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AssrRAcr

This paper reports the results of a petrographic and Eeochemical study undertaken to

"""rrrt[ 
t[" p*irililitv ttraiirre po5,*i"t l'.*r'"ia_discovered in drill core from Holleford,

d;i;, i" tlie produ"i of meteoriteimpact. The breccia lies in a bowl-shaped depression

"" 
in" i"otur&oic (Grenville) land surface and is overlain by Palaeozoic rocks. The

".*"" 
frugt""ntal constitu;nts have been derived from the Proterozoic rather than the

Palaeozoii rocks. The arenaceous fraction of the breccia exhibits a verylimited variety

;ili;;i;;;Jil;t'; wholly of local derivation, and grain forms which indicate little

.i ro-i."""p.rt tion. Ciay minerals from the matiix of the breccia are typical of normal

sediments. \o meteoritic mJerials have been identified microscopically and.the nickel

content of the breccia is onty slightly above average for sedimentary rocks. The bowl-

;hapa form of the brecci", as-indicated try.diamond drilling^and geophy.sical data

,"o6rt"a by Beals (lgbg), is ihe principal critiria favouring genesis by meteorite impact.

Oiher data neither refute nor confirm this hypotiesis.

Inrnoouc:toN

The Holleford crater is approximately L6 miles north of Kingston'

ontario, in latitude 44o 27' north and longitude 76o 38'west (sa6 Fig. 1).

The characteristic circular depression was first recognized as the result

of a systematic search of aerial photographs Beals et al,. (L956), (Fig. 4).

A comprehensive study of the structure, direct"d by C' S' Bealst in-

cluded three diamond drill holes. The borings penetrated successively

Palaeozoic limestone, consolidated breccia (Figs' 2, 3), and Grenville

lime silicate rocks and gneisses. Specimens from the drill cores were

provided for use in the present study.
The profile in the section of the drill holes (Fig. 5) suggesls that the

breccialies in a basin-shaped depression on the surface of the Proterozoic

rocks and is overlain by undisturbed Palaeozoic rocks. Geophysical

studies coffoborate the shape of the breccia.
This study was made to determine, if possible, the genesis of the

breccia and iarticularly to evaluate the possibility that it is the product

of meteorite impact. The study comprised: (1) comparison of the petro-

logy of the breccia with that of the surrounding rocks, to discover whether

thlbreccia may have been derived from one or more of these; (2) identi-

*Published by permission of Director, Geological survey of canada,

tDirector, Dominion Observatory, Ottawa.
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Frc. 1. Index map of Eastern Ontario showing the location of the Holleford
Crater.

fication of the clay minerals in the matrix as an aid in deciphering the
paragenesis; (3) interpretation of the transport mechanism of the
breccia from the shape of the fragments; (4) comparison of suites of
heavy minerals; (5) comparison of the nickel content of the breccia and
other rocls; (6) comparison of properties of this breccia with equivalent
properties of breccias of known origin.
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Frcs. 2'eno 3. Photcgraphs cf drill core frcm holes 1 and 2 showing
from left to right the intertedded shale and sandstore and tte under-
lying breccia.
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,Ftp. 4- A vertical.aerial photograph showing the outline of the crater and the sites
of the three drill holes.

Drill Hole No. 1
Footage ,:- . Remarks.
'616 Palaeozoic'sandstone with thin shale partings. Both the sandstone and the shale'' are geen iri coltrur due to their high content of clinopyroxene.
690 Palaeozoic monomict breccia derived from the green sandstone and shale and
, interbedded with the formeri

730'Palaeozoic giedn sandstone with bhale interbeds, and graded bedding..
765 Polymict bieccia ivith arenaceous green matrix and angular fragmenls of biotite

gneiss and granite. Most fragments less than 2 inches in diameter.
780 Polymict breccia with fragments of gneisses embedded in a green arenaceous

matrix.
861 Polymict breccia, The breccia is made up of white to black angular frdgments

v1r1zlng in size from 1 inch down. The matrix is green, fine-grained, poroui sand,
which'consists of fragments of clinopyroxene, potash feldspar, biotite flakes, and

I quartz cernented by mica-illite, and kaolinite. No primary structures were
observed.

