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ABSTRACT
The present thesis summarises geophysical signatures of meteorite impact
structures with special focus on Kärdla (Estonia) and Bosumtwi (Ghana) cra
ters. The various geological and physical processes causing the observed gravity
and magnetic anomalies of impact structures are described in the synopsis. Two
important aspects in geophysical modelling of impact structures are discussed.
First, the role of petrophysical properties of impactites and target rocks in con
straining the geophysical model is emphasised with two examples (Papers I and
II). Second, the effect of progressive erosion on gravity and magnetic anomalies
of impact craters is analysed using a novel simulation technique (Paper III).
Most impact structures produce discernible gravity and magnetic anomalies.
Most of the processes causing these anomalies occur during the excavation and
modification stages of impact cratering, and are completed during the post
impact development of a structure. However, impact related gravity and mag
netic anomalies may be modified or even obliterated by post-impact geological
processes. The most common geophysical signature of a simple impact structure
is a negative gravity anomaly produced by the formation of breccias and
possible post-impact sediments. The negative anomaly may be surrounded by a
positive gravity ring due to denser uplifted rocks along the crater rim. In
complex structures, the negative gravity may consist a central positive peak due
to central uplift of denser target material. The magnetic anomalies of impact
structures show more variety due to the vector nature of magnetisation and its
dependence on site latitude. Moreover, the impact and post-impact processes
may produce new magnetisations or destroy the pre-existing ones. Nevertheless,
an overall weak magnetic relief is often associated with simple impact
structures. The complex structures usually show more complicated magnetic
features.
The gravity and/or magnetic modelling methods used to obtain a view of the
subsurface features of impact structures are demonstrated with two examples:
the 1.07 Ma old Bosumtwi (Paper I) and -455 Ma old Kärdla structures
(Paper II). In both cases, the petrophysical determinations of rock properties
were vital to achieve a satisfactory model of the structure. In the case of the
4-km-wide Kärdla structure, a 2.5-dimensional model was constructed to
describe simultaneously the gravity and magnetic effects of the structure. The
model is based on ground gravity and magnetic data, supplemented with
determination of physical properties of samples and with the geological concept
of the crater’s internal structure based on drill cores. The model suggests that
the positive ring anomalies around the central gravity and magnetic minimum
are due to uplifted crystalline rim wall rocks. The negative gravity and magnetic
anomalies generally result from impact breccias and post-impact sediments,
which display low densities and weak magnetisations.
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For the Bosumtwi structure (rim-to-rim diameter = 11.5 km), a highresolution aeromagnetic map was analysed to investigate the distribution of
buried magnetic material within the structure. The model is supported by petro
physical and palaeomagnetic measurements of samples collected around the
structure. The model suggests that anomalously magnetic material inside the
structure has been formed during the impact processes and preserved since, par
ticularly in the northern part of the structure. The magnetic data also outline the
possible location of a central uplift not previously documented.
A hypothetical model of a complex impact structure in Precambrian target
rocks, with a diameter of 30 km, was created to investigate changes in the
gravity and magnetic anomalies of impact structures as a function of erosion.
The effect of erosion was simulated by removing sequentially 1-km-thick layers
from the structure, and calculating the gravity and magnetic anomalies of the
remaining model. The major effect of erosion is a pronounced decrease in the
amplitude of the negative gravity anomaly with only a minor change in
diameter. The amplitude of the central positive gravity anomaly due to the
structural uplift also decreases with erosion but not as rapidly as the main
anomaly. The magnetic anomaly, on the other hand, decreases significantly
after the erosion of the highly magnetic impact melt layer.
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INTRODUCTION
Approximately 170 hypervelocity meteorite impact structures had been identi
fied on earth by 1999 (Pesonen et al.). Given 3-5 new discoveries per year, the
number of structures will soon reach 200. Compared to other terrestrial planets
or natural satellites, this still relatively small number on earth is due to the thick
atmosphere and active geological processes that continuously reshape the
earth’s surface. Most of the discovered structures are concentrated in cratonic
areas of northern Europe, Australia and North America, where intensive re
search programs have been initiated to identify and study them. Due to difficul
ties in identification, relatively young age of oceanic crust, and disintegration of
small projectiles in the water column, no impact craters on the oceanic crust
have been found so far. However, there is evidence for an impact-related Ir
anomaly and disturbance of large volumes of sediments in the Bellinghausen
Sea (Eltatin impact, Gersonde et al., 1997). Five impact structures have been
discovered on shelf areas (Fohn, Montagnais, Mj0lnir, Ust-Kara, Chicxulub;
Gorter and Glikson (2000), Grieve and Shoemaker (1994) and references
therein). Convergent plate tectonic processes of subduction and crustal collision
have been obliterated a great number of impact structures. Therefore, only a few
strongly deformed structures are known, e.g. Sudbury, Canada (Milkereit et al.,
1992; Deutsch and Grieve, 1994); Vredefort, South Africa (Reimold and Gib
son, 1996), and Gardnos, Norway (French et al., 1997).
The diameters of the impact structures range from few tens of meters to
-300 km (Vredefort). The morphological types of terrestrial impact structures
depend on impact size and are similar to those on other terrestrial planets and
moons. These range from simple bowl-shaped structures to complex craters
(with central uplift) and to peak ring structures. Structure age varies from recent
to -2.006 Ga (Grieve and Pesonen, 1996).
The role of geophysical techniques in impact cratering research has in
creased recently due to three factors. First, because most directly observable
impact craters have already been discovered, innovative and indirect methods
are needed. Second, geophysical data and their analyses provide an internal
view of impact structures. Third, impact structures may contain valuable eco
nomic deposits such as ores, diamonds, oil, gas, or water (see e.g. Masaitis,
1992). Geophysical data, coupled with drilling, have helped to discover these
deposits in many structures.
The most commonly used geophysical methods in the investigation of
impact structures involve potential fields like gravity, magnetic and electric
(Pilkington and Grieve, 1992), but electromagnetic, seismic and radiometric
methods have also been successfully used (see Henkel, 1992; Grant et al., 1997;
Jansa et al., 1989; Pesonen et al., 1999). The modelling of gravity and magnetic
fields over impact structures, together with petrophysical and palaeomagnetic
3

