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ABSTRACT

The Slate Islands in northern Lake Superior represent the
eroded remains of a complex impact crater, originally ~32 km in
diameter. New field studies there reveal allogenic crater fill deposits
along the eastern and northern portions of the islands indicating
that this 500—-800 Ma impact structure is not as heavily eroded as
previously thought. Near the crater center, on the western side of
Patterson Island, massive blocks of target rocks, enclosed within a
matrix of fine-grained polymict breccia, record the extensive defor-
mation associated with the central uplift. Shatter cones are a com-
mon structural feature on the islands and range from <3 cm to over
10 m in length. Although shatter cones are powerful tools for rec-
ognizing and analyzing eroded impact craters, their origin remains
poorly constrained.

INTRODUCTION

The Slate Islands are an ~7-km-wide archipelago located in
northern Lake Superior ~10 km south of Terrace Bay, Ontario
(Fig. 1). Numerous shatter cones (observed first by R. Sage during
field mapping in 1973; Halls and Grieve, 1976; Sage, 1978, 1991),
microscopic evidence of shock metamorphism (Grieve and Robert-
son, 1976; Sage, 1978, 1991), and polymict breccia dikes provide
clear indications that these istands represent the heavily croded
central portion of a complex impuct crater. Bathymetric data suggest
an original crater diameter of ~32 km.

With the exception of a detailed investigation of Slate Islands
shatter cones (Stesky and Halls, 1983), the islands have received
little scrutiny in the past 15 yr. Commonly rough and unpredictable
weather conditions, combined with difficult access, have hindered
detailed investigations of the istands’ excellent rock exposures along
the shores cleaned by wave action of Lake Superior. Exploration of
island interiors is further encumbered by dense vegetation and rug-
ged terrain. Our work over the past two summers took advantage of
the generous logistical support of the Ontario Geological Survey,
which allowed us safe, extended access to these islands.

Here we present a brief, updated overview of the islands’ ge-
ology. including a revised structural interpretation, and report on
new shatter cone observations that serve to illustrate the severe
deficicncies in theoretical models of how these features form.

GEOLOGICAL SETTING AND AGE CONSTRAINTS

A wide variety of Archean and Proterozoic country rocks arc
present on the islands (Sage, 1991). Archean rocks of the Wawa
Subprovince of the Superior Province, making up the bulk of the
exposed rock units, are greenschist facies, felsic to mafic pyroclastic
volcanic rocks, pillowed and variolitic basalt flows, and feldspar por-
phyries. These supracrustal rocks are interbedded with minor mud-
stones, siltstones, and ironstones. Archean felsic and mafic igneous
rocks intrude the supracrustal sequences. Laminated argillite and
chert-carbonate-hematite ironstone of the Gunflint Formation and
argillite of the Rove Formation, both belonging to the Proterozoic
Animikic Group, and Keweenawan metabasalts, diabases, and in-
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terflow siliciclastic sediments are of limited spatial extent. The
northern part of the north-south—trending Great Lakes Interna
tional Multidisciplinary Program on Crustal Evolution (GLIMPCE
reflection seismic line A (Mariano and Hinze, 1994) traverses the
crater, ~7 km to the west of the center. These data reveal a thicl
layered sequence in the vicinity of the crater indicating tha
Keweenawan rocks probably dominated the upper target stratigra
phy at the time of impact.

Dikes of clastic-matrix breccia were noted by Halls and Griev:
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(1976) and Sage (1978, 1991). In addition 10 these features we have
identified pseudotachylites, polymict allogenic breccias (including
glass-bearing “sucvite™; c.g.. von Engelhardt, 1990), and monomict
autoclastic breccias related to the impact event. On Slate Islands,
allogenic and autoclastic breccias are concentrated along the east-
crn side of Patterson Island, as well as on Mortimer, Dupuis, and
Delaute islands (Fig. 1).

Available constraints on the age of the impact are not robust.
Grieve et al. (1995) listed the age as <350 Ma because the level of
crosion at Slate Islands is similar to that of the ~350 Ma Charlevoix
structure in Quebec. The sandstone of the 800 Ma Jacobsville For-
mation, however, appears to be the youngest target unit observed in
the polymict breccias or otherwise deformed by the Slate Islands
impact event. Carbonate units probably were deposited throughout
the region between the Michigan and Hudson Bay Lowland basins
during the Ordovician and Devonian (Norris and Sanford, 1968) but
these rocks have not becn observed as clasts within the polymict
breccias. This leads us to conclude that the age of the Slate I[slands
impact event is most likely 500-800 Ma.