909 Polymict breccia. The breccia consists of angular fragments of biotite gneiss and'':' granite in a friable gieen safid matrix. The matiix consists of fresh fra-gments of
potash feldspar, plagioclade; clinopyroxene, quartz, hornblende, and biotite
cemented by mica-illite and kaolinitei. No primarv structures observed.
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952 Polyrnict breccia. The fragments include angular pieces of gneiss,-granite, and
-riblu. The matrix is fria6le, green, fine-gtained sand consisting of brown mica
flakes, and fragments of quartz, clinopyroxene, and feldspar cemented by mica-
illite and chlorite. No suggestive structures observed.

957 Polymict breccia. The fragments include altered gneiss and quartz grains. The
mairix i" a green, friable sand consisting of grains of potash feldspar, qnartz,
plagioclase, clinopytox"ne, biotite, chlorite, and calcite cemented by mica-illite
and kaolinite.

1035 Polymict breccia. The angular fragments consist of leucocratic gneiss and lime
siliiate rocks. The matrix is a mottled green, friable sand consisting of clino-
pyroxene and minor calcite.

f120 ilblymict breccia. The fragments are mainly pieces of leucocratic gneiss. The
mairix is a structureless friable, green sand consisting of fragments of potash
feldspar, clinopyroxene, and plagioclase with accessory quartz, sphene, and
calcite.

1128 Lime silicate rocks. The rock is characterized by white and green bandings. No
fragments or evidence of brecciation has been detected. In tbin section the rock

' is seen to consist mainly of inequigranular aggregate of potash feldspar, q]uart?,,
and clinopyroxene with accessory pyrite, sphene, and calcite-

Drill, HoIe No.2
269 Calcareous sandstone. This is grey, fine-grained sandstone with disseminated

lragments of carbonaceous material. Bedding is weakly developed. The major
conlstituents, quartz, and potash feldspar, are cemented by calcite. Shell frag-
ments, and disseminated accessory grains of magnetite are also present.

354 Calcareous sandstone. The stone is grey, fine-grained with alternating beds of
sandy and argillaceous material. Qrnrtz, plagioclase' and potash feldspar, the
major constituents, are cemented by calcite. Accessory amounts-of carbonaceous
material, iron ores, and apatite are disseminated through the thin section.

384 Sandstone. This rock is characterized by alternating well-sorted, fine- and very
nne-grained sand weakly cemented by calcite and clay. Organic. fragments are
presJnt. Qtartz is the major salic constituent in the fine-grained beds and it is'
associated with accessory biotite and magnetite.

429 Coarse-grained sandstone. Very friable, coarse-grained rock, green in colour and
witlouiapparent bedding. Calcite and clinopyroxene grains are abundant and
hematite dust is disseminated through the thin section.

432 Polymict breccia. The breccia consists of angular fragments fron 2-inches down
whiih include pieces of amphibolite, lime silicate rock embedded in a massive
matrix. The mitrix consists of clinopyroxene, carbonate, quartz, biotite, micro-
perthite and potash feldspar grains cemented by montmorillonite, mica-illite,
kaolinite, and talc.

438 Polymict breccia. The breccia consists of fragments of biotite gneiss and lime
silicate rocks from 2 inches down embedded in a friable matrix of clinopyroxene,
qtJartz, and biotite. The clay fraction consists of montmorillonite, kaolinite, mica-
illite, and talc.

455 Polymict breccia. The breccia consists of nne-grained fragments- (_( I o) of granite,
lime silicate rocks, and mineral fragments. The matrix is a friable aggregate_ of
plagioclase, quartz, clinopyroxene, biotite, and chlorite with disseminated calcite.
The clay fraction consists of montmorillonite, mica-illite, and talc.

466 Biotite;neiss. A fragment of this rock occurs in the breccia at this point. The rock'Qonsists 
mainly of 6iotite, qtrartz, and feldspar with accessory potash feldspar

and perthite, apatite, and magnetite.
484 Polymict breccia. The fragments consist mainly of biotite gneiss and lime silicate

rocks. The matrix is a friable, green sand consisting of plagioclase, quartz, clino-
pyroxene, and biotite. The clay fraction consists of montmorillonite, mica-illite,
kaolinite, and talc.
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490 Pyroxene gneiss. Specimen taken from the breccia. Massive rock which consists
mainly- of clinopyroxene grains in granitoid texture with minor quartz, plagioclase,
tremolite, and chlorite.

