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PREFACE

The transfer of technical information will aid in the search for, and production
of, our oil and gas resources. To facilitate this technology transfer, the Oklahoma Geologi-
cal Survey (OGS) and the Bartlesville Project Office of the U.S. Department of Energy
(BPO-DOE) cosponsored a symposium dealing with the search for, and production of, oil
and gas resources from meteorite-impact craters. The focus of the symposium was on the
Ames structure, an Early Ordovician circular structure formed in northwestern Okla-
homa by meteorite impact, volcanic activity, or dissolution and collapse. The structure is
610 mi across, is buried by 9,000 ft of younger sedimentary units, and is a prolific source
of oil and gas. Information also was presented on similar features elsewhere in the world.
The symposium was held on March 28-29, 1995, at the Oklahoma Center for Continuing
Education, The University of Oklahoma, Norman. This volume contains the proceedings
of that symposium.

Research reported upon at the symposium focused on meteorite-impact craters,
exploration, hydrocarbon occurrences, reservoir characterization, geochemistry, remote
sensing, recognition criteria, and alternative interpretations for the origin of the Ames
structure. In describing the Ames structure and similar features, and their related petro-
leum reservoirs, the researchers have increased our understanding of how the geologic
history of an area can affect reservoir heterogeneity and our ability to efficiently recover
the hydrocarbons they contain. We hope that the symposium and these proceedings will
bring such research to the attention of the geoscience and energy-research community
and will help foster exchange of information and increased research interest by industry,
university, and government workers. )

Twenty-four papers were presented orally at the symposium, and they are pre-
sented here as full papers or abstracts. An additional 17 reports were given as posters,
and they are presented here as short reports or abstracts. In each of the two parts of this
volume, papers are arranged as follows: (1) general papers on impact craters, (2) the
Ames structure, and (3) similar features elsewhere in North America. About 225 persons
attended the symposium. Stratigraphic nomenclature and age determinations used by
the various authors in this volume do not necessarily agree with those of the OGS.

This is the eighth symposium in as many years dealing with topics of major in-
terest to geologists and others involved in petroleum-resource development in Oklahoma
and adjacent states. These symposia are intended to foster the exchange of information
that will improve our ability to find and recover our nation’s oil and gas resources. Ear-
lier symposia covered the Anadarko basin (published as OGS Circular 90), Late Cam-
brian—-Ordovician geology of the southern Midcontinent (OGS Circular 92), source rocks
in the southern Midcontinent (OGS Circular 93), petroleum-reservoir geology in the
southern Midcontinent (OGS Circular 95), structural styles in the southern Midcontinent
(OGS Circular 97), fluvial-dominated deltaic reservoirs in the southern Midcontinent
(OGS Circular 98), and Simpson and Viola Groups in the southern Midcontinent (OGS
Circular 99).

Persons involved in the organization and planning of the Ames structure sym-
posium include Kenneth Johnson, Jock Campbell, and Charles Mankin of the OGS and
Tom Wesson, Michael Ray, and Herb Tiedemann of BPO-DOE. Other personnel who
contributed include Michelle Summers and Tammie Creel, Registration Co-Chairs; LeRoy
Hemish, Poster-Session Chair; Connie Smith, Publicity Chair; and Judy Schmidt, Exhib-
its Coordinator. Technical editing of this volume was done by Mary Eberle, Wordrite,
Boulder, Colorado; layout and production was done by Sandra Rush, Rush Services,
Denver, Colorado. Appreciation is expressed to each of them and to the many authors who
worked toward a highly successful symposium.

KENNETH S. JOHNSON and
Jock A. CAMPBELL
General Chairmen
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Terrestrial Impact Structures: Basic Characteristics
and Economic Significance, with Emphasis on
Hydrocarbon Production

Richard A. F. Grieve

Continental Geoscience Division
Geological Survey of Canada
Ottawa, Canada

ABSTRACT.—An introduction is provided to the literature on terrestrial impact structures
and their economic, particularly hydrocarbon, deposits. The basic morphologic and morpho-
metric characteristics of terrestrial impact structures are illustrated, along with the criteria
for their recognition. Some progenetic and syngenetic examples of associated economic deposits
are summarized, including world-class deposits in the Witwatersrand basin, South Africa (gold
and uranium) and at Sudbury, Canada (copper, nickel, platinum-group elements). Hydrocar-
bon deposits in impact structures are epigenetic and occur generally in the central uplifted
area of complex impact structures and in the rim area of both complex and simple impact
structures. In some cases, the impact structure not only hosts the reservoir rocks, it also pro-
vides the central topographic basin in which the organic-rich postimpact sediments are depos-
ited that then become source rocks. Examples of hydrocarbon-bearing impact structures,
mostly from North America, are illustrated. It is also noted that much of the oil production
from the Campeche fields, Gulf of Mexico, may be linked to the formation of breccia reservoir
rocks by the Chicxulub impact event, which occurred at the Cretaceous/Tertiary boundary.

INTRODUCTION

The current awareness of the nature and occur-
rence of terrestrial impact structures is such that
new discoveries are being made by members of the
general geoscience community just as often as by
specialists in the study of impact structures. Some
well-known economic deposits are located within
impact structures. Of the almost 160 known ter-
restrial impact structures (Grieve and Shoemaker,
1994), =35 have some form of potentially economic
deposits. The number currently, or in the rela-
tively recent past, producing some form of eco-
nomic resources is =20. Economic deposits related
to impact structures can be subdivided into pro-
genetic, syngenetic, and epigenetic deposits and
are considered in some detail in Grieve and
Masaitis (1994). They are summarized here, with
emphasis on hydrocarbon-bearing impact struc-
tures. Prior to this summary, a context is provided

Richard A. F. Grieve, Continental Geoscience Division,
Geological Survey of Canada, 1 Observatory Crescent,
Ottawa, Ontario K1A OY3, Canada.

by describing some of the salient characteristics of
known terrestrial impact craters.

BASIC CHARACTERISTICS OF
TERRESTRIAL IMPACT CRATERS

Terrestrial impact craters are often degraded or
modified by terrestrial geologic processes. In some
cases, erosion has removed the entire crater form.
In such cases, there is no longer a crater, and the
feature is more correctly referred to as an impact
structure. To avoid having to define when a crater
ceases to be a crater, all impact features are re-
ferred to here by the more generic term impact
structures. Despite the effects of erosion, the ter-
restrial impact record illustrates the basic mor-
phological progression with size observed on other
planets. On Earth, simple structures occur up to
diameters of =2 km, if the target rocks are sedi-
mentary, and up to =4 km, if the target rocks are
crystalline. Above these respective diameters, ter-
restrial impact structures generally have a com-
plex form. Because of the effects of terrestrial proc-
esses, particularly erosion, there are a number of

Grieve, R. A. F., 1997, Terrestrial impact structures: basic characteristics and economic significance, with
emphasis on hydrocarbon production, in Johnson, K. S.; and Campbell, J. A. (eds.), Ames structure in
northwest Oklahoma and similar features: origin and petroleum production (1995 symposium): Oklahoma

Geological Survey Circular 100, p. 3-16.
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biases in the known terrestrial impact record.
These include temporal, size-frequency, and spa-
tial biases. They are discussed in detail in Grieve
and Shoemaker (1994), along with estimates of the
terrestrial cratering rate, and are not repeated
here.

Simple Structures

Simple structures consist of a bowl-shaped de-
pression with a structurally uplifted and locally
overturned rim area. The best-known terrestrial
simple structure is Barringer or Meteor Crater
(Fig. 1; Table 1). Most other terrestrial simple
structures are not as well preserved as Meteor
Crater, which still retains its overturned flap of
bedrock on the rim and part of its exterior ejecta
blanket. Drilling at Meteor Crater, and other
simple structures, indicates that the apparent
floor is underlain by a breccia lens, which is ap-
proximately parabolic in cross section. This lens
consists of brecciated target material and is con-
tained in the fractured, but essentially autochtho-
nous, target rocks of the floor and wall of the so-
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called true crater. Although the breccia lens con-
tains some highly shocked materials, the bulk
(=90%) bears little or no diagnostic evidence of
shock. So-called shock-metamorphic effects in the
autochthonous target rocks are restricted to the
floor of the true crater, where maximum shock
pressures on the order of 25 GPa (250 kilobars)
are recorded and attenuate rapidly with depth
(Robertson and Grieve, 1977).

Various levels of detail on the mechanics of
simple crater formation can be found in Dence
and others (1977), Croft (1980), Grieve and
Garvin (1984), and other references. At its maxi-
mum growth, the initial so-called transient cavity,
which is formed by excavation and displacement of
target material set in motion by the impact is
parabolic in cross section and reaches a depth
approximately ¥s of its diameter. The walls and
floor of this cavity are, in part, lined with melted
and shocked materials set in motion and driven
down into the expanding cavity. The transient cav-
ity, however, is highly unstable during its late-
stage growth, and its walls collapse inward. This

Figure 1. Oblique aerial view of the simple Barringer or Meteor Crater, Arizona, United States. The hummocky
material exterior to the structurally uplifted rim is the ejecta blanket.
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TABLE 1. — PRINcIPAL CHARACTERISTICS OF IMPACT STRUCTURES MENTIONED IN TEXT

Age Diameter

Name Location Latitude Longitude (Ma) (km)
Ames Oklahoma, USA N36°15 W98°12 470 £ 30 16
Avak Alaska, USA N71°15 W156°38’ >95 12
Barringer Arizona, USA N35°2’ W111°1 0.049 + 0.003 1.19
Boltysh Ukraine N48°45 E32°10" 88+3 24
Bosumtwi Ghana N6°30° W1°25 1.03 £ 0.02 10.5
Calvin Michigan, USA N41°50 WB85°57 =430 8.5
Carswell Saskatchewan, Canada N58°27 W109°30’ 115+ 10 39
Chicxulub* Yucatan, Mexico N21°20" W89°3(0/ 6498+ 0.05 170
Clearwater West  Quebec, Canada N56°13’ W74°30° 290 + 20 36
Kara Russia N69°12’ E65°0 73+3 65
Manicouagan Quebec, Canada N51°23" W68°42’ 214 +1 100
Marquez Texas, USA N31°17 W96°18" 58 +2 13
Newporte North Dakota, USA N48°58 W101°58’ <500 3
Popigai Russia N71°30 E111°0/ 3515 100
Puchezh-Katunki Russia N57°6 E43°35 175+3 80
Red Wing North Dakota, USA N47°36 W103°33’ 200 + 25 9
Ries Germany N48°53" E10°37 15+1 24
Siljan Sweden N61°2’ E14°52’ 368.0£1.1 52
Steen River Alberta, Canada N59°30" W117°38’ 95+ 7 25
Steinheim Germany N48°2’ E10°4’ 15+1 3.8
Sudbury Ontario, Canada N46°36’ W81°11’ 1850+ 3 250
Ternovka Ukraine N48°1’ E33°5 =350 15
Tookoonooka Queensland, Australia S27°7 E142°5¢ 1285 55
Viewfield** Saskatchewan, Canada N49°35’ W103°5’ ~190 2.8
Vredefort South Africa S27°0 E27°30’ 2018 + 14 300
Zapadnaya Ukraine N49°44’ E29°¢/ 169 +5 4

* In several cases, diameter estimates are poorly constrained or debatable. Chicxulub is an exceptional case, with
other diameter estimates ranging up to =300 km (Sharpton and others, 1993).

** Impact origin not confirmed.

collapse enlarges the final rim diameter slightly
compared to the transient-cavity diameter and
partly fills the final simple structure with brecci-
ated, but largely unshocked material from the
transient-cavity wall, i.e., the observed breccia
lens.

Simple structures with the best available data
yield the following depth:diameter relationship:

d, = 0.13D*.08
and
d,= 0.28D102

where D is final rim diameter, d_ and d, are appar-
ent and true depth (defined as the maximum
depth from the original ground surface to the top
and bottom of the breccia lens, respectively), and
units are in kilometers. Target rock type does not
appear to have a major effect on d:D relationships
for simple structures, as the sample used includes

structures in both crystalline and sedimentary
targets.

Complex Structures

Complex impact structures are characterized
by an uplifted central area, occurring as a central
topographic peak and/or ring. This is surrounded
by an annular depression and a normally faulted
structural rim area. Examples of the morphologi-
cal subgroups of complex craters, which are more
clearly observed on other planetary bodies
(Wood and Head, 1976), can be found in the terres-
trial record. With increasing diameter, these sub-
groups are central-peak craters (e.g., Steinheim,
Fig. 2; Table 1), central-peak basins with both a
central peak and a surrounding ring (e.g., Clear-
water West, Table 1), peak-ring basins with only a
ring (e.g., Popigai, Table 1), and possibly multi-
ring basins with several rings (e.g., Chicxulub,
Table 1).
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Figure 2. Oblique aerial view of the complex Steinheim structure, Germany. The main features are a rim

area, annular trough, and central peak.

Geologic observations indicate that the central
structures consist of shocked target rocks strati-
graphically uplifted to their present position. The
surrounding annular depression is partially filled
by allochthonous target material, in the form of
polymict breccia and/or impact-melt rocks. The
volume of impact-melt rocks can be significant.
For example, the present thickness of the annular
impact-melt sheet at the 100-km-diameter Mani-
couagan structure (Table 1) reaches =250 m over
an area of 2000 km?, with an estimated original
volume of =1000 km?. This allochthonous mate-
rial—breccia or melt rock or a mixture—overlies
the target rocks of the true floor of the structure,
which rises through a series of normal faults to
form the structurally complex rim area.

The modification or collapse of the transient
cavity is considerably more severe in complex com-
pared to simple structures, resulting in much
smaller d:D ratios for the final structure. Tran-
sient-cavity modification at complex structures
involves a volume of target material well beyond
the limit of the transient-cavity diameter. Strati-
graphic observations and determinations of
the level of shock (=30—40 GPa) (Robertson and
Grieve, 1977; Stoffler and others, 1988) in the
target rocks of the central structures indicate
that they correspond to the uplifted floor of the
transient cavity. Some indication of the status of
knowledge of cratering mechanics at complex im-

pact structures can be found in papers in Schultz
and Merrill (1981) and in Melosh (1989); however,
many of the details are the focus of on-going re-
search (e.g., Ivanov, 1994). The differences in the
transition diameters from simple to complex forms
between crystalline and weaker sedimentary tar-
gets indicate a role for the strength of the target in
the modification process. This is also reflected in
the fact that complex structures are shallower in
sedimentary targets than in crystalline ones. The
relationships for apparent depth are

d,= 0.12D0-30
and
d, = 0.15D043 |

for sedimentary and crystalline targets, respec-
tively. These relationships are based on few data
and have considerable uncertainty, particularly as
erosion affects d:D ratios more severely at the
relatively shallower complex craters than at sim-
ple craters. The general form, however, of the rela-
tionships is similar to d « D3 for complex struc-
tures on the Moon (Pike, 1977).

The amount of structural uplift (U) in the
central structures at complex terrestrial impact
structures can be measured, where the subsurface
stratigraphy is known. The relationship is

U, =0.06D'1,
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where U, is the amount of stratigraphic uplift un-
dergone by the deepest lithology now uplifted and
exposed at the surface in the center (Grieve and
others, 1981). Drilling and geophysical data indi-
cate, however, that complex impact structures are
inherently near-surface features, with residual
structural disturbance in the center extending to
depths of only =1.5U; to 2.0U,.

RECOGNITION OF IMPACT
STRUCTURES

Planetary (i.e., extraterrestrial) impact craters
are recognized by their morphology. Terrestrial
impact structures are recognized primarily by the
physical effects of impact. Although a crater form,
with the appropriate morphometric relationships,
is an excellent indicator of an impact origin, a
near-pristine form is restricted in the terrestrial
environment to impact structures that are either
very young or were buried and protected from ero-
sion very soon after formation. In addition to the
modifying effects of erosion on morphology, the
highly active terrestrial geologic environment re-
sults in a number of processes that can produce
circular or quasi-circular geologic features. Ap-
proximately 30% of known terrestrial impact
structures are buried. They were recognized ini-
tially as geophysical anomalies. There are a num-
ber of distinctive geophysical characteristics asso-
ciated with impact structures, which are detailed
in Pilkington and Grieve (1992). Such anomalies
are characteristic but not diagnostic of an impact
origin. An impact origin can only be proven
through drilling and sample examination. The ecri-
terion for the recognition of terrestrial impact
structures is the occurrence of shock-metamorphic
effects in the target rocks. Details of shock-meta-
morphic effects can be found in papers in French
and Short (1968) and Roddy and others (1977) and
in Stéffler (1972,1974) and references therein.
They are only briefly summarized here.

Shock-Metamorphic Effects in
Autochthonous Lithologies

The only megascopic indicator of shock meta-
morphism is the occurrence of shatter cones
(Dietz, 1968). They are best developed in fine-
grained, structurally isotropic lithologies, such as
carbonates and quartzites. Shatter cones are gen-
erally developed at relatively low shock pressures.
The most common shock-metamorphic effect is the
occurrence of microscopic, so-called planar defor-
mation features (PDFs) in tectosilicates, in par-
ticular, in quartz. When fresh, the majority of

PDF's in quartz are filled with glass (Engelhardt

and Bertsch, 1969). At older impact structures,
they are annealed and are manifest as linear
chains of microscopic inclusions. Such features are
called decorated PDFs. A recent, comprehensive
review of shock metamorphism in quartz is given

in Stéffler and Langenhorst (1994), which docu-
ments changes in optical properties and other
physical properties that parallel the progressive
development of PDF's in the shock-pressure range
7.5-35 GPa.

At pressures in excess of ~30 GPa and =35 GPa,
shock-induced disorder is sufficient to render feld-
spar and quartz, respectively, to a glass. These are
solid-state glasses with properties distinct from
fusion glasses (Stoffler and Langenhorst, 1994).
They are referred to as diaplectic glasses. Shock
can also generate high-pressure mineral poly-
morphs, e.g., stishovite and coesite from quartz
and diamond from graphite.

Because of attenuation, subsolidus shock-meta-
morphic effects in parautochthonous rocks are lim-
ited in radial extent (Robertson and Grieve, 1977).
They occur only in the central area of the impact
structures, i.e., at the base of the true crater, in
simple structures and in the central uplifted area
at complex structures. They diminish in intensity
with radial distance from the center of the struc-
ture and with depth.

Shock-Metamorphic Effects in
Allochthonous Lithologies

A variety of breccias occur at impact structures,
from polymict breccias containing a wide range of
shock-metamorphosed clasts, known as suevites,
to relatively unshocked monomict breccias. They
occur as allochthonous bodies, exterior ejecta, and
dikes within the target rocks and as parautoch-
thonous bodies in the target rocks of the crater
floor. There is evidence for multigenerations, with
some breccias being formed during cavity excava-
tion and others during cavity modification (e.g.,
Lambert, 1981; Miiller-Mohr, 1992). Pseudo-
tachylite also occurs at impact structures and was
first described at the Vredefort structure (Table 1).
Pseudotachylite and breccias, however, can occur
as the result of endogenic geologic processes. To be
ascribed to impact and used for the identification
of impact structures, they must contain shock-
metamorphosed clasts.

Upon release from shock pressures above =50
GPa, individual minerals begin to thermally de-
compose or melt (Stéffler, 1972,1974), leading to
the production of mixed-mineral melts. Above ~60
GPa, the heat released on shock decompression is
sufficient to cause whole-rock melting. The result-
ing impact melts occur as glass bombs in crater
ejecta (Engelhardt, 1990), as glassy to erystalline
masses within the breccia fill, or as coherent annu-
lar sheets lining the floor of complex structures in
crystalline targets (Grieve and others, 1977). The
rocks of impact-melt sheets tend to be heavily
charged with clastic debris, some of which displays
subsolidus shock-metamorphic effects, toward
their lower and upper contacts. The chemistry of
impact-melt rocks is governed by melting some
mix of target rocks. Parameters such as 87Sr/%6Sr
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and 43Nd/144Nd ratios reflect the preexisting tar-
get rocks, whereas isochron dating methods indi-
cate much younger crystallization ages related to
the impact (e.g., Faggart and others, 1985). In
some cases, enrichments above target-rock levels
in trace siderophile and platinum-group elements,
and sometimes chromium, have been identified in
impact-melt rocks (Palme, 1982). These are due to
an admixture of up to a few percent of meteoritic
projectile material. Osmium isotopic anomalies, in
particular, low 1870s/1880s ratios, can also indicate
an admixture of meteoritic material (e.g., Koeberl
and others, 1994).

ECONOMIC DEPOSITS ASSOCIATED
WITH IMPACT STRUCTURES

The types of economic deposits within impact
structures can be classified according to their time
of formation. Progenetic deposits originate prior to
the impact. The effect of the impact has been to
spatially redistribute these deposits. Syngenetic
deposits originate during the impact, or immedi-
ately afterward, owing to the energy deposition of
the impact, resulting in phase changes and melt-
ing. Epigenetic deposits result from postimpact
processes, including hydrothermal alteration, re-
stricted sedimentation in an enclosed topographic
basin, and the flow of fluids into the structural
trap formed by the impact structure. Details of
these types of deposits can be found in Grieve and
Masaitis (1994). Progenetic and syngenetic depos-
its are only summarized here, where the emphasis
is on epigenetic deposits of hydrocarbons.

Progenetic Deposits

In many cases, progenetic deposits are rela-
tively small. The larger deposits, however, include
iron, uranium, and gold at the Carswell, Ter-
novka, and Vredefort structures (locations, ages,
and sizes given in Table 1).

Carswell is a deeply eroded complex structure.
It has an =20-km-diameter basement core, sur-
rounded by units of the unmetamorphosed Pro-
terozoic Athabasca Group: sandstones and con-
glomerates of the William River Subgroup, sand-
stones and siltstones of the Douglas Formation,
and dolomites of the Carswell Formation. Known
uranium mineralization is concentrated along the
south to southwest contact between the basement
core and the William River Subgroup, with an es-
timated 46,500 tonnes of uranium originally being
present in the currently known deposits (Harper,
1982); the mineralization occurs in both the base-
ment core and the William River Subgroup.
Details of the ore deposits can be found in papers
in Lainé and others (1985). It was the uplift of
the basement core by >2 km (Harper, 1982), dur-
ing the formation of a complex structure, that
brought the ores to their present high and exploit-
able levels.

Iron and uranium ores occur in the crater floor
at the highly eroded Ternovka complex structure
(Nikolsky and others, 1982), which was formed in
the Krivoj Rog iron ore basin. The ores are due to
hydrothermal and metasomatic action, which oc-
curred during the Early Proterozoic. Postimpact
hydrothermal alteration led to remobilization and
the formation of veins of pitchblende. The produc-
tion of uranium ceased in 1967, but iron ore is still
extracted from two main open pits: Annovsky and
Pezromaisk. The total reserves at Pezromaisk are
estimated at 74 million tonnes, with additional
reserves of lower-grade deposits estimated at =675
million tons. Because of brecciation, blocks of ore
are mixed with barren blocks, which causes diffi-
culties in evaluating the reserves.

The Witwatersrand basin in South Africa is a
world-class gold and uranium mining camp. At the
center of the basin is the Vredefort dome. The
dome and immediately surrounding structure con-
sist of an uplifted, ~44-km-diameter, central core
of predominantly Archean granites, an =18-km-
wide collar of steeply dipping to overturned Pro-
terozoic supracrustal rocks of the Witwatersrand
and Ventersdorp Supergroups and an outer, =28-
km-wide synclinorium of Proterozoic supracrustal
rocks of the Transvaal sequence. Although the ori-
gin of Vredefort has been somewhat contentious,
recent TEM (transmission electron microscope)
investigations have confirmed the presence of an-
nealed PDFs in quartz, coesite, and stishovite
(White, 1993; Leroux and others, 1994). If the en-
tire crustal section exposed to the center is =36 km
in thickness (Hart and others, 1991), then the re-
lationship for the amount of structural uplift at
complex impact craters suggests that the original
diameter was on the order of 335 km. Using other
spatial arguments, Therriault and others (1993)
suggested that the original rim diameter may
have been =300 km. Additional arguments for an
original diameter of ~300 km are given in Grieve
and Masaitis (1994). With this diameter, the
Vredefort structure encompasses a series of post-
Transvaal anticlinal and synclinal structures sur-
rounding the central core, identified by McCarthy
and others (1986) as being related to Vredefort
(Fig. 3). These concentric structures are the cause
of the preservation from erosion of much of the
Central Rand Group in the Witwatersrand basin
(McCarthy and others, 1990).

The major gold deposits of the Witwatersrand
basin occur in an =180° arc at the outer edge of
the outcrop of the Central Rand Group. Unlike
Carswell, where the ores are exposed owing to the
central uplift, the ores at Vredefort are preserved
because they were downdropped within the annu-
lar trough (Fig. 3). The goldfields have been mined
for more than 100 years, with total production, as
of 1985, being >40,500 tonnes; associated uranium
production for the same time period is >136,500
tonnes (Pretorius, 1986). Current revenues from
mining of gold and uranium are of the order of $7



Terrestrial Impact Structures: Basic Characteristics and Economic Significance 9

Il Goldfields
Central Rand Group
West Rand Group
Dominion Group

km 100

\&¥

: o]
Welkom 28

O

2g° 29°
] |
Figure 3. Geologic sketch map of the Witwatersrand basin, South Africa, showing the main gold and uranium

fields of the Central Rand. Also shown are the concentric structures associated with the =300-km Vredefort
impact structure. See text for details.

billion per year. There are indications that there in suevite breccias, where they are present at the
was lead loss and redistribution of uranium and level 10 ppb or more. The distribution of diamonds
gold at ca. 2 Ga; the cause was probably a hydro- within individual impact-melt and suevite bodies
thermal event, which may have been related tothe can be irregular. They tend to be concentrated in

Vredefort impact (Frimmel and others, 1993). rays or zones emanating from areas where the
) ) original carbon-bearing lithologies are most abun-
Syngenetic Deposits dant (Masaitis, 1993). They also tend to be radially

Syngenetic economic deposits include impact restricted. Closer to the centers of the structures,
diamonds, copper-nickel and platinum-group ele- high postshock temperatures caused oxidation of
ments in sulfides, and other metals. The occur- the diamonds; at some critical distance from the
rence and nature of impact diamonds are dis- centers, the shock pressures were too low to result
cussed in Masaitis (1989,1993) and Grieve and in the phase transformation of carbon to diamond.
Masaitis (1994) and are only briefly summarized The origin of the 1.85 Ga Sudbury Igneous
here. Complex has been controversial, and a consider-

Workers in the former Soviet Union discovered able literature exists concerning aspects of Sud-
the existence of impact diamonds. They are known bury geology (e.g., papers in Pye and others, 1984;
to occur at a number of impact structures, e.g., Lightfoot and Naldrett, 1994). For the most recent
Kara, Puchezh-Katunki, Ries, Ternovka, and arguments and conclusions regarding the impact
Zapadnaya (Table 1), and are most common as  model for the Sudbury structure, the reader is re-
inclusions in impact-melt rocks and in melt clasts ferred to Grieve (1994) and Stéffler and others
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(1994). Their major conclusions are listed here: (1)
all breccia and melt lithologies can be explained by
impact; (2) there is no requirement for additional
magmatic components derived from the mantle at
1.85 Ga in the Sudbury Igneous Complex, other
associated melt bodies, or the ore deposits; and (3)
the Sudbury structure represents an eroded and
heavily tectonized remnant of an originally 200~
250-km-diameter, possibly multiring, impact ba-
sin. Reflection seismic data indicate that the Sud-
bury Igneous Complex has been highly tectonized
and subjected to northwest-southeast shortening
during the Penokean orogeny (Wu and others,
1994). This picture of thrusting is consistent with
structural observations indicating that ductile
deformation was followed by thrusting (Shanks
and Schwerdtner, 1991; Hirt and others, 1993).
Thus, the present configuration of the Sudbury
structure, expressed as an elliptical outcrop pat-
tern, is the result of tectonic modification.

The copper-nickel and platinum-group-element
ores at Sudbury are world class; the deposit con-
sists of an estimated 1.65 x 10° tonnes of 1.2% Ni
and 1.05% Cu. Over the past five years, the value
of these ores extracted averaged =$2 billion per
year. The complex association of the ores at Sud-
bury results from postimpact hydrothermal activ-
ity and Penokean tectonic and metamorphic proc-
esses. The overall commonality to all the ore de-
posits is that they lie at the base or just beneath
the Sudbury Igneous Complex. Sulfide immiscibil-
ity resulted from the combination of lithologies
that was melted to form the impact melt (yielding
the Sudbury Igneous Complex), producing a liquid
with an initial composition that was high in SiO,
(=64%). The crustal source of the ores, as well as
the associated silicates, is indicated by their Re-Os
and Nd-Sm isotopic compositions (Dickin and oth-
ers, 1992).

Epigenetic Deposits

Epigenetic deposits include hydrothermal
deposits, hydrocarbons, o0il shales, organic and
chemical sediments, as well as waters. Here, hy-
drocarbon deposits, at mainly North American
structures, are discussed. Other types of economic
occurrences are discussed in more detail in Grieve
and Masaitis (1994).

The Ames Structure

The Ames structure (Table 1) is buried by =3
km of Ordovician to Holocene sedimentary depos-
its (Carpenter and Carlson, 1992). During recent
oil exploration, a local structure, known as the
Hunton graben was recognized as part of a much
larger complex impact structure (Roberts and
Sandridge, 1992). A variety of shock-metamorphic
effects have been observed, including PDFs in
quartz and impact-melt rocks (Koeberl and others,
1995a). The rim of the structure is defined by the
structurally high Lower Ordovician Arbuckle dolo-

mite, and >600 m of Cambrian-Ordovician strata
and some underlying basement are missing in the
center of the structure because of excavation. The
structure is covered by =60 m of postimpact Middle
Ordovician shale, which forms a seal (Kuykendall
and others, 1994).

The first oil and gas discoveries were from
an =500-m-thick section of Lower Ordovician
Arbuckle dolomite, which has local porosity due to
impact-induced fracturing and karst formation
(Roberts and Sandridge, 1992). The DLB no. 27-4
Cecil well, drilled in 1991 into the rim of the Ames
structure, had drill-stem rates of 3,440 MMCF
(million cubic feet) of gas and 300 BOPD (barrels
of oil per day) (Roberts and Sandridge, 1992).
Wells in the center of the structure failed to en-
counter the Arbuckle and bottomed in granite
breccia of the central uplift or in granite-dolomite
breccia. These wells include the D. & J. no 1-20
Gregory, which is the most productive oil well
from a single pay zone in Oklahoma. It encoun-
tered an =80 m section of highly porous granite
breccia below the Qil Creek shale. A drill-stem test
of the zone flowed at =1,300 BOPD, with an esti-
mate of primary recovery of 10 MMBO (million
barrels of oil) from this single well (B. N. Carpen-
ter, written communications, 1994; Kuykendall
and others, 1994). Currently, estimates of reserves
are 50 MMBO and 20 BCFG (billion cubic feet of
gas). The source of the hydrocarbons is the lower
section of postimpact Qil Creek shale, which has
not been recognized outside of the structure
(Castafio and others, 1994). At Ames, the impact
not only produced the required reservoir rocks but
also the paleoenvironment for the deposition of
postimpact oil shales that, upon subsequent burial
and maturation, provided oil and gas.

Red Wing Creek

Red Wing Creek (Table 1) is a 9-km-diameter
complex structure, with a central peak, in which
strata have been uplifted ~1 km (Fig. 4; Brenan
and others, 1975). The presence of fragments of
shatter cones was the first indication of shock
metamorphism (Brenan and others, 1975), and,
more recently, PDF's in quartz and melt breccias
have been identified (Koeberl and Reimold, 1995).
The structure is formed in Silurian to Triassic car-
bonates with minor sandstones and evaporites and
is buried by ~1.5 km of Jurassic to Neogene post-
impact sedimentary units. Shell Oil drilled the
northwest flank of the central uplift in 1965 and
the annular trough in 1968. Both were dry holes.
However, True Oil redrilled what was later recog-
nized as the center of the central uplift in 1972 and
discovered =820 m of oil column, with considerable
structural complexity and brecciation and a net
pay of ~490 m. These intervals are in contrast to
the surrounding area, with =30 m oil columns. The
large oil column is due to the structural repetition
of the Mississippian Mission Canyon Formation in
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Figure 4. Geologic cross section of the complex Red Wing Creek structure, North Dakota, United States, with
limit of structural disturbance and amount of structural uplift (U,) indicated. Diameter of structure (D) is 9 km.
Hydrocarbons are produced from the central uplift. See text for details. Constructed from data in Brennan and

others (1975).

the central uplift (Brenan and others, 1975). Im-
pact-induced porosity and permeability result in
relatively high flow rates of over 1,000 BOPD; cu-
mulative production, since discovery, has been ~13
MMBO and =16 BCFG (Pickard, 1994). It is esti-
mated that the brecciated central uplift contains
over 130 MMBO, and primary and secondary
recoverable reserves may exceed 70 MMBO
(Donofrio, 1981; Pickard, 1994). The natural gas
reserves are estimated at 100 BCF. Virtually all
the oil has been discovered within a diameter of =3
km, corresponding to the central uplift, with the
wells having the highest cumulative productivity
per square kilometer of any in North Dakota, if not
the United States.

Newporte

Newporte (Table 1) has the form of a simple
impact structure. It is buried by =3 km of sedimen-
tary deposits and was first explored for hydrocar-
bons in the late 1970s (Clement and Mayhew,
1979). At that time, its origin was unknown, al-
though a possible impact origin was suggested
(Donofrio, 1981). Recent microscopic investiga-
tions of breccia materials indicate the presence of
PDFs in quartz and feldspar (Gerlach and others,
1994; Koeberl and others, 1995b). Although a
simple structure, there are some similarities
with Ames. The present cumulative production of
=120,000 barrels of oil is from Cambrian Dead-
wood sandstone, which appears as the lowermost
unit of the postimpact sedimentary fill, and brec-
ciated granite of the rim area. As at Ames, the
source rock appears to be a locally developed li-
-thology (Castafio and others, 1994).

Avak

Avak (Table 1) is buried by late Pleistocene and
Quaternary deposits, affects Ordovician-Silurian

to Cretaceous rocks, and has the form of a complex
impact structure (Kirschner and others, 1992).
Listric faults define a rim area, and it has an an-
nular trough and central uplift, where the Lower-
Middle Jurassic Kingak Shale and Barrow Sand
are uplifted 500 m from their regional levels. The
Avak 1 well, drilled to a depth of 1,225 m in the
central uplift, penetrated the general succession of
the area: Lower Cretaceous “Pebble Shale,” Juras-
sic Kingak Shale, Lower Jurassic Barrow Sand,
and Ordovician Frankilian argillite. Shock-meta-
morphic features (Therriault and Grantz, 1995),
breccia, repetition of beds, and out-of-sequence
beds are encountered (Collins, 1961; Kirschner
and others, 1992). Oil shows in Avak 1 are not
commercial. Indeed, Kirschner and others (1992)
suggested that, within the area of Avak, hydrocar-
bon accumulations may have been disrupted and
lost due to the formation of the structure. The
South Barrow, East Barrow, and Sikulik gas field,
however, are due to listric faults in the crater rim,
which have placed Lower Cretaceous Torok shales
against the Lower Jurassic Barrow Sand, creating
an effective updip gas seal. The South and East
Barrow fields are currently in production, and pri-
mary recoverable gas is estimated at =37 BCF
(Lantz, 1981).

Steen River

The Steen River complex structure (Table 1) is
buried by =180 m of Quaternary and Lower Creta-
ceous Loon River shale. It was first drilled in 1963
by Imperial Oil, who encountered Precambrian
basement some 760 m above the expected regional
level and also “pyroclastics.” The target rocks con-
sist of =1.4 km of Devonian carbonates, evaporites,
and shales, overlying Precambrian granitic gneiss
basement. In the center, =185 m of Loon River
shale is followed by =120 m of suevite breccia, ex-
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hibiting a range of shock-metamorphic features
(Carrigy, 1968). Oil is produced from two wells in
fractured dolomite of the Keg River Formation on
the northern rim at =600 BOPD, with a cumula-
tive production of =300,000 barrels. The structure
is relatively isolated, and operations are currently
limited to winter months, when the ground is fro-
zen (Tooth and Stewart, 1994).

Campeche

The oil fields of the Campeche Bank off south-
ern Mexico are world class. They may, in part, be
linked to impact. In the 10 fields described by
Santiago and Baro (1990), 9 have hydrocarbon
production from Cretaceous/Tertiary (K/T) brec-
cias, and, in some cases, the breccias are the sole
or main producers (Fig. 5). The fields are generally
associated with anticlinal structures. The K/T
breccias, with their average porosity of =10%, are
the reservoir rocks. Individual wells produce over
20,000 BOPD and 20 MMCFGPD, although the
average is closer to 6,000 barrels and several mil-
lion cubic feet (Santiago and Baro, 1990). The
thicknesses of the K/T breccia units range from
125 to 275 m, but the production interval can
be less (Camargo and Quezada, 1992). Although
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Figure 5. Geologic cross section of Ek oil field, Cam-
peche Bank, Gulf of Mexico. The reservoir rocks are
K/T breccias, probably associated genetically with
the formation of the Chicxulub impact structure.
Modified from Santiago and Baro (1990).

these breccias are temporally linked to the K/T
boundary, the question is whether they are geneti-
cally linked to the =170-km-diameter Chicxulub
structure (Table 1; Hildebrand and others, 1991),
=300 km to the northwest, which is generally be-
lieved to be the K/T boundary impact structure. At
least in the case of the K/T Lomas Triste breccia
deposits in the Campeche Bank, shocked quartz
has been reported from the upper portion of the
breccias and linked to Chicxulub (Limon and oth-
ers, 1994). The breccia deposits, however, are too
thick to represent solely impact ejecta. They are
largely local material and may represent the re-
sults of seismic and tsunami activity associated
with the K/T impact event. Similar high-energy
breccia deposits are known in currently onshore
locations in and around the Gulf of Mexico and
into the southern United States (e.g., Smit and
others, 1992).

