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The signature of terrestrial impacts 

Richard AF. Grieve I & Mark Pilkington I 

The high level of endogenic geological activity makes the terrestrial 
record of impact difficult to read. Terrestrial processes, such as erosion, 
rapidly modify craterforms and ultimately remove the evidence of 
impact. In their largely uneroded states, terrestrial impact structures 
have the basic so-called simple and complex forms observed on other 
planetary bodies, but few of them have morphometric parameters, such 
as apparent and true depth and stratigraphic uplift, that can be defined. 
Erosion severely affects such parameters, and can even result in a 
positive topographic form due to differential erosion. The principal 
criterion for the recognition of terrestrial impact structures is, therefore, 
not their form, but the occurrence of shock-metamorphic effects. These 
are well-documented and are described briefly. In parautochthonous 
target lithologies, they are limited to the central portion of the original 
crater floor, and attenuate radially and with depth. Shock effects also 
occur in allochthonous lithologies, such as breccias and impact-melt 
rocks. 

Introduction 

During the last 25 years, our perspective of the planetary bodies 
of the solar system has changed from them being astronomical to 
geological objects. With volcanism and, to a lesser extent, tecton•
ism, impact cratering is now recognised as a ubiquitous geologi•
cal process affecting all the terrestrial planets. Its apparent 
importance relative to other geological processes is inversely pro•
portional to planetary size. Smaller planetary bodies are less effi•
cient at retaining their internal heat, and are thus less 
endogenic ally active over geological time than larger planetary 
bodies. Thus, they tend to preserve greater portions of their earli•
est crust. It is this crust that bears overwhelming evidence of the 
importance of impact, as it dates back to early times in planetary 
history when the impact flux was greater than two orders of mag•
nitude higher than the present day (Hartmann 1995). 

The Earth is the most endogenically active of the terrestrial 
planets, and thus has retained the poorest sample of the results 
of impacts which have occurred throughout geological time. 
The study of terrestrial impact structures does not have a long 
established tradition in the Earth sciences. In addition, it has, 
until recently, largely been the provenance of a small number of 
workers with strong ties to planetary geology. Although the 
known sample of terrestrial impact structures is small, terres•
trial impact structures are the major source of ground-truth data 
on the geological and geophysical effects of hypervelocity 
impact at a variety of scales. 

Recently, there has been a growing awareness in the more general 
Earth-science community as to the potential importance of 
impact for the terrestrial environment. This has been spurred by 
several recent realisations. They include: the discovery of chemi•
cal and physical evidence for the involvement of impact at the 
Cretaceous-Tertiary (KT) boundary and the associated mass 
extinction event (e.g., Alvarez et al. 1980; Smit & Hertogen 
1980; Bohor et al. 1984) and their relation to the Chicxulub 
impact structure in the Yucatan Peninsula, Mexico (Table 1; 
Hildebrand et al. 1991); the resource potential of impact struc•
tures, some of which are related to world-class ore deposits, both 
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In addition to a characteristic geological signature, terrestrial 
impact structures have characteristic geophysical signatures. The most 
common is a Bouguer gravity low, which extends out to the rim. The 
low is due to impact-induced brecciation and fracturing . It increases in 
value with increasing size, reaching a limiting value of -300 11m s-2 
(-300 g.u.). In large impact structures, it can be accompanied by a 
central relative high. The magnetic signature can be more varied but 
generally corresponds to a subdued low. Local intense magnetic 
anomalies can occur in the centres of large structures, D >40 km; these 
magnetic highs have various sources, but many are due to post-impact 
hydrothermal alteration. Impact can also lead to a reduction in seismic 
velocities and resistivity of the target rocks. 

The geophysical, geological, and morphological characteristics at 
terrestrial impact structures are summarised in tabular form as an aid to 
the recognition of additional structures. 

spatially and genetically (Grieve & Masaitis 1994); and the disas•
trous consequences of impacts for human civilisation (Gehrels 
1994). The detailed study of impact processes, however, is so 
recent that it is not yet part of the general knowledge base. 

Impact involves the transfer of considerable energies to a spa•
tially limited area of the Earth's surface in a very short time 
interval. As a consequence, local geology of the target area is 
only of secondary importance, and the geological and geophysi•
cal effects of impact are, to a first order, largely independent of 
the target. The effects are, however, scale-dependent on the size 
of the impact. The net result is that, at least before they are mod•
ified by post-impact endogenic processes, impacts of similar 
scale produce similar first-order results. Thus, even though the 
number of known terrestrial impact structures is small (-150; 
Grieve et al. 1995), we can derive some general observations 
with respect to their appearance and geological and geophysical 
signatures. This contribution outlines some of these observa•
tions. We hope that it permits known structures to be placed in 
context, and provides a guide to the recognition of features con•
sistent with an impact origin at additional structures. 

General appearance of terrestrial impact 
structures 

Morphology 

Impact structures on other planetary bodies are recognised by 
their characteristic forms. The morphology of impact structures 
is divided into simple and complex structures (Dence 1968). 
Simple structures have the form of a bowl-shaped depression 
with a structurally uplifted rim, which includes an overturned 
flap overlain by ejecta (Fig. 1). This bowl-shaped depression is 
sometimes referred to as the apparent crater. It is underlain by 
an allochthonous breccia lens, which is parabolic in cross-sec•
tion and contained by fractured but mostly autochthonous target 
rocks (Fig. 1). The crater defined by the parautochthonous tar•
get rocks is referred to as the true crater. At larger diameters, 
collapse features in the rim area become more prominent, and 
the structure evolves into a so-called complex structure, which 
consists of a structurally complex rim, a downfaulted annular 
trough, and a structurally uplifted central area (Fig. 2). 



400 RICHARD A. F. GRIEVE & MARK PILKINGTON 

~ Barringer ___ D ~ 

Original Ground Surface 

f:::. f:::. 
f:::. 

f:::.", 

Figure 1. Schematic cross-section of a simple impact structure. Note the overturned flap on the rim overlain by ejecta (small triangles), and 
the interior allochthonous breccia (large triangles) partly filling the true crater. Present erosional levels of a number of terrestrial simple 
craters (Table 1) are indicated on the left side of the structure. Definitions of rim diameter (D), apparent depth (da), and true depth (dt) are 
also indicated. 

Table 1. Principal characteristics of terrestrial impact structures mentioned in the text 

Structure Country Latitude Langitude Diameter (km)a Age (Ma)a 

Acraman Australia 32°01 's I 35°27'E 85-90 -590 
Ames USA 36°15'N 98°12'W 16 470± 30 
Avak USA 71°15'N I 56°38'W 12 >95 
Barringer USA 35°02'N 111°01'W 1.2 0.049 ± 0.003 
Boltysh Ukraine 48°45'N 32°IO'E 24 88.3 
Bosumtwi Ghana 6°30'N 1°25'W 10.5 0.3 ± 0.02 
Brent Canada 46°05'N 78°29'W 3.8 450 ± 30 
Charlevoix Canada 47°32'N 700 18'W 54 357 ± 15 
Chesapeake Bay USA 37°15'N 76°04'W 85 35.5 ± 0.6 
Chicxulub Mexico 21°20'N 89°30'W 180 64.98 ± 0.05 
Connolly Australia 23°22'S 124°45'E 9 <60 
Couture Canada 60008'N 75°20'W 8 430 ± 25 
Dellen Sweden 1°55'N 16°39'E 8 89.0 ± 2.7 
East Clearwater Canada 56°05'N 74°07'W 26 290 ± 20 
Gardnos Norway 600 39'N 9°00'E 5 500 ± 10 
Gosses Bluff Australia 23°49'S 132°18'E 24 142.5 ± 0.5 
Haughton Canada 75"22'N 89°41'W 24 23 ± I 
Kara Russia 69°12'N 65°00'E 65 73 ± 3 
Lockne Sweden 63°00'N 14°48'E 7 455 
Misarai Lithuania 54°01'N 24°34'E 3 570 ± 50 
Mistastin Canada 55°53'N 63°18'W 28 38 ±4 
Mj0lnir Norway 73°48'N 29°40'E 40 143 ± 20 
Montagnais Canada 42°53'N 64°13'W 45 50.5 ± 0.8 
Puchezh-Katunki Russia 57°06'N 43°35'E 80 220 ± 10 
Ries Germany 48°53'N 100 37'E 24 15.1 ± I 
Saint Martin Canada 51°47'N 98°32'W 40 220 ± 32 
Siljan Sweden 61°02'N 14°52'E 53 368.0 ± 1.1 