REVISED STRUCTURAL INTERPRETATION

Previously the whole island group was interpreted as uplifted
and deformed parautochthonous basement eroded so deeply that
the only breccias remaining were those injected during impact into
the crater subfloor ~{1.5 to 1.5 km beneath the crater’s central peak
(Halls and Grieve, 1976; Grieve and Robertson, 1976). Allogenic
and autoclastic breccias, however, on the northern and eastern
flanks of the central uplift indicate that the present exposure depth
does not greatly exceed the original crater depth (a few hundred
mectres below the original ground surface). This is verified by the
reprocessed GLIMPCE data, which clearly show offsets and rota-
tions of shallow layers consistent with the intensely deformed struc-
tural trough and the outlying rim zone of this complex crater (Sharp-
ton and Dressler, 1996),

On the basis of shatter cone orientations (Stesky and Halls,
1983) and shock barometry (Grieve and Robertson, 1976), previous
studies placed the crater center approximately coincident with the
islands” center (Fig. 1). Concentric topographic and structural
trends, coupled with the concentration of crater fill deposits on the
northern and eastern parts of the islands, however, suggest that the
crater center lies in the western Patterson Island, near the southern
end of Lawrence Bay (Fig. 1). This region is characterized by net-
works of 01.5- to >4-m-thick linear bodies of polymict breccia (Fig. 2)
previously interpreted as clastic injection dikes (Halls and Grieve,
1976; Grieve and Robertson, 1976). Nonconformal structural and
lithological relationships across these enclosed breccia bodies, how-
ever, indicate that most represent the fine-grained matrix surround-
ing blocks of uplifted and rotated deep crustal rocks ranging from
a few metres to perhaps hundreds of metres across. This impact-
generated melange provides crucial insight into the style and inten-
sity of the deformation associated with central peak formation.

SHATTER CONES AT THE SLATE ISLANDS STRUCTURE
Shatter cones are a specific type of rock fracturing produced by
the passage of a high-pressure shock wave (Dietz, 1964). Their sur-
face is decorated with linear ridges and grooves, referred to as
“horsetail striations” that radiate from the cone’s apex (Fig. 3).
Complete cones are rarely observed. Parasitic, partial cones com-
monly lie on the surfaces of larger ones (Dietz, 1968). Their dis-
tinctive appearance makes them an invaluable field tool for dis-
criminating impact (e.g., Dietz, 1947, 1961, 1964, 1968). In addition,
shattercones provide important directional information usetul in
identifying the crater center and measuring rotations associated
with late-stage crater collapse (Sharpton and Grieve, 1990, and ref-
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erences therein). Numerous recent publications deal with th. dis-
tribution and/or the orientation of shatter cones in a number of
terrestrial impact structures (c.g., Dressler, 1984, 1990; Manton,
1965; Simpson, 1981; Milton et al., 1972; and Murtaugh, 1975).

Shatter cones are present in practically all target rocks of the
Slate Islands, and we also recognized them in breccia fragments
(Fig. 4). They are especially well developed in Keweenawan meta-
basalts and interflow sediments. In Figure 1, northern Mortimer
Island and sections of Patterson Island appear to be devoid of shat-
ter cones; however, this mainly reflects the lack of ficld investiga-
tions in these areas. \

At the Slate Islands structure, shatter cones typically range in
size from ~2-3 cm to ~1 m long. The smallest shatter cones are
most common in fine-grained metasediments. Keweenawan meta-
basalts commonly exhibit somewhat larger, but equally well-devel-
oped cones, 10-30 em long (Fig. 3).

We identified an outcrop of Archean felsic metavolcanic rock
(Fig. 5) in McGreevy Harbour (Fig. 1} exhibiting one confirmed
shatter cone, located closest to the shoreline, that is at least 10 m
long. Several other large, conical features are obvious on the necar-
vertical walls of the outcrop, but steep slopes and thick scree pro-
hibited our reaching these features to confirm their origin. None-
theless, these features appear identical to the confirmed shatter
cone in terms of scale, morphology, and orientation, and a similar
genesis seems probable. We are aware of no reports of similarly
large shatter cones from other impact craters; however, this does not
mean such megacones are unique to the Slate Islands. The excep-
tional exposures along the wave-battered shores of the Slate Islands
impact structure provide two- and three-dimensional views of many
features and rock units related to impact that in most other tcrres-
trial craters can be explored only on relatively small outcrons or
through expensive drilling.