Boltysh

Oil shales are known to occur in the post-
impact sediments at a number of structures in the
Ukraine (Grieve and Masaitis, 1994). The most
significant are at the Boltysh structure (Table 1),
which is buried by >0.5 km of upper Mesozoic and
Cenozoic sedimentary units and where there are
an estimated 4.5 billion tonnes of oil shales. They
are the result of biological activity in the isolated
topographic basin formed by the impact structure.
The situation is analogous to that of Ames. Unlike
Ames, however, burial has been insufficient to re-
sult in maturation.

Bosumtwi

The starting point for hydrocarbon accumula-
tion at Boltysh and Ames may be somewhat analo-
gous to the situation at Bosumtwi (Table 1). The
topographic basin resulting from the impact struc-
ture has no outside drainage, and the structure is
partly filled by a lake. The lake sediments are
richly organic and anoxic, and they actively gener-
ate methane gas, which gives rise to occasional
periods of bubbling at the surface, accompanied by
a sulfurous smell (Junner, 1937). Jones (1983)
has suggested that 250 BCF of methane could be
trapped in breccias and fractured rocks of the cen-
tral uplift.

Other Structures

Other impact structures contain hydrocarbons.
Gas is produced at the 13-km-diameter Marquez
structure (Table 1). There may be a zone of poten-
tial stratigraphic trapping within the Tookoo-
nooka structure (Table 1). More important for hy-
drocarbon exploration, Tookoonooka has created a
shadow zone to hydrocarbon migration from the
Eromanga basin depocenter in Australia, since the
Early Cretaceous (Gorter and others, 1989). In the
case of Siljan (Table 1), hydrocarbon exploration
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was undertaken because it was an impact struc-
ture. The exploration, which was highly controver-
sial, was aimed at abiogenic hydrocarbons from
the mantle that were channeled into Siljan as a
result of impact-induced fracturing (Gold, 1988).
There are also a number of structures that may be
of impact origin, such as Viewfield, (Table 1), that
produce hydrocarbons. Like Newporte, Viewfield
has the form of a simple structure. Shock-meta-
morphic effects, however, have not been identified
to date. The recoverable reserves associated with
Viewfield are estimated to be 20 MMBO (Isaac
and Stewart, 1993). Over 500,000 barrels of oil
have been produced since 1978 from the Calvin
structure (Table 1), which is an 8.5-km-diameter
complex structure (Milstein, 1988). In addition, a
number of seismic targets have been identified
that have hydrocarbon potential and the charac-
teristics of impact structures (e.g., Gudlaugsson,
1993).

CONCLUDING REMARKS

Given the relatively small number of known
impact structures, it would seem that, as a class of
geologic features, impact structures have consider-
able economic potential overall and make worth-
while exploration targets. From an exploration
point of view, impact structures have the disad-
vantage of being random in both space and time.
They can be formed anywhere, at any time. The
geologic and geophysical characters of impact
structures are well documented; thus, recognition
is relatively straightforward. Impact structures
also have a general property that is an advantage
in exploration. At a large scale, they tend to have
fixed morphometric and structural relationships
for a given diameter. Once a structure is known to
be of impact origin, it is possible to make consider-
able predictions as to the structural and litho-
logical character of the feature as a whole. Such
predictions are generally not possible for most
endogenic geologic features. The development of
an exploration or exploitation strategy based on
these relationships is most notably illustrated by
the drilling for hydrocarbons, where the central
uplift and the rim area are obvious targets. Dono-
frio (1981) proposed that major oil and gas depos-
its may occur in brecciated basement rocks of im-
pact structures. If these structures also generate
conditions favorable for source-rock development,
such as at Bosumtwi, Boltysh, and Ames, their
potential could not only be considerable, but they
could occur in geologic environments generally not
considered as potential sources for hydrocarbons.
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ABSTRACT.—Seventeen confirmed impact structures occur in petroliferous areas of North
America, nine of which are being exploited for commercial hydrocarbons. Production comes
from impact-affected granites, carbonate rocks, and sandstones yielding from 30 BOPD to over
2 MMBOPD (million barrels of 0il per day), plus over 1.4 BCFGPD (billion cubic feet of gas per
day). Reservoirs are found in central uplifts, rims, slump terraces, and ejecta and probably in
subcrater fracture zones. Disrupted rocks in proximity to impact structures, such as
Chicxulub, also contain hydrocarbon deposits. In some cases hydrothermal activity attending
impact events can diminish reservoir quality, and talus deposits resulting from erosion of the
central uplift and rim afford alternative drilling targets. The drilling success rates for new field
wildcats and total wells into confirmed astroblemes are about 21 and 77%, respectively. These
figures approximate the industry’s success rates for wells drilled during the past five years.
Roughly 50% of confirmed astroblemes and astrobleme anomalies in petroleum provinces are
commercial oil and gas fields.

Outstanding statistics include a 7,200 BOPD well test in the Ames impact structure, a 4.3
BCFGPD calculated well test at the Sierra Madera astrobleme, and a well having a 2,850 ft oil
column (1,600 ft of net pay) in the Red Wing Creek impact structure. Reserves are also impres-
sive, ranging from 3 million barrels of oil at Steen River to 30 BBO (billion barrels of 0il) and
15 TCFG (trillion cubic feet of gas) associated with Chicxulub. The current estimated gross
income of oil and gas production from confirmed impact events in North America is $16 billion
per year. To determine the hypothetical hydrocarbon potential from undiscovered or unrecog-
nized astroblemes in U.S. petroleum basins, the exercise of overlaying the distribution pattern
of Canadian Shield astroblemes onto the lower 48 states was performed. The results suggest,
intuitively at least, the presence in basement rocks of impact structures with potential re-
serves ranging from 5 BBO to over 105 BBO.

INTRODUCTION

Twenty-five years have passed since the Red
Wing Creek discovery revealed the prolific hydro-
carbon potential of meteorite-impact craters (as-
troblemes and impact structures). Commercial oil
and gas discoveries in other impact structures, as
well as recognition that certain existing fields re-
sulted from impact, have provided a small but in-
teresting database for such esoteric structures.
Included in the database are astrobleme anoma-
lies. These are curious circular structures that

Richard R. Donofrio, 6106 North Meridian, Oklahoma
City, OK 73112.

lack evidence of shock metamorphism but may be
of impact origin. In this paper, these anomalies in-
clude buried structures that mimic impact craters,
such as calderas.

To bring organization and currency to informa-
tion on producing impact structures, it was appar-
ent that the data needed to be compiled and up-
dated. Accordingly, I have reduced drilling results
of producing impact structures and other related
anomalies into table form, which should provide
useful information for the profession. This review
of drilling results includes a discussion of astro-
bleme features, drilling odds, hydrothermal con-
siderations, and impact probability rates and con-
cludes with an attempt to estimate the potential
reserves in impact craters in the basement.

Donofrio, R. R., 1997, Survey of hydrocarbon-producing impact structures in North America: exploration re-
sults to date and potential for discovery in Precambrian basement rock, in Johnson, K. S.; and Campbell,
dJ. A. (eds.), Ames structure in northwest Oklahoma and similar features: origin and petroleum production
(1995 symposium): Oklahoma Geological Survey Circular 100, p. 17-29.
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PRODUCING ASTROBLEMES

North American onshore and offshore petro-
leum provinces include nine confirmed impact
structures that are commercial oil and gas fields:
Ames, Avak, Calvin, Chicxulub, Marquez,
Newporte, Red Wing Creek, Sierra Madera, and
Steen River (Table 1). Marquez and Sierra Madera
produce from below the base of their structures,
but they are included here because of possible
impact effects at depth. Calvin is included as
confirmed on the basis of studies by Milstein
(1994); Chicxulub, a confirmed astrobleme
(Koeberl and others, 1994), is considered to be a
producing impact event on the basis of the nature
of the areal oil fields that lie beyond the crater’s
outer rim. Also included for reference are two
producing astrobleme anomalies: Viewfield and
Lyles Ranch. Of these, the origin of Lyles Ranch
(also known as Bee Bluff or the Uvalde structure)
is the most controversial (Sharpton and Nielson,
1988).

The structures in Table 1 are shown with loca-
tions, diameters, impact ages, discovery year of
hydrocarbons, various well counts, reservoir rock,
producing depths, daily production, and primary
(recoverable) reserves. Data were obtained from
operators, participants, government and private
organizations, and consultants with direct access
to well information. Although some operators were
unable or reluctant to release reserve figures, esti-
mates for these fields are provided.

Over 1,000 wells, including stratigraphic tests,
dry holes, injection wells, and producers, have
been drilled to date to delineate the structures in
Table 1. Some of the more salient results of these
drilling efforts are briefly noted below.

Impact Ages

Producing impact structures range in impact
age from Cambrian—Ordovician for Newporte
(Forsman and others, 1996) to late Tertiary for
Lyles Ranch (LeVie, 1985). Within this time span,
the ages of the structures are concentrated in the
early Paleozoic, Mesozoic, and Cenozoic; as Table
1 shows, there is an absence of producing impact
structures in the middle and late Paleozoic—a gap
of more than 200 m.y. during which hydrocarbon-
prolific Pennsylvanian and Mississippian source
beds were deposited in large areas of the North
American craton. Although Red Wing Creek pro-
duces from disrupted Mississipian beds, the im-
pact event there is not Mississippian in age but
occurred later—in the Jurassic—Triassic in this
case. Impact craters formed in middle and late
Paleozoic time have been found elsewhere but are
apparently absent in petroliferous regions. It could
be argued that certain oil and gas fields have not
yet been recognized as having an impact origin
and that undiscovered hydrocarbon-bearing im-
pact craters are also present (Donofrio, 1976).

Discovery Year

None of the structures in Table 1 was inter-
preted as an astrobleme when it was initially
drilled. Of the 11 structures listed, hydrocarbons
were discovered in 6 between 1972 and 1978. The
year 1972 is significant because it marks the phe-
nomenal oil discovery at Red Wing Creek. The
1977 discovery of Sierra Madera hydrocarbons
was in the Sierra Madera gas field below the struc-
ture’s central uplift. Hydrocarbons had been dis-
covered earlier in fields partially encompassing
Sierra Madera, and the dates are provided in
Table 1 notes.

Hydrocarbon discoveries and astrobleme confir-
mation lags have narrowed significantly because
geologists now know what to look for. Avak, for
example, was discovered in 1948 and is Alaska’s
oldest producing field (Lantz, 1981). Over 40 years
later, shock metamorphism was recognized in its
cores (Kirschner and others, 1992). Avak remains
the first gas-producing confirmed impact struc-
ture. Its counterpart for oil is Steen River in north-
west Alberta, where oil was discovered in 1968.
This discovery was unrelated to shock-metamor-
phic studies in 1966, which were published in 1968
by Carrigy and Short.

Discovery of commercial hydrocarbons at Ames
in 1991 preceded evidence for confirmed astro-
bleme status by about one year. Oil and gas fields
older than Avak and those more recent than Ames
may also be recognized as impact structures.

Producing Depths

The producing depths of astroblemes range
from 200 ft at Lyles Ranch to over 17,000 ft at
Chicxulub (Table 1). Excluding Chicxulub, Sierra
Madera has wells approaching 13,500 ft and is the
deepest. Both Sierra Madera and Lyles Ranch are
unique gas fields in Texas. A search of available
data showed that Lyles Ranch, which has a dis-
tinct surface expression, is the shallowest commer-
cial gas field in Texas. It may be the shallowest
overall, but this conclusion requires further study.
LeVie (1985) noted that the field is anomalous in a
regional trend that includes serpentine intrusions.
If Lyles Ranch were excluded from Table 1, then
the Calvin structure in Michigan, with commercial
oil at 800 ft, becomes the shallowest-producing
confirmed astrobleme.

Flow Rates and Reserves

Sierra Madera also has a distinct surface ex-
pression (Wilshire and others, 1972) that is fre-
quently referred to as the Sierra Madera distur-
bance. Geologic complexities resulting from the
impact event and regional tectonics appear to have
affected gas reservoirs at depth. A gas well below
the crater’s south rim area, the Texas Pacific no. 6
Montgomery-Fulk drilled in 1975, held the state
record for many years for calculated absolute
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open-flow potential (S. Melzer, personal communi-
cation, 1995). Actual flow is generally about one-
third of calculated flow. PI (Petroleum Information
Corporation, 1975) records indicate a calculated
rate of 4.3 BCFGPD (billion cubic feet of gas per
day). In comparison, the average gas well in the
Texas-Oklahoma area produces about 200
MCFGPD (thousand cubic feet of gas per day),
whereas the average gas consumption of a typical
southwestern community consisting of 10,000
dwellings is about 1 BCF per year.

Also, records are held by Red Wing Creek in
North Dakota and Ames in Oklahoma. Red Wing
Creek’s 2,850 ft 0il column (1,600 ft of net pay) in
True Oil Company’s no. 22-27 Burlington North-
ern well (Brenan and others, 1975) is unmatched
in North Dakota and apparently elsewhere in the
United States. An estimated 120 MMBO (million
barrels of 0il) are in place within Red Wing Creek’s
<2-mi-diameter reservoir area. P. Page (personal
communication, 1994), the well-site geologist on
the D. & J. no. 1-20 Gregory well in the Ames im-
pact structure, observed an unreported open-flow
DST (drill-stem test) in the upper 60 ft of a 204-ft
pay zone that yielded over 100 barrels of oil in 20
min with no apparent drop in pressure (7,200
BOPD [barrels of oil per day]). This is the highest
DST rate from a granite reservoir in North
America and may be the highest worldwide. Com-
parable flow rates in similar lithology could not be
found in the literature. Estimated reserves for this
well are over 5 million barrels, assuming that its
500 BOPD allowable is a prudent production rate.
With the exception of Chicxulub, Ames is the most
prolific astrobleme at 2,600 BOPD plus 3.1
MMCFGPD (million cubic feet of gas per day). Of
the 40 producing wells, however, 6 completed in
brecciated granite account for over half the daily
oil production.

The most recent studies by V. Sharpton (per-
sonal communication, 1997) put the maximum di-
ameter of the Chicxulub structure in Mexico’s
Yucatan Peninsula at about 180 mi. The reservoir
rock is primarily dolomitized breccia (Santiago
and Baro, 1990), which is believed to have origi-
nated in part by interaction of impact-generated
subsea seismic waves with platform carbonates (J.
Rosenfeld; G. Penfield, personal communication,
1995). This producing breccia occurs in (proposed)
postimpact structural traps about 90 mi (within
two crater radii) southwest of the outer rim in the
offshore Bay of Campeche. As of January 1995, re-
maining (proved) reserves for this area were esti-
mated by PEMEX at 27.2 BBO (billion barrels of
oil) (including condensate) and 11.3 TCFG (trillion
cubic feet of gas) (E. Gonzalez, personal communi-
. cation, 1995). Of interest is that, about the same
date, U.S. reserves were 22.9 BBO and 162.4
TCFQG. Thus, the oil reserves believed to be associ-
ated with the Chicxulub impact event exceed those
of the entire onshore and offshore U.S. reserves,

including Alaska’s Prudhoe Bay. Current pro-
duction from the Bay of Campeche is about 2.1
MMBOPD (million barrels of oil per day) (includ-
ing condensate) and about 1.4 BCFGPD. This
area constitutes the major part of Mexico’s 2.8
MMBOPD production. Chicxulub also accounts for
mostly all of the estimated $16 billion per year
gross income from hydrocarbon production associ-
ated with North American impact structures.

ASTROBLEME FEATURES

Figure 1 shows the astrobleme features where
reservoirs can develop, and Table 2 lists producing
examples. Four such producing features have been
confirmed to date: central uplift, rim, slump ter-
races and/or listric faults, and ejecta. Listric faults
are combined with slump terraces because this
type of faulting, which is curvilinear and concave
upward, usually produces slump terraces. Indi-
rectly, sedimentary units draped over certain
astrobleme features, such as the central uplift,
may also form reservoirs. A possible example
needing further study is the producing Heidt
anomaly in Stark County, North Dakota (Oil and
Gas Journal, 1996).

Five of the producing astrobleme examples in
Table 2 disrupted Precambrian rock. Of these,
Ames, Calvin, Steen River, and Chicxulub are
complex-type structures with central uplifts, and
Newporte is a simple bowl-shaped structure. Ames
and Newporte produce from both crystalline and
sedimentary rock. At Ames, the central uplift pro-
duces from brecciated Precambrian granite; the
rim and ejecta produce from Ordovician dolomites.
At Newporte, the rim rocks of Cambrian sand-
stones and brecciated Precambrian granite pro-
vide the reservoirs. Chicxulub, Calvin, and Steen
River have central uplifts of basement rock under-
lying sedimentary units but do not produce from
the Precambrian. Steen River produces from over-
turned and fractured Devonian dolomites in the
rim (G. Robertson, personal communication,
1995), and Chicxulub produces from Cretaceous
dolomitized breccia affected outside of the crater.
Avak has a central uplift of metamorphic base-
ment rock—a Paleozoic argillite—underlying sedi-
mentary rocks. However, the structure produces
from Jurassic sandstones in the rim area that
were displaced by listric faults (Kirschner and oth-
ers, 1992). Another example of this type of faulting
is found at the Calvin impact structure, where
listric faults resulted in slump terraces. The reser-
voir rock is a Devonian dolomitized algal mat,
some areas of which have open flow channels 2 to
3 in. wide (T. Kuhns, personal communication,
1995). The configuration of the structure following
impact influenced the depositional environment
for reefal-type development.

Subcrater fracture-zone production has not
been confirmed, but Marquez and Sierra Madera
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TasLE 1.—ProbpucING ImPACT

Hydrocarbon Wells Active
Diameter Impact discovery required for producing

Name* Location (mi) (km) age year discovery wells**

(1) Ames Major County, '8 13 E. Ordovician 1991 1 40
Oklahoma

(2) Avak Point Barrow, 75 12 Cretaceous- 1949 2 10
Alaska Tertiary

(3) Calvin Cass County, 3 4.8 L. Ordovician 1978 2 30
Michigan

(4) Chicxulub  Yucatan 180 300 Cretaceous- 1974 6 453
Peninsula, Mexico Tertiary

(5) Marquez Leon County, 7.9 127 E. Tertiary 1977 5? 6
Texas

(6) Newporte Renville County, 2 3.2 Cambrian- 1977 1 2
North Dakota Ordovician

(7) Red Wing McKenzie County, 5.6 9 Jurassic- 1972 3 14

Creek North Dakota Triassic
(8) Sierra Pecos County, 8 13 L. Cretaceous 1977 4 20
Madera Texas

(9) Steen River N.W. Alberta, 155 25 M. Cretaceous 1968 7 2
Canada

(A)Lyles Ranch  Zavala County, 2.5 4 L. Tertiary 1979 2 4
Texas

(B) Viewfield S.E. Saskatchewan, 2 3.2 E. Jurassic 1969 2 50

Canada

%(1)~(9) are confirmed impact structures. (A) Lyles Ranch and (B) Viewfield lack diagnostic shock metamorphism and
are classified as astrobleme anomalies. Structures disrupting Precambrian basement rock are in bold. Success rates
usually are determined by more than one operator. Refer to text and references for details of structures and reser-
voir rocks.

*+Production and well-count figures are through March 1995, unless stated otherwise.

Sources and notes correspond to listed order of structures:

(1) Continental Resources, Inc.; Petroleum Information Corp. Production and well count figures are through August
1996. The strong natural water drive is affecting optimum production and recovery.

(2) Alaska OQil and Gas Conservation Commission.

(8) Michigan Geological Survey; Center Junction Corp.

(4) PEMEX. Early well records are unclear relative to penetration of key Lomas Tristes breccia or fractured inter-
val. Apparently five deep wells were required for onshore discovery prior to exploration in adjacent offshore Bay/Gulf
of Campeche, where hydrocarbons were discovered on the first well. Data shown, including discovery year, are for
Bay of Campeche fields. Well count is through December 1994. Production figures are through November 1995. Pro-
duction is from outside of outer rim within a distance of two crater radii to the southwest.

appear to be suitable candidates. The best gas pro-
duction in both areas is either directly below the
crater (Marquez) or below the peripheral rim area
(Sierra Madera). Marquez produces from Early
Cretaceous fluvial sandstones and shales, and Si-
erra Madera produces from Early Paleozoic frac-
tured carbonates.

Briefly, some of the other impact features in-
clude rim-flank pinchout resulting from eroded
rim rocks and marine transgressive deposits on a
rim or rim arc’s basinward flank, breccia lens
pinchout created where the breccia lens abuts the
crater wall updip, radial faults resulting from ra-
dial tension fractures (analogous to spokes on a



Survey of Hydrocarbon-Producing Impact Structures in North America 21

StrucTURES IN NORTH AMERICA

Producing Daily Primary
Dry Total Success Reservoir depth production reserves
holes wells rate rock (ft) BOPD CFGPD BO CFG
49 98 50% Granite, 8,400-9,500 2,600 3.1 MM 25 MM 15B
carbonates
7 18 61% Sandstones 2,600-2,800 1.3 MM 39B
25 91 73% Carbonates 800-900 110 3 MM
93 658 86% Carbonates  8,300-17,000+ 2.1 MM 14B 30B 15T
(11,500 avg)
4 10 60% Sandstones 9,000 avg 30 1.8 MM 100-150 M 5-7B
3 7 57% Granite, 9,150-9,600 280 15 MM
sandstones
14 34 58% Carbonates 8,000-9,700 960 2.3 MM 20 MM 25 B
10 65 84% Carbonates 12,000-13,500 7.7MM 270 B
25 29 14% Carbonates 4,265-4,500 550 3-5 MM+
5 14? 64% Sandstones 200-500 68 M 2B
24 137 82% Carbonates 4,160-4,300 575 260 M 10.5 MM 45B

(5) Texas Railroad Commission; Marathon Oil Co. Production is from below base of crater. Reserves not available;
estimated. Diameter is from recent gravity studies by Wong (1994).

(6) North Dakota Geological Survey; Eagle Operating Co. Production and well count figures are through November
1996. One recompleted well in Cambrian sandstones yields mostly all production.

(7) North Dakota Geological Survey; True Qil Co. Secondary recovery using miscible hydrocarbon flooding was be-
gun in 1982, prior to depletion of primary reserves. Total reserves not available. Using 120 MMBOIP (million bar-
rels of oil in place), the field may recover 35-60 MMBO and 45-80 BCFG.

(8) University of Texas of the Permian Basin; Melzer Exploration Co. Reserves are from four fields believed to be
linked in part to the impact event. Names and discovery years of fields are Elsinore, 1958; Pikes Peak East, 1972;
GMW, 1976; Sierra Madera, 1977. Production is from below base of crater and rim area.

(9) Mercantile Canada Energy, Inc. Structure is oblate, actual dimensions are 14.5 x 15.5 mi (23 x 26.5 km). Signifi-
cant potential. Needs more exploration.

(A) Texas Railroad Commission. Production figures are through December 1994,

(B) Saskatchewan Energy and Mines. 700 MBO remaining for primary recovery. Secondary recovery, if initiated, is
limited and may yield an additional 1-3 MMBO. The two pay zones already have a partial natural water drive.

wheel), simultaneous and overlapping craters re-
sulting from multiple impacts or impact overprint-
ing, and elongate or “butterfly”-shaped craters
formed by low-angle impacts. As with conventional
reservoirs, these features require source, seal, and
trap. Unlike conventional reservoirs, geochemical
studies by Castafio and others (1994) suggest that

meteorite impacts can create closed basins that
are favorable for the deposition of hydrocarbon
source rocks. Producing examples appear to be
Ames and Newporte.

It is proposed that almost all of the features in
Table 2 are capable of producing hydrocarbons
from basement rock. The exception is the sub-
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TaBLE 2.—IMPACT STRUCTURE RESERVOIRS

Impact feature

Producing example

Central uplift Ames, Calvin, Red Wing Creek

Rim Ames, Avak, Calvin, Newporte, Steen River, Lyles Ranch*,
Viewfield*

Ejecta Ames, Chicxulub(?)

Slump terraces and/or listric faults Avak, Calvin

Radial faults Ames(?)

Drapeover Heidt*(?)

Subcrater fracture zone
Marine impact

Marquez(?), Sierra Madera(?)
Chicxulub breccia(?), North Sea turbidites(?)

Brecca lens pinchout Not yet recognized
Rim-flank pinchout Not yet recognized
Simultaneous and/or overlapping craters Not yet recognized
Elongate or “butterfly” craters Not yet recognized

*Impact origin not yet confirmed.
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Figure 1. Diagrammatic cross section of a complex-type impact structure showing composite (ideally sym-
metrical) reservoir features. Radial faults not included. Modified from Donofrio (1981) and Brenan and oth-

ers (1975).

crater fracture zone below the base of the crater.
This feature is limited to whatever sedimentary
column may be present because conventional
source beds are not present beneath otherwise
undisturbed Precambrian crystalline rock
(Donofrio and others, 1984).

NONPRODUCING ASTROBLEMES

Other impact events are known to have oc-
curred in oil- and gas-prone areas. However, the
timing for hydrocarbon sourcing, sealing, and
trapping has not been conducive to formation of
commercial deposits in some structures.

Within North American offshore and onshore
petroleum provinces there are eight confirmed

impact structures where commercial hydrocarbons
have not been reported. These are Montagnais,
Scotian Shelf (L. Jansa, personal communication,
1993); Eagle Butte, Alberta; Flynn Creek and
Wells Creek, Tennessee; Kentland, Indiana;
Middlesboro, Kentucky; Serpent Mound, Ohio;
and Kilmichael, Mississippi. The latter is tenta-
tively included here as a confirmed astrobleme
because, subsequent to studies by Robertson and
Butler (1982), diagnostic shock-metamorphic fea-
tures in quartz have reportedly been found. Veri-
fication is currently underway.

One of these structures may prove to have com-
mercial potential. According to the Kentucky Geo-
logical Survey, the 3.6-mi-diameter Middlesboro
structure in Bell County, Kentucky, has a 15
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MCFGPD shut-in well completed in Mississippian
siltstones at 3,200 ft. Two other wells were dry,
but additional drilling may be forthcoming. The
remaining astroblemes identified above were ei-
ther dry, had shows, or may not have been ad-
equately explored.

OTHER ANOMALIES

Other structures exist that lack shock-meta-
morphic evidence but meet other geologic and geo-
physical criteria for astroblemes. Some examples
are Haswell hole, Colorado (Gay, 1997); Panther
Mountain, New York (Isachsen and others, 1994);
Chimney prospect, Montana (Plawman and
Hagar, 1983); Hartney, Manitoba; Elbow and
Dumas, Saskatchewan (Sawatsky, 1977); and
Lamont and Selmon, Oklahoma. Byler (1992)
showed numerous intact and discontinuous circu-
lar anomalies in North America, some of which
may be remnant impact scars. Overviews and/or
references for numerous astroblemes and astro-
bleme anomalies can also be found in Grieve and
Masaitis (1994), Grieve and others (1995), and
Koeberl and Anderson (1996). An intriguing and
controversial paper on the meteorite-impact
theory as a viable alternative to plate-tectonics
theory can be found in Butler (1996). The list of
astrobleme anomalies continues to expand, and
candidate structures will be confirmed as informa-
tion warrants.

DRILLING ODDS

The tentative and limited information on con-
firmed impact structures in petroleum provinces
indicates that 9 of 17 astroblemes (53%) are com-
mercial oil and gas fields. However, it required
about 42 wells into the 17 structures to establish
which were commercial. These numbers give a
new field wildcat success rate of about 21% (9 hits
out of 42 wells). Other wells into the 9 commercial
astroblemes can be difficult to classify as explor-
atory or development. For example, most opera-
tors consider that drilling in the Ames impact
structure is primarily exploration regardless of the
separation distances among wells. Therefore, the
success rates in Table 1 are given for each struc-
ture as a percentage of all wells for that particular
structure. For example, a total of 7 wells were
drilled at Newporte, of which 3 were dry holes.
Thus, 4 wells out of 7 (regardless of the categories)
were successful, which gives a success rate of
about 57%. Of the 4 completions, 2 are currently
active.

The drilling success rates for producing astro-
blemes range from 14% at the remote Steen River
structure to 86% at Chicxulub. The average suc-
cess rate for total wells into all producing astro-
blemes is about 77%. Excluding Chicxulub, which
accounts for two-thirds of the total wells into pro-

ducing astrobleme areas, the average success rate
is about 58%. In most cases, the success rates
would have been higher if operators had been
aware of what they were drilling from the outset.
In comparison, the success rates for 127,253 U.S.
wells drilled from 1990 through 1994 were about
20% for new field wildcats and 74% for all wells
(PI, 1995).

As previously noted, 53% of confirmed astro-
blemes in petroleum provinces are commercial oil
and gas fields. Of the 9 commercial impact struc-
tures, Table 1 reveals that 5 required between 1
and 3 wells for hydrocarbon discovery. The other 4
craters needed between 4 and 7 wells. Considering
the hydrocarbon potential of astroblemes, the
drilling success rates are quite favorable. How-
ever, all producing astrobleme discoveries to date
have been by accident, and the potential rewards
of wildcat drilling come with a “Catch-22.”

The drilling success rates are for confirmed
astroblemes in petroleum provinces, not for astro-
bleme anomalies, which may or may not be bona
fide astroblemes (e.g., solution collapse features,
calderas). Unless the objective is confirmed as an
astrobleme prior to or during drilling, the well
may be headed into an anomaly having a lower (or
zero) chance of success. Impact craters having sur-
face expressions may display shock metamor-
phism and can be studied prior to drilling. But
buried structures require drilling, and the explora-
tion may find that the objective is not a confirmed
astrobleme.

What are the chances of finding commercial
hydrocarbons in astrobleme anomalies? Based on
a preliminary check of published material, 6 of 12
curious circular structures in North American pe-
troleum provinces are commercial oil and gas
fields. All but one, a circular depression in Texas
County, Oklahoma (0il and Gas Journal, 1993),
were previously mentioned in this paper. This ten-
tative list suggests that 50% of astrobleme anoma-
lies have been drilled successfully. The chances of
hitting pay on the first well calculate at about 25%
or better for anomalies of decreasing diameters.
Combining confirmed astroblemes and astrobleme
anomalies gives a total of (at least) 29 circular
structures in North American onshore and off-
shore petroleum provinces. Of these, 15 are com-
mercial oil and gas fields (about 52%). These fig-
ures could differ if relevant unpublished drilling
prospects were included.

HYDROTHERMAL CONSIDERATIONS

In rare cases high-temperature hydrothermal
activity can enhance reservoir quality by ruptur-
ing overlying rocks. An example of hydrothermal
rupture is the Blackburn oil field in Nevada,
where carbonates overlying an ancient magmatic
heat source were possibly fractured and brecciated
by explosive hydrothermal action, i.e., ground
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water contacting a pluton became superheated
and overpressured owing to the overburden
(Hulen and others, 1990). This porosity-creating
mechanism, however, is quite different from condi-
tions at meteorite-impact sites.

Following an impact event, hydrothermal circu-
lation is initiated within the target rocks. A boiling
water table forms below the impact-melt sheet and
steam and water escape mainly at the rim in
simple craters and in both the rim and central
uplift of complex craters (Newsom, 1980). There is
negligible pressure buildup, however, and the net
effect of circulation activity is to plug fractures
with mineral deposits.

Hydrothermal effects following impact events
have not been duplicated in the laboratory, but
experiments directed at understanding fault-zone
sealing may afford insight into hydrothermal proc-
esses. Moore and others (1994) studied the hydro-
thermal effects on a typical granite composed of
plagioclase, quartz, and feldspar. Extrapolation of
data from fractured samples subjected to tempera-
tures of 300 to 500 °C showed that permeability
reductions of almost three orders of magnitude
(1,000 times less) can occur within a few years in
crystalline basement areas such as the Canadian
Shield. These permeability decreases are most
likely caused by hydrothermal-related solution-
transfer processes that redistribute minerals in
rock and can result in negligible fluid flow ap-
proaching that of intact granite.

At the Ries crater in Germany, Pohl (1977) cal-
culated that some of the suevite took about 2,000
years to cool from 600 to 100 °C. Hydrothermal
activity measured there has been documented at
other terrestrial impact structures, with estimated
postimpact temperatures ranging from 100 to 700
°C (Koeberl and others, 1989). Hydrothermal al-
teration of target rocks can occur in a fraction of
the time it takes for temperatures at impact sites
to reach ambient levels, and this alteration is in-
variably detrimental to reservoir quality.

Hydrothermal activity at impact sites can pro-
duce economic deposits of zinc minerals, for ex-
ample (Grieve and Masaitis, 1994), but for poten-
tial hydrocarbon reservoirs, the fractured rock
needs to remain open. As a general rule, hydrocar-
bon reservoirs are unproductive (or uneconomic)
below a porosity of about 5%. The permeability
threshold for gas reservoirs is about 0.1 md (milli-
darcies) and about 0.5 md for oil reservoirs. Values
near the threshold, however, can be offset by large
pay zones.

Both porosity and permeability are affected by
hydrothermal activity, but the reductions in poros-
ity are not as consequential as the reductions in
permeability. An example of hydrothermal effects
across a basement astrobleme is given in Donofrio
(1981) for the 8-mi-diameter Deep Bay structure
on the Canadian Shield. The rim core had a poros-
ity of 8.5% and a permeability of 0.01 md; breccia
off the flank of the central uplift (possibly talus)
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had 21.4% and 13.7 md; and the central uplift had
14.9% and 0.05 md. All three areas had adequate
porosities, but only one area had adequate perme-
ability.

Hydrothermal effects thus place constraints on
drilling locations in impact structures, particularly
those in basement rock. Moderate crater erosion
prior to burial can enhance reservoir quality and
form talus deposits on the flanks of central highs
and peripheral rims, thus offsetting permeability
reductions due to hydrothermal activity. The most
productive reservoir at Ames, for example, is a
relithified granodiorite that is frequently referred
to as brecciated granite or a rubble pile. This
rubble condition may have resulted from exposure
of the central uplift to subaerial weathering and
erosion (Roberts and Sandridge, 1992). Similar
material (probably talus) may form the carbonate
rubble of the productive rim at the Viewfield struc-
ture (Donofrio, 1981).

The central uplift at the Steen River basement
astrobleme was penetrated near the center and
found to be of competent, tight igneous rocks ini-
tially misidentified as volcanic rocks (Winzer,
1972). The central-uplift flanks at Steen River also
need to be explored, and hydrothermal studies,
including fluid-inclusion analysis, need to be un-
dertaken at both it and Ames. Determining the
hydrothermal effects in sedimentary astroblemes
and astrobleme anomalies such as Red Wing Creek
and the Chimney prospect, respectively, would also
be informative. Until more information is forth-
coming, geologists should use the Ames experience
when planning an exploration program for similar
structures in basement rock (Donofrio, 1994).

RANDOM OR NONRANDOM IMPACTS?

Impact events are assumed to be random in
time and space. Impact probability rates of Can-
non (1995), for example, using the density of
Earth-crossing asteroids and cratering rates
on other planetary bodies, suggest that at least
500 astroblemes the size of Ames should have
been created in the conterminous states since
the beginning of the Cambrian. The number pre-
served to the present will be considerably less,
however.

Shaw (1994) argued against the random nature
of impact events and sampling bias and called at-
tention to the ordered age grouping and position-
ing of craters on North America, Eurasia, and
Australia. Shaw noted three spatial nodes that
have persisted since the late Precambrian. These
nodes represent the loci of mutual overlap of all
age groups of known impact events and mark the
intersection points of cratering swaths that en-
circle the Earth. For example, the cratering nodes
of North America, Eurasia, and Australia can be
connected by a nearly circular swath during the
Phanerozoic, suggesting that bolides are impact-
ing limited areas. A possible explanation is that
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the orbital parameters of bolides are influenced by
gravitational variations within the Earth. Of in-
terest is that the crater-age overlap forming the
node for North America embraces mostly all petro-
leum provinces. If Shaw is correct, an abundance
of astroblemes unpredicted by cratering estimates
may exist in oil- and gas-prone areas.

POTENTIAL RESERVES OF
BASEMENT ASTROBLEMES

While the random vs. nonrandom issue is de-
bated, an intuitive approach might be used to esti-
mate the reserves in undiscovered or unrecognized
U.S. impact structures in basement rocks. Figure
2 shows the location of astroblemes on the Cana-
dian Shield and several of the larger petroleum
basins in the United States. For illustrative pur-
poses, the petroliferous areas are shown in their
present-day configuration. Crater names and di-
mensions can be found in Grieve and Robertson
(1989). All of these astroblemes are developed in
crystalline basement rock and range in impact age
from Precambrian to Tertiary, with the majority
dated as Paleozoic. Diameters range from 1.2 to
over 84 mi, with half approaching or exceeding the
14 mi diameter of the Ries impact structure in
Germany. The Ries is mentioned because it illus-
trates the penetration effects of large bolides. Pohl
and others (1977) noted that the Ries crater was
created by the impact of a 3,300-ft-diameter stony
meteorite that penetrated about 2,000 ft of sedi-
mentary rocks and continued for another 2,100 ft
into crystalline basement. Seismic surveys have
revealed that basement rock at the crater center
has been brecciated and fractured down to about
20,000 ft. Impact events forming craters of this
diameter or larger could penetrate deeply into pe-
troleum basins and affect basement rock.

The impact structures in Figure 2 have been
studied in detail by the Geological Survey of
Canada. From geologic and geophysical data,
which include core studies, the volume of brecci-
ated and fractured rock can be estimated and ad-
justments made for hydrothermal effects. If it is
assumed that the Canadian Shield astrobleme dis-
tribution is a fair representation of impact density
for the larger, more resistant structures, the ques-
tion to be answered is, “What would the potential
reserves of these craters be if the impacts had of
occurred in petroleum basins?” The following pa-
rameters are used: a 50% crater erosional level be-
fore preservation by overlying sedimentary depos-
its; a threshold sedimentary cover of about 7,000 ft
to provide the geothermal conditions for hydrocar-
bon generation; proper timing of impact event,
source rock, and seal; and an oil-recovery factor of
100 barrels per acre-foot.

To evaluate the potential reserves, the Cana-
dian Shield astrobleme cluster was shifted about
15° south (Fig. 3). Initially, this shift was selected
because it is the point at which the most northerly

crater of the cluster contacts the requisite overbur-
den in a U.S. petroliferous area, the Michigan ba-
sin. Likewise, Figure 3 shows that such a shift dis-
places numerous astroblemes into onshore and
offshore petroliferous areas. Potential reserves for
this scenario are about 50 BBO, an extraordinary
figure more than double current U.S. reserves. If
we control (or subtract) the reserves in all base-
ment rock, including granite washes, the drop in
potential reserves is less than 1%. This result sug-
gests that the volume of undiscovered basement
hydrocarbons may be significantly higher than
known basement reserves.