Slate Islands Canada 48°40'N 87°00'W 30 <350 
Sudbury Canada 46°36'N 81°11'W -250 1850 ± 3 
Teague Australia 25°52'S 1200 53'E 30 1630 ± 5 
Tookoonooka Australia 27°20'S 142°49'E -55 128 ± 5 
Vredefort South Africa 27°00'S 27°30'E -300 2016 ± 10 
West Hawk Canada 49°46'N 95°11'W 2.44 100 ± 50 
Wolfe Creek Australia 19°10'S I 27°46'E 0.88 0.3 

a. Other diameter and age estimates have been presented for some of these structures - e.g., Sharpton et aJ. (J 993) has estimated the diameter of Chicxulub to be 300 km. 
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Figure 2. Schematic cross-section of a complex impact structure (not to scale). Note the faulted rim area, downfaulted annular trough, and 
uplifted centre. Present erosional levels of a number of terrestrial complex impact structures (Table 1) are indicated on the left side of the 
structure. Rim diameter (D), apparent depth (da), true depth (dt), and amount of stratigraphic uplift (SU) are also indicated. Allochthonous 
materials (impact-melt rocks and/or breccias) partly filling the structure are indicated by diagonal lines. 

Figure 3. Oblique aerial photograph ofthe 0.88-km-diameter Wolfe Creek Crater (Australia; Table 1), an example of a simple impact struc•
ture. Note that this structure, although only -300 000 years old, has an eroded rim and is partly filled by sediments. 

As with simple structures, complex structures are partly filled 
by allochthonous material , such as breccias and impact-melt 
rocks, and an apparent and true crater can be defined (Fig. 2). 
The uplifted central area has initially the topographic form of a 
central peak, which rises above the floor of the structure (Fig. 2) 
and has a height that generally does not exceed the depth from 
the rim to the floor (Pike 1977). With increasing diameter, the 
central peak is accompanied by a fragmentary ring (a cen•
tral-peak basin). Larger structures have an interior ring with no 
peak (a peak-ring basin), and even larger-diameter structures 
have multiple inner rings (a multi-ring basin; Hartmann & 
Wood 1971; Wood & Head 1976). These forms and definitions, 
as well as much of the known morphometry, for the various 
types of impact structures are based on the planetary, particu•
larly the lunar, record. 

These terms are also used to describe terrestrial impact struc•
tures (Table 2). There are, however, a number of complicating 
factors in the terrestrial environment. Few terrestrial impact 
structures exposed at the surface have near-pristine forms . 
Near-pristine forms are restricted to the youngest terrestrial 
impact structures. As smaller impacts occur more frequently 
than larger ones, they are, therefore, limited to structures with 
the simple form. The best examples include Barringer (or 
Meteor) Crater (USA) and Wolfe Creek (Australia; Fig. 3; 
Table 1). Even they, however, have been modified to some 
degree by erosion and sedimentary infilling. 

Most larger, complex structures are eroded to varying degrees 
(Fig. 4). There are, however, a number of complex impact 
structures which were buried by post-impact sediments almost 
immediately after formation (e.g. , Chicxulub, Mexico ; Mon-

tagnais, Canada; Puchezh-Katunki, Russia; Table 1), and pre•
sumably have a near-pristine form. They can, however, only be 
delineated by drill hole and geophysical data, and therefore the 
exact details of their morphologies are generally not well 
known. Only the largest terrestrial impact structures have the 
potential to be peak-ring basins or multi-ring basins. Unfortu•
nately, the largest structures - Chicxulub; Sudbury, Canada; 
and Vredefort, South Africa (Table 1) - are either buried, tec•
toni sed, or eroded. Their original detailed morphology cannot 
be defined with confidence, although they are assumed to rep•
resent multi-ring or peak-ring basins (e.g., Sharpton et al. 
1993; Hildebrand et al. 1995; Spray & Thompson 1995). 

There is a tendency to compare terrestrial impact structures 
with, particularly, lunar impact structures (e.g., Pike 1985), and 
to assume a greater equivalence in detailed morphology than the 
observational data would suggest. However, the planetary envi•
ronments evince important differences. For example, secondary 
target effects on Earth include the transition from simple to 
complex forms at diameters of -2 km and -4 km, depending on 
whether the target rocks are sedimentary or crystalline respec•
tively; there are also mixed targets with sediments overlying 
crystalline basement. Some complex impact structures in mixed 
or largely sedimentary targets do not appear to develop a topo•
graphically high central peak. For example, Ries (Germany) 
and Haughton (Canada; Fig. 5) are of similar size and age 
(Table 1) and have no emergent central peak; in contrast, 
Boltysh (Ukraine; Table 1 ), which is of a similar size but in a 
crystalline target, has a central peak that is emergent from the 
surrounding -300 m of impact lithologies filling the structure. 
All these structures have been affected by only minor erosion, 
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Figure 4. Landsat image of the 28-km-diameter Mistastin (Canada; Table 1) complex impact structure. The central uplift is represented 
as a 5-km-diameter horseshoe-shaped island; the annular trough is partly occupied by a (frozen) lake; and the rim is barely visible. The 
relative level of erosion is indicated in Figure 2. 

and. at present, there is no clear explanation for this difference 
in their morphologies. 

In addition, planetary gravity has an effect on cratering 
mechanics and, thus, morphologies. The lower lunar gravity 
(0.1645 g, where g is the average terrestrial value for gravi•
tional acceleration) results in deeper impact structures on the 
moon compared with structures of an equivalent size on Earth. 
This is because gravity is the force acting against both the exca•
vation of material and the formation of topography. In addition, 
the various forms of impact structures, and their diameter 
ranges, appear to be an inverse function of planetary gravity 
(Pike 1985). Thus, they form smaller diameters on Earth than 
on the moon. There is an additional effect due to gravity. Grav•
ity is a variable in cratering mechanics, but it is not a variable in 
determining the volume of target material melted in a specific 
impact event. Thus, an impact into crystalline target rocks gen•
erates -2.5 times more impact melt in a terrestrial than a lunar 
event resulting in a structure of equivalent size (Cintala & 
Grieve 1994). This additional melt, which in large part is 
retained within the impact structure, also has the effect of 
reducing observed topographic variations. 

By far the greatest difference between planetary and terrestrial 
impact structures, however, is the effect of erosion and sedi•
mentation in the terrestrial environment. Both processes effec•
tively remove impact structures from the terrestrial record by 
destruction or burial of the craterform. It has been estimated 
that the signature of a 20-km impact structure can be removed 
from the record by erosion in <120 Ma if glaciation is one of 

the erosional agents (Grieve 1984). The effects of erosion are 
apparent even in low-erosional environments, such as Aus•
tralia. For example, Wolfe Creek is only -300000 years old 
and occurs within a desert to semi-desert environment (Fig. 3). 
Nevertheless, it has had its topographic expression in terms of 
depth reduced by > 100 m, or -70 per cent, according to the 
present and original topography as constrained by gravity and 
crater models (Fudali 1979; Grieve et al. 1989). At the present 
rate of erosion and infilling, Wolfe Creek will cease to exist as 
a craterform in slightly over 100000 years. This, however, 
does not necessarily mean that it would no longer be recognisa•
ble as the site of an impact. Impact results in characteristic geo•
logical and geophysical effects that are clearly recognisable, 
even after the original craterform has been removed. As such 
impact sites are still recognisable but are no longer, by defini•
tion, craters, they are referred to as impact structures. In order 
not to be forced to define when a terrestrial impact crater 
becomes an impact structure, we refer to all, by the more 
generic term, as impact structures. 

Morphometry 

Owing to erosion, few terrestrial impact structures have suffi•
cient topographic information to define morphometric rela•
tions. The morphometry of the seven simple structures with the 
best available data (Grieve et al. 1989) define the relationships: 

da = 0.13Dl.06, and 

dt = 0.28Dl.02, 
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Figure S. Airborne X-band radar image of the 24-km-diameter complex impact structure at Haughton (Canada; Table 1). Although only 
slightly eroded, it has no evidence of a topographic central peak (cf. Fig. 4). 

where da and dt are the apparent and true depths as measured 
from the original ground surface to the top and bottom, respec•
tively, of the infilling allochthonous breccia lens; D is the rim 
diameter as measured at the top of the rim; and units are kilome•
tres (Fig. 1). As noted earlier, the largest terrestrial simple struc•
tures in crystalline targets have D -<4 km. Thus, the amount of 
erosion required to remove the topographic expression of the 
largest simple structure on Earth is -500 m. To remove essen•
tially all geological expression of the structure and the alloch•
thonous breccia lens (Fig. 1), however, requires >1 km of 
erosion. 