513 Biotite gneiss. Fragment from the breccia. The gneiss is a granular foliated
aggregate of biotite, pyroxene, quartz, and feldspar. The quartz, which is the major
constituent, is somewhat fractured. Mineral banding has been developed. AccLs-
sory apatite and magnetite are present.

534 Biotite, pyroxene gneiss. The gneiss is melanocratic with a weak orientation due
to the mica flakes and some white and green veinlets. Biotite, quartz, plagioclase,
and clinopyroxene are the major constituents. Grains of magnetite are iparsely
disseminated through the thin section.

538 Pegmatitic gabbro. Mainly coarse-grained clinopyroxene partly replaced by
biotite and hornblende. Minor interstitial plagiociase and micropertiite grains
occur with disseminated accessory pyrite and a few calcite veinlets,

557 Lime silicate rocks. This rock is massive, and variable in.colour from white to
green. Clinopyroxene is the dominant constituent with accessory disseminated
plagioclase, qttartz, potash feldspar, sphene, calcite, and magnetite.

572 Lime silicate rock. The rock is white, fine-grained with disseminated grains of
pyrite.

611 Muscovite gneiss. This rock is characterized by strong foliation due to abundant
oriented flakes of muscovite.

675 Breccia. The breccia is characterized by white fragments embedded in a green
matrix. Calcite is a major constituent with accessory pyrite.

750 Lime silicate rock. This rock is white and is partly kaolinitized. Some quartz veins
are present and clinopyroxene is the major constituent.

771 crystalline limestone. The rock consists mainly of calcite, lime silicates, witJr
disseminated pyrite. There is no evidence of bedding or brecciation.

840 Lime silicate rocks. The rock is weakly consolidated and consists mainly of clino-
-,, pyroxene. Accessory disseminated quartz is present.
883 Biotite gneiss. The specimen is very friable. Biotite, perthite, potash feldspar,

hornblende occur with accessory gnrnet and magnetite.
1060 Biotite pyroxene gneiss. This gneiss exhibits crude mineralogical banding. Clino-

pyroxene and biotite are abundant. Minor quartz and accessory pyrite are also
present.

1325 LamproplrVre. This rock is black and very fine-grained. Biotite, pyroxene, plagio-
clase, and quartz have been identified.

Dri,l,l, Hol,e No.3
64 Monomict breccia. The breccia consists of rounded fragments of dhite granite

embedded in a black, fine-grained calcite and clay matrix.
65 Limestone. The rock is fine-grained, grey-coloured, with black styoliths and some

white indistinguishable fragments. The limestone has been identified as Palaeozoic.
Shell debris is present and some recrystallized areas of clear calcite.

78 Marble. The marble is a fine-grained, massive rock which varies in colour from
white to green. No primary structures have been detected. Calcite is the dominant
constituent. Talc and mica have also been identified.

123 Lime silicate rocks. This rock consists of coarse-grained, pale green clinopyroxene
and minor calcite.

144 Impure talc. The rock is massive, very fine-grained, and without primary struc-
tures. The specimen has a soapy feel.

160 Lime silicate rock. This rock is massive with 0ne-grained, green bands and some
white crystals.

210 Biotite hornblende gneiss. The rock is dark-coloured, foliated, unbrecciated, and
with interbedded mafics and salics. Biotite, hornblende quartz, and plagioclase
have been identified in it.
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Frc. 5. A vertical section drawn through the three drill holes'

Bt0Icabbro. The gabbro is a melanocratic rock with weakly {eyelogid mineralogrcal
"banding. Thelrimary pyroxene has been replaced by chlorite, Plagioclase is the

most ibundant salic-mineral. Quartz, biotite, calcite, and potash feldspar are
present.