At first glance the practicing exploration geolo-
gist may reason that such fanciful superpositions
are meaningless in the real world of exploration,
but one cannot ignore impact densities of large
astroblemes or the geographic distribution of pe-
troleum provinces. The only real challenge may
come from optimistic geologists who claim that
impact structures remain undiscovered and that
they occur in greater numbers than are shown
here. Of interest is that no matter to what degree
or how far and wide the Canadian Shield astro-
bleme cluster is shifted or rotated into the area of
U.S. petroleum basins, the potential reserves range
from a low of 5 BBO to a high of over 105 BBO.

The conditions leading to giant hydrocarbon
accumulations in conventional reservoir rocks
such as sandstones and carbonates appear to be
fortuitous, but they do occur. According to one es-
timate, worldwide exploration has revealed that
giants constitute only 0.6% of significant oil fields
yet they contain 84% of the reserves (Hobson and
Tiratsoo, 1981). Giants within the U.S. usually are
defined as having at least 100 MM barrels of re-
coverable oil or 1 TCF of recoverable gas. Before
excluding the lower 48 states from such potential,
geologists should consider Van Der Loop’s (1996)
resource base study where she has noted, “al-
though the biggest fields in any trend are usually
the first ones found . . . if you do find something in
a lower 48 frontier area, the chances that it will be
big enough to keep are better than if you had
found something in a mature trend.”

For astrobleme anomalies, those chances could
be much higher than the 4% or less success rate
for conventional prospects in lower 48 frontier ar-
eas. As I stated over 15 years ago (Donofrio, 1981),
“suspicious gravity, seismic, and magnetic anoma-
lies in basement should be penetrated and tested
where drilling depth permits. These anomalies
include elevated areas of basement as well as syn-
clines. . . . Detection of astroblemes by geophysical
or geologic methods means that fractured reser-
voirs have been located. . . . Unquestionably with
some deep-basement impacts the capital expendi-
tures will be considerable but the possible rewards
can be enormous.” Clearly such structures are
of strategic importance to the United States
(Donofrio, 1983).

The Canadian Shield cluster displacement
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Figure 2. Distribution of astroblemes on the exposed Precambrian Canadian Shield. Contours show the
approximate depth below sea level of the unconformity between Precambrian basement rock and sedimen-
tary cover. The contours in the Gulf Coast and Atlantic coastal margin show the depth to Paleozoic basement
rocks. Base map modified from Suppe (1986) and King and Edmonston (1972).

exercise (Fig. 3) suggests that the potential for hy-
drocarbon reserves in impact craters in basement
rocks may be significant and that, like conven-
tional oil and gas fields, most of the reserves will
be found in only a few large structures.

Thus far, the largest producing confirmed
astrobleme in the United States is Ames with a
diameter of about 8 mi. Nonproducing confirmed
impact craters larger than Ames have not yet been
recognized in U.S. petroleum provinces. In U.S.
areas outside petroleum provinces, the largest con-
firmed impact structure is the 54-mi-diameter
Chesapeake Bay crater in Virginia.

Where are the other large-scale impact

structures comparable to those on the Canadian
Shield?

CONCLUSIONS

The drilling record to date shows that, although
producing impact structures are few in number,
they have a disproportionate share of significant
characteristics. These include (1) the ability to
form (or enhance) structure, reservoir rock, and
possibly source rock independent of the regional
geology; (2) exceptional reservoir thickness, high
yields, and flow rates; (3) production (and poten-
tial production) from numerous types of reservoirs
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Figure 3. Canadian Shield astroblemes shifted 15° south. Note the impact structures within petroleum prov-
inces. Any shift or rotation of this astrobleme cluster into U.S. petroleum basins results in potential reserves

ranging from 5 BBO to over 105 BBO.

within, below, above, and beyond the structure;
and (4) reservoirs that include crystalline base-
ment rock.

The drilling success rates in confirmed astro-
blemes for new field wildcats and total wells are 21
and 77%, respectively. These rates approximate
the industry’s average of 20 and 74% for the same
categories. The similarity in figures is not surpris-
ing considering that all producing astroblemes to
date were found by accident with conventional ex-
ploration models and practices. After hydrocar-
bons were discovered came the realization that the
structures had an impact origin. To use astro-
blemes as an exploration concept, geologists need
to reverse the sequence.

About half the confirmed astroblemes and
astrobleme anomalies in petroleum provinces are
commercial oil and gas fields and, on average,
these structures required about 2—4 wildcats to
find the pay. The number of wildcats appears to
reflect the dimensions of included anomalies in
this initial study. Like confirmed astroblemes, the
database for astrobleme anomalies is small and
inconclusive.

The least explored horizon and final frontier for
the petroleum geologist is crystalline basement.
Two producing impact structures have already
proven that this lithology can be a viable reservoir.
Undiscovered basement (and sedimentary rock)
astroblemes certainly exist and are capable of



28 Richard R. Donofrio

hosting giant oil and gas fields. The known and
potential dimensions of impact events need to be
realized. Large-scale impact structures (or their
remnants) approach linearity relative to regional
geologic and geophysical coverage used in an ex-
ploration program. Recognition of a feature such
as a rim arc is a challenge to explorationists, and
I propose that the basinward flank of a large-scale
rim segment is where a giant field awaits discov-

ery.
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ABSTRACT.—Over the past 15 years, new studies related to the events that caused the ex-
tinction of the majority of life on Earth at the end of the Cretaceous Period have led to the hy-
pothesis that a large-scale asteroid or comet impact occurred at 65 Ma. In the past, impact
cratering as a geologic process has not been much appreciated by the general geological com-
munity, despite the fact that, on all other planets and satellites with a solid surface, impact
cratering is the most important process that alters the surface at the present time as well as
during most of the history of the solar system. Detailed studies, mainly since the 1960s, have
led to the recognition of about 150 impact structures on Earth. Here, some fundamental min-
eralogical and geochemical properties of impact-derived rocks that are used to recognize im-
pact craters are reviewed. The formation of impact craters leads to pressure and temperature
conditions in the target rocks that are significantly different from those reached during any
internal terrestrial process. Among the most characteristic changes induced by the impact-gen-
erated shock waves are irreversible changes in the crystal structure of rock-forming minerals,
such as quartz and feldspar. These shock-metamorphic effects are characteristic of impact and
do not occur in natural materials formed by any other process. In addition, geochemical meth-
ods are used to find traces of the meteoritic projectile in impact-melt rocks and glasses. A
complete and diligent mineralogical, petrological, and geochemical study is necessary before

any conclusions regarding an impact origin of geologic structures can be reached.

INTRODUCTION

During the 1980s and early 1990s, a lively de-
bate was held in the geological community regard-
ing the cause of the mass extinction that marks
the end of the Cretaceous Period, at the Creta-
ceous/Tertiary (K/T) boundary (see, e.g., Silver and
Schultz, 1982; Sharpton and Ward, 1990). Interest
in the events at the K/T boundary was renewed by
a publication by Alvarez and others (1980), who
found that the concentrations of the rare plati-
num-group elements (PGEs: Ru, Rh, Pd, Os, Ir,
and Pt) and other siderophile elements (e.g., Co,
Ni) are enriched by up to four orders of magnitude
in the thin clay layer marking the K/T boundary
compared to their concentrations in normal terres-
trial crustal rocks. These observations were inter-
preted by Alvarez and others (1980) as the result
of a large asteroid or comet impact, which caused

Christian Koeber], Institute of Geochemistry, University
of Vienna, Althanstrasse 14, A-1090 Vienna, Austria.

extreme environmental stress. This hypothesis
was later strongly supported by the finding of
shocked minerals in the K/T boundary layer by
Bohor and others (1984,1987). It turned out that
one of the main problems impeding the acceptance
of the theory that a large impact took place at 65
Ma was a lack of detailed knowledge of impact
cratering and shock-metamorphic processes in the
general geological community. Similar debates—
regarding impact vs. internal origin—have been
held in discussing the origin of a variety of “un-
usual” structures around the world, including the
Ames structure in Oklahoma. Thus, it seems use-
ful to briefly review the basic knowledge of terres-
trial impact craters and shock metamorphism.
The discussion of general properties of impact cra-
ters is the topic of the paper by Grieve (1997), and
here I will review mainly mineralogical and
geochemical aspects of impact structures.
Historically, the concept of impact cratering on
Earth has not been much accentuated in classical
geological studies. The concept of classical Hutton-
ian and Lyellian geology is that slow, endogenic

Koeberl, Christian, 1997, Impact cratering: the mineralogical and geochemical evidence, in Johnson, K. S.; and
Campbell, J. A. (eds.), Ames structure in northwest Oklahoma and similar features: origin and petroleum
production (1995 symposium): Oklahoma Geological Survey Circular 100, p. 30-54.
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processes lead to gradual changes in the geologic
record. In this uniformitarian view, internal forces
are preferred over seemingly more exotic processes
to explain geologic phenomena that often give the
impression of occurring over very long periods of
time. In contrast, impact appears as an exogenic,
relatively rare, violent, and unpredictable event,
which violates every tenet of uniformitarianism.
The explanation of craters on the Moon or Earth
as being of impact origin has been opposed by
many geologists over much of this century. It is
almost ironical that it was Alfred Wegener who
published a little-known study (Wegener, 1921), in
which he concluded that the craters on the Moon
are of meteorite-impact origin. The history of
study and acceptance of impact cratering over this
century is somewhat similar to the record of the
acceptance of plate tectonics (for a historical ac-
count of impact-crater studies, see, e.g., Mark,
1987; Hoyt, 1987; Marvin, 1990; and Glen, 1994).

Planetary exploration and extensive lunar re-
search in the second half of the 20th century led to
the conclusion that essentially all craters visible
on the Moon (and many on Mercury, Venus, and
Mars) are of impact origin. Therefore, it has to be
concluded that, over its history, the Earth was
subjected to a larger number of impact events than
the Moon. Part of the reason why this conclusion
was not widely accepted among geologists may be
that terrestrial processes (weathering, plate tec-
tonics, etc.) effectively work to obliterate the
surface expression of these structures on Earth.
Through studies of the orbits of asteroids and
comets, astronomers have a relatively good
understanding of the rate with which these objects
strike the Earth (e.g., Shoemaker and others,
1990; Weissman, 1990). For example, minor ob-
jects in the solar system with diameters of 21 km
(mainly asteroids) collide with the Earth at a fre-
quency of about 4.3 impacts per million years
(Shoemaker and others, 1990), and each such im-
pact forms a crater 210 km in diameter. Impactors
of about 2 km in diameter collide with the Earth
about every 1 to 2 million years. Impact of Earth-
orbit crossing asteroids dominate the formation of
craters on Earth that are smaller than about 30
km in diameter, whereas comet impact probably
forms the majority of craters that are larger than
about 50 km in diameter (Shoemaker and others,
1990). However, the orbits of asteroids are better
known than those of comets, because many of the
latter have such long periodicities that no appear-
ance has yet been observed during the time of hu-
man civilization.

In an important historical and sociological
evaluation of the K/T boundary debates, Glen
(1994, p. 52) found that “resistance to the [impact]
hypothesis seemed inverse to familiarity with im-
pacting studies.” Thus, planetary scientists, as-
tronomers, and meteoriticists have grown accus-
tomed to view “large-body impact as a normal geo-
logical phenomenon—something to be expected
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throughout Earth history—but another group, the
paleontologists, is confounded by what appears to
be an ad hoc theory about a nonexistent phenom-
enon” (D. M. Raup in Glen, 1994, p. 147). Thus, it
may be concluded that one scientist’s uniformitari-
anism is another scientist’s deus ex machina.

However, it may be important to consider the
time scales involved in this discussion. What ge-
ologists have called “uniformitarianism” is the re-
sult of integrating individual catastrophes of vari-
ous magnitudes over a sufficiently long time span.
Earthquakes, volcanic eruptions, landslides, etc.,
are locally devastating if time spans of maybe 20
to 100 yr are concerned, but if the whole world and
longer time spans are concerned, these “catastro-
phes” become part of the “uniformitarian” process
of explosive volcanism, earthquake history, or ero-
sion. The bias in what is considered uniformitar-
ian is related to the life span of humans and the
human civilization. As large meteorite impacts
have not been observed during the last few millen-
nia (with rare exceptions, such as the Tunguska
event, which occurred in a remote tundra location
of Siberia in 1908—but even this event was too
small to produce a crater), such events tend to be
neglected when constructing the “uniformitarian”
history of the Earth. The falls of small meteorites
have been observed quite frequently. There is no
real conflict between uniformitarianism and mete-
orite impact. We just have to learn to apply the
same principle that is being used for extrapolating
the frequency of volcanic eruptions and earth-
quakes to the scaling of meteorite impacts—the
large and devastating ones occur less often than
the small events.

About 150 impact structures are currently
known on Earth (e.g., Grieve and Shoemaker,
1994; Grieve, 1997). However, it is somewhat em-
barrassing that almost two thirds of the confirmed
or probable impact craters in the United States
have only been studied superficially (see Koeberl
and Anderson, 1996). Considering that some im-
pact events severely affected the geologic and bio-
logical evolution on Earth and that even small
impacts can disrupt the biosphere and lead to local
devastation (Chapman and Morrison, 1994), the
understanding of impact structures and the proc-
esses by which they form should be of interest not
only to earth scientists, but also to society in
general.

GENERAL CHARACTERISTICS
OF IMPACT CRATERS

As no large impact event has been observed by
humans over the past several thousand years
(which is, of course, not a geologically long period
of time), impact experiments and the detailed
study of impact craters on Earth are essential to
understand these features. During an impact
event, the geologic structure of the target area is
changed in a characteristic way, which can be used
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to help distinguish volcanic structures from mete-
orite impact craters. Meteorite impact craters are
circular surficial features without deep roots,
whereas in voleanic structures the disturbances
continue to (or, rather, emerge from) great depth.
Impact craters are practically always circular,
with only very few exceptions that result either
from highly oblique impacts (see, e.g., the Rio
Cuarto structures in Argentina—Schultz and oth-
ers, 1994) or from postformational distortion due
to, for example, tectonism or erosion (e.g., the
Sudbury structure in Canada—e.g., Stoffler and

.others, 1994). 1t is useful to distinguish between
the impact crater, i.e., the feature that results
from the impact, and the impact structure, which
is what is observed today, long after formation and
modification of the crater.

Impact craters (before erosion) occur in two dis-
tinctly different morphological forms, namely as
small (£4-km-diameter) bowl-shaped craters and
large (24-km-diameter) complex craters with a
central uplift. All craters have an outer rim and
some crater infill (e.g., brecciated and/or fractured
rocks, impact-melt rocks), whereas the central
structural uplift in complex craters consists of a
central peak or of one or more peak ring(s) and
exposes rocks that are uplifted from considerable
depth. The diameters of impact craters on Earth
show a variation, which is, however, the result of
biased processes, chiefly different effects of age
and differential erosion of large and small craters.
The erosional processes that obliterate small (0.5-
to 10-km-diameter) craters after a few million
years create a severe deficit of these craters, com-
pared to the number that is expected from the
number of larger craters and astronomical obser-
vations (Grieve and Shoemaker, 1994). Erosion
also explains why most small craters are young.
Older craters of larger initial diameter also suffer
erosion degradation leading to the destruction of
the original topographical expression or to burial
of the structures under postimpact sediments.
For details on crater morphology, see Grieve
(1997).

RECOGNITION OF IMPACT
STRUCTURES

As a consequence of the obliteration, burial, or
destruction of impact craters on Earth, they can be
difficult to recognize, requiring the development of
diagnostic criteria for the identification and confir-
mation of impact structures. The most important
of these characteristics are (1) evidence for shock
metamorphism, (2) crater morphology, (3) geo-
physical anomalies, and (4) the presence of mete-
orites or geochemical discovery of traces of the me-
teoritic projectile. Of these, only the presence of
diagnostic shock-metamorphic effects and, in some
cases, the discovery of meteorites, or traces there-
of, can provide unambiguous evidence for an im-
pact origin.

Christian Koeberl

However, morphological and geophysical obser-
vations are important in providing supplemen-
tary—but not confirming—evidence. Geophysical
methods are also useful in identifying candidate
sites for further studies. It should be noted that in
complex craters, the central uplift usually contains
severely shocked material and is often more resis-
tant to erosion than the rest of the crater. In old
eroded structures, the central uplift may be the
only remnant of the crater that can be identified.
Geophysical characteristics of impact craters that
have been investigated include gravity, magnetic
properties, reflection and refraction seismic
signatures, electrical resistivity, and others (see
Pilkington and Grieve, 1992, for a review). In gen-
eral, simple craters have negative gravity anoma-
lies due to the lower density of the brecciated rocks
compared to the unbrecciated target rocks, where-
as complex craters often have a positive gravity
anomaly associated with the central uplift that
is surrounded by an annular negative anomaly.
Magnetic anomalies can be more varied than grav-
ity anomalies, but seismic data show the loss of
seismic coherence due to structural disturbance,
slumping, and brecciation. Such geophysical sur-
veys are important for the recognition of anoma-
lous subsurface structural features, which may be
deeply eroded craters or simply covered by post-
impact sedimentary deposits (e.g., in the United
States: Ames, Avak, Chesapeake Bay, Manson,
Newporte, Red Wing Creek—see Koeberl and
Anderson, 1996; Koeberl and Reimold, 1995a,b;
Koeberl and others, 1995b,1996b,c). However, to
better appreciate the other criteria for identifica-
tion of impact structures, it is necessary to briefly
consider some physical processes that operate dur-
ing crater formation.

FORMATION OF IMPACT CRATERS

The formation of a crater by hypervelocity im-
pact is—not only in geologic terms—a very rapid
process that is usually divided into three stages:
(1) contact and compression stage, (2) excavation
stage, and (3) postimpact crater-modification
stage. Crater-formation processes have been stud-
ied for many decades, but space limitations re-
quire that the reader be referred to the literature
(see, e.g., Gault and others, 1968; Roddy and oth-
ers, 1977; Melosh, 1989; and references therein)
for a detailed discussion of the physical principles
of impact-crater formation. Here, only a few key
ideas can be mentioned.

During the impact of a large meteorite, aster-
oid, or comet, large amounts of kinetic energy
(equal to ¥2 mv?, m = mass, v = velocity) are re-
leased. Earlier in the century, the amount of en-
ergy was largely underestimated, because the ve-
locities with which extraterrestrial bodies hit the
Earth had not been known or assessed properly.
However, any body that is not slowed down by the
atmosphere will hit the Earth with a velocity be-



Impact Cratering: The Mineralogical and Geochemical Evidence 33

tween about 11 and 72 km/s. These velocities are
determined by celestial mechanics. Thus, a 250-m-
diameter iron or stony meteorite has a kinetic en-
ergy roughly equivalent to about 1,000 megatons
of TNT, which would lead to the formation of a
crater about 5 km in diameter. The relatively
small Meteor (or Barringer) crater in Arizona (1.2
km diameter) was produced by an iron meteorite
with a diameter of about 30 to 50 m. Many of the
characteristics of an impact crater are the conse-
quence of the enormous kinetic energy that is re-
leased almost instantaneously during the impact.
This energy can be compared to that of “normal”
terrestrial processes, such as voleanic eruptions or
earthquakes. During small impact events, which
may lead to craters of 5 to 10 km diameter, about
1024 to 1025 ergs (1017 to 1018 J) are released,
whereas during formation of larger craters (50 to
200 km diameter), about 1028 to 1030 ergs (102! to
1023 J) are liberated (e.g., French, 1968; Kring,
1993). On the other hand, about 6 - 1023 ergs (6 -
1018 J) were released over several months during
the 1980 eruption of Mount St. Helens, and 1024
ergs (107 J) in the big San Francisco earthquake
in 1906. It may also be surprising that the total
annual energy release from the Earth (including
heat flow, which is by far the largest component,
as well as volcanism and earthquakes) is about 1.3
- 10%8 ergs (1.3 - 102! J/yr) (French, 1968; Sclater
and others, 1980; Morgan, 1989). The latter
amount of energy is comparable to the energy that
is released almost instantaneously during large
impact events. It is also important to realize that
the energy that is liberated during an impact is
concentrated at almost a point on the Earth’s sur-
face, leading to an enormous local energy density.

SHOCK WAVES IN ROCKS—
HUGONIOT EQUATIONS

Structural modifications and phase changes in
the target rocks occur during the compression
stage, and the morphology of a crater is defined in
the second and third stage. For a more detailed
description of crater formation, see, e.g., Grieve
(1987,1991), Melosh (1989), and references there-
in. During the early-impact phase, the impacting
body is stopped after about two projectile radii,
and the kinetic energy (Y2 mv?) is transformed into
heat and shock waves that penetrate into the pro-
jectile and target. The most important phenom-
enon, which is characteristic of impact, is the gen-
eration of a supersonic shock wave that is propa-
gated into the target rock. The effects of shock
waves on matter are well understood from decades
of experimental evidence. The following discussion
is based mainly on information from Melosh
(1989). Matter is being accelerated very rapidly,
and, as a consequence of the decrease of compress-
ibility with increasing pressure, the resulting
" stress wave will become a shock wave moving ini-
tially at supersonic speed (up to about % of the

impact velocity). Shock waves are inherently non-
linear and shock fronts are abrupt. They can be
mathematically represented as a discontinuous
jump of pressure, density, particle velocity, and
internal energy. In reality, shock waves have a fi-
nite thickness, which is, however, very limited.
For example, the widths of shock waves in gas are
limited to about 10 pm, which is roughly equal to
one molecular mean free path, but shock waves in
solids are wider, up to a few meters in rocks, de-
pending on their porosities.

The shock wave leads to compression of the tar-
get rocks at pressures far above a material prop-
erty called the Hugoniot elastic limit. The
Hugoniot elastic limit (HEL) can generally be de-
scribed as the maximum stress that can be
reached in a stress wave that a material can be
subjected to without permanent deformation.
Above this limit, plastic, or irreversible, distor-
tions occur in the solid medium through which the
compressive wave travels (see, e.g., compilations
by Roddy and others, 1977; Melosh, 1989; and ref-
erences therein). The value of the HEL is about 5
to 10 GPa for most minerals and whole rocks. For
example, single crystals of quartz have HELs
ranging from 4.5 to 14.5 GPa (depending on the
crystal orientation); for feldspar the HEL is at 3
GPa, and for olivine it is at 9 GPa. For rocks, the
HEL of dolomite is 0.3 GPa, for granite 3 GPa, and
for granodiorite, 4.5 GPa. The only known process
that produces shock pressures exceeding the HELs
of most crustal rocks and minerals in nature is
impact cratering. Volcanic processes are not
known to exceed 0.5 to 1 GPa. In addition to struc-
tural changes, phase changes may occur as well.

For a thermodynamics treatment of shock
fronts traveling through matter, the so-called
Hugoniot equations are used (see Melosh, 1989).
These equations link the pressure P, internal en-
ergy E, and density p in front of a shock wave
(uncompressed: Py, E, p,) to values after the shock
front (compressed: P, E, p). The density is also
expressed as the specific volumes V=1/pand V,, =
1/p, for the compressed and uncompressed cases,
respectively. Initial pressure, energy, and density
before the shock are known values, whereas the
values after the shock are unknown quantities, as
are the shock velocity U and particle velocity u
behind the shock front. The Hugoniot equations
are then written as

p(U —u) =p,U
P- PO = poupU
E-E; =P +P(V,-V)2.

These equations express the conservation of
mass, momentum, and energy across the shock
front to reduce the number of unknown variables
from five to two. For a derivation of the Hugoniot
equations, see appendix 1 in Melosh (1989) as well
as Boslough and Asay (1993). In the uncompressed
material, the initial particle velocity should be
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zero, and the initial pressure P, can be neglected,
yielding the approximation E — E, = up2/2. In addi-
tion to the three equations mentioned above, a
fourth one, the equation of state, is necessary to
specify conditions on either side of the shock front.
This equation links pressure, specific volume (den-
sity), and internal energy: P = (V,E). Equations of
state have been determined experimentally for a
large number of different materials (e.g., Marsh,
1980).

The shock-wave equation-of-state data can be
plotted in pressure vs. specific-volume (Fig. 1) or
shock-velocity vs. particle-velocity diagrams. The
curves in these diagrams are not equivalent to
conventional equilibrium in thermodynamics P,V
diagrams, but represent loci of several individual
shock events, i.e., each point on a curve is the re-
sult of one particular shock-wave compression
event. The HEL appears as a kink in the shock
curve, indicating yielding at the maximum stress
of the elastic wave (Fig. 1).

After the shock wave passes, the high pressure
is released by a so-called rarefaction, or release,
wave, which trails the shock front. The rarefaction
wave is a pressure, not shock, wave and travels at
the speed of sound in the shocked material. It
gradually overtakes the decaying shock front and
causes a decrease in pressure with increasing dis-
tance of propagation. Although the pressure be-
hind a rarefaction wave may drop to near zero, the
residual particle velocity actually accelerates ma-
terial, leading to impact-crater excavation. In ad-
dition, the rarefaction wave not only conserves
mass, energy, and momentum (as the shock wave
does), but also entropy. Thus, rarefaction is a ther-
modynamically reversible adiabatic process,
whereas shock compression is thermodynamically
irreversible. During shock compression, a large
amount of energy is being introduced into a rock.
Upon decompression, the material follows a re-
lease adiabat in a pressure vs. specific-volume dia-
gram. The release adiabat is located close to the
Hugoniot curve, but usually at generally some-
what higher P and V values, leading to excess heat
appearing in the decompressed material, which
may result in phase changes (e.g., melting or va-
porization). The effects of the phenomena de-
scribed above can be observed in various forms in
shocked minerals and rocks.

SHOCK METAMORPHISM

A large meteorite impact will produce shock
pressures of 2100 GPa and temperatures of 23,000
°C in large volumes of the target rock. These con-
ditions are in sharp contrast to conditions for en-
dogenic metamorphism of crustal rocks, with
maximum temperatures of 1,200 °C and pressures
of usually <2 GPa (except static pressure affecting
some deep-seated rocks, e.g., eclogites) (Fig. 2). As
mentioned above, shock compression is not a ther-
modynamically reversible process, and most of the
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Hugoniot Equation
of State Curve

Curve showing
the loci of
shock events

Pressure (P) —

\ Hugoniot
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Wave
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Figure 1. ldealized representation of a Hugoniot
equation of state curve. The Hugoniot curve does not
represent a continuum of states as in thermodynam-
ics diagrams, but the loci of individual shock-com-
pression events. The yielding of the material at the
Hugoniot elastic limit is indicated. See text for de-
tailed discussion.

structural and phase changes in mineral crystals
and rocks are uniquely characteristic of the high
pressures (5 to >50 GPa) and extreme strain rates
(106 to 108 s71) associated with impact. Also, some
assemblages of high-pressure and high-tempera-
ture mineral phases are preserved together with
glass in shocked rocks due to disequilibrium
caused by transient high pressures followed by
quenching.

As some recent literature indicates, there is
still some incomplete understanding in the geo-
logical community about the precise nature of
shock metamorphism (for a discussion, see, e.g.,
French, 1990; Sharpton and Grieve, 1990). In con-
trast to some assertions (e.g., Lyons and others,
1993), the existence of definite shock-metamorphic
features in volcanic rocks has never been substan-
tiated (see, e.g., de Silva and others, 1990; Gratz
and others, 1992b). Static compression, as well as
volcanic or tectonic processes, yields different
products because of lower peak pressures and be-
cause of strain rates that are smaller by more than
11 orders of magnitude. It should be reaffirmed
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Figure 2. Comparison of pressure-temperature fields of endogenic metamorphism and shock metamorphism.
Also indicated are the onset pressures of various irreversible structural changes in the rocks due to shock
metamorphism. The curve on the right side of the diagram shows the relationship between pressure and
postshock temperature for shock metamorphism of granmc rocks. (After Grieve, 1987, and B. M. French,

personal communication, 1995.)

that the study of the response of materials to
shock is not a recent development, but has been
the subject of thorough investigations over several
decades, in part stimulated by military research.
Numerous shock-recovery experiments (i.e., con-
trolled shock-wave experiments, which allow the
collection of the shocked samples for further stud-
ies), using various techniques, have been per-
formed in the past three to four decades. These
experiments have led to a good understanding of
the conditions for formation of shock-metamorphic
products and a pressure-temperature calibration
of the effects of shock pressures up to about 100
GPa (see, e.g., Horz, 1968; French and Short, 1968;
Stéffler, 1972,1974; Gratz and others, 1992a,b;
Huffman and others, 1993; Stoffler and Lang-
enhorst, 1994; and references therein).

Table 1 lists the most characteristic products of
shock metamorphism, as well as the associated
diagnostic features. The best diagnostic indicators
for shock metamorphism are features that can be
studied easily by using the polarizing microscope.
They include planar microdeformation features;

optical mosaicism; changes in refractive index, bi-
refringence, and optical axis angle; isotropization;
and phase changes.

Before discussing the various shock-metamor-
phic features, the type and location of impactite
lithologies should be mentioned (Fig. 3). In an
impact crater, shocked minerals, impact melts,
and impact glasses are commonly found in various
impact-derived breccias. Well-preserved ejecta at
the crater rim may display a stratigraphic se-
quence that is inverted compared to the normal
stratigraphy in the area. The impact process leads
to the formation of various monomict or polymict
breccias (e.g., Fig. 4), which are found within and
around the resulting crater (see also Stéffler and
Grieve, 1994, and Koeberl and others, 1996a).
There are three main types: (1) cataclastic (frag-
mental) breccias, (2) suevitic (fragmental with a
melt-fragment component) breccias, or (3) impact-
melt (melt breccia—i.e., melt in the matrix with a
clastic component) breccias. The breccias can be
allochthonous or autochthonous. In addition, dikes
of injected or locally formed fragmental or
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TABLE 1.—CHARACTERISTICS AND FORMATION PRESSURES
of VaRrious SHock DEFORMATION FEATURES

Pressure
(GPa) Features Target characteristics Feature characteristics
2-30 Shatter cones Best developed in homogeneous, Conical fracture surfaces with

fine-grained, massive rocks

545 Planar fractures and Highest abundance in crystalline
planar deformation rocks; found in many rock-forming
features (PDFs) minerals; e.g., quartz, feldspar,

olivine, and zircon

3040 Diaplectic glass Most important in quartz and
feldspar (e.g., maskelynite
from plagioclase)

15-50 High-pressure polymorphs Quartz polymorphs (coesite,
stishovite) most common but also
ringwoodite from olivine, jadeite
from plagioclase, and majorite
from pyroxene

>35 Impact diamond From carbon (graphite) present in
target rocks; rare

45->70 Mineral melts Rock-forming minerals
(e.g., lechatelierite from quartz)

>60 Rock melt

Best developed in massive silicate
rocks. Occur as individual melt
bodies (millimeter to meter size)
or as coherent melt sheets, up to
>1000 km3,

subordinate striations radiating
from a focal point

PDFs: Sets of extremely straight,
sharply defined parallel lamellae;
occur often in multiple sets with
specific crystallographic
orientations.

Isotropization through solid-state
transformation under preserva-
tion crystal habit as well as
primary defects and sometimes
planar features. Index of
refraction lower than in crystal
but higher than in fusion glass

Recognizable by crystal param-
eters, confirmed usually with
XRD or NMR;? abundance
influenced by postshock
temperature and shock duration;
Stishovite is temperature-labile

Cubic and hexagonal form;
usually very small but occasion-
ally up to millimeter-size; inherit
graphite crystal shape

Contrary to diaplectic glass,
liquid-state transformation of a
mineral into glass.

Either glassy (fusion glasses) or
crystalline; of macroscopically
homogeneous, but microscopically
often heterogeneous composition

Data from: Alexopoulos and others (1988), French and Short (1968), Sharpton and Grieve (1990), Stoffler (1972,
1974), Koeberl and others (1995a); after Koeberl (1994).

aXRD = X-ray diffraction; NMR = nu¢lear magnetic resonance.

pseudotachylitic breccias (Reimold, 1995), which
contain evidence of melting, can be found in the
basement rocks. The schematic distribution of
breccias, melt, and breccia dikes at a simple crater
is shown in Figure 3. Whether these various brec-
cia types are indeed present in a crater depends on
factors including the size of the crater, the compo-
sition and porosity of the target area (e.g., Kieffer
and Simonds, 1980), and the level of erosion (see,
e.g., Roddy and others, 1977; Horz, 1982; Horz

and others, 1983; Grieve, 1987; and references
therein).

Shatter Cones

The occurrence of shatter cones has long been
discussed as a good macroscopic indicator of shock
effects, and a variety of structures were proposed
to be of impact origin on the basis of shatter-cone
occurrences (e.g., Dietz, 1968; Milton, 1977). Such
cones have also been formed in (chemical) explo-
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Figure 3. Schematic cross section through a simple impact crater (from the rim on the left side to the crater
center on the right side). The various types and locations of occurrence of impactites (i.e., rocks affected
during the impact process) are shown. (After Koeberl and Anderson, 1996.)

l SOmm l

9463.0 Duerre 43-5

Figure 4. Macroscopic view of a granitic fragmental breccia from the Newporte impact structure, North Da-
kota; sample D9463.0 from the Shell no. 43-5 Duerre drill core (from 2,884 m depth), showing angular granitic
fragments in a dark, fine-grained, clast-rich matrix.

sion crater experiments (see, e.g., Milton, 1977).
Their formation is dependent on the type of target
rock (i.e., they are better developed in certain
lithologies than in others) and has been estimated
to take place at pressures in the range of 2 to 30

GPa. In general, shatter cones are cones with
regular thin grooves (striae) that radiate from the
top (the apex) of a cone. They can range in size
from <1 cm to >1 m (Fig. 5). Shatter cones occur
mostly in the outer and lower parts of a crater and
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Figure 5. Assemblage of massive shatter cones, with sizes up to 1 m, at the Beaverhead impact structure,

Montana (courtesy P. Fiske).

may be preserved even if a structure is deeply
eroded. Unfortunately, conclusive criteria for the
recognition of “true” shatter cones have not yet
been defined. If they are strongly eroded, it is pos-
sible to confuse concussion features, pressure-solu-
tion features (cone-in-cone structure), or abraded
or otherwise striated features with shatter cones.
It would be important to arrive at some generally
accepted criteria for the correct identification of
shatter cones, as some impact craters have been
identified almost exclusively by the occurrence of
shatter cones (see, e.g., compilation by Koeberl
and Anderson, 1996; cf. Koeberl and others,
1996b). However, shatter cones are important po-
tential macroscopic shock indicators, as they are
developed in large volumes of rock, and are useful
as a guide for the presence of more definitive shock
indicators, such as shocked minerals (see below).

Mosaicism

Mosaicism is a microscopic effect of shock meta-
morphism and appears as an irregular mottled
optical extinction pattern (Fig. 6A), which is dis-
tinctly different from the undulatory extinction
that occurs in tectonically deformed quartz. Mosa-
icism can be measured in the optical microscope by
determining the scatter of optical axes in different
regions of crystals showing mosaicism. Mosaicism
can be semiquantitatively defined by X-ray diffrac-
tion studies of the asterism of single-crystal

grains, where it shows up as a characteristic in-
crease (with increasing shock) of the width of indi-
vidual lattice-diffraction spots in diffraction pat-
terns. Highly shocked quartz crystals show a dif-
fraction pattern that becomes similar to a powder
pattern, because of shock-induced polycrystal-
linity. Many shocked quartz grains that show pla-
nar microstructures also show mosaicism. In addi-
tion, it should be noted that the crystal lattice of
shocked quartz shows lattice expansion above
shock pressures of 25 GPa, leading to an expan-
sion of the cell volume by <3% (Langenhorst,
1994).

Planar Microstructures

Two types of planar microstructures are appar-
ent in shocked minerals: planar fractures (PFs)
and planar deformation features (PDFs). Their
characteristics are summarized in Table 2. PDFs
in rock-forming minerals (e.g., quartz, feldspar, or
olivine) are generally accepted to be diagnostic
evidence for shock deformation (see, e.g., French
and Short, 1968; Stoffler, 1972,1974; Alexopoulos
and others, 1988; Sharpton and Grieve, 1990;
Stoffler and Langenhorst, 1994). PFs, in contrast
to irregular, nonplanar fractures (which are
caused by rarefaction waves), are thin fissures,
spaced about 20 pm or more apart, which are par-
allel to rational crystallographic planes with low
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TABLE 2. —CHARACTERISTICS OF PLANAR FRACTURES AND
PLANAR-DEFORMATION FEATURES IN QUARTZ

Nomenclature 1. Planar fractures (PF)
2. Planar-deformation features (PDF)
2.1. Nondecorated PDFs
2.2. Decorated PDFs

Crystallographic 1. PFs: usually parallel to (0001) and {1011} B
orientation 2. PDFs: usually parallel to {1013}, {1012}, {1011}, (001), {1122},
{1121}, {1010}, {1120}, {2131}, {5161}, etc.

Optical microscope Multiple sets of PFs or PDF's (up to 15 orientations) per grain

properties Thickness of PDFs: <2-3 pm
Spacing: >15 pm (PFs), 2-10 pm (PDFs)
TEM properties (PDF's) Two types of primary lamellae are observed:

1. Amorphous lamellae with a thickness of about 30 nm

(at pressures of <25 GPa) and about 200 nm (at pressures of
>25 GPa)
2. Brazil twin lamellae parallel to (0001)

Data after Stoffler and Langenhorst (1994).

Miller indices, such as (0001) or {1011} (e.g.,
Engelhardt and Bertsch, 1969). PFs form at lower
pressures than PDFs and may not provide conclu-
sive evidence of shock metamorphism, but can act
as guide to other, more characteristic, shock-defor-
mation effects.