There are even fewer good-quality topographic data on the orig•
inal dimensions of complex structures. Grieve & Pesonen 
(1992) defined the relationships: 

da = 0.12Do.30 and 

da = 0.15D°.43, 

for sedimentary and crystalline targets respectively (Fig. 2). 
These relationships are based on data from only five structures 
and have considerable uncertainty. This uncertainty is due in 
part to the known examples of larger complex structures being 
generally older than simple structures. because of the cratering 

rate, and in part to their smaller diD ratios (Fig. 2) being more 
sensitive to topographic changes due to erosion. Nevertheless, 
the general form of the relationships is similar to that for the 
moon, where da oc DO.3 for lunar complex structures (Pike 
1977). On the basis of these relationships, the topography of a 
20-km-diameter complex structure would be removed by ero•
sion as little as 300-500 m deep. Like simple structures, such an 
eroded complex structure would still be recognisable by the 
geological effects of impact. Indeed, the site of a complex 
impact structure can be recognised even if it is eroded well 
below the parautochthonous rocks of the original floor of the 
structure. The stratigraphic uplift of material in the centre of 
complex impact structures can be recognised as a geological 
anomaly (Fig. 2). 

The amount of stratigraphic uplift and the diameter of a com•
plex structure maintain a moderately well-defined relationship: 

SU = 0.06DLl, 

where SU is the amount of stratigraphic uplift undergone by the 
deepest lithology now exposed at the surface in the centre 
(Grieve et al. 1981). This relationship was based on data from 
IS complex impact structures. We have revised it, here, accord•
ing to data from our most recent compilation of terrestrial 
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Table 2. Morphological and geological signatures of terrestrial impact structures 

Simple 

Morphology" Bowl-shaped depression. 

Complex 

Flat floor with faulted rim and central structural 
uplift, which may be manifested as a 
topographic peak and/or interior ring(s). 

Morphometrya dt -2da and 1/3 D. D -<2 and 4 km in 
sedimentary and crystalline targets 
respectively. 

d:D variable, but less than simple craters and 
decreasing with D. SU -1110 D. 

Geology Partly filled by allochthonous breccia lens with Partly filled by relatively thin (with respect to 
melt rocks. Fractured parautochthonous target D) impact-melt rocks and/or allochthonous 
rocks, possibly with various breccia and melt breccia. Uplifted deeper lithologies in centre. 
dykes . Downfaulted lithologies in annular trough. 

Fractured parautochthonous target rocks with 
various breccia and melt dykes extending out to 
rim. 

Shock metamorphism Tn breccia lens; most highly shocked materials In allochthonous lithologies. In 
are concentrated at top and bottom. In 
parautochthonous target rocks, shock effects 

parautochthonous target rocks, shock effects 
are limited to central uplift «O.5D), and 

are limited to floor of true crater, and attenuate attenuate radially and with depth. 
radially and with depth. 

a. For largely uneroded structures. 

impact structures and their characteristics; the relationship is 
now based on data from 24 structures, and is redefined as: 

SU = 0.086DI.03 (Fig.6). 

Therefore, after the removal of the topography associated with a 
20-km-diameter complex structure, the geological expression of 
the structural uplift requires an additional -2 km of erosion 
before it too is removed from the terrestrial record. 

Differential erosion has removed all topographic expression of 
the craterform at a number of complex impact structures, and 
replaced it with a residual central positive structure. For exam•
ple, geological and geophysical data indicate that the Gosses 
Bluff structure is 24 km in diameter (Table 1; Milton et al. this 
issue; Tingate et al. this issue). The present surface topographic 
expression of the structure, however, is restricted to a central 
4.5-km-diameter annular ridge rising 200 m above the sur•
rounding plain (Fig. 7). This annular ridge represents the rem•
nant core of a central uplift containing erosionally resistant 
Ordovician-Devonian sandstone. Thus, the present form of 
Gosses Bluff owes as much to erosion and lithology, as to the 
original complex crater morphology. 
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Figure 6. Structural uplift (SU) versus rim diameter (D) for 24 ter•
restrial complex impact structures in log-log space. Least-squares 
regression of the data gives the relation SU = 0.086 Dl.03. 

The observation that eroded terrestrial complex impact craters 
can appear ultimately as neutral or even positive topographic 
features with uplifted lithologies has contributed historically to 
the reluctance of some workers to accept the impact origin of 
certain structures (e.g., Bucher 1963). There has been a recent 
increase in interest in the contrary hypothesis of a cryptoexplo•
sion origin for certain complex impact craters . This is a direct 
consequence of the promotion of the argument that the causal 
agent of the mass extinction and the evidence at the KT bound•
ary are not related to impact (e.g. , Loper & McCartney 1988; 
Carter et al. 1990; Officer 1992). Previously advanced argu•
ments, however, for an impact origin have been elegantly sum•
marised recently by French (1990). These arguments are rooted 
largely in the geological characteristics of impact structures. 

Geology of impact structures 
Even though an anomalous circular topographic, structural, or 
geological feature may indicate the presence of an impact struc•
ture, there are other endogenic geological processes that can 
produce similar features in the terrestrial environment. An obvi•
ous craterform is an excellent indicator of a possible impact ori•
gin, particularly if it has the appropriate morphometry, but, as 
noted earlier, such features are rare and short-lived in the terres•
trial environment. The burden of proof for an impact origin gen•
erally lies with the documentation of the occurrence of 
shock-metamorphic effects. 

Few structures preserve physical evidence of the impacting 
body. They are limited to small, young, simple structures, 
where the impacting body (or fragments of it) has been slowed 
by atmospheric retardation, and impacts with less than its cos•
mic velocity. These are restricted generally to the impact of iron 
or stony-iron meteorites. Stony meteorites are weaker than their 
iron-bearing counterparts, and small ones are generally crushed 
in the atmosphere as a result of atmospheric interaction and the 
formation of a stress gradient from their leading to trailing 
edges (Melosh 1981). Larger impacting bodies (> 100--150 m in 
diameter) survive atmospheric passage with undiminished 
velocity. Consequently, the peak shock pressures upon impact 
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Figure 7. Oblique aerial photograph of Gosses Bluff (Australia; Table 1). This 24-km-diameter complex impact structure is eroded below 
the original floor (Fig. 2), and is now expressed as a 4.5-km-diameter topographically positive annulus of hills due to differential erosion. 

are sufficient to result in the vaporisation of the impacting body, 
destroying it as a physical entity. 

Shock metamorphism is the progressive breakdown in the struc•
tural order of rocks and, more importantly, their constituent 
minerals, and is caused by the passage through them of a 
high-pressure shock wave. On impact, the bulk of the impacting 
body's kinetic energy is transferred to the target by means of a 
shock wave. This shock wave imparts kinetic energy to the tar•
get materials, which leads to the formation of a crater, and 
increases the internal energy of the target materials, which leads 
to the formation of shock-metamorphic effects. The details of 
the physics of impact and shock-wave behaviour, including cra•
tering mechanics, are presented by Melosh (1989, and refer•
ences therein), and are not repeated here. 

Shock-metamorphic effects observed at terrestrial impact struc•
tures, and in shock-recovery experiments, are the net result of 
transient compression by the shock wave and then release to 
ambient pressure. Considerable pressure-volume work is done 
during compression, and pressure release is along an adiabat. 
Not all the pressure-volume is recovered on release, and the 
excess is manifested as waste-heat. The amount of trapped 
waste-heat increases with increasing shock pressure, and ulti•
mately leads to the melting and vaporisation of a portion of the 
target rocks and, as noted previously, the impacting body. The 
exact physical conditions on impact are a function of the spe•
cific impact parameters. The density of the impacting body and 
the target, and the impact velocity, determine the peak pressure, 
which can be considerable. For example, the impact of a stony 
chrondritic body into granite at 25 km s- i results in a peak pres•
sure at the point of impact of -900 GPa (9 million bars). The 
intensity of the shock wave attenuates with distance into the tar•
get, and the size of the impacting body determines the absolute 
radial distance in the target at which a specific shock pressure is 
achieved and, thus, at which shock-metamorphic effects occur. 