325 biotite hornblende gneiss. The gneiss is weakly foliated and unbrecciated. Plagio-
clase, biotite, and hornblende are the main constituents.

e54 Amphibolite, The amphibolite is black, fine.grained, and structureless rock.

Hoinblende and plagioctase are the dominant constituents and quartz, biotite,
chlorite, and garnet are also present.

Sunnoulrontc RocKs

The overlying Palaeozoic rocks are mainly well bedded, fine- to very

fine-grained, buff to grey limestones and siltstones. Th.ese are underlain
immediately above the breccia by interbedded thin strata oJ sandstone
and limy shale. The heavy mineral concentrates from this sandstone con-

tained 50 to 59 per cent clinopyroxene, 10 to L9 per cent biotite and
pyrite; and from 0 to 9 per cent garnet' magnetite' hornblende, and

iphene, and one sample from the limy shale 70 to 79 per cent clino-
pyroxene, 10 to L9 per cent biotite; and 0 to 9 per cent garnet, magnetite,
pyrite, hornblende, and sphene. This suggests derivation from nearby
lime-silicate rocks and amphibolites. The overlying limestone is locally

fossiliferous and by all criteria is a normetl sedimentary rock which has

not been metamorphosed or brecciated.
The surrounding Precambrian rocks include lime silicate rocks, gneisses,

Hol"o No 3
lloLe No 1 Holo No 2
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amphibolite, and pegmatitic gabbro. The lime silicate rocks vary from
pale green to grey in colour. Most specimens are massive but a few
showed relict bedding. They vary in grain size from medium-coarse to
fine-grained. Clinopyroxene and quartz are the most widespread con-
stituents and calcite oicurs less commonly. Potash feldspar and plagio-
cjase were identified in a few specimens as minor constituents. Pyrite,
sphene, talc, and biotite or phlogopite are the usual accessory con-
stituents. The mineralogy of these rocks is simple and is not charac-
terized by an unusual variety of heavy mineratrs.

Specimens of the gneisses were examined both in hand specimens and
thin sections. The colour varies from grey to white and the grain size
from medium-coarse to fine-grain. Some exhibit mineral banding and
variSble composition. The most widespread constituents are biotite,
quartz, plagioclase, and less widespread hornblende, potash feldspar,
clinopyroxene, muscovite, and accessory pyrite, magnetite, garnet,
calcite, and apatite. Biotite-, clinopyroxene-, and hornblende-rich bands
alternate with quartz- and plagioclase-rich bands. These rocks are
characterized by a wider variety of heavy minerals than the lime-silicate
rocks.

The amphibolites are commonly black, medium-coarse to fine-grained
rocks which vary from massive to weakly banded and foliated rocks.
They consist of hornblende, biotite, plagioclase, quartz, chlorite, and
potash feldspar. Garnet has been identified as an accessory constituent.
These rocks are also characterized by a moderately large h*vy mineral
suite.

One specimen of pegmatitic gabbro was also prepared as a thin section.
The rock is coarse-grained and is composed mainly of clinopyroxene and
rninor quartz and plagioclase, potash feldspar in microperthite, and
accessory pyrite and calcite.

Tur Bnrccr.a,

M ega scoph D escr,ipt ion
The breccia is polymict with a variety of rock fragments including

Iime silicate rocks, micaceous gneiss, and amphibolite contained in a
fine-grained matrix (Fig. 2, 3). No fragments of the Palaeozoic sedi-
mentary rocks are present and the rock fragrnents seem to be randomly
distributed. The angular fragments vary in size up to a few inches.

The matrix, which is dark green, is medium-grained and poorly sorted.
Its weak cement allows some samples to be crushed with the fingers.
.It contains identifiable grains of the various rock varieties as well as
quartz, calcite, and earthy white grains. One specimen of the 24 examined
showed evidence of crude bedding.
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M,irr o s cop'ic D e s cr'ipt'ion
Examination of the breccia in thin sections confirmed the identity of

the rock species present as fragments and as bedrock from the surround-
ing terrain. Plagioclase, potash feldspar, calcite, quartz, biotite, clino-
pyroxene are usually present in the matrix. The coarse mineral grains
show no evidence of rounding or frosting but are either cleavage or
angular fragments. The clinopyroxene varies from colourless to white
cleavage fragments with hackly ends. No evidence of secondary growth
has been observed on any of the minerals identified. For example neither
the quartz nor the plagioclase fragments exhibit peripheral zones.
Hornblende, chlorite, sphene, and hematite are present as accessory
constituents.