PDFs, together with the somewhat less defini-
tive planar fractures (PFs), are well developed in
quartz (Stéffler and Langenhorst, 1994). PDFs are
parallel zones with a thickness of <1 to 3 um and
are spaced about 2 to 10 yum apart (see examples in
Fig. 6). The degree of planarity of the individual
sets of PDFs is an important parameter for the
correct identification of bona fide PDF's and allows

cally deformed quartz. It was demonstrated in
transmission electron microscopy (TEM) studies
(see, e.g., Goltrant and others, 1991) that PDFs
consist of amorphous silica. The structural state of
the glassy lamellae is, however, slightly different
from that of regular silica glass (Goltrant and oth-
ers, 1991). The fact that the PDF lamellae are
filled by glass allows them to be preferentially
etched by, e.g., hydrofluoric acid, emphasizing the
planar-deformation features (see Fig. 6C). The
photomicrographs in Figure 6 show various ap-
pearances of PDFs in natural samples from impact
structures in the United States.

Engelhardt and Bertsch (1969) have classified

their distinction from (sub-)planar features that
are produced at lower strain rates, e.g., in tectoni-

PDF's into four groups: (1) nondecorated PDF's (ex-
tremely fine lamellae, cannot be resolved in the

Figure 6 (p. 40—41). Shocked quartz and feldspar. A—Quartzitic clast in impact-melt rock from the Manson
crater, lowa, showing two prominent sets of PDFs and shock mosaicism (width of field of view, 2.2 mm;
crossed polarizers; see Koeberl and others, 1996a). B—Close-up of K-feldspar grain from the Ames struc-
ture, Oklahoma, Nicor no. 18-4 Chestnut core, sample 9011.0 (from 2,747 m depth), showing incipient brec-
ciation in the feldspar grain, which contains three sets of PDFs and shows the closely spaced nature of the
lamellae (width of field of view, 900 pm; crossed polarizers; courtesy W. U. Reimold, University of the
Witwatersrand). C—SEM image of quartz grain from the K/T boundary layer at DSDP Site 596 (Southwest
Pacific), after brief etching with HF, showing three different sets of PDFs (courtesy B. Bohor, U.S. Geologi-
cal Survey). D—Shocked quartz grain from the Red Wing Creek impact structure, North Dakota, from the
True Qil 11-27 Burlington Northern borehole, depth interval 2,155 to 2,201 m, within brecciated Kibbey
Sandstone, with PDFs of two different orientations (width of field of view, 375 um; crossed polarizers; see
Koeberl and Reimold, 1995a; Koeberl and others, 1996b). E—Quartz grain from the Newporte crater, North
Dakota (Koeberl and Reimold, 1995b), with three sets of PDFs, in granitic clast from granitic fragmental
breccia D9462.2 (width of field of view, 355 um; parallel polarizers).
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optical microscope), (2) decorated PDF's (the lamel-
lae are lined by, or replaced with, small spherical
or elliptical bubbles, often representing fluid inclu-
sions), (3) homogeneous lamellae (thicker lamellae
that can be resolved in the microscope), and (4)
filled PDF's (where the lamellae are filled with
very fine grained crystals). Types 1 and 2 are the
most common.

In addition, TEM studies have shown that
there is a second type of PDF, which consists of
very thin multiple lamellae of Brazil twins. Brazil
twins have been observed in hydrothermally
grown quartz, but always parallel to the {1011}
plane, whereas the impact-derived Brazil twins
form at pressures of >8 GPa, are of mechanical ori-
gin, and are exclusively parallel to the (0001)
plane (Goltrant and others, 1991; Leroux and oth-
ers, 1994). It was shown that such Brazil twins,
from the Vredefort impact structure in South Af-
rica, were formed by annealing of the shocked
rocks (Goltrant and others, 1991; Leroux and oth-
ers, 1994).

Most rock-forming minerals, as well as acces-
sory minerals, such as zircon (Fig. 7), develop
PDFs. The occurrence of diagnostic shock features
is by far the most important criterion for evaluat-
ing the impact origin of a crater, particularly when
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several of the features that are typical of progres-
sive shock metamorphism, as listed in Table 1,
have been found. The occurrence of PDFs and PFs
can be used, together with other shock effects, to
determine the maximum shock pressure in
impactites (Fig. 8). Most commonly, quartz is used
to study these shock effects, as it is the simplest,
best studied, and most widely distributed rock-
forming mineral that develops PDFs.

PDF's occur in planes corresponding to specific
rational crystallographic orientations. In quartz,
the most abundant mineral that develops distinc-
tive PDF's, the (0001) or ¢ (basal), {1013} or @, and
{1012} or = orientations are the most common
ones. In addition, PDF's often occur in more than
one crystallographic orientation per grain. With
increasing shock pressure, the distances between
the planes decrease, and the PDFs become more
closely spaced and more homogeneously distrib-
uted over the grain, until at about 235 GPa, com-
plete isotropization has been achieved. Depending
on the peak pressure, PDF's are observed in 2 to 10
(maximum 18) orientations per grain. To properly
characterize PDPFs, it is necessary to measure
their crystallographic orientations by using either
a universal stage (Reinhard, 1931; Emmons, 1943)
or a spindle stage (Medenbach, 1985), or by using

20

Figure 7. SEM image of an etched shocked-zircon grain from the Berwind Canyon (Raton basin, Colorado,
United States) K/T boundary section; the whole grain shows the typical crystal habit of zircon and displays
PDFs in two different orientations (courtesy B. Bohor, U.S. Geological Survey).
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TEM (see, e.g., Goltrant and others, 1991; Gratz
and others, 1992a; Leroux and others, 1994).

It is possible to use the relative frequencies of
the crystallographic orientations of PDFs to cali-
brate shock pressure regimes, as given in Table 3
(see, e.g., Robertson and others, 1968; Horz, 1968;
Stoffler and Langenhorst, 1994). For example, at 5
to 10 GPa, PDFs with (0001) and (1011) orienta-
tions are formed, whereas PDFs with (1013} orien-
tations start to form between about 10 and 12
GPa. Such studies are done by measuring the
angles of the c-axis and of the PDFs in individual
quartz grains with a universal stage. In a stereo-
graphic projection (Fig. 9), the optical axis (c-axis)
is rotated into the center of projection, the loca-
tions of the poles of PDF's are plotted, and then
those positions are compared with the stereo-
graphic projection of the rational crystallographic
planes in quartz (as listed in Fig. 9). The mea-
sured angles that fall within 5° of the theoretical
polar angle of the plane are considered valid and
can be indexed. Figure 10 shows the results of this
procedure in the form of a histographic plot of in-
dexed PDF's. Such plots are used to identify the
relative frequencies in which the various shock-
characteristic crystallographic orientations occur.

The preshock temperature of a target rock also
influences the formation and distribution of PDFs.
Reimold (1988) and Huffman and others (1993)
presented the results of shock experiments with
quartzite both at room temperature (25 °C) and
preheated to 450 and 750 °C. They noticed a slight
difference in the relative distribution of the {1013}
and (1012} orientations and a large difference in
the number of PDF sets per grain (Fig. 11).
Langenhorst (1993) compared PDF orientations in
shocked quartz single crystals preheated to a
higher temperature than Huffman and others
(1993) and found a distinct change in the relative
frequencies of the {1013} and {1012} orientations.

Bulk Optical and Other Properties

Recent experimental evidence shows that there
is a decrease of the density of shocked quartz with
increasing shock pressure (Langenhorst, 1993). At
shock pressures up to about 25 GPa, only a slight
decrease is noticeable, followed by a significant
drop in density between 25 and 35 GPa, depending
on the direction of the shock wave relative to the c-
axis of the quartz crystal and the preshock tem-
perature (Fig. 12). Optical properties, such as the
birefringence of quartz and its refractive index,
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TaBLE 3.—RELATION BETWEEN SHOCK STAGE AND CRYSTALLOGRAPHIC
ORienTATION (INDICES) OF PLANAR MICROSTRUCTURES IN QUARTZ

Main Additional Optical
Shock stage orientations® orientations properties
1. Very PFs: PFs: rarely {1011} normal
weakly shocked (0001) PDFs: none
2. Weakly PDFs: PFs: {1011}, (0001) normal
shocked {1013} PDFs: rare
3. Moderately PDFs: PFs: {10T1_}, (0001) rare normal or slightly
shocked {1013} PDFs: {1122}, {1121}, reduced refractive
(0001), {1010}+{1121}, indices
(1011}, {2131}, {5161}
4. Strongly PDFs: PFs: rare or absent reduced refractive
shocked {1012} PDFs: {1122}, {1121}, indices
{1013} (0001), {1010}+(1121}, (1.546-1.48)
{1011}, {2131}, {5161}
5. Very strongly PDFs: none reduced refractive
shocked {1012} indices (<1.48)
{1013}

After Stoffler and Langenhorst (1994)
8PF = planar fractures; PDF = planar deformation features

Figure 9. Standard stereo-
graphic projection (lower hemi-
sphere) of rational crystallo-
graphic planes in a-quartz,
which is used to index crystal-
lographic planes of PDFs
based on universal-stage mea-
surements. The arrows indi-
cate the three a-axes of quartz,
and the c-axis (the (0001)
plane) is in the center of the
projection. Also indicated are
the low Miller indices in a part
of the diagram (other indices
can be derived from crystal
symmetry).- The circles are
about 5° in diameter and indi-
cate the accuracy of the U-
/ stage measurements (see,

= e.g., Engelhardt and Bertsch,

nowr 1969).
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Figure 10. Crystallographic orientation of PDFs in quartz from the Newporte (North Dakota) impact structure,
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ing. (After Koeberl and Reimold, 1995b.)

show also an inverse relationship with shock pres-
sure in the 25 to 35 GPa range (Fig. 13). At about
35 GPa, isotropization (formation of diaplectic
quartz glass) occurs. Figure 13 also indicates that
with increasing shock pressure, the birefringence
(n~n,) decreases. Still other properties of shocked
minerals can be used to either confirm a shock
history or calibrate shock pressures. For example,
intensity and wavelength of infrared absorption
bands, the electron paramagnetic resonance, and
peak width in a 2°Si magic-angle-spinning nuclear
magnetic resonance (NMR) spectrum all depend in
a quantitative way on the shock pressure (e.g.,
Boslough and others, 1995; references in Stoffler
and Langenhorst, 1994).

Diaplectic Glass
At shock pressures in excess of about 30 GPa,
diaplectic glass is formed (Table 1), which has
been found at numerous impact craters. It is an
isotropic phase that preserves the crystal habit,
original crystal defects, and, in some cases, planar
features. It forms without melting by solid-state

transformation and has been described as a phase
“intermediate between crystalline and normal
glassy phases” (Stoffler and Hornemann, 1972).
For example, maskelynite forms from feldspar.
Diaplectic glass has a refractive index that is
slightly lower, and a density that is slightly
higher, than that of synthetic quartz glass. At
pressures that exceed about 50 GPa, lechatelierite,
a mineral melt, forms by fusion of quartz. Other
minerals also undergo melting (fusion) at similar
pressures. This complete melting is not the same
process that results in the formation of diaplectic
glass. The distinction between diaplectic glass and
lechatelierite (both after quartz) was described by
Stéffler and Hornemann (1972) and Stéffler and
Langenhorst (1994).

High-Pressure Polymorphs
Another form of shock deformation is phase
transitions to high-pressure polymorphs of miner-
als in a solid-state transformation process. Such
transformation can be predicted from Hugoniot
data. Many minerals form metastable high-pres-
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Figure 11. Histograms with crystallographic orienta-
tion of PDFs in quartz from Hospital Hill quartzite,
used in shock experiments, showing the dependency
of the orientations on the preshock temperature
(after Huffman and others, 1993). (A) Preshock
temperature 25 °C, shock pressure 28 GPa. (B)
Preshock temperature 440 °C, shock pressure 28
GPa. The main difference between the data sets is
that about half of the quartz grains in the high-tem-
perature experiment remain unshocked, whereas in
the low-temperature experiment, almost all quartz
grains are shocked.

sure phases (Stoffler, 1972), including (density in
g/em? is given in parentheses) stishovite (4.23) and
coesite (2.93) from quartz (2.65), jadeite (3.24)
from plagioclase (2.63 to 2.76), majorite (3.67) from
pyroxene (3.20 to 3.52), and ringwoodite (3.90)
from olivine (3.22 to 4.34). In contrast to expecta-
tions from the equilibrium phase diagram of
quartz, stishovite forms at lower pressures than
coesite, probably because stishovite forms directly
during shock compression, whereas coesite crys-
tallizes during pressure release.

The formation probabilities and conditions for
these phases are strongly dependent on the poros-
ity of the target rocks. Although stishovite has
never been found in any natural, non-impact-re-
lated rocks, there are rare findings of coesite in
metamorphic rocks and kimberlites. However,
coesite within metamorphic rocks occurs as large
single crystals within, or associated with, high-
pressure minerals of metamorphic or volcanic ori-
gin, but never associated with quartz. On the
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other hand, impact-derived coesite occurs as fine-
grained, colorless to brownish, polycrystalline ag-
gregates of up to 200 pum in size, which are usually
embedded in diaplectic quartz or, rarely, in nearly
isotropic shocked quartz. In addition to morpho-
logical differences, shock-produced coesite occurs
in a disequilibrium assemblage of quartz + coesite
+ stishovite + glass (see also Grieve and others,
1996).

In addition to high-pressure phases of rock-
forming minerals, impact-derived diamonds (the
high-pressure polymorph of carbon) have also been
found at various craters. These diamonds form
from carbon in the target rocks, mainly graphite-
bearing (e.g., graphitic gneiss) or less commonly
coal-bearing rocks (Koeberl and others, 1995a).
Impact diamonds commonly preserve the crystal
habit of their precursor material, which is mostly
graphite. The diamonds that formed after graphite
are called “apographitic” diamonds. Many of them
were found to contain up to several 10 vol%
lonsdaleite, the rare hexagonal diamond poly-
morph.

Mineral and Rock Melts

At pressures in excess of about 60 GPa, rocks
undergo complete (bulk) melting to form impact
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Figure 12. Densities of experimentally shocked
quartz crystals at various preshock temperatures (20,
275, 540, and 630 °C), for two different directions of
the shock wave relative to the c-axis of the quartz
crystal (after Langenhorst, 1993). The measurement
error for the shock pressure is indicated by the bar at
the bottom of the diagram; the error for the density is
smaller than the symbols. The starting value at the
upper left of the diagram represents the density of
crystalline quartz; the value marked by the diamond
at the right side of the diagram marks the density of
synthetic quartz glass.
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melts (see Table 1). The melts can reach very high
temperatures because of the passage of shock
waves that generate temperatures far beyond
those commonly encountered in normal crustal
processes or in volcanic eruptions. The very high
temperatures are indicated by the presence
of inclusions of high-temperature minerals,
such as lechatelierite, which forms from pure
quartz at temperatures of >1700 °C (see above), or
baddeleyite, which is the thermal decomposition
product of zircon, forming at a temperature of
about 1900 °C. Impact melts may also undergo a
phase of superheating (i.e., staying liquid even
though the vaporization temperature has been
exceeded) at temperatures of 10,000 °C or higher
(e.g., Jakes and others, 1992). Depending on the
initial temperature, the location within the crater,
the composition of the melt, and the speed of cool-
ing, impact melts either form impact glasses (if
they cool fast enough) or, more commonly, (mostly)
fine-grained impact-melt rocks (if they cool more
slowly). Impact-melt rocks are also found in
suevitic breccias in the form of melt clasts. Impact-
melt rocks contain clasts of shocked minerals or
lithic clasts (Fig. 14).

As glasses are metastable supercooled liquids,
impact glasses slowly recrystallize (if dissolution is
not acting faster), at a rate that depends on the
composition of the glass and postimpact environ-
mental conditions. Therefore, impact glasses are
more commonly found at young impact craters
than at old impact structures. Very fine grained
recrystallization textures are often characteristic
of devitrified impact glasses (Fig. 14A,B). Impact
glasses have chemical and isotopic compositions
that are very similar to those of individual target
rocks or mixtures of several rock types. For ex-
ample, it is possible to use the rare earth element
(REE) distribution patterns or the Rb-Sr isotopic

1994.)

composition, which are identical to those of the
(often sedimentary or metasedimentary) target
rocks, to distinguish the impact-melt rocks from
intrusive or volcanic rocks (e.g., Blum and Cham-
berlain, 1992; Blum and others, 1993). Further-
more, impact glasses have much lower water con-
tents (about 0.001-0.05 wt%) than volcanic or
other natural glasses (e.g., Koeberl, 1992b). De-
tailed descriptions of impact melts and glasses and
their characteristics and compositions are dis-
cussed by, for example, El Goresy and others
(1968), Dence (1971), Stoffler (1984), Koeberl
(1986,1992a,b), and references therein.

Impact melts and glasses (or minerals that
have recrystallized from the melt; e.g., Krogh and
others, 1993; Izett and others, 1993) have another
important use, as they often are the most suitable
material for the dating of an impact structure. The
methods most commonly used for dating of im-
pact-melt rocks or glasses include the K-Ar, 40Ar-
39Ar, fission-track, Rb-Sr, Sm-Nd, or U-Th-Pb iso-
tope methods. However, dating impact craters is
complicated and tedious and, if not done with ut-
most care, can easily lead to erroneous results
(see, e.g., Bottomley and others, 1990, and
Deutsch and Schirer, 1994, for reviews of methods
of impact crater dating).

GEOCHEMISTRY AND DETECTION
OF METEORITIC COMPONENTS
IN IMPACTITES

No meteorites have been found at most meteor-
ite impact craters. This fact may seem a contradic-
tion, but it follows as a logical consequence of the
physics of an impact event. A shock wave, similar
to the one that penetrates through the target, also
passes through the meteoritic impactor and,
within fractions of a second, vaporizes most or all



48

Christian Koeberl

Figure 14. Photomicrographs of impact-melt rocks. A (above)—Largely melted quartzitic clast in flow-banded,
extremely fine grained, melt matrix, in sample 277.8 from drill core M8, Manson impact structure, lowa (see
Koeberl and others, 1996a); note the fine, feathery recrystallization texture (width of field of view, 2.2 mm;
parallel polarizers). B (facing page)—Impact-melt breccia 9018.1 from the Ames structure, Oklahoma, Nicor
no. 18-4 Chestnut core, depth 2,748.7 m, with fractured and shocked mineral grains set in a finer-grained ma-
trix, showing feathery spherulitic devitrification texture in center and upper right and a diaplectic quartz glass
grain on the upper left (width of field of view, 3.4 mm; crossed polarizers; courtesy W. U. Reimold). C (fac-
ing page)—Aphanitic impact-melt breccia with K-feldspar clasts set in a fine-grained matrix, sample 1341.5
from the Exmore drill core, Chesapeake Bay impact structure, Virginia (see Poag and others, 1994; Koeberl
and others, 1995b,1996¢; width of field of view, 3.4 mm; crossed polarizers).

of the projectile. Only during the impact of small
objects (less than about 40 m in diameter, depend-
ing on impact angle and velocity) may a small frac-
tion of the initial mass of the meteorite survive,
because of either spallation during entry into the
atmosphere or lower impact velocity resulting
from atmospheric drag. The cutoff diameter of
impact craters at which some fraction of meteoritic
material may be preserved is about 1 to 1.5 km.
Thus, even under optimistic conditions, meteoritic
fragments are preserved at only very young and
small craters. The absence of meteorite fragments
can, therefore, not be used as evidence against an
impact origin of a crater structure.

A more generally applicable impact-diagnostic
method is the detection of geochemical traces of
the meteoritic projectile in target rocks. Such de-
tection allows establishment of the impact origin
for a crater structure. The meteoritic projectile

undergoes vaporization in the early phases of cra-
ter formation. A small amount of the meteoritic
vapor is incorporated with the much larger quan-
tity of target-rock vapor and melt, which later
forms impact-melt rocks, melt breccias, or glass. In
most cases, the contribution of meteoritic matter
to these impactite lithologies is very small (com-
monly <<1%), leading to only slight chemical
changes in the resulting impactites. Only elements
that have high abundances in meteorites, but low
abundances in terrestrial crustal rocks, can be
used to detect such a meteoritic component. Dur-
ing the past two decades, studies of the abun-
dances and interelement ratios of the siderophile
elements, such as Cr, Co, Ni, and, especially, the
platinum-group elements (PGEs) have been used
for these investigations (see, e.g., Morgan and oth-
ers, 1975; Palme, 1982; Evans and others, 1993;
and references therein). However, the use of el-
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emental abundances does not necessarily lead to
unambiguous results, as ultramafic rocks or ore
minerals may be present among the target rocks,
resulting in elevated PGE abundances. Another
complication is the possible fractionation of the si-
derophile elements in the impact melt while it is
still molten. This effect may be significant in
larger craters, because there the melt can stay hot
for many thousand years. Different mineral
phases, such as sulfides or oxides (e.g., magnetite,
chromite), may take up various proportions of the
PGEs or other siderophile elements, leading to an
irregular distribution of these elements and possi-
bly fractionated interelement ratios and patterns.
Such irregular distribution of siderophiles is
known from, for example, the East and West
Clearwater impact structures (Palme and others,
1979) and the Chicxulub impact structure
(Koeberl and others, 1994c; Schuraytz and others,
1996). Hydrothermal processes associated with
the hot impact melt may also change PGE abun-
dances.

The use of the Re-Os isotope system has nu-
merous advantages over the use of elemental
abundances of the PGEs. The Re-Os isotope
method is superior with respect to detection limit
and selectivity, as discussed by Koeberl and Shirey
(1993) and Koeberl and others (1994a,b). In prin-
ciple, the abundances of Re and Os and the 1870s/
18805 isotope ratios, which are measured by very
sensitive mass spectrometric techniques, allow one
to distinguish the isotopic signatures of meteoritic
and terrestrial Os. Meteorites (and the terrestrial
mantle) have much higher (by factors of 104 to 105)
PGE contents than terrestrial crustal rocks. In ad-
dition, meteorites have relatively low Re and high
Os abundances, resulting in Re/Os ratios less or
equal to 0.1, whereas the Re/Os ratio of terrestrial
crustal rocks is usually no less than 10. More im-
portant even, the 1870s/1880s isotope ratios for me-
teorites and terrestrial crustal rocks are signifi-
cantly different.

18705 is formed from the B-decay of 87Re (with
a half-life of 42.3 £ 1.3 b.y.). Thus, because of the
high Re and low Os concentrations in old crustal
rocks, their 1870s/1880s ratio increases rapidly
with time. The present-day 1870s/1880s ratio of
mantle rocks is about 0.13. Meteorites also have
low 1870s/1880s ratios of about 0.11 to 0.18. Os is
much more abundant in meteorites than Re, lead-
ing to only small changes in the meteoritic 1870s/
1880g ratio with time. Because of the high Os
abundances in meteorites, the addition of a minute
meteoritical contribution to the crustal target
rocks leads to an almost complete change of their
Os isotopic signature in the resulting impact melt
or breccia (see Fig. 15 for an example). For details
about this method, see Koeberl and Shirey (1993,
1996,1997) and Koeberl and others (1994a,b). Like
studies of shock metamorphism, Re-Os isotopic
measurements of target rocks and impactites may
provide good evidence for an impact origin.

CONCLUSIONS

Impact cratering still remains one of the least
appreciated geologic processes, even though, over
the past three decades, researchers have studied
impact cratering and craters in nature, in the labo-
ratory, and by computer modeling. Identification
of further impact structures on Earth can only be
achieved with diligent and careful investigations.
Impact crater research is an excellent example to
illustrate the necessity—and success—of interdis-
ciplinary studies. This paper was aimed at describ-
ing how mineralogical and geochemical studies
should be applied to the identification and charac-
terization of impact craters and impact-derived
rocks. As the discussions regarding the impact
origin of the Ames structure (see papers in this
volume) or the relationship of an impact to the
K/T boundary have illustrated (see, e.g., Silver and
Schultz, 1982; Sharpton and Ward, 1990; Ryder
and others, 1996), there are still lots of misconcep-
tions and a lack of understanding of the mineral-
ogical and geochemical characteristics of shocked
rocks. Thus, it is essential that the proper methods
for identifying impact craters are understood and
used before drawing any conclusions regarding the
impact origin of a geologic structure.
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Extraterrestrial Impact Craters
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ABSTRACT.—Craters are the most common landform in the solar system, with the notable
exception of the Earth and the volcanically resurfaced satellite Io. This paper describes impact
craters on the Moon, Mercury, Mars, and Venus and gives a brief account of craters on the icy
satellites of the outer planets. The Moon’s craters are well preserved because of the lack of
tectonic reworking and Earthlike erosion and deposition. There is a complete gradation from
micrometer-size impact craters to multiring basins over 2,000 km wide. The circular mare ba-
sins, essentially large impact craters, were evidently formed at about the same time—3.9 b.y.
ago—and localized prolonged basaltic eruptions, thus forming the maria. Mercurian craters
are morphologically similar to those of the Moon, but the higher gravity restricted distribution
of impact ejecta. Mars is an intermediate planet in terms of crustal evolution and has under-
gone erosion and deposition; it retains considerable surface ice. Some impact craters on Mars
are morphologically different from those of airless planets in that they have lobate ejecta blan-
kets of apparently fluidized ejecta. Mars is notable for a higher than usual population of ellip-
tical primary craters, possibly formed by infall of captured satellites. Venus has a thick and
dense atmosphere and consequently a lower population of small impact craters than occurs on
other extraterrestrial bodies. Venusian craters have a number of unique features, such as long
fluidized ejecta outflows probably formed by entrained gas. The Venusian crater population
appears to express major volcanic resurfacing, although it is not yet clear whether this was a
single episode or an equilibrium process. Small bodies, notably the icy satellites of the outer
planets, have abundant impact craters, but these have been altered on bodies such as
Ganymede by ice flowage. On Europa, occasional releases of water may lead to resurfacing and
thus erase impact craters. Early impact cratering in general appears to represent the last
stages of planet or satellite accretion, although impacts have evidently also broken up small

bodies.

INTRODUCTION

Impact craters are uncommon on Earth, pri-
marily because the Earth is an active planet
whose crust is continuously reworked or resur-
faced, but in the solar system as a whole, they are
the most abundant landform on most solid planets
and satellites. Extraterrestrial craters except for
those of the Moon were unknown until close-range
investigation became possible with the beginning
of space flight, but they have now been found on
every solid body except the Jovian satellite Io,
which is continually resurfaced by tide-induced
volcanism. Ephemeral craters, so to speak, were
observed forming in the “Great Comet Crash” of
1994, when comet Shoemaker-Levy 9 hit Jupiter
in a series of spectacular impacts whose atmo-

Paul D. Lowman, Jr., Goddard Space Flight Center,
(Code 921), Greenbelt, MD 20771.

spheric effects were still visible a month after the
last impact (Hammel and others, 1995).

Having been geologically inactive for roughly 3
b.y. (Fig. 1), and with no atmosphere or hydro-
sphere, the Moon provides an easily visible and
accessible museum of impact craters. This review
will therefore concentrate on this “museum” of
abundant, varied, and often pristine examples.
Emphasis will be throughout on the characteris-
tics of craters. A number of important topics, such
as age estimation from cratering rates, are beyond
the scope of the review and will be mentioned only
briefly (Taylor, 1992).

LUNAR IMPACT CRATERS

Although mapped and named for centuries, lu-
nar craters were generally considered volcanoes
until the late 19th century. One reason for this is
that the existence of meteorites, i.e., bodies that
fall from the sky, was not accepted by western sci-

Lowman, P. D., Jr., 1997, Extraterrestrial impact craters, in Johnson, K. S.; and Campbell, J. A. (eds.), Ames
structure in northwest Oklahoma and similar features: origin and petroleum production (1995 symposium):
Oklahoma Geological Survey Circular 100, p. 55-81.
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Figure 1. Comparative crustal evolution in the Moon, Mars, Venus, and Earth (from Lowman, 1989).

entific authorities until the late 18th century
(Nininger, 1959). Volcanoes in contrast were well
known, and it was natural to consider the Moon’s
craters calderas, an interpretation championed as
late as 1971 (Green, 1971). The first modern au-
thority to present a convincing case for their im-
pact origin was G. K. Gilbert (1893), whose treat-
ment of the Imbrium Basin is still considered valid
today.

An impact origin for most lunar craters was
convincingly argued by Dietz (1946), but it was the
monumental study by Baldwin (1949) that con-
vinced most scientists. Innumerable explosion cra-
ters had been produced during and after two world
wars, and Baldwin showed that shell, bomb, and
explosion craters fell on a smooth log-log depth vs.
diameter plot (Fig. 2). Furthermore, four known
terrestrial impact craters and dozens of lunar cra-
ters appeared to follow the same relationship.

The study of impact cratering was enormously
stimulated by the beginning of space exploration.
Assuming an impact origin for lunar craters of the
Tycho-Copernicus type, and building on the work
of Gilbert, the U.S. Geological Survey began sys-
tematic mapping of lunar geology under the spon-
sorship of NASA (the National Aeronautical and
Space Administration) (Shoemaker and Hackman,
1962). The basic soundness of this work has been
generally confirmed by the Apollo results and
many other investigations of three decades. Lunar
impact craters can be discussed in detail with con-
siderable confidence, starting with relatively
small, simple examples and working up to multi-
ring basins covering much of the lunar surface
area. The microscopic “zap pits” are well known
and will not be described here.

It is important to appreciate the peculiarities of
the lunar environment before comparing its cra-
ters with those of other bodies. Most important are
the low gravity (one-sixth that at the Earth’s sur-
face) and absence of an atmosphere, which affect
the later stages of crater excavation and distribu-
tion of ejecta. Another factor is the total absence of
water in the Moon’s outer layers; unlike the Earth
or Mars, impacts on the Moon hit a totally anhy-
drous target.

Before going to examples, it will be convenient
to introduce the concepts of “simple” and “com-
plex” craters as they are applied to the Moon (Fig.
3). Small craters, a few kilometers wide, are gener-
ally “simple”; craters become “complex” at diam-
eters of a few tens of kilometers. Figure 4 shows a
large array of simple craters in a 5-km-wide area of
Oceanus Procellarum, a reasonably typical mare
area. The largest crater is close to the size and
structure of the well-known Meteor (Barringer)
Crater of Arizona. Its subdued topography sug-
gests considerable age, very possibly several hun-
dred million years. It is essentially a simple hole in
the ground, with little structure. However, it will
be noticed that a number of smaller craters nearby
show concentric terraces. A closer view of such a
double ring crater is shown in Figure 5. In light of
what is now known about the lunar maria, this
structure can be explained (Oberbeck and Quaide,
1968) as the effect of impact on a regolith (i.e.,
unconsolidated fragmental material) a few meters
thick overlying solid rock (in this area, basalt).

The best example of a nearly pristine complex
crater is 85-km-diameter Tycho (Fig. 6), whose age
is estimated to be on the order of 100 m.y. despite
its fresh appearance (Horz and others, 1991). Its
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double-ring craters.

relatively young age is also indicated by its optical
and radar brightness, and its high thermal inertia,
all indicating a thin or absent regolith. The fea-
tures shown in the idealized diagram (Fig. 2) can
be easily identified in Tycho: the raised rim, ejecta
blanket, concentric terraces, impact-melt sheet,
and central peak or uplift. The floor (Fig. 7) of
Tycho is a rugged terrain with little or no regolith

and very few superimposed later impact craters.
This material is interpreted as impact melt and
fallback breccia.

Another relatively young and fresh crater, Aris-
tarchus, is shown in Figure 8. The general form of
Aristarchus is that of a typical complex impact
crater, but here the impact may have triggered
some sort of internal activity. Aristarchus was
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Figure 5. Lunar Orbiter high-resolution picture of fresh crater 130 m wide in Oceanus Procellarum, showing
double-ring structure expressing impact effect in regolith over solid bedrock.

observed in 1963 by astronomers engaged in tele-
scopic mapping to be emitting glowing reddish
clouds of some sort, observations confirmed later
by others. The Apollo 15 and 16 missions detected
radon coming from the vicinity of Aristarchus, and

since radon has a half-life of only a few days, its
internal origin is undoubted. The actual relation-
ship between impact and the internal activity in
this area is not known. The sinuous rille shown in
Figure 8 is almost certainly a volcanic feature,
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Figure 6. Lunar Orbiter picture of crater Tycho, 85 km wide; Sun from right, north at top.

probably a lava drainage channel, and it may well
be that the impact simply localized gas emissions
in an area inherently active to begin with. How-
ever, Aristarchus shows that major impacts on the
Moon may have had more pervasive effects that
crater formation alone.

Another, but older, complex crater, Copernicus,
is shown in a classic telescopic view of the Moon
(Fig. 9), which can be used to discuss several other
crater categories. The greater age of Copernicus
can be inferred from its more subdued topography
and greater density of younger impact craters,
well displayed in what was termed “The Picture of
the Century” when transmitted from Lunar Or-
biter in 1966 (Fig. 10). Figure 9 shows the Coper-
nican ray system, as well as the chains of second-
ary craters formed by falling low-velocity blocks of
ejecta from Copernicus. The rays overlie all fea-
tures for several hundred kilometers around, su-

perposition relationships showing that Copernicus
is the youngest major feature. The similar crater
Eratosthenes, to the northeast, is overlain by Co-
pernican rays and no longer has visible rays of its
own. Features of similar relative age are assigned
to the Eratosthenian System (Shoemaker and
Hackman, 1962).

Other types of craters are extremely well dis-
played in Figure 9. The largest of all is the Im-
brium Basin, first interpreted as a gigantic impact
crater by G. K. Gilbert (1893). This interpretation
was confirmed by the Apollo missions, in particu-
lar Apollo 14, which landed on the ejecta blanket
(Fra Mauro Formation) of the Imbrium Basin. The
basin is actually a multiring structure, as shown
by Spudis (1993), although this is not obvious be-
cause of subsequent basalt flooding. The excava-
tion of the basin by impact of an asteroidal frag-
ment was estimated by Spudis to have taken sev-
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Figure 7. Lunar Orbiter picture of floor of Tycho, showing impact melt and breccia.

eral hours, an estimate since supported by the
prolonged duration of the Shoemaker-Levy 9 com-
etary impacts on Jupiter.

Another category of impact crater has impor-
tant implications for age relationships in the Im-
brium Basin. Archimedes, Plato, and Sinus Iridum
are essentially similar to Tycho and Copernicus,
but have been filled and embayed by the basalts of
Mare Imbrium. These stratigraphic relationships
show that a significant time elapsed between exca-
vation of the Imbrium Basin (which must have
destroyed all preexisting topography) and the
eruption of the mare basalts. Radiometric ages of
these basalts, and exposures of lava flows at the
Apollo 15 site, indicate that they were erupted in
multiple episodes over several hundred million

years. The relationship between impact and vol-
canism here is fairly well understood. The Im-
brium impact evidently fractured the lunar crust
and mantle to depths of several hundred kilome-
ters, reaching a zone in which basaltic magma was
being generated by more or less normal petrologic
processes. It has been suggested by Ryder (1994)
that basalts enriched in potassium, rare earth el-
ements, and phosphorus (and therefore known as
KREEP basalts) as well as other trace elements
from the Imbrium Basin were impact induced.

It has been shown that the morphology of lunar
craters changes with increasing size. Beyond the
transition from simple to complex, there is a pro-
gression from craters to multiring basins. Depar-
ture from the complex-crater shape typified by
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Figure 8. Apollo photograph of crater Aristarchus, 40 km wide, looking south; Schroter’s Valley at lower right.

Tycho begins, on the Moon, at diameters of around
150 km, with formation of rings of isolated peaks
on the crater floor. At larger diameters, well-devel-
oped inner rings appear. An excellent transition
example is the 320-km-diameter two-ring crater
Schriodinger (Fig. 11). As pointed out by Shoe-
maker and others (1994), the fractures in Schré-
dinger indicate continuing postimpact isostatic
uplift. The dark halo crater on the floor further
suggests relatively late, perhaps Copernican, vol-
canism in Schrédinger. Many other transitional
examples are found on the Moon, but I will skip
these to go directly to what Spudis (1993) calls the
“archetype” basin: Orientale.

This is the multiring Orientale Basin, on the
Moon’s west limb (Fig. 12), nearly 1,000 km wide

and never seen in its entirety until this Lunar
Orbiter view was obtained. The Orientale Basin is
the youngest and best-preserved multiring basin
on the Moon, exhibiting structure largely con-
cealed or destroyed in Mare Imbrium. Multiple
rings begin to appear, on the Moon, when crater
diameters reach a few hundred kilometers (Horz
and others, 1991). Their formation is, to say the
least, not fully understood; an authoritative treat-
ment of the subject is that of Spudis (1993). Spudis
has suggested a composite mechanism for multi-
ring basin excavation, in which the outer ring
is produced by inward slumping, the next inner
rings by structurally controlled slumping, and
the innermost rings by acoustic fluidization (i.e.,
wave formation). These events are followed by
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Figure 9. Mount Wilson 100-in. telescope view of Mare Imbrium, north at top. Crater Copernicus, 90 km wide,
at bottom left.
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Figure 10. Lunar Orbiter oblique view to north of crater Copernicus.

isostatic uplift and repeated eruptions of mare
basalts. Evidence for these events is well displayed
in the Orientale Basin. The isostatic uplift is
indicated by the well-known “mascons,” or posi-
tive Bouguer anomalies (Muller and Sjogren,
1968).

There are many other multiring basins on the
Moon, recently confirmed by laser altimetry from
the Clementine mission (Spudis and others, 1994).
The largest of these is the south pole Aitken Basin.
It is 2,500 km wide and so old that its form has
been almost completely obliterated by smaller,
more recent craters, but the laser data demon-
strate its reality. It is visible in a Galileo picture
(Fig. 13) as a dark area southwest of Orientale.
The extreme age of this basin suggests that the
body that formed it was one of the planetesimals
that formed the Moon, rather than an intruder
from outside the Earth-Moon system. However,
further investigation—in particular, surface mis-
sions that can return samples for radiometric
dating—would be needed to confirm this specula-
tion.

The review has by no means covered all the
varieties in this impact-crater “museum.” There
are elliptical primary craters, chains of impact cra-
ters, floor-fractured craters, and others. However,
having now presented the main varieties, I now
turn to impact craters on other bodies, beginning
with the Moon’s near twin, Mercury.

MERCURIAN IMPACT CRATERS

Like the Moon, Mercury appears to be a pri-
mordial body whose internal evolution has long
since stopped (Fig. 1). However, Mercury is unique
in several ways, notably its high density, implying
a very large iron core. Bruce Murray has in vari-
ous talks aptly characterized this planet as like
the Moon on the outside, but like the Earth on the
inside. A Mariner 10 view (Fig. 14) illustrates this;
an uninformed viewer could easily mistake Mer-
cury for the Moon, from its marelike smooth plains
and densely cratered highlands. However, there
are differences in lunar and Mercurian impact cra-
ters, as discussed by Strom (1984).
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Missi
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$iethozeaphic Projection

Figure 11. Clementine mosaic of about 1,500 ultraviolet and visual (750 nm band) images of the south po-
lar region of the Moon. Crater Schrédinger, 320 km diameter, at lower right.