Shock-metamorphic effects are well-described in papers in 
French & Short (1968) and Roddy et a1. (1977), as well as by 
Staffler (1971, 1972, 1974). They are discussed here only in 
general terms. Minimum shock pressures required for the pro•
duction of diagnostic shock-metamorphic effects are 5-10 GPa 
for most silicate minerals. Shock metamorphism occurs at 

extremely high strain rates (_106_109 s- I), and shock-pressure 
duration is measured in seconds, or less, in even the largest 
impact events (Melosh 1989). Thus, unlike endogenic terrestrial 
metamorphism, disequilibrium and metastability are common 
phenomena in shock metamorphism. 

The only known diagnostic shock effect that is megascopic in 
scale is the occurrence of shatter cones (Dietz 1968). These 
conical striated fracture surfaces are best developed in 
fine-grained, structurally isotropic lithologies, such as carbon•
ates and quartzites (Fig. 9). They do occur in coarse-grained 
crystalline rocks but are less common and poorly developed. 
Shatter cones are initiated most frequently in rocks that experi•
enced moderately low shock pressures, 2-6 GPa, but have been 
observed in rocks that experienced -25 GPa (Milton 1977). All 
other diagnostic, subsolidus, shock-metamorphic effects are 
microscopic in scale. 

The most common documented shock-metamorphic effect is 
the occurrence of so-called planar microstructures in tectosili•
cates, particularly quartz (Harz 1968). The utility of planar 
microstructures in quartz reflects the ubiquitous nature of the 
mineral and its stability, and the stability of the microstructures 
themselves, in the terrestrial environment, and the relative ease 
with which they can be documented. Planar elements in quartz 
are divided into planar fractures (PFs) and planar deformation 
features (PDFs). PDFs (Figs 8 and 9) are most common in crys•
talline targets, and, when fresh, most are filled with glass 
(Engelhardt & Bertsch 1969). These glass lamellae are moder•
ately easily annealed, and are commonly manifested as linear 
chains of inclusions and bubbles, called decorated planar fea•
tures, which are observed at all but the youngest impact struc•
tures. PDFs in quartz have specific orientations, which are a 
function of recorded shock pressure, and have been calibrated 
in large part by shock-recovery experiments. Major recent 
reviews of the nature of the shock metamorphism of quartz, 
with an emphasis on the nature and origin of planar microstruc•
tures in experimental and natural impacts, can be found in SWf•
fler & Langenhorst (1994) and Grieve et a1. (1996). 

The development of PDFs in quartz, which occurs over the 
pressure range of 5-10 to -35 GPa, is accompanied by progres•
sive changes in other optical and physical properties (SWffler & 



Figure 8. Schematic cross-section of a terrestrial simple impact structure, and the locations and nature of various shock-metamorphic effects: (1) allochthonous breccia with clasts (dark) of im•
pact-melted target rock; (2) fractured parautochthonous target rock of the wall of the true crater; (3) planar deformation features in parautochthonous target rocks of the floor of the true crater. 
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Figure 9. Schematic cross-section of a terrestrial complex impact structure, and the locations and nature of various shock-metamorphic effects: (1 and 2) allochthonous coherent impact-melt sheet 
overlying allochthonous breccia; (3) shatter cones; (4) planar deformation features in quartz; (5) development of diaplectic glass in feldspar. Also indicated are the general positions of shock isobars 
in parautochthonous target rocks of the central uplift. Note the spatial confinement of these shock effects to the centre of the structure, and their attenuation radially and with depth. 
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Langenhorst 1994). For example, asterism and line broadening 
- apparent from X-rays - reveal a progressive breakdown in 
structural order (e.g., Chao 1968; Harz & Quaide 1973; Hanss 
et al. 1978). 

Porous sedimentary rocks evince some differences in the 
response to shock compared with crystalline or compact sedi•
mentary rocks. For example, quartz in sandstone exhibits more 
PFs and fewer PDFs, and certain PDF orientations, such as 0) 

{1013}, tend to be suppressed relative to PDFs in quartz in 
shocked crystalline rocks (Fig. 10; Robertson 1980; Grieve & 
Therriault 1995). In addition, during shock compression, con•
siderable pressure-volume work is done in collapsing pore 
space. As a result, more waste-heat is trapped in porous sedi•
mentary rocks than in crystalline rocks shocked to equivalent 
pressure. This leads to enhanced intra- and inter-mineral melt•
ing at moderately low shock pressures. Details of some of these 
effects, as observed in the Coconino Sandstone at the Barringer 
structure, are presented by Kieffer (1971) and Kieffer et al. 
(1976). 
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Figure 10. Frequency per cent of indexed orientations of planar de•
formation features in quartz from Avak (USA; Table 1), Tookoo•
nooka (Australia; Table 1), and Gosses Bluff. Note the relative 
shortage of ro {lOB} orientations at Avak and Tookoonooka com•
pared with Gosses Bluff. This is believed to be a textural effect pe•
culiar to porous sedimentary rocks. 

The reason why certain orientations of PDFs in quartz are sup•
pressed in porous sedimentary rocks is not known and is the 
subject of current study. Robertson (1980) suggested that, in the 
pressure range in which - for example - 0) features are 
formed in crystalline rocks, PDFs do not form in porous sedi•
mentary rocks, as the pressure-volume work due to compres•
sion is being adsorbed in closing pores. Clearly, these 
second-order differences in the behaviour of rocks subjected to 
shock are related to textural differences. For example, the rela•
tive abundances of certain PDF orientations in different sand•
stone units at Gosses Bluff are texture-dependent: units with an 
equigranular close-packed texture have relative orientation 
abundances similar to crystalline rocks (Fig. 10 ); others with 
more isolated quartz grains in a fine-grained matrix are similar, 
with respect to PDF orientations, to other more porous sand•
stones at other impact structures (Grieve et al. 1996). 

Shock pressures of -30 and -35 GPa are sufficient to render 
feldspar and quartz, respectively, to glasses (Fig. 9). These are 
solid-state glasses with physical properties distinct from fusion 
glasses, and are generally referred to as a diaplectic glass 
(SWffier & Homeman 1972). In addition, shock can result in the 
formation of metastable polymorphs, such as stishovite and 
coesite from quartz (Chao 1968) and diamond and lonsdaleite 
from graphite (Masaitis et al. 1972). Coesite and diamond are 
also products of endogenic terrestrial geological processes, 
including high-grade metamorphism (e.g., Dobrzhinetskaya et 
al. 1995), but the paragenesis and, more importantly, the 
geological setting are completely different. 

By -50 GPa individual minerals begin to decompose thermally 
or melt (SWffler 1972, 1984), leading to the production of 
mixed mineral melts. Above -60 GPa, the waste-heat is suffi•
cient to result in whole-rock melting. Such melts occur as glass 
bombs in crater ejecta (Engelhardt 1990), as glassy to crystal•
line fragments and lenses in breccias (Fig. 8), and as coherent 
sheets (Fig. 9; Grieve et al. 1977). When crystallised, 
impact-melt sheets have igneous textures, but tend to be heavily 
charged with clastic debris towards their lower and upper con•
tacts. They may, therefore, have a textural resemblance to 
endogenic igneous rocks. Impact-melt rocks, however, com•
monly have an unusual chemistry compared with endogenic 
volcanic rocks, as their composition depends on the melting of a 
mix of target rocks, as opposed to partial melting and/or frac•
tional crystallisation relationships that apply to igneous rocks. 
Isotopic analyses also indicate that such parameters as 87Sr/86Sr 
and 143Nd/144Nd ratios reflect the pre-existing target rocks, 
while isochron dating methods indicate much younger crystalli•
sation ages, which are related to the impact event (Jahn et al. 
1978; Faggart et al. 1985). 