At its exposed base, onc of the megacones is at least 7 m wide.
This exposure represents ~25° of the cone’s basal perimeter; taere-
fore, the true width of this feature may exceed 20 m at its basc.
Horsetail striations and parasitic cones cover all the exposed surface
of the megacones. For the confirmed megacone, surface attitudes
were used to derive the apical orientation, assuming a full cone
angle of 90°. The megacone points ~60° above the horizontal
toward the southwest, at an azimuth of 230°. This orientation is
consistent with the widely observed characteristic of shatter cones
pointing toward the impact point. This cone is located ~2—4 km
from the point of impact, so even though the effective blast point was
above the original pre-impact level of the shatter-coned unit (the
parautochthonous rocks of the crater subfloor), upward and out-
ward block rotation of ~30° seems to be required to account fiar jts
steep inclination. This sense of rotation is an expected structural
response to uplift at the crater center.

UNDERSTANDING SHATTER CONE FORMATION

Shatter cones were first described by Branco and Fraas (1905)
from the Steinheim crater in Germany. Now, after almost a century
of controversy, these features are almost universally acceptcd as
diagnostic evidence of meteorite impact (Sharpton and Grieve,
1990). Nonetheless, only two theoretical models of shatter cone
formation appear in the literature (Johnson and Talbot, 1964; Gash,
1971). According to Johnson and Talbot (1964), shatter cones form
where the elastic precursor of a shock wave is refracted by some
inhomogeneity in the target medium. The elastic precursor, direct
wave, and the scattered wave then interact to produce stresses above
the target’s elastic limit within a double-conical structure whost axis
is normal to the shock front. Outside this conical structure the stress
does not reach values above the clastic limit. Strain is focused along
the boundary between the cone and its surroundings, where material
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Figure 2. Westward view from shoreline of southwestern Patterson
Istand illustrating (submerged) polymict breccia bodies (dark dike-like
bodies) that enclose large, rotated blocks of Archean to Proterozoic
rocks. This melange was formed as crater floor near ground zero re-
bounded during impact to form central peak.

undergoes a transition from elastic to plastic behavior; brittle rup-
ture along this boundary thus results in a typical ridged and grooved
shatter cone surface. In most cases, only one half of the double cone
develops. In Gash’s model (1971), shatter cones are produced by the
interaction of an incident compressive wave and a tensile wave re-
flected from a highly reflective source. such as the target surface.

Shatter cones clearly form during an carly phase of the impact
process because shatter-coned clasts occur in melts and allogenic
breccias from the Slate Islands and other impact structures. Yet
neither of the two hypotheses (Johnson and Talbot, 1964; Gash,
1971) accounts for all observed features associated with shatter
cones (Table 1). For instance, it is difficult to reconcile cither model
with the obscrvation that shatter conces of diverse size oceur at a
single location; shatter cones within the same outcrop at Slate Is-
lands can range in axial length from <10 cm to >10 m.

We have never observed antithetic point-to-point shatter cones
as predicted in the model of Johnson and Talbot (1964) and know
of no reports of this relationship from clsewhere. Furthermore, al-
though inhomogeneities, such as shale chips or fossils, have been
reported to lie at the apices of cones in other impact structures
(Milton, 1977), most cones we have observed do not have any ob-
vious point-source inhomogeneity at their apices. In contrast, the
presence of vesicles and amygdules in the Keweenawan basats nei-
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Figure 3. Shatter cone in
Keweenawan basalt
showing typical surface
characteristics.

Figure 5. Location of large shatter cones, McGreevy Harbour, Patter-
son Island.

ther nucleated shatter cones nor affected their size or abundancc
Gash’s model does not require the interaction of the shock wav
with an inhomogeneity, but because shock wave interactions witl
free surface reflections are needed, shatter cone formatiol
throughout the central portions of the crater floor, where most ar
observed, seems problematic.

Both models fail to account for the occurrence of shatter conc
over a wide range of shock pressure. Roddy and Davis (1977) de
duced from their investigations of shatter cone formation in exper
imental explosions that, in crystalline rocks, the conical feature
require a formational stress range of ~4 * 2 GPa. In the Manic
ouagan impact structure in Quebec (Dressler, 1970, 1990; Mur
taugh, 1976), shatter cones occur in rocks that contain shock-pro
duced glasses of quartz, plagioclase, and scapolite, indicating tha
peak pressures exceeded 30-45 GPa (Stoffler, 1971, 1972) in shat
ter-coned rocks. At the Slate Islands, shatter cones are found i
rocks that contain microscopic planar deformation features i
quartz grains indicative of shock pressures in excess of 12 GPs
Because the Hugoniot elastic Himit for most rock-forming material
ranges from 2 10 4 GPa, these observations are contrary to th.
Johnson and Talbot prediction that pressures in the medium su
rounding the cone do not exceed the elastic limit.