The main differences involve the ejecta depos-
its. First, for a given crater diameter, the continu-
ous ejecta blanket on Mercury is only about one-
third that for a comparable lunar crater. This is
clearly the result of Mercury’s stronger gravity
field, about twice that of the Moon, which reduces
the range of impact ejecta. Like the Moon, Mer-
cury has no sensible atmosphere, so gravity gov-
erns ejecta range, if other factors are equal. Simi-
larly, the secondary craters formed during
Mercurian cratering events tend to be more con-
centrated closer to the source primary crater. Fur-
thermore, the Mercurian secondary craters are

generally deeper and better preserved than com-
parable lunar secondaries, also the presumed ef-
fect of the stronger gravity field.

Craters on Mercury show changes in morphol-
ogy with diameter comparable to those on the
Moon. The transition from simple to complex cra-
ters, defined as for lunar craters, occurs at about
the same size range, suggesting that it is governed
primarily by structure of the target rock rather
than by gravity. However, details of crater struc-
ture on Mercury and the Moon differ. A study by
Cintala and others (1977) showed that the popula-
tion of features such as terraces in the lunar maria
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Figure 12. Lunar Orbiter picture of Orientale Basin. North at top. Earthside to right.

and the Mercurian smooth plains is similar. The
maria are known to consist of layered lava flows,
suggesting that the Mercurian smooth plains simi-
larly consist of such flows.

Mercury has a population of multiring basins

(Fig. 15) similar to that of the Moon. Mercury is of
course an independent planet, and the existence of
multiring basins on it implies that these basins
are part of normal planetary accretion. This find-
ing may have implications for the origin and early
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Figure 13. Galileo picture of Orientale Basin, with high Sun angle emphasizing albedo variations and mare
basalts. Earthside to right.

evolution of the Moon. A unique process for the
formation of the Moon, such as a giant impact in
the currently favored theory (Melosh, 1992), would
lead one to expect differences in the accretion proc-
ess. The Mercurian highlands are not saturated
with craters like those of the Moon, but the gen-
eral population of craters and multiring basins is
similar. Given the still-unresolved question of how
the Moon was formed, this problem might be
worth approaching by comparisons of the Moon
with Mercury.

MARTIAN IMPACT CRATERS

Following the sequence of crustal evolution
shown in Figure 1, I now examine impact craters
on Mars. Mars is a transitional planet in several
ways, bridging the gap between clearly primordial
bodies such as the Moon and Mercury and the
highly evolved Venus and Earth. Mars has a sig-
nificant if unbreathable atmosphere and has
clearly had a significant hydrosphere at one time.
In terms of crustal evolution, it appears to have
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Figure 14. Mariner 10 picture of Mercury highlands, showing similarity with lunar highlands.

entered the stage of true, internally caused tec- tonism, volcanism, erosion, and deposition, Mars
tonism; features such as the Valles Marineris rep- combines many geologic features of the Earth with
resent, perhaps, incipient fragmentation of a “one-  those of the Moon.

plate planet” as J. Head has termed it in several The geomorphology of Mars is in fact extraordi-
presentations. Because of its processes of tec- narily complex (Fig. 16); the landforms are a var-
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Figure 15. Mariner 10 mosaic of Caloris Basin, Mercury; 1,300 km diameter (cf. Orientale Basin, Fig. 12).

ied array of fluvial, aeolian, tectonic, volcanic, and
perhaps glacial features on which are superim-
posed a dense array of randomly placed impact
craters (Carr, 1981). These craters are in turn gen-
erally modified by erosion and deposition. Never-

theless, the pristine examples seen on the Moon
and Mercury have counterparts on Mars.

The simple to complex transition in crater form
takes place in the 5- to 10-km-diameter range on
Mars, compared to about 20 km on the Moon (Pike
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Figure 16. Viking Orbiter mosaic of Viking 1 landing-site region in Chryse Planitia on Mars. North at top; area
about 240 km wide. Erosion patterns indicate flow from left to right. Note lobate ejecta around craters.

and Arthur, 1979; Carr, 1981), and Martian cra-
ters are proportionately shallower than those on
the Moon. The size vs. frequency distribution
curves for Mars have complex slopes (Carr, 1981),
a phenomenon still not understood but evidently
resulting from various erosional, depositional, and
volcanic processes that obliterate craters.

The most characteristic features of Martian im-
pact craters are shown in Figure 16, a Viking Or-
biter view of the Viking 1 landing site in Chryse
Planitia. Geology of this site has been described by
Greeley and others (1977). In brief, it is a low-lying
plains region that has been scoured by floods from
the adjacent, higher, cratered terrain. Chryse
Planitia is fundamentally similar to the lunar
maria, as indicated by the low crater density,
wrinkle ridges, and chemistry of the landing site.
The role of running water is obvious, and the geo-

morphology resembles that of the Channeled Scab-
lands of Washington State. The impact craters are
notable for their distinctive ejecta patterns, which
gave rise to the informal term “splosh craters” or
“fluidized ejecta craters” (Carr, 1981). The charac-
teristic lobate patterns imply more-fluid ejecta
than corresponding lunar craters, which could re-
sult from ice or water in the ejecta or the effects of
the Martian atmosphere. Such patterns occur only
around large craters, perhaps reflecting the depth
of ground water (Boyce, 1979). The existence of
ground water on Mars is supported by the many
slump features and chaotic terrain elsewhere.
Another type of crater more common though
not unique to Mars is the elliptical primary impact
variety (Fig. 17). There are a few such craters on
the Moon, but Schultz and Lutz-Garihan (1982)
have catalogued >170 elliptical craters >3 km wide
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Figure 17. Viking Orbiter view of an elliptical impact crater {(containing a'younger volcano) and its lobate ejecta
blanket on the north flank of the volcano Ceraunius Tholus.

on Mars. Their primary, high-velocity origin is
indicated by the elongated central ridge and prom-
inent ejecta blankets, quite different from the low-
velocity secondary craters seen on the Moon. The

example shown incidentally illustrates the com-
plexity of Martian geology; this elliptical crater
was formed on the flank of an apparently older
volcano, Ceraunius Tholus, but a younger volcano
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Figure 18. Viking Orbiter mosaic of area centered on lat 55°S, long 75°W, with 250-km-wide double-ring

crater.

evidently erupted inside it later. The reason for
the relative abundance of elliptical craters on
Mars is not known, but Schultz and Lutz-Garihan
(1982) suggested that they may have been formed
by the infall of lost satellites.

The class of the largest impact craters,
multiring basins, is now recognized on Mars.
Schultz and Frey (1990) have catalogued 30 mul-
tiring basins, but this has been a difficult task in
photogeology because of the pervasive effects of
postimpact volcanism, erosion, and deposition.
Some examples, such as the 250-km-diameter
multiring crater Lowell (Fig. 18), are easily recog-
nized. However, as shown in Figure 19, covering
the northeast quadrant of the 1,850-km-diameter
basin Argyre, fine structure of the rings has fre-
quently been almost obliterated by surficial proc-

esses. There is no pristine Orientale Basin on
Mars.

The geologic effects of basin-forming impacts on
the Moon are fairly obvious: essentially they
caused localization of later basaltic volcanism.
However, Mars is demonstrably a more evolved
and volatile-rich planet, and large impactors may
have had correspondingly greater secondary ef-
fects. The Tharsis volcanic complex, for example,
may have been localized by an early impact basin
(Schultz and Frey, 1990), a more evolved mag-
matic process than the lava flows of the lunar
maria. This interesting speculation tends to sup-
port the proposal of Grieve (1980) that the first
continental nuclei on Earth were impact stimu-
lated, although the reality of these “nuclei” is con-
troversial (Lowman, 1989). An even more funda-
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North

Figure 19. Viking Orbiter mosaic of area centered on lat 40°S, long 35°W, showing outer rim of Argyre Ba-

sin. Bottom of area about 900 km wide.

mental result of basin-forming impacts on Mars
may have been the crustal dichotomy (Schultz and
Frey, 1990) between the low-lying basaltic plains
of the northern hemisphere and the higher
cratered terrain to the south. This is apparently
analogous to the mare vs. highlands topography of
the Moon; however, the maria are relatively thin
lava flows overlying highland crust, and the lunar
“dichotomy” may thus be more superficial than
that of Mars.

VENUSIAN IMPACT CRATERS

Venus is commonly referred to as Earth’s “sis-
ter planet,” being close to it in size and mass. Its

geology was completely unknown until Earth-
based and especially Venusian orbital radar sur-
veys could be carried out. The most recent of these,
by the Magellan spacecraft in the 1990s, covered
almost the entire planet with high-resolution im-
agery, revealing a highly evolved and probably
active planet. Despite Venus’s continuing plan-
etary evolution, well over 800 impact craters have
been described on the 89% of the surface covered
through the early part of the Magellan mission
(Schaber and others, 1992). For comparison,
roughly 130 impact structures (many no longer
bearing topographic craters) are currently known
on Earth (Grieve, 1991).

The surface environment of Venus must be
taken into account to understand the nature of its
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Figure 20. Map of Venus, sinusoidal equal-area projection, showing 842 impact craters, observed on 89%

of surface (from Schaber and others, 1992).

impact craters. Most important is its enormously
dense CO, atmosphere, with surface pressures of
about 100 bars. The greenhouse effect of this at-
mosphere, coupled with the planet’s closeness to
the Sun, produces surface temperatures of
>400 °C. The planet appears to have no significant
water. There is abundant evidence of volcanism,
confirmed by surface analyses made by Soviet
gamma-ray spectroscopy from landed spacecraft,
and comparable tectonism.

As summarized by Schaber and others (1992),
the crater population appears to be uniformly
distributed over the planet (Fig. 20). The size-
frequency relationship for craters of >35 km
diameter appears similar to that for other planets,
but the abundance of craters is much lower.
Craters smaller than 35 km are much less abun-
dant than on other nonterrestrial bodies, which
can be explained as the result of atmospheric
filtering; small meteoroids do not penetrate
the atmosphere. There are numerous diffuse
“splotches,” i.e., radar-visible features, thought
to result from the air blast of meteoroids destroyed
by the atmosphere. Large craters, >35 km in diam-
eter, show about the same sequence of morpholo-
gies with increasing size as do those elsewhere
(Fig. 21), up to multiring basins (Fig. 22). How-
ever, ejecta patterns of Venusian craters are fre-
quently unique to that planet, in particular having
radar-bright (presumably rough) outflows that in
some cases extend several crater diameters (Fig.
23). These have been interpreted as impact ejecta
with a great amount of gas and impact melt, form-
ing flows resembling lava or nuees ardentes.

Some craters on Venus have clearly been partly
flooded by lava or modified by tectonism, but there
seem to be few transitional examples, most being
pristine at the resolution of Magellan images.
Schaber and others (1992) interpreted this finding
as indicating major resurfacing by volcanism be-
fore about 0.5 Ga. This “catastrophic resurfacing
model” has, however, been disputed by Phillips
and others (1992), who have interpreted an “equi-
librium resurfacing model” as more likely. The
equilibrium resurfacing model implies that the
resurfacing, i.e., the volcanism, is more randomly
distributed in time and space.

This summary has touched on only the most
conspicuous aspects of impact cratering on
Venus, a topic whose study is only beginning.
Interested readers are urged to consult the
already-large literature on this controversial
subject.

IMPACT CRATERS ON SMALL BODIES

As noted earlier, every known solid body in the
solar system except the continually resurfaced
Jovian satellite Io has impact craters or multiring
basins. Dozens of satellites and even a few aster-
oids and comets have now been explored by space-
craft, so a full discussion of these bodies and their
craters is impossible here. However, a few ex-
amples will be instructive.

Perhaps the most interesting craters are those
on the icy satellites of the giant planets Jupiter,
Saturn, Uranus, and Neptune. First revealed in
detail by the decades-long Voyager missions—one
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Figure 21. Magellan mosaic of Lavinia region of Venus, showing three impact craters with diameters rang-
ing from 37 to 50 km. Bright tones indicate rough tetrain, here formed by ejecta blankets.

of the great explorations of all time—these satel-
lites have proven to be strange beyond imagining
in terms of terrestrial planet geology. Almost all
are essentially small planets made of water ice,
rather than the familiar silicate minerals, al-
though their mean densities indicate that some
have rocky cores. Their geology is remarkably var-
ied. Some satellites, such as Callisto (Fig. 24) are
clearly inactive and essentially primitive, judging
from their saturation population of impact craters.
Some, such as Ganymede (Fig. 25) are transi-
tional, with complex tectonic features in the ice
but with a dense crater population. The Saturnian
satellite Enceladus (Fig. 26) has a surface most of
whose area has been reworked by internal ice tec-
tonism, but with some densely cratered areas. The
Uranian satellite Miranda (Fig. 26) is partly cov-
ered by large ridged ovoids, or “coronae,” of un-

known but presumably internal origin (Smith and
others, 1986), the remaining area being heavily
cratered. :

Perhaps the strangest (by silicate-planet stan:
dards) impact structures are those on Ganymede
(Fig. 25). In addition to more or less normal impact
craters and complex ridged terrain of apparent
internal origin, there are large light-colored patch-
es. These have been interpreted (Smith and oth-
ers, 1979) as the traces of former impact craters, or
“palimpsests,” since largely removed by solid-state
flowage of the Ganymede ice. The huge, concentric
structure on Callisto (Fig. 24), named Valhalla, is
thought to be the trace of a former multiring basin.
Thus, the satellites of the outer planets bear the
ice analogues of the family of impact structures
now familiar from the terrestrial planets and the
“crater museum,” the Moon.
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Figure 22. Magellan image of Cleopatra impact crater, 105 km diameter, on Maxwell Montes, lat 65.9°N, long
7°W.

SUMMARY

Impact craters were recognized on Earth in ini-
tially a very hesitant and speculative manner;
they were treated as a kind of geologic freak. But
in the last half of the century, and in particular
since the beginning of interplanetary flight, cra-
ters are now known to be the single most common
landform in the solar system. Many of them repre-
sent the final stages of planet and satellite forma-
tion, the tail-off of creation, so to speak. Once
formed, impact craters are geologically valuable as
age indicators (with many caveats and assump-
tions) and as index marks against which tectonic
deformation of a moon or planet can be gauged.
They have localized true volcanism on silicate
planets and possibly ice-water volcanism on ice
satellites. Perhaps most important, their abun-
dance and continuing formation reminds Earth-
lings that the universe is a violent place and that
planets everywhere are probably subject to the
bombardment seen in this solar system. One an-

swer to the question “Where is everybody?” may be
that other species and civilizations have short life-
times in geologic terms, and that catastrophic im-
pacts knock down communicative extraterrestrial
communities before they can be contacted by their
galactic neighbors.
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Figure 26. Voyager image of Uranian satellite Miranda and Saturnian satellite Enceladus.
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Prospecting for Buried Impact Structures
Using Landsat and Radar Imagery

P. Jan Cannon

Planetary Data
Tecumseh, Oklahoma

ABSTRACT.—The interpretation of remote-sensing data requires the skillful integration of
the following elements: tone, texture, pattern, shape, location, relative size, and feature orien-
tation. Often shape and tone are used without due consideration of the other elements. Shape
determination should involve a consideration of the absolute geometry of the feature—mot just
a statement of generality, such as “round.” Tone refers to intensity and chroma of the electro-
magnetic radiation associated with the feature. Texture is the homogeneity of tonal zones. Pat-
tern is the spatial interface between different textures. Location provides information on re-
gional processes. For example, areas of karst features contain numerous solution-related fea-
tures. Rare is the isolated, singular volcanic feature. Most geomorphic features are restricted
to a range of shapes related to the materials and processes of a certain planet. Volcanic
calderas on Earth are restricted by location and size, occurring only in recognized volcanic ter-
rains. Alignment of fractures, stream segments, sinkholes, and other features indicates asym-
metry of processes. Only primary impact structures occur as random features on planetary
surfaces. -

Circular features are common on most planets. The above elements of interpretation can be
used to identify the origins of circular features. Primary impact structures can range in size
from pits a few meters across to multiring basins >800 km in diameter. Close examination of
the geometry of primary impact features reveals that they often exhibit a polygonal shape
related to the preexisting regional structure. The forces of impact superimpose radial and con-
centric fractures onto the preexisting regional structure. Associated fractures and size-related
features such as central uplift zones, interior rings, and slump blocks are good diagnostic
characteristics of primary impact structures.

The above physical features can be located on remote-sensing data that specifically enhance
such characteristics regardless of their subtleness. The bands of Landsat imagery (both Multi-
Spectral Scanner [MS] and Thematic Mapper [TM] data) acquired in the near-infrared at low
angles of illumination are excellent tools to use in a search for primary impact structures.
Radar imagery acquired from aircraft and space platforms specifically enhances subtle physi-
cal features. The patterns of the physical features also are propagated through the overburden
by differential compaction and gravity-tide stressing of the crust. Buried primary impact cra-
ters usually show the effects of interior subsidence, which result in a topographic depression.

P. Jan Cannon, Planetary Data, 302 East Locust,
Tecumseh, OK 74873.

Cannon, P. J., 1997, Prospecting for buried impact structures using Landsat and radar imagery, in Johnson,
K. S.; and Campbell, J. A. (eds.), Ames structure in northwest Oklahoma and similar features: origin and
petroleum production (1995 symposium): Oklahoma Geological Survey Circular 100, p. 82.
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Global Hydrocarbon Potential of Impact Structures

David B. Buthman

Unocal
Sugar Land, Texas

ABSTRACT.—Astroblemes, or ancient weathered impact craters, have produced hydrocar-
bons in North America at Red Wing Creek field, North Dakota; Viewfield field, Saskatchewan;
Barrow gas field in the Avak structure, Alaska, Calvin-28 field, Michigan; and, discovered in
1991, the Ames astrobleme, Oklahoma, with estimated recoverable reserves approaching 50
million barrels of oil (MMBO) plus gas. Numerous oil and gas fields throughout North America
produce from reservoirs and traps of astrobleme origin, and it is hypothesized that dozens
more, if not hundreds, of already productive structures have yet to be recognized as having an
astrobleme origin. Cumulative production from astroblemes is estimated to have already ex-
ceeded 1 billion barrels of oil.

Impact craters in the universe range from planet- or moon-annihilating monsters, to Coper-
nican-scale basins, to craters a few miles to several dozen miles in diameter that may be pros-
pected for hydrocarbons. Copernican-scale craters comprise the basins filled with flood basalt
on the Moon, whereas on the Earth, such craters are filled with sedimentary deposits and
evolve into what are recognized as sedimentary basins—features that may contain oil and gas
deposits.

A contrarian theory is presented that challenges the prevailing paradigm that meteorite
impacts are random, unpredictable events in time and space. A plot of the ages and locations
of the meteorite-impact craters in North America shows that the majority of those discovered
thus far lie within a northeast-trending belt extending from west Texas to Quebec. Plotting
these impact craters and contouring their ages result in an isotime contour map that illus-
trates this trend. This impact-crater trend started forming in the Ordovician, about 450 Ma,
and culminated about 300 Ma ago, during the Early Pennsylvanian. The plate-tectonics recon-
struction of the contour map illustrates how the Pennsylvanian paleoequator once paralleled
this meteorite-impact belt. One possible explanation for the existence of this meteorite-impact
belt is that between the Ordovician and the Pennsylvanian Periods, a loosely indurated aster-
oid, comet, or primordial moon, in a decaying orbital trajectory around Earth, lofted frag-
mented masses toward the Earth over a time span of 150 m.y., leaving a swath of impact cra-
ters below. Hundreds, perhaps thousands, of significant impact craters will be found within
this belt. A modern analogue to this Pennsylvanian meteorite-impact belt was the 1994
breakup of the Shoemaker-Levy 9 comet and the subsequent impact belt that formed across
the face of the planet Jupiter.

It is hypothesized that other meteorite-impact belts, in addition to the Pennsylvanian
trend, occur along different orbital trajectories during different ages of geologic history. For ex-
ample, during the Cretaceous, a comet with an orbit antithetic to the galaxy’s ecliptic lofted
fragments toward the Earth in an orbit extending from the Gulf of Mexico to Barrow, Alaska,
to offshore Japan. Undoubtedly, more meteorite belts will be found on Earth, many of which
will have economic potential for their discoverers.

INTRODUCTION Mars, the millions of asteroids, Encelades, Phobos,

Deimos, Ariel, Uranus, Neptune, even Pluto—all

The most common geologic structures in the so-  exhibit abundant impact cratering. Through bin-

lar system are craters formed by the hypervelocity oculars or a telescope one could, with enough per-

impact of meteorites. The Moon, Mercury, Venus, severance, count 10,000 impact craters. After the

landing on the Moon in 1969, it became evident
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Figure 1. The 0.53-mi-diameter Wolf Creek Crater, Western Australia. South-looking, oblique aerial photo-
graph of a well-preserved, 300,000-yr-old impact crater. (Courtesy of V. L. Sharpton, in “Terrestrial Impact
Craters,” Lunar and Planetary Institute slide set “S-IMPACT.")

On Earth, fresh terrestrial impact craters (Fig.
1) are relatively rare, numbering about two dozen.
Moderately weathered impact craters—those that
are still exposed at the surface—number in the
hundreds. And weathered impact craters, or
astroblemes, buried beneath hundreds and thou-
sands of feet of sedimentary rock strata, undoubt-
edly number in the tens of thousands. These elu-
sive, weathered, not-so-obvious craters have been
relatively invisible until the resolution of studies
of the Earth’s crust was increased. With data from
orbiting thematic mapping (TM) satellites, orbit-
ing wide-beam radar, tens of millions of miles of
reflection seismic data, billions of delicate gravity
and magnetics measurements, a dataset of mil-
lions of boreholes probing the Earth’s subsurface—
these and many more technologies have provided
a short list of tools with which to recognize the
abundance (and simplicity) of astroblemes.

RECOGNITION OF IMPACT CRATERS

Mankind’s greatest advances in the study of the
formation of impact craters were born from the
necessity of waging war. Bombs, like meteorites,
leave craters; as the tools of war advanced, when

bombs were placed in the noses of supersonic mis-
siles, the bomb payloads traveled at speeds rival-
ing meteoritic hypervelocity just before they im-

pacted their targets.

The U.S. Geological Survey studied more than
50 craters produced by the impact of missiles at
the White Sands Missile Range, New Mexico, be-
tween 1964 and 1973 (Moore, 1976). Missiles trav-
eling along oblique trajectories and having kinetic
energies of 2.1 x 1014 to 81 x 1014 ergs resulted in
the formation of impact craters measuring 6.6 to
33 ft across. Because the masses, velocities, and
trajectories of the missiles was known (once un-
classified by the Command at White Sands), im-
portant scaling factors could be deduced that could
then be applied to the study of larger, extraterres-
trial impact events.

The conclusions arrived at in Moore’s (1976)
study are (1) even when the missiles impacted at
an oblique trajectory, the resulting craters were
bilaterally symmetrical with respect to the plane
of the missile trajectory, (2) ejecta were deposited
downtrajectory and were absent uptrajectory, (3)
secondary-impact craters were often produced by
the primary-impact event, the nearest secondary
craters containing blocks almost the size of the
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primary craters themselves, whereas farther
away, the fragments become progressively
smaller. When the crater floors were excavated,
mixed breccias, sheared and compressed target
materials, overturned synclines beneath the
downtrajectory rims, and, depending upon the ve-
locity at impact, fragmented, powdered, even
partly fused missile fragments were found.

In short, results of the White Sands missile
experiments indicate that bilaterally symmetrical
craters result from hypervelocity impact; simply
put: Craters are circular.

THE MOST COMMON GEOLOGIC
PHENOMENON IN THE UNIVERSE

The most common crustal structures on the ter-
restrial planets, asteroids, moons, and outer plan-
ets are impact craters. With the bare eye, one can
see thousands of craters on the Moon. With bin-
oculars or telescopes, one can see tens of thou-
sands.

Impact craters are more common than plate
tectonics, more common than volcanoes, more
common than faults and salt diapirs and cratons
and deserts and water. The Moon and Mercury are
covered (Gault and others, 1975). Mars is covered.
Millions of asteroids, Venus, and Pluto—the most
striking, simple, and abundant geologic features
on all their surfaces are impact craters.

This observation is so simple and obvious that
it is perplexing that it was not obvious before.

Because human beings are not currently com-
muting to Mars or Pluto, it cannot be proved with
utmost scientific rigor whether the circular,
craterlike features observed on these planets are
truly meteorite-impact craters. Elusive are the
“smoking gun” evidences that define, irrefutably,
an impact origin, such as the characteristic
metamorphic minerals coesite and stishovite,
diaplectic glass, fused feldspars, kinked micas,
Widmanstiitten and Neumann bands (herringbone
and twinning structures, respectively, in iron me-
teorites), or cataclysmically disrupted strata. Brec-
cias. Tektites. Concussion axes. Shatter cones.
These things cannot be sampled on Pluto or Mars
(not yet). ’

Today, it seems obvious that the craters on the
Moon were formed by meteoritic impact. This is
accepted as scientific truth. However, not long ago,
eminent scientists and scholars argued with great
vehemence about the origin of the craters on the
Moon. One school argued that the craters were the
result of lava extruding from continuously subsid-
ing volcanic fissures in the lunar crust. The lava
subsequently ponded and formed the maria of the
Moon.

When the Apollo astronauts landed on the
Moon in the late 1960s, the data they collected
proved to everyone’s satisfaction that indeed the
craters, even the large Copernican-scale ones,
were the result of hypervelocity impact events.

Simply put, small meteorite impacts formed small
craters, and big meteorite impacts formed very
large craters.

On Earth, most impact craters on the conti-
nents and their shelves will eventually be buried
under thousands of feet of sedimentary rock. Find-
ing a shatter cone, a glass shard, or coesite or
stishovite thousands of feet underground will, in
most cases, prove prohibitively expensive. Drilling
into a suspected astrobleme for economic reasons,
however, in the search for oil and gas for example,
is tolerable, even encouraged. Millions of barrels of
crude oil and gas have been produced from deeply
buried astroblemes. But drilling wells to prove ir-
refutably the origin of a circular structure, to
spend millions of dollars to locate mineralogical
and kinematic smoking-gun evidence, is in most
cases, impractical unless economically rewarded.

For purposes of this study—specifically impact
craters on Earth but also including analogue im-
pact craters within the solar system—Pareto’s 80/
20 rule will be employed. Pareto’s 80/20 rule states
that roughly 20% of tasks account for 80% of the
desired results. Pareto’s rule suggests that most
time is spent on low-payout projects, and very
little is spent on big payout projects. It is typical to
become bogged down in details, distracted by
noise, and crippled in the processes of criticism
and then to forget what it is that truly needs to be
accomplished.

If a geologic structure is bilaterally symmetri-
cal, with morphologic elements that mimic those of
all other meteorite-impact craters, then for this
study, unless other conflicting data exists, it has
been considered an impact crater. Evidence such
as impact metamorphism may be lacking.
Petrophysical evidence may be lacking. In fact, the
sole evidence in many cases for such a structure’s
being an impact crater has been its geometry: It
looks like an impact crater, therefore it is an im-
pact crater. Pareto’s rule says that 20% of the time
it may not be an impact crater, but why waste the
remaining 80% of the time bogged down on the
details that might yield only 20% of the desired
results?

IMPACT-CRATER SIZE DISTRIBUTIONS

The largest impact “craters” in the universe
result from impacts that catastrophically rifted or
annihilated the target object (Fig. 2). The next
generation of sizes are Copernican-scale craters—
those measuring hundreds of miles in diameter
(Fig. 3). On the Moon, these Copernican-scale cra-
ters have been filled with flood basalts, whereas on
Earth, as well as on Mars, similar-scale impact
craters have imposed the architecture for subse-
quent development of the major, and minor, basins
of deposition.

The last size class of impact craters are those
with the most economic potential. They range in
size from tens of feet to tens of miles in diameter.
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Figure 2. Planetary annihilation curves: the largest
impactors annihilate planets and moons. X-axis is
crater size relative to host diameter, in percent.

On the Moon, the median size of this class of cra-
ters is 8 mi in diameter, and on the Earth it is 6.2
mi (Fig. 4). :

THE ABUNDANCE OF IMPACT CRATERS

Reported Astroblemes on Earth

It is peculiar that humans can gaze pie-eyed at
the Moon, then turn around and deny the possibil-
ity that impact craters exist on the Earth. In 1936,
scientific literature reported 6 craters on Earth
(Bucher, 1936); in 1982, 103 impact craters were
reported on Earth (Grieve, 1982). Today, including
Unocal’s proprietary inventory of an additional
200 possible terrestrial impact craters, predomi-
nantly in North America, as well as 50 probable
hydroblemes—impact crater forms on the ocean
floors—throughout the world, the crater count on
Earth now exceeds 300 (Table 1). But even 300
impact craters is too few. Even though fewer than
300 probable impact sites have been identified on
Earth, data from the solar system suggests that
there are thousands of terrestrial astroblemes and
hydroblemes left to be found.

In the equatorial region of Mars, in an area the
size of the state of Texas (about 360,000 mi2), there
are between 25 and 200 impact craters measuring
2.4 to 6.0 mi in diameter (Condit, 1977).

In Fennoscandia (Sweden, Norway, Finland,

Baltic Russia), researchers have recently reported
62 significant impact-crater forms, all in an area
measuring 926,489 mi2 (Henkel and Pesonen,
1992). Because 50% of the area is under water, the
62 crater-form structures should be distributed
over 50% of the total area, or 926,489 x 50%, or 67
crater-form structures over 463,245 mi% that rep-
reszents one significant impact crater per 7,472
mi?.

In Oklahoma, 37 crater-form structures with
associated Ordovician Arbuckle or Viola oil pro-
duction have been identified in an area measuring
26,000 mi2, for an average crater density of one
significant crater per 703 mi2 (Table 2).

Prior to 1962, before the manned missions to
the Moon, over 30,000 large craters had been cata-
logued on the 57% of the Moon that was visible to
Earth-based observers (Tocquet, 1962). The 30,000
craters are distributed over a visible surface area
of 8,354,726 mi2, which translates to one signifi-
cant crater per 278 miZ.

The crater densities on Mars have been re-
ported to range from 1 crater per 1,000 mi? (for
craters larger than 1 mi in diameter) to as low as
1 crater per 340,000 mi? (for craters larger than
100 mi in diameter) (Morrison and Owen, 1988).
Overall, for craters larger than 1 mi in diameter,
the planet Mars exhibits crater densities ranging
from 1 crater per 1,800 mi? to 1 crater per 14,400
mi? (minimum).

Other bodies in the solar system that have very
high crater densities, similar to the Moon’s, in-
clude the planet Mercury, the planetary satellites
Enceladus (Saturn), Ariel and Oberon (Uranus),
Phobos and Deimos (Mars), and dozens of others,
as well as the tens of thousands of asteroids (Table
3). As it turns out, determining an average crater
density for the heavily cratered planets and moons
proves to be a difficult task. Many craters have
diameters of several hundred miles, and inside
these large Copernican-scale craters are hundreds,
if not thousands, of smaller craters. Furthermore,
there are wind-swept deserts on Mars where cra-
ters have for the most part been buried and are
thus hidden from detection. And Venus is so tec-
tonically active that craters, though apparent,
have been deformed, reoriented, chemically
weathered, and buried beneath broad deltas of
hot, sulfuric acid sediment, and there are peculiar
circular structures that, although they may be
deformed impact craters, appear to be venting
molten materials and gases from the planet’s
mantle.

Earth has a total surface area of 197,751,000
mi2. About two-thirds of the surface area is water,
i.e., 139,781,000 mi2 of water and 57,970,000 mi?
ofland. The data from Earth and the solar system
indicate that 90% of the time at least one signifi-
cant crater can be expected per 10,000 mi? and
10% of the time one significant crater can be ex-
pected per 120 mi2. The mean value of the set dis-
tribution is one significant crater per 3,840 mi2.
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Figure 3. Copernican-scale craters, such as the 600-mi-wide Orientale Basin on the near side of the Moon,
have been infilled with mare basalts and exhibit secondary-crater trains (arrows). On Earth, similar size
classes of impact craters probably initiated the formation of large sedimentary basins. (Photograph L-67-
4825, courtesy of NASA, 1967.)

On the Earth, then, there should be 5,797 to
144,925 impact craters, with 15,096 impact craters
as the mean expected number (Table 4). But since
two-thirds of the Earth is water, the majority of
the impacts would have occurred in water, result-

ing in hydrobleme formation on the sea floor. The
land surface of the Earth, then, is expected to have
suffered between 5,797 and 144,925 crater-form-
ing events, with 15,096 as the mean expected
number. Conversely, the sea would have suffered
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between 13,978 and 349,378 impacts,

TaBLE 1.—CRATER CouNnT oN EARTH or a mean of 36,401 potential hydro-
bleme-forming events.

No. reported Reference The data above suggest that there

are 15,096 impact craters on the

6 B}lcher (1936) Earth’s continents. To date, only 300

59 Pﬂ?e (1980) have been identified. Where are the

103 Grieve (1982) others? How can they be located? And

160 Henkel (1993) what might motivate people to search

300 Unocal proprietary data (1994) for astroblemes on the Earth? Addi-

tionally, there are no positively identi-
fied hydroblemes reported in the lit-
erature. None. And the data suggest

LARGE RINGED IMPACT BASINS ON THE MOON i that there Should be 36 40 1 Of them

So where are these elusive hydro-

3500

v rroc e | blemes? How can they be located, and

£ 3000 i | how might people be motivated to seek

§ 2500, i them out?

§ 2000 |

E 1500 o ! HYDROBLEMES

o

E 1000 ! Grieve and Dence (1979) have esti-

£ so0 | mated that approximately five Coper-

: Jmu||||||IIIII||||||||||||||||“““m| .| nican-scale craters, with diameters in
B ey excess of 60 mi, have formed in the

Ordered Plot present ocean floor. The mass of the

objects that are capable of producing
such crater dimensions would have
AR AT B little trouble penetrating the water of
l-—_i the oceans. However, the ocean water
column could effectively shield the
seabed from the effects of smaller in-
coming bolides.

Laboratory simulations (Schmidt,
1980) have shown that, once the
threshold mass has been exceeded and
the incoming projectile does indeed
penetrate the water column, the re-
sultant crater, or hydrobleme, on the
seabed will have an average depth to
diameter ratio on the order of 1:2, as
compared to the average depth to
diameter ratio on land of 1:0.2
(McKinnon, 1982). In short, hydro-
[CRATER DIAMETERS ON EARTH) blemes are wide, shallow basinlike
- 1 depressions hidden on the dark sea-
1000 - bed.

; The penetration of bolides about 6

mi in diameter is not expected to be
significantly impeded by the oceans,
10 whose mean depth is 2.2 mi (O’Keefe
/——""- and Ahrens, 1982). Although there are
T2 a number of interdependent conditions
Wy to satisfy in order to determine thresh-
H old diameters (including kinetic en-
oo b . ergy, mass, velocity, and trajectory),
85233883 B8R38 gamR3ee Gault and Sonett (1982) have deter-

Ordered Plot mined empirically that, for normal

benthic ocean depths of 2.4 mi and im-
Figure 4. Comparison of the size distributions of (top) Coperni-  pact velocities on the order of 15.5
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TaBLE 2.—AVERAGE DENSITY
oF LARGE CRATERS

Location Large crater density
Oklahoma 1 crater per 703 mi2
Fennoscandia 1 crater per 7,472 mi®

Mars (max.)
Mars (min.)

Mars (mean)
Moon

1 crater per 1,800 mi2
1 crater per 14,400 mi?
1 crater per 4,000 mi?
1 crater per 278 mi?

TABLE 3.—AREA PER SIGNIFICANT CRATER

In our solar system Area per significant
probability* crater
P10 400 mi?
P90 10,000 mi?
Mean 3,840 mi?

*Probability is expressed thus: P90 means 90% of the
data is smaller than or equal to the value (area per sig-
nificant crater); P10 means 10% of the data is smaller or
equal to the given value.

TaBLE 4.—ExPecTeD NUMBER

ofF CRATERS
Probability* Expected no. of craters
Earth Total
P10 494,378
P90 19,775
Mean 51,498
Earth/Land
P10 144,925
P90 5,797
Mean 15,096
Earth Hydroblemes
P10 349,378
P90 13,978
Mean 36,401

*See Table 3 for explanation.

hydroblemes with minimum diameters of 5 to 6
mi.

At the White Sands Missile Range, missiles
that impacted water-saturated sediments resulted
in craters that were five to ten times wider than
the craters formed when missiles with equivalent

energies impacted dry sediments (Moore, 1976).
Thus, in order to identify true hydroblemes on the
ocean floor, the search must look for subdued, low-
relief, and unusually wide, shallow crater-form
structures. Hydroblemes will not mimic the mor-
phology of their continental counterparts.

What would the formation of a hydrobleme look
like from the surface? Don’t get too close. But the
sequence of events would involve an initial high-
velocity central spout formation. The spout would
persist, and a bubblelike lid would extend from the
rim wave over the cavity. On the sea surface, the
encircling rim of water bubbles, a gauntlet of
steam spouts into the atmosphere, the central re-
bound peak eventually collapses, and then a series
of globe-threatening tsunamis—horrible tidal
waves rolls toward land.

Foremost evidence for past impacts of meteor-
ites in the oceans are chondritic ablation debris,
extinction of planktonic foraminifera (little sea
critters), the enrichment of sea-floor clays with the
rare element iridium, and the widespread micro-
tektite layers called strewnfields. Microtektites
are small, melted shards of black glass shaped like
drops, twisted projectiles, or bullets. Presumably
when the meteorite struck, the intense heat gener-
ated melted part of the Earth’s crust, and the force
of the impact lofted the melt as fused glass par-
ticles and deposited them thousands of miles
away. The largest tektite strewnfields are the
North American strewnfield, which extends west-
ward into the Pacific Ocean from Cuba and the
northern coast of South America, the Ivory Coast
strewnfield, linked irrefutably to the Bosumtwi
crater in Ghana, the Czechoslovakian strewnfield,
and the largest on Earth, the Australasian
strewnfield, which encompasses all of Australia,
Southeast Asia, and parts of India, Madagascar,
and southeast Africa (Alvarez and others, 1982).
Some have even postulated that the Australasian
strewnfield (Schneider and others, 1992) may be
the scar from which the Moon was born.