Enrichments above target rock levels in siderophile elements 
and Cr have been identified in some impact-melt rocks (Palme 
1982). These are due to an admixture of up to a few per cent of 
meteoritic material from the impacting body. In some such 
rocks, the relative abundances of the various siderophiles have 
constrained the composition of the impacting body to the level 
of meteorite class - for example, East Clearwater (Canada; 
Table 1), which was formed by a CI chondrite (Palme et al. 
1979). In other such rocks, no siderophile anomaly has been 
identified. This may be due to the inhomogeneous distribution 
of meteoritic material within the impact-melt rocks and sam•
pling variations (Palme et al. 1981), or to differentiated 
non-siderophile-enriched impacting bodies, such as basaltic 
achondrites (Wolf et al. 1980). Most recently, high-precision 
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Figure 11. Schematic cross-section of a terrestrial complex impact structure, and the locations and nature of various impact-related lithologies in the parautochthonous rocks of the floor and central -"" 
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is also found associated with rim faults. 
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osmium-isotopic analyses have been used to detect a meteoritic 
signature at terrestrial impact structures (Koeberl et al. 1994). 
The sensitivity of this isotopic technique might help detect addi•
tional, faint meteontlc signals in impact lithologies. 
Osmium-isotopic ratios are, however, ineffective for discrimi•
nating between types of meteoritic bodies. 

The proportion of recognisable impact-melt rocks at craters in 
sedimentary and some mixed targets is at least two orders of 
magnitude less than at similar-size terrestrial craters in crystal•
line targets (Kieffer & Simonds 1980). A polymict alloch•
thonous breccia deposit in sedimentary targets occupies the 
equivalent stratigraphic position to an impact-melt sheet in 
crystalline targets (Fig. 9). These breccia deposits can contain 
highly shocked melted clasts and glass corresponding in com•
position to target rock sedimentary lithologies (Redeker & Staf•
fler 1988). These deposits are generally referred to as suevitic 
breccias, particularly by workers from the former USSR (Masa•
itis et al. 1980). Like the suevite deposits of Ries, which is in a 
mixed target and where the compositions of the melt glasses 
correspond to the underlying crystalline target rocks (Pohl et al. 
1977; Staffler et al . 1977), they contain clasts showing all levels 
of shock. 

The lack of extensive coherent sheet-like impact-melt deposits 
at structures in sedimentary targets is perhaps unexpected, as 
theoretical considerations indicate that sedimentary lithologies 
melt under shock compression at equivalent, or even lower, 
shock pressures than crystalline lithologies. This absence, how•
ever, is not a function of the melting behaviour of the various 
target rock lithologies, but is believed to be due to the extensive 
expansion of volatiles from sedimentary rocks on their release 
from shock compression (Kieffer & Simonds 1980). For exam•
ple, shock experiments indicate that -50 per cent of the carbon 
dioxide in calcite is volatilised by shock pressures as low as 30 
GPa (Lange & Ahrens 1986). Thus, the impact melt in sedimen•
tary impacts is highly dispersed by gas expansion, which results 
in the production of mainly impact-melt-bearing suevitic brec•
cia deposits instead of a coherent impact-melt sheet. In addition, 
the presence of volatiles results in enhanced alteration of the 
impact-melt glasses to carbonates and hydrated phases. 

In addition to extensive deposits of polymict allochthonous bre•
ccia, other types of breccia are found at terrestrial impact cra•
ters. They include various types of dykes of allochthonous 
monomict and polymict breccias (Fig. 11) related to various 
stages of crater formation (Lambert 1981; Staffler et al. 1988). 
Also, a large volume of mostly autochthonous monomict brec•
cia and fractured target rocks make up the floor of impact struc•
tures. Pseudotachylite is also present at craters in crystalline 
targets (Fig. 11), the most spectacular occurrences being at Vre•
defort and Sudbury, where these frictional melt breccias occur 
over areas of -5000 krn2 (Dressler 1984; Reimold & Colliston 
1994). Pseudotachylite and various breccia deposits are charac•
teristic of the geology of terrestrial impact structures. They are, 
however, not in themselves diagnostic indicators of impact, as 
they can be formed by other high-strain-rate endogenic geolog•
ical processes. It is the occurrence of shocked clasts within 
these lithologies that designate them as being of impact origin. 

Distribution of shock metamorphism 
As cratering mechanics and shock metamorphism are largely 
governed by physics, the spatial distribution of shock-metamor•
phic effects at terrestrial impact structures is essentially invari•
ant. There have been, however, few systematic and detailed 

studies of the variation in the recorded level of shock at impact 
structures. Nevertheless, the studies that have been conducted 
provide a moderately consistent picture of the spatial distribu•
tion of shock effects at terrestrial impact structures. In alloch•
thonous lithologies, such as breccias and melt rocks, there can 
be a wide range of shock effects, ranging from none to melting 
in close spatial proximity. Apart from ejecta, which are rarely 
preserved in the terrestrial environment, such allochthonous 
lithologies are confined to within the rim and floor of both sim•
ple and complex impact structures (Figs. 8 and 9). 

Short (1970) used PDFs in quartz as a parameter to create a 
'shock index' for the allochthonous breccia lens at the simple 
West Hawk structure (Canada; Table 1). From the shock index, 
he noted a variation in the level of shock metamorphism; maxi•
mum shock levels occurred towards the top and base of the bre•
ccia lens. The shock-metamorphic effects in the breccia lens at 
Brent (Canada; Table 1) are similarly disposed (Dence et al. 
1977; Grieve 1978). Most of the material in the breccia lenses at 
simple impact structures, however, does not display obvious 
shock-metamorphic features, and the range of shock levels is 
consistent with the allochthonous nature of the breccias. The 
concentrations of more highly shocked materials towards the 
base and upper zones in the centre are due to movements associ•
ated with the mechanics of cratering (e.g., Dence et al. 1977; 
Grieve et al. 1977; Melosh 1989). 

To our knowledge, there has been only one example of a sys•
tematic study of variations in recorded shock in the parautoch•
thonous rocks beneath a simple impact crater, and this is at 
Brent (Dence 1968; Dence et al. 1977; Robertson & Grieve 
1977). Shock effects occur in the parautochthonous rocks of the 
floor of the impact structure only in the centre (Fig. 8) . For -15 
m beneath an impact-melt lens at the base of the allochthonous 
breccia lens, all indications of shock metamorphism have been 
recrystallised. Below this depth, however, PDFs in quartz are 
apparent but progressively decrease in abundance with depth. 
Estimates of the shock pressures recorded by the PDFs range 
from 23.0 to 5.7 GPa over the 85 m where PDFs are apparent 
(Robertson & Grieve 1977). 

At complex impact structures, such as Charlevoix and the Slate 
Islands (Canada; Table 1), variations in the orientations of 
PDFs in quartz indicate that recorded shock levels in the parau•
tochthonous rocks of the crater floor attenuate from -25 GPa at 
the centre to <5 GPa at radial distances of <0.5 the rim diameter 
(Fig. 9; Robertson & Grieve 1977). These estimates represent 
lower bounds, as both structures have been eroded below the 
original floor, but they do emphasise the observation that 
shock-metamorphic effects in parautochthonous target rocks of 
complex structures are, like those at simple structures, spatially 
limited to the central area, well within the original rim (Fig. 8 
and 9). These types of relationships permit the relative spatial 
limitation of recorded shock to be used to estimate original mor•
phological parameters at severely eroded structures, where 
there is little or no indication of the original rim. This has been 
done most recently at very large eroded complex structures, 
such as Sudbury (Grieve et al. 1991; Deutsch & Grieve 1994; 
Staffler et al. 1994) and Vredefort (Therriault et al. 1993, 1995). 

Systematic studies of variations in recorded shock with depth at 
complex structures are limited. There are generally few drill•
cores of sufficient depth. Studies at the Ries structure indicate 
that the recorded shock pressure attenuates over the sampled 
-600 m in the crystalline basement floor of the structure (Engel-



hardt & Graup 1977). They also indicate structural complexities 
with depth and that, as a whole, the section consists of parauto•
chthonous materials which are faulted and displaced. Similarly, 
the recorded shock pressure, as determined from PDF orienta•
tion in quartz, decreases with depth in the parautochthonous 
rocks of the uplifted floor of the Kara structure (Sazonova 1981; 
Sazonova et al. 1981 ; Gurov & Gurova 1991). At the 
Puchezh-Katunki structure (Russia; Table 1), where samples 
from 5 km of core drilled in the centre are available (Pevzner et 
al. 1992), the estimated recorded shock-pressure levels decrease 
from -40 GPa at the top of the central uplift to -lO GPa at 5-km 
depth, and are, again, largely based on variations in PDF orien•
tations in quartz (Ivanov 1994). 