Shatter cones are casily recognized products of the high-pre:
sure conditions associated with metcorite impact and have becom
one of the most expedient and useful tools for identifying and study
ing terrestrial impact craters. Yet, as the observations presente.

<4

diameter.
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Figure 4. Shatter-coned
fragment in impact brec-
cia. Lens cap is 5.5 cm in
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TABLE 1. CHARACTERISTICS OF SHATTER CONES

Property Range Comments
Rock types Shatter cones are best developed in fine- However, grain size and homogeneity are not the only factors.
grained, homogeneous rocks; less weil In the Sudbury impact structure, shatter cones are developed
developed in coarse, heterogeneous rocks.  in fine-grained metasediments, whereas fine-grained
metabasalts are practically devoid of shatter cones.
Occurrence At Slate Islands, in parautochthonous Common in many terrestrial impact structures and large-scale

rocks of the central uplift and in shatter-
coned clasts in impact melt rocks and
breccias.

Pressure range 4 +2t030-45 GPa

Orientation Preferred orientation toward ground zero;
in places antithetic; rarely more random.
Size [-2cmto>10m

Apical angle 66° - 122° (Milton, 1977)

explosion cratering experiments (Roddy and Davis, 1977).

This estimate is based on Roddy and Davis (1977) and the
observation of shatter cones in shock metamorphosed rocks in
the Manicouagan impact structure that show diaplectic
isotropization of plagioclase, scapolite, and quartz (Dressler,
1970, 1990; Murtaugh, 1976).

Antithetic orientation compatible with hypothesis of Johnson
and Talbot (1964). Random orientations probably the result
of interaction of shock wave with reflections from
inhomogeneities.

Very large shatter cones may be more common than
previously thought. Limited exposure may hinder
recognition.

Do small shatter cones have larger apical angles than large
ones, or is the angle a reflection of shock pressure or rock
type?

above illustrate, to date, there is no satisfactory model for how these
features arc formed.

ACKNOWLEDGMENTS

This paper is dedicated 1o Dr. Robert 8. Diclz, whose countless contributions to
the ficld of impact cratering make possible this paper and many before it. We thank
R. B. Hargraves and P. Schultz for helpful reviews, and are very grateful to B. Milkereit
(Geological Survey of Canada, Ottawa, Ontario) for reprocessing the GLIMPCE data.
This work was supported in part by research grants to Sharpton from the Venus Data
Analysis Program and the Planetary Geology and Geophysics Program of the National
Acronautics and Space Administration (NASA). The Lunar and Planctary Institute is
operated by Universities Space Research Association under Contract NASW-4574 with
NASA. This is Lunar and Planctary Institute Contribution 883,

REFERENCES CITED

Branco, W.. and Fraas, E., 1905, Das kryplovulkanische Becken von Steinheim: Ab-
handlungen der kiniglich preuBischen Akademic der Wissenschalten. Berlin,
p. 1-04.

Dictz, R. 8., 1947, Mcteorite impact suggested by orientation of shatter cones at the
Kentland, Indiana disturbance: Science, v. 105, p. 42-43.

Dictz. R. S, 1961, Astroblemes: Scientific American, v. 205, p. 2-10.

Dictz, R. S, 1964, Sudbury structure as an astrobleme: Journal of Geology, v. 72,
p. 412-434.

Dictz, R, S, 1968, Shatter cones in cryptoexplosion structures, in French, B. M. and
Short, N M., eds., Shock metamorphism of natural materials: Baltimore, Mono
Book Corporation, 644 p.

Dressler. B., 1970, Die Beanspruchung der prikambrischen Gesteine in der Krypto-
explosionsstruktur von Manicouagan in der Provinz Quebec, Canada [Ph.D. dis-
sert.]: Germany, University of Minchen, 107 p.

Dresster. B O., 1984, The eftects of the Sudbury event and the intrusion of the Sudbury
Igncous Complex on the Tootwall rocks of the Sudbury structure, i Pye, E. G..
Naldrett, A. J., and Giblin, P. E., eds., The geology and ore deposits of the Sudbury
structure: Ontario Geological Survey Special Volume 1, p. 97-136.

Dressler, B., 1990, Shock metamorphic features and their zoning and orientation in the
Precambrian rocks of the Manicouagan structure, Quebec, Canada: Tectonophys-
ies, v, 171, p. 229-254.