Circular sea-floor features that are likely candi-
dates for being hydroblemes include the Tagus
Abyssal Plain, west of Portugal, and near Bombay,
India, a paleohydrobleme is thought responsible
for the origin of the Deccan basalts (Alvarez and
others, 1982). Other candidates include the Mas-
sachusetts Bay—an arc along the eastern sea-
board between Providence, Rhode Island, and
Portland, Maine; the Lesser Antilles, Caribbean
Sea; the Southern Ocean late Pliocene asteroid
impact (off the southwest tip of South America);
the circular area associated with the Australasian
strewnfield (related to the Brunhes-Matuyama
geomagnetic polarity reversal and coeval climate
change); the Sea of Japan—a circular sea-floor
anomaly surrounded by North Korea, South Ko-
rea, Japan, and Vladivostok; the Wrangel Abyssal
Plain in the Arctic Ocean; the Sohm Abyssal Plain
in the Atlantic Ocean; and the Pernambuco Abys-
sal Plain in the Atlantic Ocean off Brazil.
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TasLE 5.—OIL AND GAs FieLbs CoNTROLLED BY METEORITE IMPACT CRATERS, EARTH

Central
Rim peak
Diameter Age Morphol- height height Estimated

Country Location Name (km) (Ma) ogy* Source** (ft) (ft) Production reservest
U.S.A. Colorado Haswell 35 1400 unpub. Morrow

Hole
US.A. North Red Wing 9 190 C B-78 800 800 Oil field 10 MMBO

Dakota Creek
U.S.A. North Newporte S Oil and
Dakota gas field
U.S.A. Oklahoma  Ames 12.8 430 C H-92 250 1600 Oiland 50 MMBO
gas field

U.S.A. Alaska Avak 12.8 K/T K-91 1640 Gas field 37 BCFG
U.S.A. Michigan Cass County 13.6 395 C M-97 1363 Oil field 600 MBO
U.S.A. Texas Ochiltree 32.2 390 C unpub. Gas field 120 BCFG
U.S.A. Michigan Warren 38.6 395 C unpub. Prospect 60 MMBO
U.S.A. Indiana Lima 112.6 unpub. Oil and 700 MMBO

. gas field
Canada SaskatchewanViewfield 124 190 S-75 0Oil 20 MMBO
Canada Manitoba Hartney 11.2 190 S-75 Oil
Canada Alberta Steen Field 12.8 Mid- unpub. 0Oil 50 MBO

Devonian

U.S.A. Oklahoma Central i Ordo- S-C  unpub. Oil and gas 130 MMBO

Oklahoma vician

*C = complex, s = simple.

**B.78 = Bridges, 1978; H-92 = Hammand Olsen, 1992; K-91 = Kirschner and others, 1991; M-97 = Milstein, 1997;

S-75 = Sawatzky, 1975; unpub. = unpublished data.

tMMBO = million barrels of oil, BCFG = billion cubic feet of gas, MBO = thousand barrels of 0il, MMBOE = million

barrels of oil equivalent.
fNumerous.

HYDROCARBON POTENTIAL
OF ASTROBLEMES

Existing Oil and Gas Fields

On Earth, numerous buried impact craters
have proven to be productive for oil and gas. Typi-
cally, oil and gas is trapped within and above the
encircling rim anticlines and on the central re-
bound peaks. In a relatively stable geologic envi-
ronment, with rapid burial of the crater, the full
circumference of the rim anticlines and the central
peak may contain hydrocarbons. More commonly,
the impact crater was formed tens or hundreds of
millions of years ago and has eroded substantially,
leaving monadnocklike remnants of structure. If,
however, the crater lay within a larger sedimen-
tary basin that continued to subside, the resulting
tilting and reorienting of the original crater form
will have caused any oil and gas rise to the highest
point in the subsurface reservoir environment.
Because the downbasin side of the crater rims
commonly loses structural closure, oil and gas
pools associated with astroblemes are most com-
mon on the upbasin side.

Astroblemes, or ancient weathered impact cra-

ters, have produced hydrocarbons in North
America at the Red Wing Creek field, North Da-
kota (130 MMBO in place; cumulative production,
>10 MMBO); the Viewfield field, Saskatchewan
(100 MMBO in place; 20 MMBO recoverable); the
Avak structure and Barrow gas fields, Alaska (87
BCFG recoverable gas), the Calvin-28 field, Michi-
gan (600 MBO recoverable reserves at 763 ft
depth); and discovered in 1991, the Ames
astrobleme, Oklahoma, with estimated recover-
able reserves approaching 50 MMBO plus gas
(Kirschner and others, 1991; Bridges, 1978;
Grieve, 1982; Hamm and Olsen, 1992; Sawatzky,
1975; Milstein, 1997). In all, dozens of fields have
proven productive, with cumulative reserves of
nearly 1 billion barrels of oil (Table 5). The list in
Table 5 is not all-inclusive. There is the Rif of
Morocco (Michard, 1976), dozens of Arbuckle oil-
productive astroblemes bordering the Anadarko
basin of Oklahoma, Kansas, North Texas, and the
Texas Panhandle, and countless prospects in Aus-
tralia, Russia, Antarctica, and the rest of the
world.

If, on the basis of good maps of an oil field that
exhibits the required morphology, relief, and so
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forth, the operator of the field suspects that a
given reservoir is related to an astrobleme, then
the first step to fully develop the production poten-
tial is to determine how the oil wells are situated
on the astrobleme. If they are all on the encircling
rim anticline, either on the upbasin or downbasin
side, then the field may be extended along that
structure. If the rim anticline has been developed
satisfactorily, then the risks of there being a pro-
spective central peak must be considered.

On Mercury, Venus, and the Moon, nearly all
the impact craters larger than 2.5 to 3.1 mi have
rim anticlines, some completely encircling, some
broken into arcuate segments. On Mars, whose
impact craters are thought to have formed under
conditions very similar to those on the Earth, only
about 50% of the impact craters larger than 2.5 to
3.1 mi have measurable encircling rim anticlines.

Throughout the solar system, central peaks
associated with impact craters are much less com-
mon than encircling rim anticlines. Of the impact
craters on Mercury, 62% have central peaks; 57%
of the impact craters on the Moon have central
peaks; 25% on Venus have peaks; and on Mars,
only 11% of the impact craters exhibit measurable
central rebound peaks. Earth’s conditions place it
between those of Venus and Mars.

The operator of a Midcontinent astrobleme-re-
lated oil field would predict the risk of drilling the
center of the astrobleme thus: an astrobleme on
Earth has an 11 to 25% chance of having a central
peak. The worldwide odds of a wildcat well strik-
ing oil or gas, however, are no better than 10%. Of
that 10%, only 1 or 2% of the strikes turn out to be
a significant discovery. Compared to these odds,
drilling the suspected central peak of any already
oil-productive astrobleme seems like pretty good
odds.

Warren Astrobleme

During the late 1920s to the late 1940s, Mt.
Pleasant, Michigan, and surrounding towns, en-
dured a major oil boom. Wells flowed as much as
10,000 barrels of oil per day from the Devonian

Dundee Limestone above depths of 4,000 ft. Thou-

sands of people flooded the area, thousands of
wells were sunk, millions of barrels of o0il were
produced. The development of the Mt. Pleasant
and Porter oil fields was not without problems. At
first, geologists thought the Mt. Pleasant and Por-
ter fields were one large connected anticlinal trap.
Subsequent drilling proved this not to be the case.
Near Oil City and eastward, drillers then found a
surprise: the east flank of the Mt. Pleasant oil field
was not structurally controlled; it was strati-
graphically controlled. And because the rocks, not
the subsurface structure, controlled production
beyond Qil City, the field expanded.

As the years rolled by, the Mt. Pleasant field
mapped out as an arcuate, part structure, part
stratigraphic, oil pool. Then, in the early 1980s,
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Figure 5. Proposed Warren astrobleme, central
Michigan basin. Arcuate oil field to the northwest of
Porter field is the Mt. Pleasant—Greendale field com-
plex, and northwest of Mt. Pleasant is the north-
trending Rosebush field.

the Rosebush field was discovered to the north-
west (Fig. 5). This field proved to be a north-trend-
ing structure—very unlike the surrounding struc-
tural grain.

In the middle 1980s, Union Oil Company
mapped a dome, based on seismic and well data,
located 14 mi to the northeast of the town of Mt.
Pleasant. The dome covered approximately 2%
mi?, had 80 ft of structural closure on top of the Or-
dovician, had a seismic velocity anomaly associ-
ated with it, and shallow wells with oil shows had
already been drilled on top.

Today, though there is no longer any evidence
of the oil fields between Oil City and Mt. Pleasant,
nor any evidence of the once prosperous boom days
and associated excesses, about 14 mi northeast of
Mt. Pleasant there does still exist an oil and gas
prospect, one that in all likelihood represents the
central rebound peak of a 395 Ma astrobleme. The
Warren astrobleme measures 24 mi in diameter, is
a complex, highly eroded astrobleme, and its loca-
tion in the center of an unusually circular Michi-
gan basin begs the correlation to be made: did the
Warren impact somehow effect the subsidence and
subsequent deposition of sediments within the
Michigan basin? Is the formation of the Michigan
basin the result of asteroidal impact?

In today’s dollars, it will take $3 million to find
out, for that is what it will cost to drill to the depth
of a possible central uplift.

Lima Field, Indiana and Ohio

The largest oil field east of the Mississippi
River and north of Dixie is the Lima field, Indiana
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Figure 6. The only giant oil field in the northeast
United States (Ohio and Indiana) is Lima-Indiana
field, discovered in 1886, which has produced over
500 million barrels of oil. The concentration of curvi-
linear oil pools opposite the downbasin direction sug-
gests an astrobleme origin for this giant oil field.

and Ohio. Discovered in 1886 at depths ranging
from 800 to 3,000 ft, the Lima field soon sprawled
across two states and ultimately produced be-
tween 500 million and 1 billion barrels of crude oil.

Today, the Lima field produces only a trickle of
oil. Many won their fortunes there; many lost
them. Even though thousands of wells were drilled
in the Lima field, very little geologic data are
available. Very little was even gathered in the first
place.

Geologically, the Lima field is a stratigraphic
trap. Downdip tight limestones grade updip into
porous, nearly cavernous, Trenton dolomites that
are soaking with oil. The oil pool has an arcuate,
semicircular, shape, with the concave side facing
downbasin (Fig. 6). Huge radial faults emanate
from the center of the arc of oil production. The
Bowling Green fault, the Albion-Scipio fault, and
many other fault lineaments in the region exhibit
a torque screw pattern that suggests that the sus-
pected impactor—the creator of the crater—was

_ spinning when it struck as rifle bullets do.

Anadarko Basin

The Anadarko basin is a fascinating basin for
astroblemes. It is heavily drilled, with good geo-
logic and geophysical data available for study. In
any given area, when the main pay zone was

A

Figure 7. Viola Limestone structure map, central Oklahoma, showing Ordovician Arbuckle Group and Viola
Formation oil and gas fields situated atop encircling rim, probably of astrobleme origin. Crosses represent
ground zeros. Mapped density is one crater per 703 mi2.
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Figure 8. Oblique view of the 560-mi-diameter Argyre Basin on Mars—ana-
logue for the Anadarko basin, Oklahoma. (Courtesy of NASA, Viking mosaic
P17022.)

drilled, the drillers stopped drilling. As a conse-
quence, >90% of all wells stop short of the Ordovi-
cian. Now data from these “shallow” wells are
pointing drillers at other, deeper-target forma-
tions. Many fields in the Anadarko basin already
produce from the Ordovician Viola and/or
Arbuckle limestones. Most of these fields have
semicircular geometry, and their production is
concentrated on the upbasin side of the inter-

preted astrobleme. Many fields also produce from

a central peak (Fig. 7).

The amount of oil and gas produced, or en-
hanced, by astrobleme structure in the Anadarko
basin measures in the hundreds of millions of bar-
rels. The problem is that a large number of oil
fields that have been produced for decades may be
producing from astrobleme-enhanced reservoirs
and the operators do not even realize it. Further-
more, the complex erosional history probably
sculpted the paleolandscape into a terrain like the
Martian Argyre Basin (Fig. 8).

Ames, Oklahoma

Only one astrobleme-related oil field in Okla-
homa has been so identified in publication: the
Ames astrobleme in Major County, Oklahoma. A

crater in the subsurface
measuring 8 mi in diameter
was first discovered during
oil and gas drilling. The
Ames astrobléme has two
annular, concentric moun-
tain ranges, annular val-
leys, and a 1,600-ft-tall cen-
tral rebound peak. The
high-velocity meteor impact
blasted away nearly a 2,000
ft thickness of carbonate
sediment in a nearshore-
shelf setting; the 1,600 ft
thickness of granite base-
ment rock, 2 mi across at
the center, rebounded; then
the sea overran the struc-
ture and charged subse-
quently deposited sedimen-
tary infill with hydrocar-
bons. During the summer of
1991, DLB Oil Company
discovered oil above the cir-
cular rim mountain ranges,
at a well called the DLB Oil
#1-20 Gregory, which aver-
aged 425 barrels of oil per
day, flowing, during its first
four months of production.
Since then, dozens more
successful producers have
been added to the area,
many of them as good or bet-
ter than the Gregory well.

Calvin-28 Impact Crater, Cass County,
Michigan

The Calvin-28 structure lies in Cass County,
Michigan, in T. 7 S., R. 14 W. The village of Calvin
Center lies within the annular depression sur-
rounding the central uplift (Fig. 9). The crater is
4.5 mi in diameter, with an encircling depression
and an encircling anticlinal ring. Over 100 wells
have been drilled into this structure since 1982,
when oil and gas were discovered in the central
peak and also along the anticlinal rims. The origi-
nal new field discovery and several subsequent
associated oil fields have, or will ultimately, pro-
duce 600,000 barrels of oil from an average reser-
voir depth of 763 ft.

The age of the meteorite-impact event is thought
to be Early Silurian, when the Michigan basin
hosted warm shallow seas and, on the north and
southern perimeters, contained hundreds of car-
bonate islands protecting the back-reef areas from
primordial waves. The meteorite struck a shallow
carbonate ramp in southwest Michigan. The
massive heat generated, and the horrendous tsuna-
mis radiated from the point of impact would have
pounded any carbonate islands standing at the
time, crushing many of them, destroying others.
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Figure 9. Oil-productive Calvin-28 impact structure,
southwest Michigan (after Milstein, 1997).

The energy released by the meteorite that
formed the Calvin-28 structure was on the order of
1 x 1026 ergs (Milstein, 1997). The result was a
point-focused, nearly instantaneous penetration of
an otherwise flat-lying terrain.

EXPLORING FOR ASTROBLEMES

Tools and Techniques

Imperative to the study of impact craters on the
Earth is the evaluation of analogues. There is a
whole universe of analogues to choose from: the
Moon, Mars, Mercury, Venus, their moons and
asteroids, and the planets outboard from Jupiter.
Dozens of rigorous studies of crater morphologies
on the Moon preceded the first landing on the
Moon. Today, scientists are studying the craters
on Mars, and on other terrestrial planets, in an-
ticipation of manned and unmanned missions
thereto.

Most of what has been published on the topic of
impact craters has been incorporated into this
study. However, more emphasis is placed on the
structural geology, sedimentology, potential reser-
voir development, and potential economic geology
of impact craters as these topics apply to the explo-
ration and development of Earth’s natural re-
sources.

A host of methods are employed to locate im-
pact craters both on the Earth’s surface and in its
subsurface, including satellite thematic mapper
and multispectral mapper data, radar imagery,
and optical photography. Potential-fields methods
allow precise gravity and magnetics delineations
of possible impact sites. The reflection seismic
studies, subsurface geology utilizing borehole
data, the making of hundreds and thousands of

maps—structure maps, isopach maps, third-order
vertical-derivative structure maps—the integra-
tion of many different disciplines and methods,
along with the power to reorder and enhance and
play multivariate gymnastics with the data using
computers, all assists in the delineation of impact
craters on and within the Earth’s crust. The tools
at explorationists’ disposal are limited only by
their imaginations.

The Model: A Contrarian View

Secondary-impact craters radiate from the pri-
mary-impact site as either concentric or radial cra-
ter trains (Fig. 10). Their distributions and ages
are dependent upon the primary impactor. Second-
ary craters are aligned in discrete, age-related
trends and have less rugged rims than those of
primary craters. Secondary craters have a 50%
greater depth to width ratio than do primary-im-
pact craters. Other than these differences, the geo-
metric characteristics are the same for both pri-
mary and secondary craters.

Many people assume that meteorite impacts
are random, unpredictable events—“acts of God.”
However, se¢ondary impacts are not random, un-
predictable events. Secondary-impact craters are
dependent upon the primary impactor. If the pri-
mary impactor strikes, then secondary-impact cra-
ters will form within a short span of time, and
they will be aligned in belts related to the ejecta’s
trajectories. Numerous secondary-crater trains
emanate from the Moon’s Crater Orientale (Fig.
3). The Jovian satellites Ganymede and Callisto
have 15 linear crater chains thought to be the re-
sult of tidally split comets such as occurred on
Jupiter with the breakup of the Shoemaker-Levy
comet. (Schenk, 1993). The solar system is full of
examples of secondary-meteorite crater trains, or
belts, that resulted from larger primary-meteorite
impact.

But what about the primary-impact craters? Is
the assumption that they, also, are random, un-
predictable events valid?

Contrary to popular opinion, primary-impact
craters may not be randomly distributed on plan-
etary or satellite surfaces of a given age. True,
there is an inverse size vs. frequency distribution
for impact craters on the Earth and the terrestrial
planets and the Moon that may or may not match
the mass distribution of cosmic projectiles. But
that does not mean that the cosmic meteorite flux
has been homogeneous throughout time; there
have been anomalies—Ilarge, poorly indurated
planetesimals or asteroids or swarms of cosmic
materials being captured by planetary gravita-
tional forces (for example, Jupiter’s capture of the
Shoemaker-Levy comet in 1993-1994; Schenk,
1993)—and, over time, one by one, projectiles have
dropped and impacted the target surface along an
orbital ecliptic, sometimes coincident with the
paleoequatorial plane, sometimes antithetic to it.
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Figure 10. Viking Orbiter 300-mi-altitude flyby of Phobos, the inner satellite of Mars, showing chains of sec-
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ondary-impact craters. In this image, Phobos measures approximately 13 mi x 11.8 mi. (Photograph 77-H-

97, courtesy of NASA, released February 22, 1977.)

Five Cretaceous/Tertiary impact sites have
been reported in recent literature. These are the
Manson crater, Iowa (74 Ma); the Avak crater,
Alaska (estimated to date at 65 Ma); the Marquez
crater (58 Ma, Wong and others, 1997), the
Chicxulub crater, Yucatan Peninsula, Mexico (65
Ma), and offshore Japan (Stein, 1993). These sites
define an orbital trajectory antithetic to the
Earth’s equator, similar to what occurred on Jupi-
ter in 1993-1994 (Figs. 11,12). If, over a period of
16 m.y., this orbit.were to decay, craters would
form beneath the orbital trajectory. Just such a
case may have occurred during the Late Creta-
ceous—a dangerous time for any creatures of
Earth that were not able to burrow safely into the
ground and hide from the Armageddon.

I plotted meteorite-impact sites on a map of
North America, coded the approximate ages of the

impact events, and then reconfigured the conti-
nents into their relative plate-tectonic positions
during various time slices. Then I constructed an
impact isotime contour map that revealed a pecu-
liar trend within the 300 Ma contour: The vast
majority of the impact craters in North America
(as well as those in Fennoscandia, i.e., the Siljan
Ring region) lie within a northeast-trending belt.
This Early Pennsylvanian meteorite belt is coinci-
dent with the Early Pennsylvanian paleoequator
as determined from paleomagnetic data (Fig. 13).

Model Involving Two Moons During the
Paleozoic

Starting during the Ordovician, 450 m.y. ago,
and ending in the Early Pennsylvanian, 300 m.y.
ago, the orbit around Earth of a large, loosely in-
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Figure 11. Hubble Telescope image of the breakup
of comet Shoemaker-Levy. Numerous comet frag-
ments impacted the Jovian surface in a belt antithetic
to the Jovian equator. (Image acquired via on-line
computer service).

durated, mass started decaying. For a time the
orbiting bolide would have resembled Earth’s sec-
ond moon: two moons sharing the same sky, two
Paleozoic moons working together to create the
most dramatic tidal forces in all of Earth’s history
(Fig. 14). During the Middle Ordovician, the nor-
mal high-tide mark extended hundreds of miles
inland (Rex Cole, personal communication, 1991).
Huge seas of agitated sand were deposited in
broad flats and basins. As time passed, the orbit of
the second moon decayed, and ultimately it fell to
Earth in pieces. A twenty-ton meteorite would
crash to Earth in Michigan, twenty-five m.y. later
another would crash down in Kansas, ten million
years later a mile-wide bolide would crash into
Oklahoma. Once the moon cluster disappeared,
the tides would diminish, and the remaining
Moon, with diminished gravitational effects im-
posed upon it, would commence its 1%-in./yr out-
ward drift away from Earth.

Hypothetical Approach to Locating Meteorite
Impact Belts

If the orbital trajectory of the Paleozoic second
moon determined the crater-belt orientation on
the Earth’s crust (which, naturally, it should),

then such belts should be predictable. I hypoth-
esize that other meteorite-impact belts, in addition
to the Pennsylvanian and Cretaceous/Tertiary
trends, occur along different orbits during differ-
ent ages of geologic history. Undoubtedly more
meteorite belts will be discovered on Earth, many
of which will have economic potential to their dis-
coverers.

SUMMARY

1. The most common, abundant, and simple
crustal structures on the terrestrial planets,
moons, asteroids, and the outer planets are impact
craters.

2. Earth has not been immune to impact.

3. On Earth, oil and gas discoveries have been
made above or within astrobleme structures.

4. Secondary-impact craters are not random in
space in time—they are dependent variables.
Similarly, primary-impact craters may also not be
random in time and space, particularly if the time
is long enough and the space is large enough. If
trends of primary-impact craters can be mapped,
then trends of astroblemes that may yield oil and
gas can be predicted.

5. Oil explorationists ever-on-the-lookout for
new trends will undoubtedly agree: Astroblemes
are a definite high-impact possibility.
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ABSTRACT.—A meteorite impact can create a local closed lacustrine or marine depression
favorable for the deposition of source rocks for oil and gas. These organic-rich rocks act both
as hydrocarbon source and seal for entrapment. Reservoir lithologies include sandstones,
carbonates, and igneous rocks; typically porosity has been enhanced by the impact event. Sev-
eral impact craters have associated hydrocarbon production; in this paper we show how the
impacts have controlled source-rock distribution at productive areas such as the Ames struc-
ture in Oklahoma and at the Newporte field in North Dakota. Nonproductive examples—such
as Bosumtwi, Ries, and Flynn Creek—are also illustrative of the process of source-rock depo-
sition in impact craters. The presence of hydrocarbon source rocks greatly enhances the value

of an impact crater as an oil prospect.

INTRODUCTION

Several impact craters have associated hydro-
carbon production (e.g., Red Wing and Newporte
fields in North Dakota and the Ames structure in
Oklahoma). Thus, interest has been raised con-
cerning the source of oil and gas in these areas.

Our thesis is that meteorite impacts can create
a local, closed lacustrine or marine depression in
which anoxic conditions prevail, favoring deposi-
tion of hydrocarbon source rocks. In effect, a local
petroleum system is formed. The organic-rich
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Delaware Place, Tulsa, OK 74104; Virgil L. Sharpton,
Lunar & Planetary Institute, 3600 Bay Area Blvd, Hous-
ton, TX 77058.
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rocks act both as a seal and a source for hydrocar-
bons, whereas the rocks affected by the impact are
the reservoirs. The trap for oil or gas is also related
to the deformation caused by the impact. Most
workers studying craters have concentrated their
efforts on the rocks directly affected by an impact
and have largely ignored the superjacent sedimen-
tary units. In addition, we have found that in the
past, many scientists have been reluctant to seri-
ously consider meteorite craters as a basis for trap
formation.

There is another possible way for oil to come to
exist in an impact structure: the great, impact-
caused heat operating over a period of several
thousand years would be sufficient to mature a
preexisting source rock, and oil entrapment would
be afforded by the deformation created by the im-
pact. Hydrocarbon seeps in Ordovician limestones
on the east side of the Siljan structure in Sweden
originated in this manner (Vleirboom and others,

Castafio, J. R.; Clement, J. H.; Kuykendall, M. D.; and Sharpton, V. L., 1997, Source-rock potential of impact
craters, in Johnson, K. S.; and Campbell, J. A. (eds.), Ames structure in northwest Oklahoma and similar
features: origin and petroleum production (1995 symposium): Oklahoma Geological Survey Circular 100,

p. 100-103.
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1986; Castafio, 1993). At the Siljan impact struc-
ture, the sources of oil are the organic-rich beds
that are interbedded with the limestones.

Maar-type volecanic craters can be filled with
lacustrine, organic-rich sediments (Hetényi and
Bruckner-Wein, 1993) that provide the petroleum
source. However, these features lack both the trap
and reservoir needed for hydrocarbon accumula-
tion.

BOSUMTWI CRATER, GHANA

The Bosumtwi crater in Ghana is a modern
analogue to the older examples cited in this paper;
the crater is 10-11 km in diameter and is occupied
by a lake 7-8 km wide. The impact occurred dur-
ing the Pleistocene; it penetrated Precambrian
graywackes and phyllites (Jones, 1983). As de-
scribed by Jones (1983), the deep lake contains
200-500 m of organic-rich sediments with an aver-
age total organic carbon (TOC) content of 12.5%.
The lake is permanently anoxic at depths greater
than 40 m. Methane seeps are abundant; because
of the shallow burial, the gas must be biogenic.
The seal and source for gas are the finely lami-
nated, organic-rich lacustrine shales; the principal
reservoir at Bosumtwi is the fallback breccia,
which has an estimated porosity of 15-20%. The
potential gas volume is estimated at 250 BCF (bil-
lion cubic feet).

RIES CRATER, GERMANY

The Ries crater in Germany is an extremely
well studied crater. It is 24 km in width; the crater
was filled with Miocene lacustrine sediments more
than 300 m thick (Fiichtbauer and others, 1977).
The Nordlingen 1973 borehole continuously cored
the sedimentary section into the underlying sue-
vite. Toward the base of the sedimentary sequence
in the Nordlingen 1973 core are laminated, or-
ganic-rich marls between the depths of 146 and
256 m. These marls range from 4 to 16% TOC.
They are algal rich and were deposited in an an-
erobic, highly saline environment. When the cores
were recovered, some seeped “liquid bitumen”
when fresh. Unfortunately, this material was not
recovered or investigated. The section is imma-
ture, with a vitrinite reflectance of less than 0.50%
(Wolf, 1977). The critical element to note is that
the impact at Ries created a depositional setting
where more than 100 m of highly oil prone, very
organic rich source-rock shales were deposited.

FLYNN CREEK STRUCTURE,
TENNESSEE

The Devonian Flynn Creek structure in eastern
Tennessee formed at about 360 Ma (Roddy, 1968).
The crater is 3.6 km in diameter and 120 m deep.
A study of outcrop and drill-hole information
showed that Ordovician limestones are mixed and
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brecciated to a depth of 200 m and the degree of
deformation decreases downward. The depression
caused by the impact was filled with the Chatta-
nooga Shale, a well-recognized organic-rich ma-
rine shale of Late Devonian age. The lower unit of
the Chattanooga Shale is 2 m thick outside the
crater, but it is 48 m thick within the crater. The
Flynn Creek crater is a case in which the depres-
sion caused by the impact greatly increased the
thickness of the source rock for hydrocarbons. If
this crater were buried to a sufficient depth to
mature the hydrocarbons in the source rock, the
Chattanooga Shale would act as the source and
seal, and the limestone breccias in the central up-
lift would be the reservoir.

NEWPORTE STRUCTURE,
NORTH DAKOTA

We interpret the structure at the Newporte
field in North Dakota as an astrobleme. Produc-
tion from this small, circular structure (2.4 km
wide) is obtained from the Cambrian Deadwood
Sandstone plus brecciated, weathered Precam-
brian granite. In an early study, Clement and
Mayhew (1979) referred to the feature as a local-
ized, early Paleozoic differential vertical uplift,
although the possibility that the structure was
caused by an impact was raised because the struc-
ture is totally out of context in the Williston basin.
Recent studies have documented the occurrence of
shock features in the Deadwood Sandstone and in
the granite basement, conclusively confirming the
origin of the structure (Forsman and others, 1995;
Koeberl and Reimold, 1995). The locally developed
lower Winnipeg Shale is identified as the source
rock; it was deposited in a small enclosed basin
with an anoxic depositional environment. The
lower Winnipeg Shale is not present in the high
part of the structure, whereas the upper Winnipeg
Shale is present throughout the entire basin. How-
ever, only the lower Winnipeg Shale is organic
rich, and the vast majority of the Ordovician oil
found elsewhere in the Williston basin is derived
from very thin organic-rich intervals in the overly-
ing Red River Formation. Compared with Red
River oil, Newporte 0il has a much higher isopar-
affin content; it has a higher Cyy+ content; it is
waxy (18—-32 (C pour point); and it lacks the
marked odd predominance characteristic of the
Red River oil. Red River source rocks are domi-
nated by the alga Gleocapsamorpha prisca,
whereas the lower Winnipeg Shale contains pri-
marily amorphous kerogen. Geochemical analyses
run on extracts from the lower Winnipeg Shale
verify the oil-source-rock correlation.

AMES STRUCTURE, OKLAHOMA

The Ames structure produces from brecciated
granite and brecciated and fractured dolomite of
the Ordovician Arbuckle Group. Ordovician shale
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Figure 1. Isopach map of the lower Qil Creek Shale, Ames Structure, Oklahoma

of the Oil Creek Formation in the Simpson Group
provides the seal. (This shale has been ascribed to
the Oil Creek Formation [early Middle Ordovi-
cian], but conodont evidence indicates that a
bettter correlation would be to the McLish Forma-
tion [middle Middle Ordovician; see Repetski,
1997].) The lower part of the crater-filling shale is
the likely source; this unit ranges in thickness
from 8 to 225 ft and is restricted to the crater floor
(Fig. 1). The upper part of the crater-filling shale is
too lean in organic matter (less than 0.5% TOC) to
be considered as an oil source. In the D. & J. no. 1-
20 James well, TOC averaged 1.56% from the
lower crater-filling shale. The Nicor no. 18-4

Chestnut cored the basal segment of the lower cra-
ter-filling shale; at this location, TOC averaged
0.82%. Source-rock identification is based on TOC
analysis, but the mapping was done on log charac-
ter tied to the TOC data.

The crater-filling shale is thermally mature for
hydrocarbon generation based on reflectance mea-
surements made on solid bitumen. In the D. & J.
no. 1-20 James well, solid bitumen reflectance
is 0.63%, which has a vitrinite reflectance equiva-
lent (VRE) of 0.90% according to the calibration
of solid bitumen to vitrinite reflectance (Landis
and Castaifio, 1994). Solid bitumen in the Nicor
no. 18-4 Chestnut well has a VRE of 0.86%.



Source-Rock Potential of Impact Craters

Qil produced from the Ordovician sedimentary
rocks and the granite at Ames is not like the clas-
sic Ordovician oils; instead it is more like the oil
produced at Newporte, except that the Ames oil is
more mature. The oil at Ames has an API gravity
of 36°-37°, and it is waxy with a pour point of 18°—
27°C. The oil does not have a strong n-alkane pre-
dominance; it has a high content of heavier n-al-
kanes and a significant isoprenoid content.
Biomarker analysis demonstrates that the oil is
fully isomerized. Maturity evaluation based on C;
hydrocarbon parameters indicates that the oil has
a VRE of 0.85%, coinciding very well with source-
rock maturity measurements. Source-rock extract
analyses agree with the oil data, confirming that
the lower crater-filling shale is the hydrocarbon
source.

CONCLUSIONS

Meteorite impacts can create depressions into
which locally thick, organic-rich sediments can be
deposited. The source rocks can be lacustrine or
marine and are usually very thin or absent outside
the crater. These beds act as seals to adjacent res-
ervoirs, either those created by the impact or con-
ventional ones. Source-rock maturation is not re-
lated to impact heating. However, preexisting
source rocks can be matured by heat related to
an impact, as observed in the Siljan structure.
The presence of source rocks greatly enhances
the value of an impact crater for hydrocarbon ex-
ploration, because a local petroleum system is
formed.
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INTRODUCTION

Since the first recognition of an anomalous
structural low near the town of Ames, in the
southeastern part of Major County, Oklahoma, the
origin of this and possibly related subsurface
structural features in the area of T. 20-21 N., R.
9-10 W, has been the subject of much speculation.
Detailed maps on subsurface horizons from the
Devonian up to the Upper Pennsylvanian show an
intriguing circular-shaped closure around a low
that occupies =20 mi2, approximately centered
near the town of Ames. Because drilling in secs. 1
and 2 of T. 20 N, R. 10 W, had revealed an unusu-
ally thick and low Hunton (Silurian-Devonian)
section, an early characterization of this part of
the larger multipay Ringwood field was as the
“Hunton graben.” Recent deeper drilling has es-
tablished oil and gas production from the Arbuckle
dolomite on a circular rim around this low, leading
to its later characterization as the “Ames hole.” It
was then speculated that this “hole” was an im-
pact or volcanic crater. The presence of the Oil
Creek shale (Middle Ordovician)—which seals the
structure and directly overlies the Arbuckle
Group—indicates that the age of the crater is late
Early Ordovician. Figure 1 contains a strati-
graphic column for the Anadarko basin. The lower
part of the right-hand column has a sketch show-
ing the effect of the crater.

Subsequent drilling and mapping have pro-
vided enough new data to confirm that the deep
structure is a meteorite-impact crater or astro-
bleme. Initial Arbuckle wells drilled by J. L.
Thomas Engineering, Inc., and DLB Oil and Gas,

Bruce N. Carpenter, Log Experts, 300 N. Broadway,
Suite D, Edmond, OK 73034; Rick Carlson, DLB Oil and
Gas, Inc., 1601 NW Expressway, Suite 700, Oklahoma
City, OK 73118.

Inc. (DLB)—now known to be located on the rim of
the impact crater—were significant Arbuckle dolo-
mite discoveries; however, the discovery of prolific
oil production from brecciated granite, granite
wash, and dolomite in wells located on the crater
floor has proved to be even more significant.

The first crater-floor well, the D. & J. Oil Co.
(D. & J.) no. 1-20 Gregory, sec. 20, T.21 N, R. 9
W., may be the most productive oil well from a
single pay zone in Oklahoma. The pay zone is in
an essentially continuous section of brecciated
granite that formed as a central rebound struc-
ture, a common feature in impact craters larger
than a few miles in diameter. More than 200 ft of
very effective porosity and very low water satura-
tion combine to provide a conservatively estimated
primary recovery of >4 million BO (barrels of oil).
The well has produced at state allowable since
November 1991. Production from three D. & J.
wells (the Gregory, James, and Wayne wells) that
share the small structure has totaled 2,101,300
BO and 0.732 BCFG (billion cubic feet of gas)
through March 1996. These three wells averaged
1,666 BOPD (barrels of oil per day) during 1995.

Other crater-floor wells have established pro-
duction from granite overlying brecciated dolomite
and from outstanding solution-enhanced porosity
and fracture systems that are developed in intact,
but not in-place, blocks of Arbuckle dolomite. Oil
and gas production from both the rim and the cra-
ter-floor features, all sealed by shales within the
Oil Creek Formation, will probably make the
Ames impact feature the most productive known
astrobleme.

BACKGROUND

A structural feature near the southeast corner
of Major County, Oklahoma, has been known for
years as the “Hunton graben” to geologists who
study the subsurface geology of the northern Ana-

Carpenter, B. N., and Carlson, Rick, 1997, The Ames meteorite-impact crater, in Johnson, K. S.; and
Campbell, J. A. (eds.), Ames structure in northwest Oklahoma and similar features: origin and petroleum
production (1995 symposium): Oklahoma Geological Survey Circular 100, p. 104-119.
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darko shelf area (Smith, 1985). The feature is cen-
tered =2 mi southwest of the town of Ames. In the
local area, the Hunton thickens from 225 ft to as
much as 475 ft, and the base of the Hunton is lo-
cally as much as 200 ft lower than the regional
base. This local preservation of thick and structur-
ally low Hunton carbonates suggests a graben.

It is now recognized that the Hunton graben is
a small part of a much larger feature that has be-
come known as the “Ames hole” or Ames structure.
This unusual feature has no relationship to known
major faults or uplifts, as shown on a current map
of major geologic provinces (Fig. 2). The location of
an impact structure is random and not determined
by the presence of other tectonic features.

A three-dimensional map of the Ames structure
(Fig. 38) illustrates features common to impact cra-
ters: an outer rim with local closed highs and an
interior low, including an irregular central high
area that is also characterized by local closed
highs (Sawatsky, 1975; Cannon, 1977; Roddy,
1977; Donofrio, 1981; Hartung and others, 1990;
Anderson and Hartung, 1992; Kirschner and oth-
ers, 1992). Although the local structural closures
on the outer rim had been recognized on a struc-
ture-contour map on the Sylvan Shale (Upper Or-
dovician), the rim itself was not recognized, nor
was its relationship to the deepest part of the
structure to the southwest, prior to the construc-
tion of the computer-generated model (Fig. 3).