Systematic studies of the distribution of shocked quartz within 
ejecta are restricted to the Ries structure. In general, a decrease 
of the recorded shock level from top to bottom of the ejecta has 
been observed (Pohl et al. 1977; Schneider 1971). Suevite brec•
cia is present on top. Jt contains abundant impact-melt bombs, 
and ranges down in recorded shock levels to quartz with coesite 
and stishovite to quartz with PDFs and PFs of the lowest shock 
stage or no evidence of shock. This assemblage changes discon•
tinuously at the base of the suevite, where a second polymict 
breccia unit (called Bunte breccia at Ries) forms the main mass 
of the ejecta. Schneider (1971) found that the maximum shock 
level below the suevite is represented by diaplectic quartz glass, 
and that the abundance of quartz with PFs and PDFs continu•
ously decreases with increasing depth in the Bunte breccia. A 
more recent study, however, failed to record any systematic dis•
tribution in the level of shock metamorphism in the Bunte brec•
cia (Banholzer & Harz 1979). 

There have been no systematic studies of the spatial distribution 
of recorded shock at impact structures in (porous) sedimentary 
targets . The most comprehensive work is at Barringer (Kieffer 
1971 ; Kieffer et al. 1976), and it concentrated on establishing a 
shock classification scheme for various shock-metamorphic 
effects in the Coconino Sandstone. All samples, however, were 
allochthonous in nature, and the highest levels of average 
recorded shock were apparent in the uppermost materials, 
which are considered to be samples of fall-back breccia. 

Disregarding tektite and microtektite occurrences, we know of 
only two examples in which highly dispersed and well-removed 
ejecta are linked to a known impact site: 

• ejecta from the Acraman structure (Australia; Table 1), which 
occur up to -500 km from the impact site (Gostin et al. 1986; 
Wallace et al. this issue); and 

• ejecta from the Chicxulub structure, which occur worldwide 
at the KT boundary (Bohor et al. 1984, 1987; Hildebrand et 
al. 1991). 

A layer containing shocked quartz and shatter-cone fragments 
in dacite clasts in the shales of the Adelaide Geosyncline (South 
Australia) was the initial evidence for ejecta from the Acraman 
structure. Later work indicated an associated siderophile anom•
aly (Gostin et al. 1989; Wallace et al. 1990). There is very little 
documentation on the shock-metamorphic effects, except that 
the ejecta are PDFs (Gostin et al. 1986). 

The initial indications of an impact origin for deposits at the KT 
boundary were geochemical (Alvarez et al. 1980; Ganapathy 
1980). They were followed by the discovery of physical evi•
dence of impact in the form of quartz with PDFs in KT bound-
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ary samples from the western interior of North America (Bohor 
et al. 1984). In addition to PDFs, some quartz grains in the KT 
boundary layer display reduced refractive indices and X-ray 
asterism (Bohor 1990), and coesite and stishovite have been 
identified (McHone et al. 1989; Boslough et al. 1995). Since the 
initial discoveries, quartz with PDFs, and other shocked miner•
als, have been recognised worldwide in KT boundary deposits 
(Bohor et al. 1987). 

No systematic study has been undertaken to determine if there 
is any variation with location in the orientation of PDFs, and 
thus in the recorded shock pressure, in quartz from KT bound•
ary layers worldwide. The maximum dimensions of the shocked 
quartz grains, however, tend to be larger and more of them con•
tain PDFs at North American sites than elsewhere (Bohor et al. 
1987), suggesting an impact site close to the Americas. This 
was confirmed by the discovery of the Chicxulub impact struc•
ture on the Yucatan Peninsula (Hildebrand et al. 1991). 

There have been claims of shock-metamorphic effects in miner•
als from other biostratigraphic boundaries - e.g. , Trias•
sic-Jurassic (Badjukov et al. 1987; Bice et al. 1992). The 
observation basis for these claims, however, is not as strong as 
for the KT boundary event. Indeed, the observations are some•
what confusing, because the 'shocked' quartz at the Trias•
sic-Jurassic boundary, for example, occurs in three separate 
beds (Bice et al. 1992). Recently, however, shocked quartz with 
PDFs, confirmed by both optical and TEM observations, has 
been recognised near the Eocene-Oligocene boundary at Mas•
signano (Italy; Langenhorst & Clymer 1995). 

There is other evidence of impact in the stratigraphic column. 
Most often, this is in the form of regional to local occurrences 
of tektite and microtektite bodies. Some of them are related to 
known impact structures - e.g., the moldavite tektites with 
Ries, and the Ivory Coast microtektites with Bosumtwi (Ghana; 
Table 1). The sources of other strewn fields is unknown, 
although there are a number of suggestions in the literature 
(e.g., Wasson 1991 ; Poag et al. 1994). Some of these strewn 
fields cover a considerable area of the Earth ' s surface. For 
example, the Australasian strewn field covers an area in excess 
of 50 x lO6 km2 (KoeberlI994). A recent summary of evidence 
for impact in the stratigraphic column can be found in Grieve 
(1996a). 

Geophysics of impact structures 

Geophysical anomalies over terrestrial impact structures 
(Table 3) vary in their character and, in isolation, do not provide 
definitive evidence for an impact origin. About 30 per cent of 
known terrestrial impact structures are buried by post-impact 
sediments, and geophysical methods have provided the means 
for their initial discovery and subsequent exploration. Interpre•
tation of a single geophysical data set over a suspected structure 
can be ambiguous but, when combined with complementary 
geophysical methods and the existing database over other 
known impact structures, a more definite assessment can be 
made. Since potential-field data are available over large areas, 
with almost continuous coverage (compared with seismic 
reflection lines), gravity and magnetic observations are the pri•
mary geophysical indicators used for evaluating the occurrence 
of possible terrestrial impact structures. Seismic data, although 
providing much better spatial resolution of subsurface structure, 
is used less, because it is generally unavailable. Electrical meth•
ods have been used even less, although they hold promise (e.g., 
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Henkel 1992). Several recent discoveries of terrestrial impact 
structures were identified initially as geophysical anomalies -
e.g., Chicxulub (Hildebrand et al. 1991), Mj~lnir (Barents Sea; 
Table 1; Gudlaugsson 1993), and Chesapeake Bay (USA; 
Table 1; Poag et al. 1994). Their impact origin was confirmed, 
however, through geological evidence - i.e., the documented 
occurrence of shock-metamorphic effects. 

Gravity signature 
The most notable geophysical signature associated with terres•
trial impact structures is a negative gravity anomaly (Fig. 12). 
When the regional fields are removed, these gravity lows are 
generally circular and extend to, or slightly beyond, the rim of 
the structure. They are due to the lithological and physical 
changes associated with the impact process. In uneroded struc•
tures, low-density sedimentary infill of the topographic depres•
sion of the crater contributes to the gravity low. In complex 
structures, low-density impact-melt sheets also can contribute 
to the negative gravity effect. Such lithological effects, how•
ever, are minor compared with density contrasts induced by 
fracturing and brecciation of the target rocks. Porosity levels 
within the allochthonous breccia deposits increase owing to the 
fragmentation and redistribution of target lithologies during cra•
ter formation. Shock-induced fracturing of parautochthonous 
target rocks beneath the crater floor also leads to increased 
porosity and, hence, reduced densities, compared with the sur•
rounding undisturbed formations. 

The amplitude of the maximum negative gravity anomaly asso•
ciated with impact structures increases with the crater diameter 
(Fig. 13; Dabizha & Fedynsky 1975). The value of this negative 
anomaly is primarily determined by the density contrast and 
depth of the brecciated and fractured zones. The final character 
of the gravity anomaly at largely uneroded structures is deter•
mined by D and, to a lesser extent, the pre-impact density distri•
bution of the target rocks. Post-impact processes, such as 
erosion, may cause further changes in anomaly shape and size. 
According to the data from 58 terrestrial impact structures, Pilk•
ington & Grieve (1992) showed that erosional level and nature 
of target lithology (whether mainly sedimentary or crystalline) 
have only a secondary effect on gravity anomaly size. Erosional 
effects are most prominent when the structure has been eroded 

Table 3. Geophysical signatures of terrestrial impact structures 

Simple 
Gravity Concentric low. 

26°S 

121°E 

Figure 12. Observed Bouguer gravity field over Teague (Australia; 
Table 1); contour interval 10/-lm s-2. The outline of the rim of the 
structnre is indicated by a circle. Note the interference with region•
al trends, and the presence of a gravity low over the structure. 

to levels below the original crater floor. For example, in highly 
eroded large complex structures, only the central gravity high 
(see below) remains and the structure is characterised by only a 
positive anomaly - e.g., Connolly (Australia; Table 1; Shoe•
maker et al. 1989). 