Gash, P.J. S., [971. Dynamic mechanism of the formation of shatter cones: Nature,
Physical Science, v. 230, p. 32-35.

Grieve, R, AL F., and Robertson, P. B.. 1976, Variations in shock deformation at the
Slate Islands impact structure, Lake Superior. Canada: Contributions to Miner-
alogy and Petrology, v. 58, p. 37-4Y.

Grieve, RCACF., Rupert, |, Smith, J., and Therriault, A.. 1995, The record of terrestrial
impact cratering: GSA Today, v. 5. p. 189, 194-196.

Halis, H. C., and Grieve, R. A, F., 1976, The Slate Islands: A probable complex me-
teorite impact structure in Lake Superior: Canadian Journal of Earth Sciences,
v. 13, p. 1301-1309.

Johnson, G. P, and Talbot, R., 1964, A theoretical study of the shock wave origin of
shatter cones [Master's thesis): Dayton, Ohio, Air Foree [nstitute of Technology,
Wright-Patterson Air Force Base. Y2 p.

854

Printed in US.A

Manton, W. L. 1963, The orientation and origin of shatter cones in the Vredefort Ring:
New York Academy of Science Annals 123, p. 1017-1049.

Mariano. J., and Hinze, W. J.. 1994, Structural interpretation of the Midcontinental rift
in castern Lake Superior from seismic reflection and potential-field studies: Ca-
nadian Journal of Earth Sciences, v. 31, p. 619-628.

Milton, D. 1., 1977, Shatter cones—An outstanding problem in shock mechanics, in
Roddy. D. J., et al.. eds.. Impact and explosion cratering: New York, Pergamon
Press. p. 703-714.

Milton, D. 1. and nine others, 1972, Gosses Bluff impact structure, Australia: Science,
v. 175, p. 1199-1207.

Murtaugh, §. G., 1976, Manicouagan impact structure: Québec Ministere des Richesses
naturelles, DPV-432, 180 p.

Norris, A. W, and Sanford, B. V.. 1968, Paleozoic and Mesozoic geology of the Hudson
Bay Lowlands. in Hood. P. I.. ed.. Earth science symposium on Hudson Bay:
Geological Survey of Canada Paper 68-53, p. 169-205.

Roddy, D. J.. and Davis. L. K., 1977, Shatter cones formed in large-scale experimental
explosion craters. in Roddy. ID. 1, Pepin, R. O.. and Merrill. R. B.. eds., Impact
and explosion cratering: New York, Pergamon Press, p. 715-750),

Sage, R P, 1978, Diatremes and shock features in Precambrian rocks of the Slate
Islands. northeastern Lake Superior: Geological Society of America Bulletin,
v. 89, p. 1529-1540.

Sage. R P, 1991 Precambrian geology, Slate Islands: Ontario Geolagical Survey Re-
port 264, 111 p.

Sharpton, V. L., and Dressier, B. O.. 1996, The Slate Islands impact structure: Strue-
tural interpretation and age constraints, in 27th Lunar and Planctary Science
Conference  Abstracts: Houston,  Texas.  Lunar and  Planctary  Institute,
p. 177-1178.

Sharpton, V. L., and Grieve. R. A, F., 1990, Mcteorite impact. cryptoexplosion, and
shock metamorphism; a perspective on the evidence at the K/T boundary, in
Sharpton, V. L. and Ward, P. E.. eds.. Global catastrophes in carth history:
Geological Society of America Special Paper 247, p. 301-318.

Simpson, C., 1981, Occurrence and orientation of shatier cones in Pretoria Group
quartzites in the collar of the Vredefort Dome: Impact origin preciuded: Journal
of Geophysical Research, v. 86, p. 10701-10706.

Stesky, R. M., and Halls, H. C., 1983, Structural analysis of shatter cones from the Slate
Islands, northern Lake Superior: Canadian Journal of Earth Sciences, v. 20,
p. 1-18

Stofiter. D 1971, Progressive metamorphism and classification of shocked and brec-
ciated crystalline rocks at impact craters: Journal of Geophysical Rescarch, v. 76,
p. S541-5551

Stoffler, ., 1972, Deformation and transformation of rock-forming minerals by natural
and experimental shock processes: Fortschritte der Mineralogic, v. 49, p. 50-113.

von Engelhardt, W, 1990, Distribution, petrography and shock metamorphism of the
cjeeta of the Ries crater in Germany—A review: Tectonophysics, v. 171,
p. 259-273.

Manuscript received November 14, 1995

Revised manuseript received May 8, 1996
Manuscript accepted June 5. 1996

GEOLOGY. September 1996