9

data, allows estimation of the structure’s morphometric parameters, volumes
and approximate distribution of rocks with anomalous physical properties
within the structure. Finally, modelling may specify the geologic and impact
history of a specific structure.
The present thesis describes geophysical signatures and processes responsi
ble for gravity and magnetic anomalies of impact structures. It is based on three
original publications and includes a discussion of gravity and magnetic models
used to describe the Bosumtwi impact structure in Ghana (Paper I), Kärdla cra
ter in Estonia (Paper II), and the erosion history of a hypothetical impact struc
ture in the Baltic Shield (Paper III). The major contents of these papers are
summarised below.

Paper I:
Plado J., Pesonen L. J., Koeberl C. and Elo S., 2000. The Bosumtwi meteorite
impact structure, Ghana: A magnetic model. Meteoritics & Planetary Science
35, 723-732.
The paper presents a new magnetic model of the Bosumtwi meteorite impact
structure (centre co-ordinates 06°30’N; 01°25’W) in Ghana, West Africa, based
on a high-resolution airborne geophysical survey (Pesonen et a l, 1998; Ojamo
et al., 1997). This 10.5 km wide and 1.07 Ma old structure, containing Lake
Bosumtwi, truncates the regional north-east trending magnetic patterns of
-2.1 Ga old Birimian-Tarkwaian rocks. The residual magnetic anomaly map of
the structure shows a magnetic “halo” — a circular zone of low gradients —
reflecting the rim of the structure beyond the present shoreline. The map also
shows a group of differently shaped negative anomalies that are bordered by
two positive anomalies to the north and south. This type of anomaly is typical
for anomalously magnetic body located near equatorial latitudes with magneti
sation subparallel to the present magnetic field. The negative anomalies with an
amplitude of 10-30 nT and diameters of -1 km surround a central positive one,
pointing to a possible location of a central uplift. The authors interpret the
negative anomaly patches to reflect bodies of impact melt or melt-rich suevites
below the lake sediments.
The model is constrained by physical property determinations of ejected
impactites and target rocks. These data differenciate the physical properties of
pre-impact early Proterozoic metasediments (target rocks) and melt-rich
suevites. Suevites have low densities (-2040 kgm~3), high porosities (-25%),
and high magnetisations (susceptibility -330 x 10-6 SI; intensity of the natural
remanent magnetisation (NRM) -40 m A nf‘) compared to the target rock values
(density -2510 kgm-3; porosity -8% ; susceptibility -150 x 10-6 SI, and NRM
-0.6 mAm'1). As found in many other impact structures, the NRM of suevites
prevails over induced magnetisation (Koeningsberger ratio > 3). Palaeo-