In general, simple craters and small complex craters 
(D <10 km) are characterised by a circular bowl-shaped resid•
ual negative anomaly - e.g., Wolfe Creek (Fudali 1979). For 
larger complex craters, the residual gravity low may be modi•
fied by the presence of a central gravity high, which is due to 
deeper denser crustal material being brought to the surface -
e.g., Vredefort (Stepto 1990). The compressive regime in the 
central uplift of complex craters may also contribute to the cen•
tral gravity high, through reduction in the initial impact-induced 
porosity (Grieve 1988). For larger structures (D >30 km) the 
maximum negative gravity anomaly reaches a limiting value of 
-300 11m s-2 (Fig. 13).1 This limit can be interpreted in terms of 

Complex 
Concentric low. 
Central gravity high possible for D <30 km, 
probable for D >30 km. Central high <0.5D in 
diameter. 

Magnetics Simple low or subdued zone. Simple low or subdued zone for D < I 0 km. 
Short-wavelength central anomalies possible for 
D = 10-40 km, probable for D >40 km. 

Seismic 

Electrical 

Low-velocity zone extending to ->D. 

Low-resistivity zone coincident with 
low-seismic-velocity zone. 

Central anomalies, generally, more localised 
than central gravity high. 
Low-velocity zone coincident with structure. 
Possible high-velocity core for larger D. 
Zone of incoherent reflectors in target rocks at 
centre of structure and extending out to -<0.5D; 
coherency increases with radial distance. 
Isotropic seismic zone corresponding to 
allochthonous deposits. 
Low-resistivity zone. Higher resistivities 
possible in central uplift of largest structures. 
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Figure 13. Maximum residual Bouguer gravity low relative to diam•
eter for S8 terrestrial impact structures. Note the general trend of in•
creasing gravity low with increasing diameter, until maximum 
values of -300 !lm s-2 are reached. Some of the scatter in the data is 
due to secondary effects, such as erosionalleveI. 

a maximum depth of fracturing associated with the structure 
(Basilevsky et al. 1983). For a density contrast of 0.1 t m-3 (100 
kg m-3), this corresponds to a depth of 8 km, below which it is 
expected that open fractures are essentially closed by lithostatic 
pressure (Perrier & Quiblier 1974). 

Modelling of residual gravity data at simple craters (e.g. , Fudali 
& Cassidy 1972; Grieve et al. 1989) shows that the apparent and 
true crater depths. da and dt , are good estimates for model body 
dimensions, if the appropriate density contrasts are used. Hence, 
reduced densities due to extensive fracturing of autochthonous 
rocks beneath the crater floor do not appear to contribute signifi•
cantly to the gravity anomaly at simple craters. In contrast, at 
complex structures, Pilkington & Grieve (1992) showed that the 
amount of stratigraphic uplift (SU) provides a useful estimate of 
the depth of the fractured zone, although, for D >30 km, this 
depth reaches a limiting value, as noted earlier, and the gravity 
effect is essentially constant. 

Magnetic signature 
Magnetic anomalies associated with terrestrial impact struc•
tures are generally more complex than associated gravity anom•
alies, and reflect the greater variation possible in the magnetic 
properties of rocks. The dominant effect at impact structures, 
however, is a magnetic low or subdued zone (Fig. 14; Dabizha 
& Fedynsky 1975; Clark 1983), which is commonly manifested 
as a truncation of the regional magnetic fabric. At larger struc•
tures, the magnetic low can be modified by the presence of 
shorter-wavelength large-amplitude localised anomalies which 
usually occur at or near the centre of the structure. These are 
generally small in areal extent, much less than that of the central 
gravity high, if present. Like the gravity signature, the magnetic 
signature does not reflect a one-to-one correspondence between 
the cross-sectional shape of the anomaly and the morphology of 
the impact structure. Furthermore, the existence of a central 
gravity high does not imply the presence of a central magnetic 
anomaly. Anomaly form, however, is somewhat dependent on 
the size of the structure: magnetic lows occur at small structures 
(D <10 km), and central high-amplitude anomalies at larger 
structures (D >40 km). There are also examples of structures 
with no obvious magnetic signature. For small impact structures 
in particular, aeromagnetic survey parameters may be inade-

I 1 ~m s-2 = 1 g.u.=O.1 mGal. 
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quate to resolve the anomalous magnetic effects related to 
impact. 

Magnetic anomalies related to impact may be caused by one or 
more of several mechanisms. Shock can serve to increase or 
decrease magnetisation levels. At peak pressures of -1 GPa, 
shock demagnetisation can remove existing remanent magneti•
sation (e.g., Cisowski & Fuller 1978), and, at pressures of> 10 
GPa, magnetic susceptibility levels can be reduced. As well as a 
reduction in magnetisation levels, target rocks can also acquire 
a shock remanent magnetisation (SRM) in the direction of the 
Earth's field at the time of impact. The strength of SRM 
increases with ambient field intensity, and decreases with dis•
tance from the point of impact (Cisowski & Fuller 1978). SRM 
is most likely to occur in autochthonous target rocks that expe•
rience pressures > 1 GPa and temperatures less than the Curie 
points of the magnetic phases present. Changes in magnetic 
properties due to mineralogical changes, particularly in mafic 
silicates, can occur at greater pressures (>30 GPa) - e.g., the 
production of magnetite from the thermal decomposition of 
amphibole and biotite (Fel ' dman 1994). Similar effects can 
occur with ore minerals. For example, at lower pressures, 
titanomagnetite can result from the breakdown of ilmenite 
(Chao 1968). 

As impact-melt rocks cool, they can acquire a thermoremanent 
magnetisation (TRM) in the direction of the Earth' s magnetic 
field at the time of impact. This effect has led to several palaeo•
magnetic dating studies based on samples of impact-melt rocks 
and breccia (e.g. , Robertson 1967; Pohl & Soffel 1971). A sta•
ble remanence and low directional scatter appear to be charac•
teristics of palaeomagnetic data from impact-melt rocks, and 
reflect the rapid acquisition of the magnetisation (Pohl & Soffel 
1971). Whole-rock melting can also result in the production of 
non-magnetic impact glasses (PohI1971 ). 

The production of new magnetic phases resulting from elevated 
residual temperatures and hydrothermal alteration following 
impact may lead to the acquisition of a chemical remanent mag•
netisation (CRM) in the direction of the ambient field. The cen•
tral magnetic anomaly at Saint Martin (Canada; Table 1) is 
attributed to the formation of hematite from the alteration of 
mafic silicates in the floor of the central uplift (Coles & Clark 
1982). Residual post-impact heat and fracturing of the target 
rocks often result in the establishment of a local hydrothermal 
system, and the presence of oxygen favours higher magnetisa•
tion intensities. Post-impact processes - such as chemical 
weathering, leaching, and metamorphism - will further mod•
ify magnetic properties over longer time intervals. 

Magnetisations have been observed in several different carriers 
- e.g., magnetite, hematite-ilmenite, and pyrrhotite. As 
expected, no one magnetic phase is characteristic of impact 
sites. Breccias and impact melt-rocks are characterised by 
Konigsberger ratios (remanent/induced magnetisation) much 
larger than unity, so that induced magnetisation can be consid•
ered negligible, and observed magnetic anomalies are primarily 
due to remanent magnetisation levels. Several different sources 
producing the central magnetic anomalies are found at larger 
structures. At highly eroded structures (Vredefort), magnetic 
basement can be exposed in the central uplift. Anomalies can 
correspond to alteration zones within the central uplift area 
(Saint Martin), or the central anomaly can be caused by highly 
magnetic impact-melt rocks (Dellen, Sweden; Table 1) or 
suevite breccias (Ries). 
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Figure 14. Observed magnetic field intensity over Couture (Canada; Table 1). Contour interval is 100 nT. Note the presence of a magnetic 
low over the area (shaded) of the roughly circular lake (the impact structure), and the lack of short-wavelength anomalies characteristic of 
the regional field. 