CIay Mineral,s
The matrix of the breccia was carefully crushed and tJre coarser frag-

ments were hand-picked to concentrate the matrix. The concentrate was
finely ground and submitted to the Mineralogy Section where tJre
micaceous constituents were mounted on glass slides {or r-ray dif-
fraction identification. Abundant montmorillonite and mica-illite with
lesser quantities of kaolinite, talc, calcite, qtJartz' feldspar, and amphibole
were found. All of these occur in normal sedimentary rocks (Pettijohn,
1949, p. 105).

Hoevv MrNBnar- SurtBs

The Brecc'in,
Another part of the matrix was crushed, sieved, and treated with

acetylene tetrabromide to obtain heavy mineral concentrates. Specimen
No. 1-957 contained 18.0 per cent, No. 2-466 contained 43.0 per cent,
and No. 1-780 contained l-2.0 per cent heavy minerals respectively. The
suite of heavy minerals was studied optically and was found to consist of
clinopyroxene, minor mica, and amphibole. Also present were sphene,
pyrite, chlorite, and fluorescing calcite. The mica is either brown biotite
or yellowish-brown phlogopite. The amphibole is a pale green actinolite.

The suite of minerals is characterizedby a smaller variety than might
be expected from a large area of highly metamorphosed gneisses. The
minerals have not been rounded by transportation or altered by weather-
ing and lack secondary rims. The clinopyroxene is usually prismatic and
occurs as colourless to white cleavage fragments with hackly ends. The
mica is mainly ribbon type phlogopite with a few flakes of dark brown
biotite. The amphibole is hornblende. The accessory sphene is character-
istic of the heavy concentrates and its identity has been confirmed by
r-ray difiraction. Angular fragmenis of pyrite and in yellow fluorescing
calcite are accessory constituents of most concentrates.
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Surround,,i,ng Rochs
Specimens of these rocks have been crushed to r.O0-mesh size for heavy

liquid concentrate treatment of the accessory heavy minerals. Two of
these were lime-silicate rocks, one an amphibolite, and the fourth a
micaceous gneiss.

Heavy mineral concentrates from the lime-silicate rocks consist of
clinopyroxene, calcite, sphene, pyrite, and muscovite. The amphibolite
concentrate consists of green hornblende, brown biotite, pyrite, and
apatite, whereas the gneiss concentrate consists of phlogopite, pale
green amphibole, pyrite, and apatite.

These results suggest that the breccia matrix was derived from the
Jime silicates beneath the structure. The fluorescing calcite is present
both in the matrix and in the lime-silicate rocks studied. The strong
similarity between the suites is indicative of a common origin.

NrcrBr- Arar-vsps

Five samples of the drill core were crushed in a jaw crusher, pulverized
in a ceramic disc pulverizer, and split into two fractions each. The
magnetic constituents were removed by hand magnet from both fractions.
one residue was treated in a carpco separator set at 0.0b amp. and the
second was treated on the Haultain superpanner. The hand-magnetic
fractions have been combined and three concentrates per specimen; the
hand-magnetic concentrate, carpco, and superpanner concentrates have
been analyzed spectrographically for their nickel content. The results
for the hand-magnet concentrate have been corrected by the subtraction
of a blank consisting of filings from the jaw crusher combined with three
parts of G-1 standard.

specimens 1348 and 1349, which are abnormally magnetic lengths
of core from drill holes L and 2 respectively, were collected from the
breccia and the underlying rocks. samples 1950, 1BbB, and LBb4 inclusive
consist of 6-inch lengths of core cut every b feet across selected lengths
of core. specimen 1350, which was collected between z3g and 7b1 feet in