10

magnetic studies of suevites show stable NRMs with predominantly normal
polarity during alternating field and thermal treatments. The main magnetic
carrier is magnetite, but hematite is also present. The normal polarity NRM
component, believed to have been acquired during the onset of the Jaramillo
normal polarity epoch, is primary and dates the impact event. The occasionally
isolated reversed component is presumably secondary and may have been
acquired during weathering at the subsequent reversed polarity epoch. The
modelling shows that highly magnetic normally-polarized material is associated
mainly with the north-central part of the lake. At the north-eastern part of the
structure, a biotite-rich granitic intrusion is exposed. It is possible that shock
decomposed biotite into ferrimagnetic iron oxides.

Paper II
Plado J., Pesonen L. J., Elo S., Puura V. and Suuroja K., 1996. Geophysical
research on the Kärdla impact structure, Hiiumaa Island, Estonia. Meteoritics &
Planetary Science 31 , 289-298.
This paper presents geophysical anomalies of the buried 4-km-wide and
500-m-deep Kärdla impact crater (centre co-ordinates 58°59TM, 22°40'E). The
anomalies depict a nearly circular, ~ -3 mGal gravity and ~-100 nT magnetic
anomalies 4 km in diameter. Petrophysical measurements and modelling show
that the negative gravity anomaly is due to (i) low density (-2460 kgm-3) of the
autochthonous breccia produced by fracturing and crushing of the target rocks,
(ii) very low density (-2390 kgm~3) of the allochthonous breccia which partly
fills the structure, and (iii) low density (-2560 kgirf3) of the post-impact sedi
ments compared to the unshocked crystalline target (-2630 kgm-3). Because of
extensive marine sedimentation into the bowl-shaped topographical feature, the
post-impact sediments (-300 m of Ordovician lime-, silt- and sandstones) are
approximately three times thicker than those in the surroundings beyond the
structure proper. The negative gravity anomaly is surrounded by a circular posi
tive anomaly, which corresponds to the rim wall of the structure and is caused
by denser uplifted Proterozoic crystalline rocks.
The negative magnetic anomaly is due to weak magnetisations of the impact
breccias. The thick post-impact sedimentary infill with very weak magnetisation
also contributes to the negative magnetic anomaly. The fractured subsurface
crystalline rim wall rocks, however, give rise to positive magnetic anomalies
that encircle the central negative anomaly.
In addition to the model of the structure, petrophysical data of Kärdla rocks
provide valuable hints of the impact origin of the structure. The paper provides
a summary of physical properties (density, porosity, P-wave velocity, magnetic
susceptibility, intensity of NRM, and electric resistivity) of impactites,
unshocked target rocks and post-impact sediments. The physical properties of
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the impact-produced rocks differ significantly from those of unshocked
Precambrian bedrock in the surroundings. In subautochthonous granitic rocks,
porosity and electrical conductivity decrease, but density and P-wave velocity
increase downwards from the impact point. These gradual changes in physical
properties are due to decrease of shock-originated fractures in the target rocks
because of the vanishing shock and rarefaction waves, and are consistent with
an impact origin for Kärdla.