The causes of magnetic lows at impact structures are not clear. 
The impact process undoubtedly results in a reduction in the 
magnetisation intensity of the target material. For uneroded cra•
ters, post-impact sedimentary infill will tend to be non-mag•
netic and so contribute to the reduced field intensity. This does 
not, however, explain the low fields over heavily eroded struc•
tures. By analogy with the gravity signature, an important con•
tribution to the magnetic field must come from the 

parautochthonous target rocks beneath the floor of the structure. 
Recent studies of drillcore from several Canadian structures 
indicate that all impact lithologies show a reduction in both 
induced and remanent magnetisation levels, but this is not suffi•
cient to produce all of the observed magnetic lows (Scott et al. 
1995). The fractured target rocks also show diminished magnet•
isation levels at depths well below the floor, suggesting that the 
propagating shock wave is the likely cause. 



Seismic signature 

Seismic reflection and refraction data provide complementary 
information to potential-field data and geological observations 
on the characteristics of terrestrial impact structures. Reflection 
surveys allow for detailed imaging of the crater morphology, 
and for delineating seismically isotropic zones and incoherent 
reflections that are characteristic of brecciation and fracturing 
(e.g., at Tookoonooka; Gorter et al. 1989). The disturbance of 
coherent subsurface reflectors is most prominent in the central 
uplift of complex structures and decreases outward and down•
ward from this zone (Brenan et al. 1975). As well as providing 
estimates of such morphological parameters as the dimensions 
of the central uplift, annular trough, and faulted blocks at the 
structural rim of complex structures, the depths to horizontal 
reflectors below the crater floor can be used to determine the 
amount of stratigraphic uplift (Fig. 2; Brown 1973). 

The radial variation in impact-induced effects is also apparent 
on reflection seismic profiles. Where the transition between 
incoherent and coherent reflectors can be located, this provides 
an estimate of the dimensions of the so-called transient cavity 
(Melosh 1989; Juhlin & Pedersen 1987). The spatial density 
and penetration of faults decreases outwards from the annular 
trough at complex structures (Scott & Hajnal 1988). Towards 
the rim of complex structures, the moderately undeformed 
reflectors within downfaulted blocks allow such displacements 
to be mapped accurately (Brenan et al. 1975). As expected, the 
overall structural character of complex impact structures 
mapped by reflection seismic images corresponds to surface 
observations at exposed impact structures. 

Refraction seismic surveys have proved useful for mapping the 
velocity distribution within terrestrial impact structures - spe•
cifically, zones of reduced velocities caused by fracturing and 
brecciation. At simple structures, velocity reductions of up to 50 
per cent have been measured within the allochthonous breccia 
lens and sedimentary infill (Millman et al. 1960; Ackerman et 
al. 1975). In addition, at Barringer, the mapped lower-velocity 
zone also extends out beyond the rim of the structure. At com•
plex structures, the low-velocity zone may extend well below 
the crater floor - e.g., at Ries (Pohl et al. 1977) - yet the 
uplift of deeper crustal material can lead to increased velocities, 
such as those occurring at Vredefort (Green & Chetty 1990). 

Other signatures 

As yet, electrical methods have been used little in the study of 
impact structures. The presence of fluids, however, in 
impact-induced fractures and pore spaces leads to decreased 
resistivity levels that can be mapped effectively by various 
methods. At the simple West Hawk structure, resistivities 
increase to 300 Wm at the crater rim, then up to -800 Wm at 
one crater radius beyond the rim (Clark 1980). Studies within 
complex structures in crystalline targets have shown significant 
resistivity lows occurring within and extending out from the 
structural rim (Vishnevsky & Lagutenko 1986). At Siljan (Swe•
den; Table 1), Henkel (1992) has also mapped an increase in 
resistivity coinciding with the central uplift. Deeper investiga•
tions using magnetotelluric methods have not proved as inform•
ative, though low-resistivity zones have been mapped near 
several complex structures (e.g., Zhang et al. 1988; Mareschal 
& Chouteau 1990; Masero et al. 1994). 
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Summary and concluding remarks 

We have attempted to summarise the basic signatures of terres•
trial impact structures in Tables 2 and 3; by necessity, they rep•
resent a generalisation. Although local target rock geology has 
some importance, it tends to play only a second-order role in the 
character of terrestrial impact structures. Erosion is an impor•
tant factor in the nature of the terrestrial impact record; it modi•
fies the appearance of impact structures, even to the point of 
producing positive topographic features , and ultimately 
removes them from the record. Although it is probably prema•
ture to state that most of the obvious impact structures on the 
Earth' s land surface have been discovered, some recent discov•
eries have resulted from the occurrence or re-examination of 
unusual lithologies rather than an obvious circular geological or 
topographic feature. For example, the breccias at Gardnos (Nor•
way; Table 1) and Lockne (Sweden; Table 1) had been known 
for some time, but their shock-metamorphic effects were docu•
mented only recently, and they are now associated with the 
remnants of impact structures (Dons & Naterstad 1992; Lind•
strom & Sturkell 1992; Therriault & Lindstrom 1995). 

The occurrence of shock-metamorphic effects in aSSOCIatIOn 
with some of the signature elements (Tables 2 and 3) provides 
the confirmatory evidence for an impact origin for somewhat 
enigmatic circular or quasicircular features at or near the 
Earth' s surface. Several enigmatic structures bear some of the 
characteristics listed in Tables 2 and 3, but an impact origin 
remains to be confirmed for them through the documentation of 
shock-metamorphic features . One such feature is the Mount 
Toondina structure (Australia), which consists of a quasicircu•
lar 4-km-diameter central uplift; a report of the presence of 
shatter cones (E.M. Shoemaker, USGS, personal communica•
tion 1995) favours the prospect of Mount Toondina joining the 
growing list of confirmed terrestrial impact structures. 

Terrestrial impact structures represent unusual geological 
events and, as such, they have resulted in local anomalous geo•
logical environments, some of which have produced significant 
economic deposits. About 25 per cent of known terrestrial 
impact structures have some form of economic deposit associ•
ated with them, and about half of these are currently exploited 
or have been exploited in the recent past. They range from local 
and now uneconomic (e.g., reserves of 300 000 t of hydrother•
mal Pb-Zn ores at Siljan) to world class (e.g., reserves of 
1.6 x 109 t Ni-Cu-PGE ores at Sudbury). They also include 
hydrocarbon deposits (e.g., reserves of 50 million barrels of oil 
and 60 billion cubic feet of gas at Ames, USA; Table 1). The 
Ames impact structure not only produced the structural trap but 
also provided the source rocks, which are locally developed 
post-impact oil shales (Grieve 1996b). In addition, production 
includes hydrocarbons from non-traditional sources, such as the 
fractured crystalline rocks of the central uplift at Ames. 

All currently known commercial hydrocarbon-producing 
impact structures and impact lithologies are located in North 
and Central America. There is, however, potential elsewhere. 
For example, the 55-km-diameter Tookoonooka structure has a 
zone of potential stratigraphic traps. Perhaps more importantly 
for hydrocarbon exploration, the Tookoonooka structure has 
created a shadow zone for hydrocarbon migration from the Ero•
manga Basin depocentre since the Early Cretaceous (Gorter et 
al. 1989). The early recognition of a hydrocarbon-prospective 
subsurface structure as an impact structure, with its moderately 
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invariant characteristics and potential for non-traditional 
sources, would significantly affect exploration strategies. 

The level of knowledge concerning individual terrestrial impact 
structures is highly variable. The details for some are limited to 
the original discovery publication. As impact is such an impor•
tant planetary geological process, and terrestrial impact craters 
are currently the only source of ground-truth data on large-scale 
impact events, this disregard is somewhat distressing. It is com•
pensated, to some degree, by the fact that impact structures with 
similar dimensions and target rocks have the same major char•
acteristics. Nevertheless, there is still much to be learnt about 
impact processes from terrestrial impact structures, particularly 
with respect to the third dimension. This is the property that is 
unobtainable from impact structures on other bodies in the solar 
system, and must be studied by remote-sensing methodologies. 

Although the study of terrestrial impact structures has important 
ramifications for understanding impact processes, their study is 
not entirely an academic pursuit. The documentation of the ter•
restrial impact record provides a direct measure of the cratering 
rate on Earth (Grieve 1984), and thus a constraint on the hazard 
that impact presents to human civilisation (Gehrels 1994). The 
KT impact may have resulted in the demise of the dinosaurs as 
the dominant land-life form, and thus permitted the ascendency 
of mammals and, ultimately, humans. It is an inevitable fact, 
however, that if human civilisation persists into geological 
timescales it too will be subjected to a major impact-induced 
environmental crisis of immense proportions. 
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