rocks 
ob erved within the crater were sediments containing 
Black River fauna corresponding to the early Ordovician. 
He observed Kepean sandstone in the crater vicinity 
and while at that time such rocks had not been found 
within the rim there was a general inference that all the 
ob erved ediments had been deposited after the forma­
tion of the crater. 

Examination of drill cores gave no evide11ee of 
Palaeozoic fragments in the breccia and this again 
suggested that the crater was older than any of the 
nearby sedimentary rocks. A study of the sedimentary 
core above 750 feet revealed about 400 feet of whitish 
quartz sandstone which Sanford tentatively identified 
as belonging to the Pot:dam formation. If this is correct, 
the evidence of the crater sediments pushes the minimum 
age well back into the Cambrian. Since the <'rater had 
evidently undergone ma:sive erosion bcfore the dcposi­
tion of the ·ediments mentioned above it seems reason­
able to accept Frarey's original conclusion that it ,,·as 
formed in Precambrian lime. It would, therefore, appear 
that the impact " ·hich formed the crater oc·c·urred in 
late Precambrian time anywhere from 500,000,000 yran; 
to 600,000,000 years in lhe past. 

Energy of the Explosion 

Al though original :-;( udies of the encrgy of an explo­
sion required to produce a cmtrr the . ize of Ilolldord 
have not been part of the prcHcnt invrstigation, sueh 
studir ' ha,·e been carrird out by a num brr of other 
in\'eHtigators. TheHe include \Yylie ( 1943) , Bald\\·in 
(19-1,9), Hill and Gilrnrry (1956), Opik (195 ) and 
:\'.Iacphail (1960). Most of these studies ha \'e ref erred 
specifically to the Barringer cra ter. 

Wylie, Baldwin, and Gil\'arry and Hill haHed thcir 
calculations on the amounts of chemical explosive8 of 
kno\\'n heat of combustion required to produce mine 
craters. Their methods of extrapolation differed and it 
seem · probable that greatest weight should be assigned 
to that of Gilvarry and Hill which take into account the 
character of Baldwin's depth-diameter relationship in 
estimating the relationship between energy and crater 
size. Opik approached the problem from the point of 
view of hydrodynamics, assuming that the displaced 
material would act like a liquid at the pres ures involved 
in meteorite impact. However, where the matter of 
energy was involved the problem resolved itself into an 
estimate of the amount of work clone in crushing and 
ejecting the crater material, making use of the known 
strength of the rocks. Macphail, whose work was clone 
at the Dominion Observatory, also based his calculations 
on the work clone in crushing and ejecting the material. 
He made use of ore-dres ing data in estimating the 
amount of energy required to shatter and pulverize the 
rock, and as. umed that a paraboloid of diameter 4,000 
feet and altitude 600 feet was raised to a height of 1,200 
feet. (Part of this would simply fall back into place while 
the rcmainder would be ejected or forced upward to form 
part of the rim). Making suitable allowances for the 
inefficiency of the cratering process, e.g. the di:sipation 
of energy as heat, . eismie waves etc., he cleri\•ed a value 
for the energy for the Barringer cratcr of 5 X l02:i ergs. 

Results of the various inve tigators are shown in 
Table 6. In this table the energy in ergs of the explosion 
is shown for each of three crater , Barringer, Holleford 
and Xe,,· Quebec (Chubb) as the upper of two rows of 
figures. The lo\\'er figure in each case is the mass in 
grams of the meteorite on the ba is of 20 km/ ·ec a · the 
impact veloeity. Since ail but one of the calculations were 
originally made for the Barringer crater the cur\'es 
preHented by Gilvarry and Hill are used to extend the 
caleulationH to the I-Iolleford and X ew Que bec eraicrs. 
This proceHs, as \\'ill be scen from the table, results in a 
value of encrgy for the Holleford crater of G times <tnd 
Xew Quebec of 20 times that of Bnrringrr. 

The laC'k of agrC'ement bPtwccn the ,·nrious c,.;timall's 
i:-; a mea:-;ure of the intrnctable nature of the problrm and 
it nO\\' ::;eems doubtful whether any e:>timate ba:-;ed rithcr 
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TABLE 6.- ENERGY AND l\IAss RELATED TO CRATER DIAMETER 

Impact velocity 20 km/ ec. 