Paper III
Plado J., Pesonen L. J. and Puura V., 1999. The effect of erosion on gravity and
magnetic signatures of complex impact structures: geophysical modelings and
applications. In: (eds. B. O. Dressier and V. L. Sharpton) Large Meteorite
Impacts and Planetary Evolution II, Boulder, Colorado. Geological Society o f
America Special Paper 339 , 229-239.
This article investigates the changes in the gravity and magnetic anomalies of
impact structures as a function of progressive erosion. To the authors
knowledge, this is the first time that the erosional effect on geophysical
signatures has been investigated quantitatively (see also Pilkington and Grieve,
1992). Gravity and magnetic models of an idealised medium-sized (30 km in
diameter, 1 km deep) complex impact structure were created. We analysed the
effect of erosion on gravity and magnetic anomalies by modelling the structure
after sequentially eroding 1 km intervals from the upper surface down to six
kilometers (six erosional levels).
The major effect of erosion is a pronounced decrease in the amplitude of the
negative gravity anomaly with a minor change in its diameter, thus progres
sively flattening the anomaly. The amplitude of the central positive anomaly
due to the structural uplift also decreases with erosion, although not as rapidly
as the main anomaly. Therefore, erosion may amplify the gravity response of
the central uplift with respect to the total anomaly. The erosional model was
tested with data of 13 structures for which both gravity data and erosion level
estimates are available.
The magnetic model (being located at middle northern latitudes) consists of
a remanently magnetised impact melt body and a concentric target region with
lower magnetisation. The structure creates a circular positive anomaly, sur
rounded by a negative anomaly, which is produced mainly by the melt layer. In
the central part, the positive anomaly is distorted by a negative anomaly, which
corresponds to the central uplift. This type of anomaly pattern is typical for a
structure with a magnetic melt body at middle northern latitudes. The removal
of impact melt by erosion significantly decreases the amplitudes of the anoma
lies.
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GEOPHYSICAL ANOMALIES OF IMPACT
STRUCTURES
Several geological, geochemical and geophysical methods have been used to
identify and prove the impact origin for some geological structures. The most
definite proofs in confirming for impact origin are: (i) a historic record of a
meteorite impact, e.g. Kaali, Estonia (Meri, 1984); (ii) the discovery of
meteorite fragments, either in or nearby the structure, e.g. Meteor Crater, USA
(Mittlefehldt et al., 1992), Macha, Russia (Gurov, 1996); or (iii) enrichment of
impact-derived rocks, either impact breccias and melt rocks or distal ejecta with
siderophile, especially platinum group elements, e.g. Gardnos (French et al.,
1997), Bosumtwi, Ghana (Koeberl and Shirey, 1993) and Fohn structure (Gorter
and Glikson, 2000). Shock metamorphic features, such as shatter cones, planar
features or planar deformation features (PDF’s), quartz polymorphs: stishovite
or coesite, melted particles or melt bodies, has proved to be an indicator of
impact (French and Short, 1968; Stöffler, 1974; Koeberl and Anderson, 1996).
Geophysical methods alone are generally inadequate to prove impact origins but
are often applied to impact structure studies because they provide certain
diagnostic features. The most traditional methods are gravity and magnetics, but
also electric, electromagnetic, seismic and radioactive techniques have been
used.

Gravity
The gravity anomaly over an impact crater depends on (i) the size and
morphology of the structure, (ii) the density contrast between impact-related
rocks and surroundings, and (iii) structure depth. Most impact structures yield a
negative gravity anomaly, e.g. Siljan, Sweden (Dyrelius, 1988), Ries, Germany
(Pohl et al., 1977), Roter Kamm, Namibia (Brandt et al., 1998), Kärdla (Paper
II). If filled with relatively denser post-impact material, tektonised and/or
deeply eroded, for example, Sudbury (McGrath and Broome, 1994), the
structure may reveal positive gravity effects. Complex impact structures (the
transition diameter between single and complex craters is 2 km in sedimentary
and 4 km in crystalline terrain; Grieve and Pesonen, 1992) often yield a gravity
high in the centre of the gravity low. This local gravity positive is caused by
central uplift which has elevated denser target rocks (e.g. Manicouagan,
Canada; Sweeney, 1978). Deeply eroded complex impact structures may only
show the positive gravity signature due to central uplift, for example, Marquez
Dome, USA (Wong et al., 1993).