Several Arbuckle tests had been conducted in
the area before the actual origin of the feature was
identified. J. L. Thomas drilled the Ott no. 1 and
no. 2 wells in the SW¥4 and SEY4, respectively, sec.
4,T.21N., R. 9 W., on mapped north dip. When
DLB 0il and Gas, Inc., drilled their no. 27-4 Cecil
well in the NW¥s sec. 27, T. 21 N,, R. 10 W, these
Ott wells were recognized by DLB as being posi-
tioned, like the Cecil well, on small structural clo-

sures on a common rim surrounding a central low.
The realization that a substantial gas and oil col-
umn was present in Arbuckle dolomite with sig-
nificantly enhanced reservoir properties led to
early speculation about the origin of the structur-
ally high Arbuckle feature and its possible associa-
tion with the Hunton graben. A program to lease
the Arbuckle rim was conducted essentially by
using maps corresponding to the three-dimen-
sional structure (Fig. 3). Later discovery of brecci-
ated granite in the first well drilled to the crater
floor provided additional evidence that the crater
had been created by the impact and explosion of a
meteorite. This interpretation suggested that the
rim had been uplifted and fractured by crater-
forming processes associated with the impact and
that the granite breccia was part of a central re-
bound feature. A second leasing program targeted
the inner ring on the central rebound feature (Fig.
3).

ORIGIN OF THE AMES STRUCTURE

An interpretation for this structural anomaly is
as follows. Sometime shortly before or soon after
the end of the Arbuckle deposition, a meteorite
exploded low over the surface of what is now the
southeast corner of Major County, Oklahoma,
creating a bowl-shaped crater centered near the
present town of Ames. It is apparent that a thick-
ness of =2,000 ft of Cambrian—Ordovician carbon-
ate and some basement rock was excavated by the
explosion. Basement granite under the bottom of
the crater was subjected to sudden and enormous
compressive stress; the granite fractured as the
result of the exploding meteorite. The granite
basement subsequently rebounded, particularly
in the central part of the crater (Figs. 3,4).
Brecciated granite is the major component of the
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ridges that form the inner ring. Some of the ridges
are as much as 1 mi across, 2 mi long, and 1,600 ft
thick.

Part of the crater was filled with breccia that
had become airborne and fell back after the explo-
sion. That breccia is a mix of basement granite and
Arbuckle dolomite rocks. The outer ring, composed
mostly of fractured blocks of Arbuckle dolomite,
was formed when the inside part of the crater rim
collapsed into the central low along arcuate nor-
mal faults.

There is evidence that fragments of Arbuckle
rock and granite excavated by the explosive event
were heated sufficiently to resemble pyroclastic
rock (Coughlon and Denney, 1993). Because of
such occurrences, it is not uncommon for impact
structures to be interpreted as having a volcanic
origin (Donofrio, 1981, discussion of fig. 17 on p.
296). Several feet of such pseudopyroclastic rock
(Ambers and others, 1997; Fischer, 1997) occurs
locally on the crater floor, overlying the more
abundant granite and carbonate breccia (Fig. 5).
At least two wells several miles outside the rim

appear to have penetrated the gjecta blanket. Ho-
mogeneous intervals, as much as 90 ft thick, on
top of the Arbuckle have log characteristics corre-
sponding to a mix of about 75-85% dolomite and
25-15% granite. There is evidence of an even more
widespread occurrence of the ejecta blanket (Mes-
cher and Schultz, 1997).

The rim and breccia highs were exposed to sub-
aerial weathering and erosion. Most of the local
ejecta blanket was eroded, and much of it was sub-
sequently deposited on the crater floor. The rim,
composed mostly of Arbuckle Group rocks, devel-
oped karst features. The highs eroded and were
redeposited as carbonate and arkosic clastic layers
that occur on the crater floor, lying on top of and
infiltrating into the brecciated rock that had previ-
ously fallen back into, and partially filled, the cra-
ter. A stratified cap of tight dolomite overlies the
crater-floor breccia. It may have been some time
after the impact before the beginning of deposition
of the very fine sediments that would form the
overlying Oil Creek Formation. The impact-re-
lated strata grade upward into the Oil Creek For-
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mation. The entire feature is overlain and sealed EXPLORATION AND DEVELOPMENT
by Oil Creek shales, forming structural traps that
may have held hydrocarbon columns of several Arbuckle discoveries at Cottonwood Creek
hundred feet. The fortuitous presence of a source (Read and Richmond, 1993), Wilburton (Carpenter
and sealing shale is critical for the formation of and Evans, 1991), and in the subject area have
productive astroblemes. caused renewed interest in drilling exploration
The Ames structure continued to fill during wells into the Arbuckle. The Arbuckle dolomite
Paleozoic and Mesozoic deposition, and the sedi- does not normally have significant matrix porosity
mentary units and underlying breccia continued to  or permeability, and reservoir size and quality are
compact. Strata from the Oil Creek Formation commonly limited. However, in April 1991, DLB
(Middle Ordovician) through the Flowerpot Shale completed the no. 27-4 Cecil well (NY4a NWV; sec.
(Upper Permian) are preserved within and beyond 27, T. 21 N., R. 10 W.) and discovered excellent
the structural low (Johnson and Smith, 1996, flow rates on separate tests for both gas and oil
1997). The closed low is clearly shown in structure (Fig. 10).
maps drawn on the top of the Sylvan Shale (Upper The upper Arbuckle produced gas at a rate of
Ordovician) (Fig. 6), on the base of the Woodford 3,440 MCFGPD (million cubic feet of gas per day),
Shale (Upper Devonian) (Fig. 7), and on the top of as determined by a drill-stem test in DLB’s discov-
the Checkerboard Limestone Member (Upper ery well. The well was initially completed without
Pennsylvanian) of the Coffeyville Formation in the  stimulation, flowing 300 BOPD from a lower Ar-
Skiatook Group (Fig. 8). These maps document the buckle dolomite zone, which was then commingled
continuing subsidence caused by differential com- with a portion of the gas zone. Seismic data indi-
paction and collapse of crater-floor breccia and the cated closure on the Arbuckle at this location, but
progressive filling of the structure by sedimenta- the indicated hydrocarbon column exceeded the
tion. trap mapped as a local closure. This original clo-
Astrogeologists Roddy (1977; personal commu- sure is now recognized to be a small feature on a
nication, 1992) and P. J. Cannon (personal com- much larger structure, the northwestern rim of
munication, 1992) have concurred that the feature the crater.
is an astrobleme on the evidence of its circular Continental Resources, Inc. (CRI), offset the no.
shape, the central high composed of fractured 27-4 Cecil well with their no. 1-22 Mary Ellen well
crustal rock, the outward-dipping rim, and the (SEv4 SWY: SWV4sec. 22, T. 21 N,, R. 10 W.), just
presence of shock-metamorphosed quartz (Fig. 9). across the section line to the north, but the oil-
The documentation of abundant shock lamellaein  bearing portion of the Arbuckle was less fractured
quartz in cores and samples from crater-floor wells and porous than in the Cecil. A whole core from
removed all doubt as to the impact origin of the this interval exhibits many collapsed karst fea-
crater, as such lamellae can only be produced by tures. The well was finally completed as a gas pro-
high-strain-rate shock during impact (Sharpton ducer from an interval (ejecta?) near the top of the
and Grieve, 1990; Sharpton and others, 1990). Arbuckle dolomite.
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Figure 5. Black and white reproduction of false-color print of one of many FMI logs (Formation Microscanner
Image, a trademark of Schlumberger, Inc.) taken in an unidentified crater-floor well in the Ames structure.
Sine-wave—shaped lines are oriented dip planes and/or geologic contacts projected onto the image of the
bore-hole wall. Units: brecciated Arbuckle dolomite below 9,083.75 ft; cave-fill material (probably from col-
lapse) below 9,082.5 ft (fill consists of dust and microbreccia carried down from above); pseudopyroclastic
breccia-to-microbreccia below 9,077 ft; and finely stratified dolomite dust above 9,077 ft. These deposits are
overlain, in turn, by Oil Creek shale (not shown). Image has been reduced 50% vertically at the workstation;
objects, therefore, appear flattened. Dark areas are the most conductive; white areas are the most resistive.
Gamma-ray response at left illustrates very high radioactivity associated with pseudopyroclastic material.
Abundant shocked quartz was found in the pseudopyroclastic material.

During this period, DLB completed their no. 28-
9 Bierig (NEY4 SEV: sec. 28, T. 21 N, R. 10 W.), an
excellent Arbuckle gas well southwest of their
Cecil well. These Arbuckle successes on the crater
rim encouraged DLB and CRI to join with D. & J.
to drill the first test on a small feature within the
crater. This test, completed in November 1991,

was the very successful Gregory well (NEYa NW4
sec. 20, T. 21 N,, R. 9 W.) (Shirley, 1992).

The Arbuckle was expected in the Gregory at a
depth of =8,800 ft, on the basis of seismic data. At
8,838 fi, below an unusually thick Oil Creek shale,
a drilling break occurred with drilling rates reach-
ing <1 min/ft. This very fast drilling was accompa-
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Figure 6. Geologic structure at the top of the Sylvan Shale (Upper Ordovician). (Courtesy of GEOMAP Com-
pany.) Contour interval is 25 ft; datum is sea level. The —7,300-ft contour identifies the approximate location
of the “Hunton graben.” Small, closed circles identify well control for this map. Larger, numbered symbols
identify drilling discussed in text. (Also see Smith, 1989, fig. 3.) (1) J. L. Thomas no. 1 Ott. (2) J. L. Thomas
no. 2 Ott. (3) DLB no. 27-4 Cecil (discovery). (4) CRI no. 1-22 Mary Ellen (offset to discovery). (5) DLB no.
28-9 Bierig (gas well). (6) D. & J. no. 1-20 Gregory (first well within the crater). (7) D. & J. no. 1-17 Lloyd. (8)
CRI no. 1-19 Dorothy. (9) D. & J. no. 1-18 Peggy. (10) CRI no. 1-21 Stansberry. (11) DLB no. 13-11 Allen.
(12) DLB no. 21-11 DeHaas. (13) CRI no. 1-34 Terry. (14) CRI no. 1-19 Chet (horizontal extension). (15) D.
& J. no. 1-20 James. (16) CRI no. 1-19 Heinrich. (17) CRI no. 6-3 Fisher (plugged and abandoned). (18) D.
& J. no. 1-20 Herman (plugged and abandoned).
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nied by cuttings of brecciated granite with excel- stem test over the upper 60 ft of the zone flowed
lent shows. These cuttings contained abundant 40.4° API gravity oil to the surface at a rate in
shattered quartz and feldspar with cleavage faces, excess of 50 BOPH (barrels of oil per hour) (Fig.
causing the rock to be prematurely characterized 11). Final flowing tubing pressure (FTP) was 4,025
as “glass rock” (Hamm and Olsen, 1992). A drill- psi, as compared to a final shut-in pressure (SIP)
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Figure 7. Geologic structure on the base of the Woodford Shale (Upper Devonian). (Courtesy of GEOMAP
Company.) Contour interval is 50 ft; datum is sea level. The Hunton graben is shown by two closed contour
lines located mostly in secs. 1, 2, 11, and 12 of T. 20 N., R. 10 W., about 2 mi southwest of the town of Ames.
Continued compaction and collapse of the brecciated crater fill over long periods of geologic time is typical

of impact craters.

of 4,045 psi, a bottom-hole pressure (BHP) of 4,055
psi, and a hydrostatic pressure of 4,181 psi. Sur-
face flowing pressure was 1,200 psi through a
16/64-in. choke. A thickness of more than 320 ft
of brecciated basement rock was penetrated with-
out encountering carbonates of the Arbuckle
Group. This well produces from only 30 ft of perfo-
rations without stimulation. The top perforation is
located =110 ft below the top of the breccia and
well above any indications of water. Initial flow
was 713 BO in 14 hours, at a flowing tubing pres-

sure of 1,080 psi with a 18/64-in. choke. No water
was produced on any test. A conservative estimate
of reserves from the Gregory well is >4 million
barrels by primary recovery. Subsequent drilling
has established a deeper water level in the granite
breccia and suggests a strong water drive. The
well has flowed its allowable since completion in
November 1991 and produced >113,000 BO and
3,700 MCFG in less than one year without water
production or significant loss of pressure. Produc-
tion is currently reported with two other wells in
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Figure 8. Geologic structure on the top of the Checkerboard Limestone Member (Upper Pennsylvanian) of
the Coffeyville Formation in the Skiatook Group. (Courtesy of GEOMAP Company.) Contour interval is 50 ft;
datum is sea level. Note that the Cimarron River is deflected to a more southerly course at the western crater
rim. A similar deflection from the northeast of Red Fork sandstone (Pennsylvanian) channel deposits can be
mapped around the northern rim. Wind-blown sands from the Cimarron River cover most of the southwest
part of the crater, but surface indications of the crater have been observed over the north and northeast part

of the rim.

the same reservoir. The three wells average 1,666
BOPD.

Cuttings and thin sections of the basement rock
were examined, by using scanning electron micro-
scope and X-ray diffraction techniques, to identify
the mineral composition. The analysis indicated
that the rock is granitic, composed of 31% quartz,

11% potassic feldspar, and 52% sodic feldspar.
This analysis was reconfirmed by later examina-
tion of rotary sidewall cores from the D. & J. no. 1-
17 Lloyd (SW¥. SEY4 sec. 17, T.21 N.,,R. 9 W.)
drilled to the northeast of the Gregory. The age of
the granite is 1,690 Ma, according to Rb-Sr isotop-
ic analysis. This is similar to other basement rock
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Figure 9. Shock lamellae in quartz, as seen in a photomicrograph of a thin section of granite from a drilled
sidewall core, at about 8,990 ft in the DLB no. 21-11 DeHaas well (sec. 21, T. 21 N,, R. 9 W.), in the north-
east part of the crater floor of the Ames impact crater (see Fig. 6, no. 12). The large quartz grain exhibits two
sets of deformation (strain) lamellae, resulting from high-pressure shock metamorphism. Scale bar is 100
mm. Rock sample provided by DLB Oil and Gas, Inc. (Photograph by Bruce Carpenter.)

dates in the area when adjusted for strontium en- The D. & J. Herman (NEY4 SW4 sec. 20) to the
richment from the Arbuckle dolomite (Roberts and south also penetrated brecciated granite but was
Sandridge, 1992). low and encountered water. Two wells to the west,

Several confirmation wells have been drilled. the CRI Dorothy (NEV4 NEY: sec. 19) and D. & J.
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Peggy (SEV4 SEV4 sec. 18), as well as the D. & J.
Lloyd (SWv4 SEV4 sec. 17) to the northeast, are oil
productive, although apparently none of the three
is producing from the same reservoir as the Greg-
ory well. The Dorothy and Peggy wells are com-
pleted in granite wash and in the underlying brec-
ciated Arbuckle dolomite. One well penetrated an
abnormally thick section of Oil Creek shale, fol-
lowed by granite breccia, overlying Arbuckle brec-
cia (Fig. 12). It is apparent that the granite breccia
was deposited in this position as the result of mass
movement. FMI (Formation Microscanner Image;
a trademark of Schlumberger, Inc.) analysis in one
well indicated granite talus slides resting at the
angle of repose.

The Gregory well continues to flow with little
difference between shut-in and flowing tubing
pressures. Its direct offset is the D. & J. James,
which flowed 492 BOPD from granite breccia. CRI,
testing seismic closures, drilled successful offsets
of the Gregory well to the east at the Stansberry
(SEVaNWV4 sec. 21) and to the west at the Hein-
rich (S¥2a NWV; sec. 19). However, both of these
wells produce from Arbuckle dolomite; each well
tested at an initial rate of 50 BOPH. DLB also
found Arbuckle production in their Allen no. 13-11
rim well (NEY4SWVssec. 13, T.20 N, R. 10 W.) on
the south side of the structure. They were also suc-
cessful in establishing production from Arbuckle
dolomite breccia in their DeHaas well (NEV4 SEY4
sec. 21, T. 21 N, R. 10 W.). CRI drilled two rim
wells on the west side. The Terry (SW¥4 NEVa sec.
34, T.21N., R. 10 W.) is an Arbuckle gas well, and
the Fisher (SWY% NEVasec. 3, T.20 N, R. 10 W.)
was not commercial.

CURRENT ACTIVITY

As of October 1992, 38 wells had been com-
pleted on the Ames feature. Of these, 31 were pro-
ducing or waiting for production facilities. One of
these was a horizontal extension of a vertical hole.
Seven have been plugged or temporarily plugged,
but some of these may be recompleted in shallower
reservoirs or as horizontal extensions. Approxi-
mately eight wells were drilling as of November
1992. Locations or spacing and increased density
applications are pending with the State Corpora-
tion Commission for an additional 90 wells. One
company (DLB) accounts for most of these wells
and locations. CRI and D. & J. each have 19. A
total of 21 companies make up the balance of
about 40 additional wells and locations, for a total
of 121 potential wells. Many locations await the
results of three-dimensional seismic surveys, cur-
rently being processed. Others await better com-
pletion and stimulation techniques to overcome
problems related to high-paraffin crude, early
water coning, and possible migration of fines,
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which may have infiltrated into the open fractures
on the rim and breccia on the crater floor. The
1995 well count found that only about 100 wells
were actually drilled. Many locations were con-
demned by poor results from offset wells. Many
later wells were drilled where data indicated mar-
ginal prospects. These wells diluted the overall
economics (Evans, 1997). Many of the early wells
are very profitable.

A significant precedent was set with the re-
drilling of CRI’s Chet well (NWY: NWV2 SW4 sec.
19, T. 21 N., R. 9 W.). The original crater-floor well
was drilled vertically and intersected a hydrocar-
bon-saturated reservoir in the breccia. CRI made
the decision to recomplete the well as a horizontal
extension, which intersected the tops of several
Arbuckle and granite breccia highs on the crater
floor. The well tested >700 BOPD before being
shut in to apply for a special allowable. This tech-
nique promises to increase production rates and to
salvage wells that are structurally low and close to
water or that lack sufficient fracturing and disso-
lution porosity in the hydrocarbon column to pro-
duce at commercial rates.

DLB and others acquired three-dimensional
seismic data over a structurally complex part of
the inner ring near the Gregory well. This ap-
proach was intended to reduce the risk of drilling
off-structure wells and to provide producing loca-
tions that will not be drained by conventional well
patterns. The results were complicated by diffi-
culty in tracking the contact between the base of
the Oil Creek and the top of the breccia.

The discovery of attractive production in the
Ames structure generated considerable renewed
interest in these features. Regional and interna-
tional meetings of the American Association of
Petroleum Geologists (AAPG), the Geological Soci-
ety of America (GSA), and the Society of Indepen-
dent Professional Earth Scientists (SIPES) formed
special sessions to consider these unconventional
reservoirs. The March 28-29, 1995, Oklahoma
Geological Survey and U.S. Department of Energy
workshop on the Ames structure and similar fea-
tures resulted in the presentation of over one
dozen papers and poster sessions. A majority of
those attending seemed to firmly accept the im-
pact theories (Petzet, 1995).
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The Ames Structure Reservoirs and
Three-Dimensional Seismic Development

Robert Sandridge and Kenneth Ainsworth

Continental Resources, Inc.
Enid, Oklahoma

ABSTRACT.—The Ames structure of Major County, Oklahoma, has been one of the most ex-
citing projects to emerge in the Midcontinent area in this decade. Its impact crater vs. caldera
controversy has provided scientific excitement, and its prolific oil and gas wells have provided
economic excitement. The Ames structure reservoirs are those oil and gas accumulations
trapped in granite breccia and sedimentary rocks in structures generated by the impact of a
cosmic body into the Arbuckle Group dolomite surface of the Earth very near where the small
Oklahoma town of Ames resides today.

As of January 1, 1995, there were 17 reservoirs that had been tapped by the drill bit: 11 in
lithified granodiorite and dolomite breccias, 5 in the Arbuckle dolomite of the crater rim, and
1 substantial accumulation in recrystallized dolomite ejecta on the west rim. Most if not all of
the producing Ames structure reservoirs were initiated as subsurface closures, and most were
qualified for drilling by two-dimensional seismic studies. In several cases, three-dimensional
seismic data have been used in the development of these reservoirs.

Although Continental Resources, Inc. (CRI), has drilled only three wells for stratigraphic
traps, in reality nearly all of the reservoirs discovered to date at the Ames structure are
stratigraphically trapped. Production is from dolomite and granodiorite breccia rocks; these
are clastic units that once stood in topographic relief and now are deeply buried. There is one
notable structural-trap reservoir: the Cecil oil reservoir below the terrace fronting the western
rim of the crater. This reservoir was discovered by the DLB no. 13-27 Cecil well and appears
to be trapped by the closure of a porous bed in the Arbuckle dolomite.

This is the discovery that set off the leasing and drilling frenzy which gave us the subsur-
face data to define the Ames structure and provide evidence that it is an impact feature. Let
us point out the following: at that time, we had only a Sylvan Shale structure map with suf-
ficient well-log control to illustrate the “Ames hole.”

The Sylvan Shale is of Late Ordovician age, and in the Ames area, it is 600-1,500 ft above
the Arbuckle. That 900-ft range in thickness is the difference between the Ames hole and the
Ames structure. These two features are illustrated by computer-generated three-dimensional
plots and are used to show the reservoirs’ distribution.

To deal with the structural complexities of the crater, CRI, in partnership with DLB and
others, acquired four separate sets of three-dimensional seismic data for various exploratory
and development projects across the inner crater. Integrated three-dimensional seismic and
subsurface control indicated the presence of three separate domed features, called South Meno,
Box Canyon, and West Drummond, within the northern part of the crater floor; these have
yielded oil and gas in commercially viable quantities from the “Arbuckle/siliceous” unit. In a
qualitative way, the data helped suggest which of the two principal reservoir types would be
encountered. These data also help to define the crater-rim syncline and to illuminate the re-
lationship between the downward movement of this feature and Silurian—-Devonian hydrocar-
bon traps. Another integrated three-dimensional seismic and subsurface project defined the
extent of an additional commercial accumulation within the central rebound area of the cra-
ter and directed the development of the Hoyle Creek field.

Although the general level of success using the three-dimensional tool amply justified the
expenditures, some drilling faijlures occurred. Some of these resulted from velocity variations,
and others, from event-correlation misinterpretations.

Robert Sandridge, Continental Resources, Inc., Box 122, Resources, Inc., 302 N. Independence, Suite 300, Enid,
Marmarth, ND 58643; Kenneth Ainsworth, Continental OK 73701.

Sandridge, Robert; and Ainsworth, Kenneth, 1997, The Ames structure reservoirs and three-dimensional seis-
mic development, in Johnson, K. S.; and Campbell, J. A. (eds.), Ames structure in northwest Oklahoma and

similar features: origin and petroleum production (1995 symposium): Oklahoma Geological Survey Circular
100, p. 120-132.
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INTRODUCTION

Brecciated basement granite is the reservoir
rock in the discovery well of crater-floor production
in the Ames structure. The D. & J. Oil Company
(with Continental Resources, DLB, and others)
no. 1-20 Gregory (location shown in Fig. 1) flowed
50 BOPH (barrels of oil per hour) during a drill-
stem test of its Arbuckle objective. The interval
later proved to be a breccia of basement granite.
The Arbuckle rock interval, some 1,600 ft thick in
the Ames area, had been replaced by basement
granite in the central portion of the Ames struc-
ture.

The Ames structure is a horseshoe-shaped
structural feature mapped in the subsurface
around the town of Ames, Oklahoma. The feature
proved to be a meteorite-impact crater, as deter-
mined from oil-well drilling data gathered during
exploration of the Arbuckle Group across the area.

The Arbuckle Group is of Cambrian—Ordovi-
cian age and is the lowest major producing horizon
in the state, although locally there is some produc-
tion from the Reagan Sandstone, which occurs
between the Arbuckle and the Precambrian base-
ment. The Reagan is not recognized as such in the
Ames area, but probably will be someday and
probably will be described as an argillite. Until
then, the Arbuckle will be regarded as resting on
basement rocks. There are some basement-rock
shows (if not production) and Arbuckle production
related to basement-rock highs in northeastern
Oklahoma (Reeder, 1974; Roundtree, 1991).

The discovery of the absence of Arbuckle
rocks—and, in their place, Precambrian granite
breccia—in the no. 1-20 Gregory laid the founda-
tion for an impact-crater model for the Ames fea-
ture. The breccia, having been formed near the
end of or after Arbuckle deposition, rests on the
basement granite. Rock types, their distribution,
and the reconstructed topographic shape of the
feature (similar to an impact-crater model put
forth by Roddy and others in 1977) were used to
support the interpretation that the Ames struc-
ture originated as an impact crater.

Drill cuttings from the no. 1-20 Gregory (Fig. 1)
enabled dating of the basement rocks of the Ames
structure (Rb-Sr age of 1.692 Ma, by Krueger En-
terprises, Inc.) and showed the presence of
shocked quartz (recognized by David Roddy, U.S.
Geological Survey, and Kevin Nick, Stim-Lab,
Inc.) in offset cores. Additional cores and well cut-
tings have found no volcanic rocks in the area;
thus, there is no support to a volcanic origin for the
crater. For conclusions that the Ames structure is
a “cryptoexplosion” or some other kind of non-
impact feature, the reader is referred to other pa-
pers (e.g., Coughlon and Denney, 1997) from this
workshop, but as for a working model, the impact-
crater model works best for us.

Since the oil and gas accumulations have been
predominantly localized in the structurally most
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updip locations, seismic exploration has been one
of the main tools used in the selection of drill sites
by most of the leading operators drilling in the
crater. As three-dimensional seismic technology
became a viable and affordable tool, it replaced
two-dimensional seismic exploration as the meth-
od of choice of active drillers.

AMES STRUCTURE RESERVOIRS

Ames structure reservoirs are those oil and gas
accumulations trapped in sedimentary rocks and
structures that were created by impact of a cosmic
body into the Arbuckle dolomite at the surface of
Earth, very near where the small town of Ames is
located today. As of January 1, 1995, 17 of these
reservoirs had been tapped by the drill bit: 11 in
lithified granodiorite and dolomite breccia, 5 in
Arbuckle dolomite of the crater rim, and at least 1
substantial accumulation of recrystallized dolo-
mite breccia on the dip slope of the western rim of
the crater.

To our knowledge, most, if not all, of the pro-
ducing Ames structure reservoirs were identified
as subsurface closures and were proven by two-
dimensional seismic methods. The use of seismic is
discussed below.

The no. 1-20 Gregory well was completed in
November 1990, flowing from the granite breccia
interval, at an allowable of 250 BOPD (barrels of
oil per day) (increased later to 500 BOPD), and the
quarter section with this well had produced 2.1
million barrels of oil by the end of 1994. Subse-
quent offsets to this well have logged and cored the
producing zone as leached and vuggy Precambrian
granodiorite and granite breccia.

Flanking this reservoir are wells that logged
and cored leached and vuggy dolomite breccia at
an equivalent level. Some of these wells have pro-
duced over 250,000 barrels of oil to date (Evans,
1997). There are a number of similar reservoirs in
the crater floor, but none so prolific as the Gregory
Teservoir.

The crater walls and rim rocks alse house oil
reservoirs, but are logged and cored as Arbuckle
dolomite. A prolific gas reservoir (the DLB no. 28-
9 Bierig well has produced over 3 BCFG [billion
cubic feet of gas]) also was discovered on the rim in
a dolomite breccia fallout deposit. For whatever
reason, the other oil and limited gas accumula-
tions around the crater rim appear to be in sucros-
ic dolomite beds.

The Ames structure-floor reservoirs appear to
have formed by gravity segregation within huge
mounds of brecciated Arbuckle dolomite and base-
ment granite. The bottom waters in the crater-
floor deposits were interconnected by various av-
enues. The crater-rim reservoirs are housed in
both brecciated Arbuckle dolomite (possible fallout
accumulations) and normal Arbuckle inter-
crystalline dolomite beds in normal structural clo-
sures or rim topographic scarps; all are found in a
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Figure 1. Index map illustrating the location of the Ames structdre, with Arbuckle penetrations designated. The
map embraces Tps. 20-21 N., Rs. 9—10 W., in Major County, northwest Oklahoma.

position above and outside the crater floor and not
connected to the crater-floor water-drive system.

All of the impact-affected sedimentary rocks
were modified by the accompanying high tempera-
tures and pressure that created rock melt and
hydrothermal fluids. During diagenesis, abundant
secondary dolomite (saddle and rhombohedral)
and quartz (chalcedony and rock crystal) formed in
the fractures and crevasses (especially across the
crater floor) between the blocks and grains as hy-
pothermal solutions circulated through the masses
of fallback material. Erosion and dissolution by
these solutions further modified the void spaces
into a permeable network that in some places acts

like wide-open fractures and commonly as limited
reservoirs. It also appears the hydrocarbons were
generated, and even in part destroyed, by the high
temperatures and pressures (vesicles within the
impact tuff clasts are partly filled with degraded
hydrocarbon material). Later, and through time,
hydrocarbons were generated and migrated into
and through these permeable networks, always
seeking the highest level for accumulation.
Because of this unique environment and the
erratic distribution of porosity and permeability,
the migrating oil-bearing fluids were not able to
generate a normal or typical regional oil-water
contact and structural relationship, but were dis-
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tributed into oil and water pockets, especially in
the “blind” cavities. With the restricted delivery of
the regional water drive and the dissolved gas in
these waters, water would be produced with the oil
when these reservoirs were tapped by a well bore.
The Gregory reservoir appears to be unique as a
classic example of a water-drive reservoir, but the
rest of the Ames structure reservoirs appear to be
complex for the reasons described above.

Continental Resources, Inc. (CRI), drilled only
three wells for stratigraphic traps in the crater
area, but in reality nearly all of the reservoirs
discovered in the Ames structure area, including
the noncrater reservoirs in the Hunton Group and
the Mississippi limestones, are in stratigraphic
traps. Most of the production comes from dolomite
and granite breccias that are clastic units that
once stood as low-relief, topographic features on
the crater floor.

There is one structural closure of a porous bed
in the Arbuckle dolomite below the rim terrace
between the crater wall and the rim crest on the
west side of the crater. This reservoir is in a fine
sucrosic dolomite, with fair intercrystalline poros-
ity and permeability, and has a distinct oil-water
contact and solution-gas drive. The reservoir is
typical and, indeed, the primary Arbuckle reser-
voir objective of Oklahoma, and it was found in the
typical and primary way: subsurface mapping,
seismic studies, and drilling. The discovery well
for this reservoir is the DLB no. 13-27 Cecil, which
kicked off the leasing and drilling frenzy in 1990
and 1991 in the Ames area. The drilling of these
subsequent leases provided the subsurface data to
define the Ames structure and provide evidence
that it is an impact feature.

The primary and typical Ames structure reser-
voir is in altered and leached brecciated rock and
has an expanding water-drive mechanism. The
effectiveness of the expansion depends on the vol-
ume of water under pressure and any dissolved
gas (Jeff Hume, CRI, personal communication). As
in all reservoirs, the effectiveness of the perme-
ability is the controlling factor, and, at Ames, the
extreme recovery estimates of these reservoirs
vary from 10% to 60%. The high end applies where
there is a uniform homogeneous network of pore
throats, such as intergranular porosity. At the low
end, heterogeneity, where favored directions of
flow are dominant, and perched waters and lim-
ited reservoir conditions have been encountered.

BASIC PARAMETERS

Subsurface Rocks

The subsurface rocks associated with the Ames
structure are identified from borehole drill cut-
tings and cores. The first rocks were of the Ar-
buckle Group, which is approximately 1,600 ft
thick just outside the crater area. Normal Ar-
buckle dolomite is primarily light brown, often
mottled and laminated gray-brown and black with
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organic and clay material. In the upper half, it is
typically dull and drab and microcrystalline to
cryptocrystalline, but some beds are very sandy. In
the lower half, it is caramel or chocolate colored,
rich in rhombohedral dolomite crystals, and cherty
with occasional oolitic chert rock fragments. Some
intercrystalline sucrosic porosity is recognized, but
not in abundance. Any well-developed porosity, es-
pecially at the top of the formation, would call for
further investigation. This definitely is the case at
Ames.

The brecciated Arbuckle rocks created by the
meteor impact at Ames are almost always rich in
rhombohedral dolomite and bright in appearance.
Much recrystallization is suggested, with scat-
tered saddle dolomite in evidence. It is difficult to
differentiate between normal lower Arbuckle dolo-
mite and brecciation dolomite. In some cases, the
breccia is “bleached” white, and commonly there is
an abundance of secondary quartz in the form of
rock crystal or white and translucent chalcedony.
Banded and botryoidal chert is a common associ-
ate, as well as pyrite, and traces of sphalerite and
sulfur have been recognized. An abundance of
brown oil staining with “fluorescence and cut” is
the indicator of a reservoir.

Some karst breccia of Arbuckle dolomite is sug-
gested in a rim-terrace core, but is not yet thought
to be an important rock in the scheme of the Ames
structure. This core, from the CRI no. 1-22 Mary
Elen well, is complex in that we recognize normal
Arbuckle beds overlain by a karst breccia, which in
turn is overlain by a recrystallized fallout breccia
or outwash. There appears to be Simpson sand-
stone and shale as matrix for some of the middle
breccia. These findings would indicate karst devel-
opment, but how could this occur under impact
sediments? The “fallout breccia” is gas productive
in this well, and the “karst breccia” carries a little
oil.

The magic of the Ames structure to the
rockhounds is the granite breccia in the well cut-
tings. When I (R. Sandridge) walked up onto the
rig floor of the no. 1-20 Gregory, the “pusher”
handed me a handful of cuttings and said “they
look like glass.” They did, but, under microscopic
investigation, the cuttings were over 50% clear
quartz with some light gray and white silicates.
On the basis of the observance of perthite, these
gray silicates were interpreted as plagioclase feld-
spar, and the rock type was identified as “granite.”
The cuttings were examined by Kevin Nick at
Stim-Lab, Inc., in Duncan, Oklahoma, and the
rock was classified as a granodiorite (AGI Data
Sheet 48.1).

Continental Resources drilled their no. 1-30
Fred on a deep knob on the crater floor and found
oil-saturated, “pink granite” breccia of basement
origin. We do not know the significance, but there
always seems to be some smashed or leaflike py-
rite on the faces of many of the granite breccia
grains. There is an abundance of quartz over-
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growths on the quartz grains from every core.
These granite breccia reservoir rocks were thought
to be the best objectives because the dolomite brec-
cia could heal more easily and thus reduce the
available pore space, but quartz can heal a granite
breccia just as easily, apparently.

Continental Resources drilled their no. 1-19
Dorothy offsetting the no. 1-20 Gregory and found
a unique rock type in a sidewall core. Its fabric
was that of a welded tuff; most of its clasts were
brecciated granodiorite and dolomite, and it had a
limited amount of glass and devitrified glass. It
contained a lot of light-green bentonite or montmo-
rillonite and chalcedony and chert, some being
tripolitic. A spectacular core of this interval was
taken at the Nicor no. 1-18 Chestnut.

The no. 1-19 Dorothy core also contained a
three-foot-thick bed of dolomitic quartzite overly-
ing the “impact tuff”’ (a better term than the ear-
lier, unfortunate use of the term “granite wash”).
This quartzite bed (which may be a dense siliceous
dolomite) caps most of the crater-floor pre-
Simpson rocks, and we refer to it as the “cap rock.”
It also contains numerous shocked quartz grains,
the first recognized in the crater.

Another unique rock was cored in the D. & J.
no. 1-20 James. This unit lies just above the cap
rock discussed above and is a Woodford Shale—
like, brown-black greasy shale. It is the oldest
Simpson unit within the crater and thickens into
the deepest part of the crater. We refer to this in-
terval as the “crater shale” (correlated to the Oil
Creek shale in this paper, but see also Repetski,
1997), and we think that it could, in part, be a
source bed for the hydrocarbons at Ames. A
strange pyritized and carbonized fossil was ob-
served in this shale; it has been examined, but no
conclusive identification was arrived at. It could be
a graptolite.

Continental Resources has given all their cut-
tings, and those we kept from the D. & J. wells
and several cores, to the Oklahoma Geological
Survey. The Survey has made these samples avail-
able to the public in Norman, Oklahoma.

Reservoir Rock

Thus, from the foregoing descriptions, there are
three reservoir rock types: intercrystalline poros-
ity—bearing Arbuckle dolomite, intergranular and
leached porosity-bearing dolomite, and granite
breccia. Karst features developed in the exposed
Arbuckle beds around the rim of the crater, but
karst is not yet recognized as a significant reser-
voir rock type in the Ames area. The void spaces in
the three reservoir rock types appear to be inter-
clastic and range in size from minute to enormous.
Avenues of permeability were originally enormous
within the unconsolidated breccia of explosion
material, but were filled and altered by fluid-flow
friction and dissolution, deposition, and cementa-
tion to form its present-day complexity.

Robert Sandridge and Kenneth Ainsworth

Hydrocarbon Source

There are two distinct possibilities for the
source of the oil: (1) the Arbuckle sediments or
rocks, as they were exposed to the “cracking” envi-
ronment of a meteor impact, and (2) the overlying
sediments of the “crater shale” that accumulated
within the crater during its early stage of burial by
Simpson sediments. Later Simpson sediments are
believed to be the source for the gas reservoirs
housed in Arbuckle rocks in the Ames area, pri-
marily those in the rim rocks.

Seal or Cap

The seals for the Ames structure reservoirs are
obviously the overlying Simpson shales, with the
“crater shale” on the floor of the crater being the
oldest. There is also the cap rock, described above,
that overlies several of the producing reservoirs; it
not only sealed the reservoirs below, but would
have hindered fluid migration down from above.

Produced Water

Produced waters may have been a travel com-
panion with the oil, coming from perched water,
from edge breakthrough, from the oil-water con-
tact, or coning. For the most part, bottom water
replaces the produced fluids. Water breakthrough
is possible through fracturelike avenues between
very coarse to huge blocks of disoriented target
rock. Water analysis indicates that chloride con-
centrations average 157,000 ppm; the water re-
sistivities are 0.022 Q at 165 °F. There are no ma-
jor production problems reported in the area.