Crater Diameter Wylie Baldwin Hill and Ôpik Macphail Gilvarry 
-

Barringer Energy ergs 9.4 X 10" 3.3 X 1021 2.0 X 1023 5 .2 X 1021 5.0 X lQ23 
(4,000 ft) 

l\Iass grams 4.7 X 10' 1.6 X 10' 1.0 X 1011 2.6 X 1012 2.5 X 1011 

Holleford Energy ergs 56 X 10" 20 X 10" 12 X 1023 31 X 10" 30 X 10" 
(7,700 ft ) 

l\fass grams 28 X 109 10 X 10' 6 X 1011 15 X 1012 15 X 1011 

Chubb Energy ergs 188 X 1021 66 X 1021 40 X lQ23 104 X 1024 100 X lQ23 
(12,000 ft) 

l\Iass grams 94 X 109 33 X 10' 20 X 1011 52 X 1012 
1 

50 X 1011 

l\Iaking use of l\facphail's value of energy and assuming that the Holleford crater was produced by a spherical 
stone meteorite of dcnsity 3.0, the diameter of the meteorite cornes out at 100 metres or 328 feet. 

upon extended extrapolation or direct calculation of 
crushing and ejection can claim "·ith any certainty to be 
within a factor of 10 of the true value. Sorne hope for 
more reliable estimates of energy is suggested by recent 
results of underground atomic explosions but the avail­
able data are not yet sufficient to use for plotting an 
energy-versu. -diameter curve. let alone making the 
dangerous extrapolations necessary for correlation with 
large meteorite craters. 

Summary and Discussion 

Review of Evidence from Holleford 

The main significance of these results is the demon­
stration, with a high degree of probability, of the existence 
of a meteorite crater with an age of the general order of 
500,000,000 years. It is true that the evidence is less 
complete than might be desired. For example, only one 
radius has been studied, but an examination of the aerial 
photograph leaves little doubt of the radial symmetry 
of the feature. Similarly the lack of identifiable meteoritic 
material is disappointing, but this may be attributed to 
the minuscule sampling afforded by the three small drill 
holes. Even for the Barringer crater it is by no means 
certain that a comparable sampling technique would 
have turned up any nickel-iron specimens. There is the 
further possibility or probability already mentioned that 
the meteorite which formed this crater was of an entirely 
different type of material than that producing recent 
meteorite craters. If, as seems entirely possible, uch 
material is imilar to terrestrial rocks it could remain 
undetected even though present in fairly ma ive 
quantitie . 

A part from the mat ter of meteoritic material, evidence 
of a kind difficult to disregard is the profile of the crater, 
fundamentally similar to the Barringer and X ew Quebec 

features. The rudimentary nature of the rim scarcely 
affects this conclusion since the processes of erosion 
operating over even a moderate pan of geological time 
would inevitably eliminate thi part of the structure. 
These same ero ion processes which tend rather quickly 
to reduce an elevation to ground level would under 
certain circumstance and (granted a sufficiently great 
length of time) reduce the en tire plain to a leYel below the 
crater floor, wiping out entirely the original profile. 
In the present instance it is clear that long before this 
result could be achieved the whole area was covered by 
an invading sea which filled the crater and resulted in the 
deposition of Palaeozoic sediments which haYe preserved 
the basic structure until the present day. The fact that 
the crater was found under these circumstances suggests 
that similar areas, where ancient sediment have been 
eroded nearly to the basement level, would be worth 
searching for similar example . 

In addition to the evidence provided by the shape of 
the circular depression, the location of several hundred 
feet of unstratified rock breccia beneath the crater floor 
is further strong evidence in favor of an impact origin. 
The lack of bedding planes and the state of division of 
the material point to an explosion in situ with meteorite 
impact the most probable source. 

Basis for Further Search 

The initial search of aerial photograph of the 
Canadian Shield was partly inspired by the finding of the 
X ew Quebec feature, a relatively recent crater of trik­
ingly di tinctive form closely re embling the Barringer 
crater. It is now apparent that objects like the Barringer 
crater and the X ew Quebec crater are so rare a to be 
practically non-existent and the future of this branch of 
astronomical-geophy ical cience is likely to depend 
mainly on the ability of the investigator to recognize 
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remnants or vesligcs of crater s(ru('(u1·es 11·hiC'h ha\'C no 
vcry dose rcsemblance to a reccnt undamaged cratcr. 
Jia,·ing regard to what Îo.; kn01rn of the Tiolleford, 
Barringer and Chubh craters it secmo.; \\'orthll"hilr to 1ry 
to visualize the sort of rcmnants most likcly to be 
encountered, considering lhe nnicty of grological 
influences 1Yhich arc cxpectcd to affect the <Taler O\'Cr a 
period of hundreds of millions of yC'ars. Some of the 
possibi lities are oullined as follo11·s: 

L An ancient crater could !ose itH rim by crosion and 
tilt remain a fairly conspicuous featurc such as an 

approximatcly circular lake fi.lied with \\·ater. 