Lt

No. 1448, Nl No. 1449, Nt No. 1860, Ni No. 185s, Nt No. 1854, Nt

Spec. wt. UU.O
concentrate

Haod magnet 1.7
Carpco 0.5
Superpamer 2O.2

643

200*
600
7@

3454.0

2 . 7
2 . 6

26.5

3500. o

2 .4

18 .2

7884.O

2 . 1
2 . 4

20.9

6332.0

2.4 200
36.0 -100
28.0 600

2W
600
800

2@
100
6@

200
500
700

Analyst W.H. Chmp.
rThe hand-magtret concentrates have been reduced by the blank value 6@ ppm.
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HOLLEFORD CRATER BRECCIA 645

drill core No. 2, represents the Palaeozoic sandstone and limestone im-
mediately above the breccia. Specimen 1353, which was collected between
440 and 1045 feet in drill core No. 1, represents the Holleford breccia.
Specimen 1354, which was collected between 404 and 4g5 feet in drill
core No. 2, represents the Holleford breccia.

The preparation technique was designed to produce three concen-
trates analagous to the nickel-iron, silicate, and sulphide phases of stony
meteorites. The hand-magnet concentrate, which is correlated with the
nickel-iron phase shows no similarity in nickel content (Rankama &
Sahama, 1949, p. 101). The nickel content obtained before the subtrac-
tion of the blank was significantly less than that for meteoric iron. On the
other hand, there is a similarity to the nickel content of magnetite from
basic rocks (Sen al al., L959, p.7L,72). The Carpco concentrate, which
is correlated with the silicate phase of stony meteorites, is an order of
magnitude less than the average for meteorite material (Vinogradov, 1"956,
p. 31). On the other hand, these values are similar to those published by
Snyder (1959, p. 355) for the pyroxenes of basic rocks. The superpanner
concentrate, which is characterized by abundant pyrite and minor
accessory silicates, contains far less nickel than the sulphide phase of
meteorites (Mason, L952, p, 17) but is approximately the same order of
magnitude as for accessory pyrite in igneous rocks (Rankama & Sahama,
1949, p. 101). In conclusion, none of the concentrates analyzed contains
sufficient nickel to indicate the presence of meteoric material.

Drscussrox-ColrpanrsoN oF BREccrA Tyres

The first four of the 11 varieties of breccia listed in Table 2 are charac-
teristically products of contemporaneous sedimentary processes. The
intraformational breccias are the products of shoaling water above
recently emplaced sedimentary beds which have been exposed, mud-
cracked, and re-cemented by additional mud. Orthoquartzite breccias
are products of a transgressive beach overlying a lowJying land surface.
Polymict breccias are thick, wedge-shaped accumulations derived from
nearby sharply elevated highlands. Tillites are extensive tabular accumu-
lations deposited from melting glaciers. Scree and outwash fan gravel are
sedimentary products having highly localized development. Volcanic
breccias are products of volcanic eruptions rather than normal sedimen-
tary processes. Fault and fold breccias are products of fragmentation
taking place at some time after normal sedimentary processes have been
terminated. Fault breccias sharply localized along tabular zones of struc-
tural displacement and they have associated with them slickensides and
gouge. Fold breccias are the product of disruption of thin brittle beds en-
closed within more plastic beds. Thin chert beds in shale often give rise
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to this type of breccia in folded areas of rock. Type 8 is a description'of
an identifiable meteorite breccia (Thornbury 1954), and Type 9 is a
description of the Holleford breccia

Suuuenv

The bowl-shaped form of the breccia body as indicated by diamond
drilling and geophysical data (Beals, 1958) are characteristic of meteorite
impact breccias. Other characteristics that are in accord with such a
genesis are: local derivation of the constituents of the breccia, lack of
sedimentary bedding, and lack of rounded arenaceous material. No glass
or coesite were found, but it is quite possible that devitrification and
recrystallization of a probably .riretastable mineral would have taken
place in tlle long interval since,'the crater was buried. There is no sig-
nificant difference between the nickel content of this breccia and that
of normal ingeneous rocks. However, anomalous concentrations of
nickel in known meteorite craters has yet to be demonstrated as a
significant criterion.

Results of this study lend weak additional support to the hypothesis
that the Holleford breccia is a product of meteorite impact. More sig-
nificantly perhaps, none of the results refute such a hypothesis.
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