THREE-DIMENSIONAL SEISMIC
EXPLORATION

Continental Resources, Inc., began a program
of two-dimensional seismic acquisition in 1990.
These data were used in the selection of the earlier
drill sites; the locations of the seismic lines are
shown in Figure 2. After the drilling of the Greg-
ory discovery well, a flurry of drilling activity took
place, with the purpose of duplicating the discov-
ery well’s success. This drilling was driven by a
combination of Sylvan Shale structural control
and two-dimensional seismic data, with resulting
mixed success. Late in 1992, after a series of dry
holes and marginally commercial wells, leading
operators in the play, principally CRI and DLB,
concluded that the Ames feature was an appropri-
ate site at which to try three-dimensional seismic
technology. It was hoped that through the applica-
tion of this tool, some determinations could be
made about the varying lithology of the granodior-
ite and Arbuckle dolomite breccias. At the least, it
was hoped that a better structural interpretation
would enable operators to avoid the seismically
obvious low-structural positions that almost guar-
antee nonproduction.
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Figure 2. Index map illustrating two-dimensional seismic data acquired by Continental Resources, Inc., prin-

cipally before the drilling of the Gregory discovery we

Fairly generic and consistent parameters were
used in all of the surveys made within the crater.
Deep-shothole dynamite charges were used by all
the surveys as an energy source. Standard brick
patterns with 110 x 110 ft bins and 12-fold nomi-
nal multiplicity were established as appropriate
acquisition-geometry templates for all projects
prior to actual recording. Although the Ames fea-
ture is situated in a rural area, many of the water-
supply wells for the city of Enid are located in and
around the town of Ames. Consequently, substan-
tial rearrangement of both source and receiver sta-
tions became necessary. That the data quality re-
mained high, despite the nonideal field layouts,

demonstrates the dynamic nature of the three-di-
mensional seismic tool.

Data processing primarily involved standard
procedures. Static corrections included both re-
fraction-based and surface-consistent methods.
Two passes of velocity analyses handled dynamic
corrections. Very weak spatial filtering eliminated
much of the random noise associated with the ac-
quisition process. Single-pass migration methods
were used to help collapse all diffractions and
Fresnel zones.

Four separate surveys were recorded in which
CRI was either the operator or a participant. The
locations of these surveys are shown in Figure 3.
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Figure 3. Index map illustrating the areal extents of the four separate three-dimensional seismic surveys in

which Continental Resources, Inc., was involved.

Hoyle Creek, the first survey, was situated over
the central-rebound area, in which oil production
comes from fractured Precambrian granite. Later
surveys were shot over the West Drummond area,
along the northeastern rim syncline, the Lyons
area, and finally the Patricia-Gregory project,
which covers the largest and most prolific Ar-
buckle oil production in the Ames area. Each of
these surveys aided in further unraveling the struc-
tural complexities of the crater. The Patricia-Greg-
ory and West Drummond surveys were merged

in processing, and thus are treated as a single
project. The Lyons survey was tested only once,
with a resulting dry hole. Further work was never
done. Hence it is not treated in this discussion.
Figure 4 shows an arbitrary line out of the
Patricia-Gregory and West Drummond project
that illustrates most of the various components of
the Ames structure rather nicely. This line illus-
trates most of the key features of the complex cra-
ter, from the western crater rim on the left, to the
rim syncline, to the crater floor, to the northeast-
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Figure 4. East-west—oriented arbitrary vertical line out of the Patricia-Gregory survey showing the primary
components of the crater, including west rim, west-rim syncline, crater floor, east rim syncline, and east rim.

ern rim syncline, and then to the eastern rim on
the right.

Figure 5 is a larger-scale display of the north-
western section of the crater, showing a localized
structural high within the rim syncline. A deep
test drilled by Continental Resources, the no. 2-26
Mason, encountered oil shows in the Arbuckle do-
lomite section, but no reservoir rock; the well was
subsequently plugged and abandoned. To the east
of the rim syncline, the seismic line shows the
easternmost of four relatively high structural ar-
eas within the northern crater floor. Drilling by
DLB at their Patricia location resulted in salt-
water recovery in the Arbuckle dolomite. At the
apex of the feature, CRI's Gladys well encountered
oil production, although the dolomite reservoir
was incapable of delivering at high rates.

Figure 6, an expanded version of the central
section of Figure 4, illustrates the two principal
producing features of the Ames structure. To the
west, the so-called South Meno feature produces
from Arbuckle dolomite, with some of the best pro-
ducing rates out of the carbonate facies in north-
ern Oklahoma. At the CRI Marita location, the
granodiorite breccia facies begins to be developed

atop the dolomite and thickens eastward through
the D. & J. Wayne and Gregory tests, then thins
until it is gone at the D. & J. Marvin location. Al-
though some geophysicists have claimed to be able
to identify a distinguishing “granite” signature on
seismic records, we have not seen indications of a
reliable, consistent seismic character. A number of
both compressional and shear-wave sonic logs
have been run in drill holes across the crater
which suggest that, unfortunately, the lithologies’
acoustic characteristics are too similar to expect a
dependable change in the key reflectors.

The dip components of the crater morphology
are represented in Figure 7. This seismic section
shows the key trapping fault between the D. & J.
Herman and J. D. locations. To the north, the re-
versal into the rim syncline is clear, as is the climb
into the northern rim. It is of note that the Hunton
thickening in the rim syncline can be easily seen
in this display. This graben-type syncline resulted
in preserved porous Hunton dolomite that pro-
vided for commercial oil and gas accumulations.
Although data quality is generally good, the reflec-
tor offset at faults between the basal Oil Creek
reflector and that of new reflections in the Oil
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Figure 5. Eastern segment of arbitrary line in Figure 4, more clearly showing the east rim, rim syncline, and

eastern crater-floor morphology.

Creek section adjacent to and across the faults is
often extremely subtle to detect even on the three-
dimensional data sets and virtually impossible on
some two-dimensional data sets. Consequently,
the change in the reflector character of the inter-
face between the Sylvan Shale and Viola Forma-
tion is often a much more reliable indicator of
those faults. This change can be seen at SP 140/
184 at a time of 1.475 s in Figure 7. The Herman
and Gregory wells were both drilled with reliance
on the two-dimensional data, and the separating
fault was not anticipated. What was expected to be
a loss of perhaps 50 ft of structure at the Herman
location proved to be a greater loss.

The time slice illustrated in Figure 8 cuts the
data volume at the pay horizon in the Gregory,
Wayne, and Sam well bores. The general configu-
ration of the crater structural features is evident,
with the succession of relatively high structural
features displayed. The basal Oil Creek time
structure shown in Figure 9 further demonstrates
the key features of the crater floor itself. With
the rim syncline girding the south-dipping crater
floor to the north, it is easy to envision why the
very large area of continuous production exists
from the Gladys to the Stansberry areas. The

rim syncline provided an ideal trapping mecha-
nism for Arbuckle oil locally migrating out of the
basin.

Some of the key objectives to using three-di-
mensional seismic data are reasonably straightfor-
ward to examine. Does it provide the interpreter
with a better mental image of the feature being
surveyed? Does it enable better drilling decisions?
Are the results of those decisions cost effective?
Although a host of statistics could be presented by
which to analyze the appropriateness of the tool
within the Ames structure, one simple statistic
probably is most useful in evaluating its effective-
ness. With about the same number of CRI-
operated wells drilled before and after the imple-
mentation of a three-dimensional seismic data
acquisition program in the Ames structure, the
company’s daily production nearly tripled after
use of that seismic data. The reserves added by the
no. 1-19 Sam alone more than paid for any seismic
costs incurred in the Ames area. Furthermore,
within the limits of those surveys where it has
data, the company feels it understands quite well
what its future opportunities are and what the
risks associated with those opportunities are. By
almost anyone’s standards, the use of three-
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Figure 6. Central segment of arbitrary line in Figure 4, showing the morphology of the crater floor in the area
of densest drilling to date, including a crossing of the Gregory at line 148/trace 190.

dimensional seismic data in the Ames area has
been a successful venture.

PRODUCTION CHARACTERISTICS

Producing from a water-drive reservoir, such as
the no. 1-20 Gregory, is simple, but concern must
be given to the placement of the original perfora-
tions and setting production rate to restrict water
coning. D. & J. chose to perforate just above the
oil-water contact and produce the reservoir by
“floors.” Like an elevator, you stop at each floor
and shop, working your way to the top. Working
with the state commission for the most efficient
rate (MER) of production is a good policy.

Producing a “hindered” water-drive reservoir
(from a trickle up to open floodgate performances)
gives the engineers something to do. Sometimes
the more water you make, the more oil you make;
other times trying to shut the water off is more
effective. Shutting off water from the Ames struc-
ture wells has proved most difficult. Select perfo-
rating has not proved too effective, either. It ap-
pears that the difficulty lies in trying to figure out
a completely heterogeneous reservoir rock. The
first thing you need is a disposal well and reason-

able offset operators. There are tight breccias also,
which are worse. Porosity and permeability values
as such are not so important, but determining
their effectiveness and distribution is.

CONCLUSIONS

1. The basic procedure for searching for impact
craters involves subsurface mapping for rings and
basins, modeling porosity and permeability distri-
bution, and seismic definition. This basic proce-
dure has not changed in 35 years.

2. On the basis of examination of cuttings and
cores from 50 wells in the Ames area, the subsur-
face feature on structure maps of the Ames area
having the appearance of a crater is the result of a
meteorite impact of the Arbuckle dolomite, leaving
mounds of brecciated Arbuckle and basement rock
for the accumulation of migrating hydrocarbons.
Most of the reservoirs at Ames are the result of
this impact crater.

3. The impact cratering process results in
unique structures and extensive fracturing and
brecciation of the target rock that can be conducive
to hydrocarbon accumulations.

4. The use of three-dimensional seismic data
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Figure 7. Arbitrary north-south vertical section showing crater morphology from near the central rebound
structure, north across the crater floor, into the north-rim syncline, then onto the north rim.

within the Ames structure provided a more com-
prehensive visualization of the morphology of
those parts of the crater that were surveyed.

5. The use of three-dimensional seismic data
within the Ames structure enabled those operators
employing the tool to make more informed drilling
decisions. Consequently, their commercial success
exceeded their success levels before they obtained
the three dimensional data.
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Figure 8. Time slice across Patricia-Gregory/West Drummond projects, showing general crater morphology.
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ABSTRACT.—A long history of tectonic activity is documented for the development of the
Ames structure. Subsidence in the Lower Ordovician section is demonstrated prior to uplift,
erosion, and igneous activity that occurred in earliest Middle Ordovician time. This circular,
highly faulted structure, cored by an igneous breccia, is typical of a cryptoexplosion structure
as defined by W. H. Bucher in 1963. Regional geologic mapping documents the Ames structure
as one of many endogenic cryptoexplosion features in North America. The origin of such fea-
tures can be attributed to the ascent of alkalic and alkalic ultramafic magmas along deep-
seated faults within Precambrian rifts, grabens, transform-fault systems, or uplifted shield
areas. Most cryptoexplosion features are of Paleozoic age in the east-central United States and
southern Canada and of either Paleozoic or Mesozoic age throughout the rest of Canada. Many
circular, brecciated features distributed worldwide appear to be tectonically attributable phe-

nomena rather than exotic structures resulting from random bolides.

INTRODUCTION

The Ames structure is located along the north-
west shelf of the Anadarko basin in T. 20-21 N, R.
9--10 W, Major County, Oklahema (Fig. 1). De-
tailed subsurface mapping from the Lower Ordovi-
cian rocks up through the Silurian-Devonian
Hunton Group indicates an anomalous circular de-
pression of =36 mi2 (58 km?), centered near the
town of Ames.

The origin of the Ames structure has been the
topic of debate between those espousing an exo-
genic origin (Hamm and Olsen, 1992; Roberts and
Sandridge, 1992; Shirley, 1992; Carpenter and
Carlson, 1992,1997; Koeberl and others, 1997;
Fischer, 1997; Kuykendall and others, 1997; Huff-

John P. Coughlon, AMOCO Production Co., 1670 Broad-
way, Denver, CO 80202; P. Paul Denney, Global Explo-
ration Consulting, Inc., P.O. Box 171, Delta, CO 81416.

man, 1997) and those favoring an endogenic origin
(Roemer and others, 1992; Coughlon and Denney,
1993; Bridges, 1997). The impact theory suggests
that a meteor of low-angle trajectory exploded near
the surface of what is now the southeast corner of
Major County, Oklahoma (Carpenter and Carlson,
1992). This event presumably occurred shortly
before or soon after the end of Arbuckle Group
deposition, excavating a bowl-shaped depression
centered near the present town of Ames.

The most compelling evidence cited for an im-
pact origin is the presence of shock-deformation
features in various cores within the brecciated cen-
tral uplift of the Ames feature. These include sue-
vite, breccias, and shock microstructures in quartz,
including planar deformation features and shock
mosaicism. These features have been described in
detail by Coughlon and Denney (1993), Fischer
(1997), Ambers and others (1997), Huffman (1997),
and Koeberl (1997). Those favoring an exogenic
origin for the Ames feature consider these phe-

Coughlon, J. P.; and Denney, P. P., 1997, The Ames structure and other North American cryptoexplosion fea-
tures: evidence for endogenic emplacement, in Johnson, K. S.; and Campbell, J. A. (eds.), Ames structure
in northwest Oklahoma and similar features: origin and petroleum production (1995 symposium): Okla-

homa Geological Survey Circular 100, p. 133-152.
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Figure 1. Index map of Oklahoma showing Ames area location.

nomena to be conclusive evidence of hypervelocity
impact (e.g., Koeberl, 1997; Ambers and others,
1997; Fischer, 1997; Huffman, 1997). They have
stated that such features form only at extremely
high pressures and strain rates on the order of 15—
30 GPa and 108 to 108571, respectively (A. R. Huff-
man, personal communication, 1995), and are cur-
rently believed to be unique to hypervelocity im-
pact.

The geologic evidence presented herein shows
that an impact origin of the Ames depression can-
not be supported. Detailed subsurface correlations
of the Kindblade and West Spring Creek Forma-
tions of the Arbuckle Group show conclusively that
the Ames depression was in existence in Early
Ordovician time, and that these intervals were
subsequently domed, eroded, and brecciated in re-
sponse to stretching and thinning of the crust over
a rising magma body. The emplacement of the
magma body resulted in intrusion of igneous brec-
cia pipes and dikes and extrusion of highly brecci-
ated, partially melted felsic tuffs and felsic tuff
breccias that were deposited within paleo—topo-
graphic lows on the Arbuckle surface. Isopach data
of postextrusion rocks show resumed subsidence
through the Silurian-Devonian Hunton Group.
Recent data presented by Johnson and Smith
(1997) show evidence of post-Permian subsidence
within the crater as well.

We propose that the Ames structure is one of
many cryptoexplosion features in North America
whose origin can be attributed to alkalic magmas
rising along preexisting zones of weakness (i.e.,
faults) in the continental crust. Most of these fea-
tures are associated with upper-mantle—derived
kimberlites, lamprophyres, ultramafic lampro-

phyres, lamproites, carbonatites, and other alkalic
ultramafic magmas. We support a cogenetic rela-
tionship between kimberlitic processes and North
American cryptoexplosion structures, as discussed
by Bucher (1963), Snyder and Gerdemann (1965),
Currie (1965), Amstutz (1965), Nicolaysen (1972),
Nicolaysen and Ferguson (1990), and Kopecky
(1974).

SUBSURFACE STRATIGRAPHY

Because of the abundant well control available,
the Ames feature is an excellent candidate for the
study of the debate over exogenic vs. endogenic
causes of craters. This well control has provided
significant subsurface data for interpreting the
origin and timing of events affecting this unusual
structure.

The more-or-less west-to-east cross section
shown in Figure 2 (location on map in Fig. 6) is
hung on the top of the West Spring Creek 1
(WSC1) datum, an easily recognized regional
marker that corresponds to a basal member of the
West Spring Creek Formation of the Arbuckle
Group, as published by Gatewood (1968) and Der-
by and others (1991). The low-resistivity couplet
(see Fig. 2) separating the overlying WSC2 from
the underlying WSC1 is consistent throughout the
shelf area of the Anadarko basin. This couplet
gradually increases in resistivity upward and is
terminated by another low-resistivity couplet,
WSC3.

A similar resistivity profile can be seen within
the underlying Kindblade Formation. Here, the
uppermost member of the Kindblade consists of a
low-resistivity interval that gradually increases
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Figure 3. Isopach map of the lower West Spring Creek Formation interval—top of Kindblade Formation
to WSC1. Map shows early subsidence of Ames structure, i.e., early development of thin intervals within

depression.

upward and is abruptly terminated by a sharp re-
sistivity break at the top.

Detailed correlations of these stratigraphic in-
tervals unquestionably confirm the presence of
continuous in situ Arbuckle strata both internal
and external to the Ames structure. This strati-
graphic continuity is inconsistent with interpreted
suevite deposits resulting from a bolide impact.
Our evidence suggests that brecciation of Arbuckle

strata internal to the Ames structure is confined to
small areas in and around faults associated with
subsequent emplacement of post-Arbuckle igneous
pipes and breccias. Postintrusive collapse breccias
are present near radial faults on the periphery of
the structure. The continuous, conformable nature
of the Kindblade and West Spring Creek Forma-
tions both within the crater and regionally along
the northwest shelf of the Anadarko basin is dem-
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onstrated further by a series of cross sections pub-
lished by Coughlon and Denney (1993).

GEOLOGIC EVOLUTION
OF THE AMES STRUCTURE

A series of isopach maps has been constructed
to explore the timing of movements within the
Ames anomaly. Without exception, these isopach
maps—from the Hunton Formation downward to
the top of the Kindblade Formation of the Ar-
buckle Group—show a pronounced circular de-
pression defined by thick intervals surrounding a
group of small structures revealed as thin inter-
vals. Correlations within the West Spring Creek
Formation of the Arbuckle Group have permitted
the construction of two isopach maps (Figs. 3,4)
and a subcrop map (Fig. 5). The isopach map (Fig.
3) of member 1 of the West Spring Creek Forma-
tion (WSC1 in the figures) is a series of rocks 85—
200 ft in thickness directly overlying the Kind-
blade Formation of the Arbuckle Group. Member 2
of the West Spring Creek Formation (WSC2 in the
figures) is a 121—168-ft-thick rock interval directly
overlying member 1 and is shown in the compan-
ion isopach map (Fig. 4). Both isopachs reveal a
concentric feature that happens to underlie the
much shallower, younger (Silurian-Devonian age)
structure in the Sylvan Shale (Fig. 6). Thickening
of both members 1 and 2 occurs toward the south-
west quadrant of T. 21 N., R. 9 W_, although, as
previously discussed, within the center of each iso-
pach map, thin intervals (i.e., paleostructures) are
present. These isopach thins directly overlie highs
shown by drilling to consist of igneous (alkalic)
breccia pipes.

Although the two isopach maps discussed above
reveal a small basin with central thin intervals,
the subcrop map (Fig. 5) on the pre-Qil Creek and
preigneous surface (i.e., the Arbuckle uncon-
formity) shows just the opposite. Arbuckle units
form a concentric pattern in the subcrop: oldest
Arbuckle rocks are in the center, and progressively
younger rocks form the perimeter. The older inte-
rior rocks are structurally as high today as those
younger fringing rocks (Fig. 7), thus indicating a
structural dome that was uplifted at the end of
Arbuckle deposition and partially eroded prior to
the subsequent extrusion of the igneous breccias
and tuffs, intrusion of the igneous pipes, or deposi-
tion of the overlying Oil Creek shale. The domal
structure of these preigneous deposits is sugges-
tive of a point source from below and is inconsis-
tent with a bolide-impact origin for the Ames fea-
ture.

As discussed above, interval isopachs of the
West Spring Creek Formation members 1 and 2
show a depression in the Kindblade Formation—
lower West Spring Creek (WSC1) interval. Within
this depression are areas with an exceptionally
thin WSC1 interval that, when drilled, were found
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to contain extrusive igneous breccias and/or intru-
sive, vertically continuous yet laterally discontinu-
ous, brecciated pipes extending to Precambrian
basement, as proven by the presence of Precam-
brian granite xenoliths within the Nicor no. 18-4
Chestnut core (Coughlon and Denny, 1993). The
pipes were the conduits for the surrounding coeval
extrusive felsic tuffs and the likely cause of local-
ized thinning in the Kindblade and lower West
Spring Creek Formations of the Arbuckle.

DISTRIBUTION OF PHANEROZOIC
IGNEOUS BRECCIAS AND TUFFS

Within the Ames area, the Phanerozoic igneous
rocks are currently found and appear to be limited
to the southwest quadrant of T. 21 N.,, R. 9 W.
Four areas occur within that region where wells
drilled in excess of 250 ft of igneous rock without
encountering Arbuckle sedimentary rocks. These
areas (patterned in Figs. 8 and 9) are hereafter
referred to as igneous pipes.

Regional mapping of the igneous breccias and
tuffs within the Ames structure is revealing. Fig-
ures 8 and 9 show the distribution of these rocks to
be restricted to small areas around the suspected
igneous pipes. When compared to Figure 7, the
relationship between paleo—topographic lows and
thick intervals of extrusive rocks becomes obvious.
For example, the Nicor no. 18-4 Chestnut well
(SWY4SEVYssec. 18, T. 21 N, R. 9 W.) encountered
the Arbuckle unconformity 108 ft low compared
to the offsetting D. & J. no. 1-18 Peggy well
(SEV4 SEY4 SEV4 sec. 18, T. 21 N, R. 9 W.). The
Chestnut well encountered 122 ft of igneous rocks
whereas the Peggy well encountered only 46 ft.
This relationship of thick intervals of extrusive
igneous rocks within paleo—topographic lows prox-
imal to intrusive igneous pipes is consistent within
the core of the Ames structure.

The limited areal extent of these rocks, their
abrupt transition into undeformed, unbrecciated,
in situ Arbuckle, and the restriction of extrusive
igneous material to paleo—topographic lows proxi-
mal to intrusive pipes suggest to us an endogenic
origin. Had these been suevite deposits from a
meteorite impact, then much of the core of the
Ames structure should be composed of laterally
discontinuous blocks of chaotic igneous rocks and
Arbuckle breccias. Our evidence does not show
this prediction to be true.

As already discussed, the Phanerozoic igneous
rocks in the Ames structure contain abundant pla-
nar deformation features that many think form
conclusive evidence of hypervelocity impact (e.g.,
Koeberl, 1997; Huffman, 1997, Fischer, 1997). In
view of the geologic evidence presented herein,
this association of shock deformation with impact
events is suspect and must be addressed in future
instances where stratigraphic and field evidence
suggests that igneous and tectonic activity pre-
ceded the shock deformation event!
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Figure 4. Isopach map of the middle interval of the West Spring Creek Formation (WSC1 to WSC2). Map
shows continued subsidence of Ames depression and further development of intradepression thin intervals.

Isopach mapping of post-Arbuckle rocks shows
continued subsidence and movement of the Ames
feature. Following extrusion of the Phanerozoic
igneous breccias and tuffs, the Ames depression
continued to subside. Figures 10, 11, and 12 show
thickening of units in the depression from the
early deposition of the Oil Creek Formation
(Ordovician) through the end of Hunton Group
deposition (Silurian-Devonian). In fact, the

post-Arbuckle through Hunton rocks mappable
within the “Hunton graben” (extending from west
to east across secs. 34-36, T. 21 N., R. 10 W.) show
a total stratigraphic thickening that exceeds by
125 ft the maximum structural relief existing
on the post-Arbuckle surface at its deepest point
of excavation. An additional 70 ft of thickening
from the base of the Woodford Shale through the
top of the Oswego limestone of the Marmaton
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erosion.

Group can be documented in the “Hunton
graben.” Finally, 75-150 ft of post-Permian
subsidence within the Ames structure -has
been documented by Johnson and Smith (1997).
Recent earthquake activity beneath the Ames
structure suggests continued movement even to-
day.

These post-Arbuckle isopachs, showing contin-
ued subsidence and movement, do not necessarily

refute the presumption of a bolide cause of the
Ames feature. Subsidence of impact craters with
time has been documented (A. R. Huffman, per-
sonal communication, 1995). However, the
dynamic nature of the Ames structure from an
early Middle Ordovician (pre-event) basin that
was uplifted and subsequently subsided through-’
out Paleozoic time is consistent with an endogenic
origin.
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REGIONAL STRUCTURAL AND
TECTONIC SETTING OF THE
AMES FEATURE

The Ames feature is 1 of 14 known circular,
brecciated anomalies present within or peripheral
to either the Midcontinent rift or Reelfoot rift of
the eastern-central part of the United States (Fig.
13). The locations of these anomalies are Ames,
Oklahoma; Manson, Iowa; Rock Elm, Wisconsin;
the Slate Islands, Canada; Lake County, Cass

County, and Kent County, Michigan; Serpent
Mound, Ohio; Jeptha Knob and Versailles, Ken-
tucky; Middlesboro, Flynn Creek, and Wells
Creek, Tennessee; and Hicks dome, Illinois.
In.addition, another seven circular, brecciated
anomalies (cryptoexplosion features) are present
along a major northwest-trending Precambrian
transform fault system connecting the Midcon-
tinent rift to the Reelfoot rift. Their locations are
Avon, Furnace Creek, Crooked Creek, Bee Fork,
Decaturville, and Weaubleau, Missouri; and Rose
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pipes (shown by patterned areas). Lines and dashed lines are faults with relative movement shown.

dome, Kansas. Two other features at Kentland,
Indiana, and Des Plaines, Illinois, are present
along a parallel northwest trend. Also, a feature at
Glassford, Illinois, may be associated with a previ-
ously unrecognized parallel, northwest-trending
fault as well.

Finally, adjacent to the Midcontinent rift in
southern Canada, within the Ottawa-Bonnecheére
graben, are another eight features (Fig. 14). They

are located at Sudbury, Lake Wanapitei, Burritt
Island, Iron Island, Manitou Island, Callander
Bay, Powassan, and Bancroft.

All of the above features are of Paleozoic age
except Manson, Rose dome, Kentland, and Lake
Wanapitei, which are Mesozoic, and Sudbury,
which is Precambrian. The exact dates of emplace-
ment of many of the Paleozoic features have yet to
be determined isotopically; however, relative ages
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range from Late Cambrian through Permian.
Many of these features are considered, or have
been considered, to be meteorite impacts (e.g.,
Sharpton and Grieve, 1991; Grieve and others,
1995). Like Ames, many contain shocked quartz
with multiple sets of planar deformation features
and/or shatter cones.

The common structural setting of all of these
features (with the possible exceptions of Kentland,
Indiana; and Glassford and Des Plaines, Illinois) is

within a Precambrian graben, rift, and/or trans-
form-fault system, which has undergone Paleozoic
reactivation and/or deformation. Most features
that crop out are associated with upper-mantle—
derived kimberlites, ultramafic lamprophyres, or
lamproites and with hydrothermal mineralization
or hydrocarbons. In addition, each is within a
seismically active structural setting.

In outcrop, many of these features show field
relationships contradictory to a genesis by a single
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Figure 9. Isopach map of the felsic tuffs. (See Coughlon and Denney, 1993, for detailed petrographic

description.)

bolide impact. Snyder and Gerdemann (1965)
demonstrated that Avon, Furnace Creek, Crooked
Creek, Bee Fork, Decaturville, Weaubleau (Fig.
15), and Rose dome all showed field relationships
inconsistent with a meteorite-impact origin. Struc-
turally, however, all are affiliated with magnetic
mineralization and/or mafic plutons associated
with the transform-fault system joining the Mid-
continent rift to the Reelfoot rift. Also, all are affili-
ated with mafic igneous dikes composed of lam-
prophyres, peridotites, and alnoites (i.e., kimber-

lites). Grieve and others (1995) indicated that
Crooked Creek and Decaturville are recognized
terrestrial impact structures. Their conclusion
presumably was based on the presence of shock
deformation features at these locations. However,
they failed to address the identical composition
(alkalic mafic and alkalic ultramafic rocks) and
tectonic coincidences common to all of these fea-
tures. Since these intrusions have ages spread
over a substantial period of time, yet all are
aligned in a linear fashion, the most plausible ex-
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planation of origin would appear to be a deep-
seated fault zone or crustal discontinuity that has
been reactivated periodically throughout Paleozoic
time. This interpretation has been described in
great detail by Bucher (1963), Snyder and
Gerdemann (1965), Zartman and others (1967),
Nicolaysen (1972), Nicolaysen and Ferguson
(1990), Lidiak and Zietz (1976), and many others.

Brown and others (1954) showed that Hicks
dome, Illinois, has field relationships inconsistent

with a meteorite-impact hypothesis. They also
showed that this feature is affiliated with the igne-
ous lamprophyric or peridotitic intrusions that
abound in the Kentucky-Illinois fluorspar field.
Reidel and Koucky (1981) and Reidel and oth-
ers (1982) showed that Serpent Mound, Ohio, is
situated on a northwest-trending fault zone that
predates the structure and is coincident with Pre-
cambrian basement. They further showed evi-
dence suggestive of at least two deformation
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Figure 11. Isopach map for the interval from the top
(Tyner Formation).

events and a complex geologic history. Finally,
they documented the presence of shatter cones
and coesite, both of which have been suggested to
form only via hypervelocity impact.

Shrock and Malott (1933) showed that Kent-
land dome, Indiana, had a complex structural
history involving a mosaic of fault blocks acting
vertically and originating at considerable depth.
This feature is located on the south side of a pro-
nounced magnetic high bounded by magnetic lows

shows 546" of interval,

of the Sylvan Shale to the top of the Oil Creek shale

to the north, southeast, and south. Abundant shat-
ter cones are present here as well.

Nicolaysen and Ferguson (1990) showed eight
circular complexes with fenitization in the Nip-
issing branch of the Ottawa-Bonnechére graben
system (Fig. 14). These complexes constitute the
560 Ma Nipissing alkalic province (Nicolaysen and
Ferguson, 1990, p. 307). Craters are present at
four of these locations; yet, analogous to the Mis-
souri cryptoexplosion trend, Grieve and others



146

John P. Coughlon and P. Paul Denney

R 10 W R 9 W
T T ] T
..//_T’_.—.\.SO_ ) * ) °4
1. g 7 . oy, © R
9 : uub&) < 1,
A ’A(A * °

‘w,
)]
A3

0
X @\
B éo/.

NN
>< .
=
(=D
o~
iR
‘1@
N 004:/

i e
. “ Qe D 1 )
AR \a@;w
b/g\,\g( O\
A\> g& ESANPRSNTAV/
2TO e ). U :A* C/NJQ : g
N .- - ' . . . . ’ .
= B o e R s e
/\\;@@0 — A k \/ \S

A Arbuckle Penetration

Figure 12. Isopach map of the Hunton Group.

(1995) accounted for three of these (Sudbury, Lake
Wanapitei, and Brent) as recognized terrestrial
impact structures without mention of the five
other accompanying structures. The compositional
and tectonic coincidences and age variations (Pre-
cambrian—Mesozoic) again suggest periodic reacti-
vation of a deep-seated fault system rather than
an extraterrestrial impact origin. Currie (1971)
related both the fenite development and cratering
to explosive alkalic volcanism.

GLOBAL SETTING AND EMPLACEMENT
OF CRYPTOEXPLOSION STRUCTURES

Figure 16 shows the distribution of recognized
terrestrial impact sites worldwide as interpreted
by Sharpton and Grieve (1991), with Precambrian
shield areas added. Significantly, a majority of
such recognized impact sites occur on areas of up-
lifted Precambrian shields and/or reactivated Pre-
cambrian rifts, transform-fault systems, or gra-
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Figure 13. Geographic distribution of circular, brecciated explosion features in the east-central United States.
Latitude line denotes the 38th Parallel lineament trend of Lidiak and Zietz (1976). The coincidence of Precam-
brian rifts, grabens, and transform-fault systems with these circular, anomalous features appears to be any-
thing but random. Delineation of Midcontinent rift is from Lyons (1987).

bens of North America. Figure 17 includes known teresting coincidence between recognized terres-
alkalic ultramafic rocks, kimberlites, lamproites, trial impact sites and exposed and/or uplifted Pre-
ultramafic lamprophyres, and komatiites proximal cambrian shield areas and known upper-mantle—
to these features. These maps demonstrate anin-  derived alkalic rocks. Unfortunately, most of these
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Figure 14. Geographic distribution of circular explosion features in the Ottawa-Bonnechére graben system.
Grieve and others (1995) have classified Sudbury (S), Lake Wanapitei (LW), and Brent as impact structures.
Nicolaysen (1990) has interpreted these three structures and Burritt Island (Bu), Iron Island (1), Manitou Is-
land (M), Callander Bay (C), Powassan (P), and Bancroft (B) all to be examples of volatile-driven alkalic
volcanism within a graben that formed because of a discontinuity in crustal structure. (Modified from
Nicolaysen, 1990.) Patterned areas show dike concentrations; circles with solid dots indicate alkalic com-

plexes with zones of fenitization.

sites do not have the subsurface stratigraphic con-
trol present at Ames and therefore have been sub-
ject to interpretation based solely on petrographic
examination. The presence of shocked quartz,
shatter cones, stishovite, and/or coesite has often
been used as conclusive evidence of an exogenic
petrogenesis at the expense of evaluations of criti-
cal field relationships suggesting otherwise.

ENDOGENIC MECHANISM

As previously discussed, known cryptoexplosion
sites within the east-central United States and
southern Canada are confined to Precambrian
rifts, transform faults, and grabens. It is interest-
ing that all but 5 are of Paleozoic age. However,
north of the southern Canada trend, 14 out of 25
craters are Mesozoic or younger whereas 10 are
Paleozoic and 1 is Precambrian. The Mesozoic
Canadian craters are confined to a belt of Creta-
ceous or younger uplifts that occur along a great
welt, situated east, south, and west of Hudson Bay
(see line of deduced maximum epeirogenic uplift in
Figs. 16,17). Nearly all Canadian craters fall with-
in 100 mi of the line of deduced maximum epeir-
ogenic uplift, although only 15% of the Canadian

Shield does. Currie (1965, p. 935) stated that the
close association of Canadian craters with epeir-
ogenic movement is “damning evidence against a
random exogenic origin, entirely apart from de-
tailed structural and petrographic evidence.”
Currie (1965) also noted that Quebec and Lab-
rador have the most continuous uplifted terrain,
including the Torngat and Manicouagan areas,
both of which are of Mesozoic or younger age.
Twelve of the known craters and basins on the
Canadian Shield occur in Quebec and Labrador.
The Northwest Territories, which occupy roughly
the same area, are noticeably flat and lacking in

- uplifted area. Significantly, only three craters are

known there. Thus, the tectonically quiet areas,
where impacts should be preserved, are lacking
those very structures.

Analogous to the Paleozoic craters in the
United States and southern Canada, the Mesozoic
Canadian craters are coincident with local struc-
tural features, usually faults, older than or con-
temporaneous with the crater. Like Ames, these
craters were arched from below, followed by extru-
sion and in some cases collapse. Hydrothermal
activity is always prominent during formation of
the crater, and true volcanic activity has occurred
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Figure 15. Geographic distribution of circular, brecciated explosion features and their relationship to Precam-
brian basement magnetic features in Missouri. Linear, northwest-trending aeromagnetic anomalies numbered
1 to 5 represent an inferred Precambrian transform-fault complex joining the Midcontinent and Reelfoot rift
systems. Snyder and Gerdemann (1965) have approximated the ages of emplacement of these features as
follows, from east to west: Avon—post-Devonian, Furnace Creek—Cambrian, Crooked Creek—Early Ordovi-
cian—Middle Ordovician, Hazel Green—Cambrian, Decaturville—post-Silurian, Weaubleau—Mississippian.
They further documented field relationships for all of these features that were inconsistent with an impact
genesis. All are affiliated with mafic igneous dikes including lamprophyres, peridotites, and alnoites. Grieve
and others (1995) have classified Crooked Creek and Decaturville as impact structures. (Modified from

Kisvarsanyi, 1984.)

in the largest craters. The continental distribution
of these craters and their lithologic assemblage of
alkalic ultramafic rocks suggest that their root
cause must be deep-seated and connected presum-
ably to conduits in the upper mantle.

The similarities between Paleozoic craters in
the east-central United States and southern Can-
ada and the Mesozoic craters of Canada are sug-
gestive of a common tectonic origin. All appear to
be related to reactivation of structures in the Pre-
cambrian shield or stable cratonic areas. Paleozoic
compressional events (i.e., arc-continent and/or
continent-continent collisions) and Mesozoic ex-
tensional events (i.e., Pangean breakup) appear to
be the mechanisms by which these reactivations
occurred.

CONCLUSIONS

The establishment of regionally continuous, in
situ Arbuckle stratigraphy within the core of the
Ames structure has permitted us to reconstruct
the growth history of this feature. Without excep-
tion, these data show a dynamic circular depres-
sion that was in existence by Early Ordovician
time (as shown in the Kindblade and West Spring
Creek Formations) and domed prior to emplace-
ment of igneous breccias and tuffs in early Middle
Ordovician (pre—0il Creek) time. This feature con-
tinued to subside throughout the Paleozoic and is
still seismically active today.

Regional geologic evidence documents the
Ames structure as one of many cryptoexplosion
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Figure 16. “Recognized terrestrial impact sites” and their distribution relative to exposed and/or uplifted Pre-
cambrian shields, rifts, transforms, and grabens. Note the coincidence betweep these areas and the impact
sites. (Modified from Sharpton and Grieve, 1991; data included from Kopecky and others, 1970.)

features in North America whose origin can be
attributed to alkalic magmas that ascended deep-
seated faults and/or crustal discontinuities within
Precambrian rifts, grabens, transform-fault sys-
tems, and uplifted shield areas.

The data presented suggest that Ames and
other cryptoexplosion features are not the result of
random bolide impacts, but rather are predictable
phenomena attributable to endogenic processes.
Meteorite impacts do occur and have occurred in
the past. We do not propose that all circular fea-
tures with brecciated cores, shock metamorphism,
etc., are cryptoexplosion features. Each feature
must be examined in detail and must be dealt with
in terms of its regional tectonic setting, growth
history, and petrographic characteristics. The gen-
eration of shock-metamorphic features (including
planar deformation features and shock mosaicism
in quartz) needs to be addressed vis-a-vis endo-
genic processes (e.g., Nicolaysen, 1972; Nicolaysen
and Ferguson, 1990) and cannot be ignored.
We recognize that studies to date have been
unable to recreate these types of deformations
in the laboratory and that this lack of results
will cast some doubt on our interpretations.
However, categorizing individual features as en-
dogenic or exogenic without reviewing all avail-

able data will always lead to questionable inter-
pretations.
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Figure 17. “Recognized terrestrial impact sites” and their distribution relative to exposed and/or uplifted Pre-
cambrian shields, rifts, transforms, and grabens and their association with known kimberlites, carbonatites,
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(Modified from Sharpton and Grieve, 1991; data included from Kopecky and others, 1970.)
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