2. A crater located in an area never covcred by water 
could by the ordinary processes of erosion gradually 
become obliterated and di appear as a conspicuous 
landscape feature. Such an abject might, nc,·ertheless, 
be detccted on aerial photographs by configurations of 
vegetation or drainage patterns. 

3. In areas covered by sedimentary rocks where the 
coycr is thin, the circular shape and raised rim of a 
buried crater may influence the attitude of the seclimcnts 
sufficiently to be detected. 

4. A crater originally filled in or covered over by 
sediments may at a later timc have the sediments eroded 
sufficiently to reveal a circular feature . 

5. A crater fillecl with sandy or other depo::;its might, 
if buried and subjected to heat, pressure and/or silica or 
calcite recementation, attain a hardness and resistance 
to solution comparable to that of the containing rock. 
If subject to severe erosion the altered sediments might 
retain their structure and identity sufficiently to stand 
up, at least in some degree, above the surrounding plain. 

6. A geological study of rock outcrops couic! revcal 
uptilted strata in a circular arrangement indicative of a 
crater formed in scdimcntary rock. (The sediments 
surrounding the Barringer crater arc tilted in this 
manner). 

7. An ancient crater and its surroundings coule! be 
subject to such severe erosion that the original crater 
surface (whether or not protected by scdimen ts) would 
be completely destroyed, lca\'ing only the underlying 
breccia whose circular distribution eould gi,·e a due to 
its origin. 

8. Accorcling to G. P. Kuiper, \\·ho has carried out 
what arc probably the most definiti,·c modern obscn·a­
tion of the moon, the central peaks of some lunar eraters 
may be igneous intrusions of hard basic roC'k. A similar 
suggestion relative to earthly crntcrs has bcen made by 
J. :\I . Harrison, Director of the Geological SutTry of 
Canada. He points out that an impact of suffieient 
violence coule! actas a trigger to rPICa'-'C latent vo!C':l11i-;m 

wilhin the carth's nust \Ybi('h eould complicate the 
intcrprctation of fossil cratcrs. The simplc>st easc 1rnnld 
be that of a hard central pcnk on a n carthly na ter 11·hich 
might wcll remnin intact ll"hilc the eratcr rim, composed 
of debris and ;;hatterccl rock would be rc>mo,·ed by cro­
sion. To judgC' by obscn·ations of the moon such a ~itua­
tion is most likely to be cncountcrC'd in a large cratcr of 
the order of some tens of miles in diameter. A eombina­
tion of impact and Yolcanism also appean; to be the most 
logical expia.nation of a number of lunar eraters with 
rims col'!'esponding to an impact origin and fiat featurc­
less floors probably due to lava flows. In a similar 
occurrence on earth it is possible that the rim would be 
rapidly dcstroyed by erosion leaving the lava floor with 
no very clcar indication of its origin except its circular 
form. There is also the possibility that the volcanic 
phenomenon would be of sufficient magnitude to oblit­
erate all trace of the impact which set it off, including 
the original circular crater form. 

While the enumeration of the above possibilities does 
not offer any easy solution to t he problem of fossil 
craters it does suggest that any circular feature not 
otherwise accounted for should be examined very care­
fully before it is discarded as a crater possibility. It is 
difficult for an astronomer, looking at the evidence for 
impact on our sister planet the moon, to escape the 
conclusion that the earth must have been subjected to 
at least some of the same kind of bombardment. If this 
is so it would indeed be astonishing if it were to turn 
out that the fossi l craters so far located such as (Brent, 
Deep Bay, Holleford) and others for which Jess definite 
evidence is available, (Beals, Innes and Rottenberg, 1960) 
were the only on es of their kind. I t appears more likely 
that many others remain to be discovered if the search 
for them is pushed with sufficient perseverance and over 
a sufficiently large area of the earth's surface. 
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