4
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Pilkington and Grieve (1992), who analysed the maximum amplitude (Ag) of
the gravity low of 53 terrestrial impact craters, show that the amplitude
increases with the crater diameter (D). For smaller craters (D < 20 km),
Basilevsky et al. (1983) proposed a linear relationship (Ag = - D), where
D = kilometres and Ag = milligals. This relationship is defined by a simple
hemispherical fracture volume model. In reality, a significant scatter around this
trend occurs due to lithological variability and processes such as erosion, post
impact infill and burial. For larger structures (D > 30 km), the maximum
negative gravity anomaly reaches a limit of — 30 mGal, beyond which the
anomaly no longer depends on the diameter. This is due to lithostatic pressure,
which eliminates the effect of impact-induced fracturing in the deep roots of
large structures. The amplitude of a gravity anomaly also decreases with
increased erosion (Paper III; Pilkington and Grieve, 1992), as well as due to
burial (Plado and Puura, 1995).
In a plan view, especially over the smaller and younger structures, the
gravity anomalies are distinctly circular and bowl-shaped, e.g. Wolf Creek,
Australia (Fudali, 1979), Kärdla (Paper II), and Lappajärvi, Finland (Elo et al.,
1992). However, in most cases, the lateral density variations in bedrock and
impacted rocks partially distort and can even mask impact-related anomalies.

Magnetics
The magnetic anomaly of an impact structure depends on (i) the size and shape
of the structure, (ii) the intensity and direction of magnetisation of the
impactites, with respect to the magnetisation of unshocked target rocks, (iii) the
local geomagnetic field, and (iv) the altitude (distance from measurement level
to the source). Magnetic anomalies related to impact structures are usually more
complicated than gravity anomalies, due to the large variations of magnetisa
tions in impact-related and target rocks. The anomalies are further complicated,
because magnetisation of rocks is a vector sum of the induced and remanent
magnetisations, which depend on the direction of the present and ancient earth’s
magnetic fields, respectively. Therefore, magnetic anomalies of impact
structures also depend on site latitude. The principal magnetic characteristics of
impact structures is a magnetic low (Pilkington and Grieve, 1992), e.g. Meteor
Crater (Regan and Hinze, 1975) and Kärdla (Paper II). However, complex
impact structures, especially larger ones, may show high amplitude — short
wavelength anomalies within the weak magnetic relief, near and above the
central uplift, for example, Manicouagan (Coles and Clark, 1978) and Acraman,
Australia (Williams, 1994). If an impact melt with high remanent magnetisation
is present within the structure, the magnetic low may be broken locally by high
amplitude anomalies (Henkel, 1992). Several impact structures show only
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positive magnetic features, and some show no impact-related magnetic
signatures (Pilkington et a l, 1995).
The amplitudes of magnetic anomalies of impact structures have a large
variation from zero to several thousand nT. Unlike gravity anomalies, crater
diameter and amplitude of the magnetic anomaly is uncorrelated. Generally, it is
impossible to outline the impact structure with only magnetic features. Erosion
of allochthonous breccias and impact melt layers reduces the amplitude of im
pact-related magnetic anomalies (Paper III). Post-impact burial also decreases
considerably the amplitude of impact anomalies, because the amplitude of a
magnetic anomaly decreases rapidly with altitude (Kearey and Brooks, 1994).
Palaeomagnetic studies are sometimes used to date an impact event and
specify the nature of magnetisation, e.g. Lappajärvi (Pesonen et a l, 1992), IsoNaakkima, Finland (Pesonen et al., 1996), Siljan (Elming and Bylund, 1991),
Acraman (Williams, 1994). Typically, oriented samples for palaeomagnetic
studies are collected from available outcrops. However, this technique has its
limitations. First, the internal structure of an impact crater may remain unsam
pled if it is buried. Second, the outcropping rocks may include secondary rema
nent magnetisations resulting from weathering or lightening. To improve the
use of palaeomagnetic dating of impact sites, fully-oriented drill cores provide
optimal results.

Electrical methods
Various electrical methods have been used to study impact structures, because
impact causes differences in resistivities between impacted and target lithologies.
These are principally due to an impact-induced increase in porosity and fluid
content in impactites. The effect of impact to resistivities could be illustrated with
an example of Kärdla rocks (Paper II), where water-saturated drill core samples
reveal low resistivity of impact breccias (-5500 Qm) and fractured basement
granites (-2500 ilm ) relative to target granites (-100 kiim). Resistivity of
fractured granites from the upper part of the central uplift (21 kQm) and rim wall
(15 Ш т ) lie between these two extremes. The electrical methods include
utilising artificially generated direct (e.g. Brandt et al., 1994) and alternating
(e.g. Henkel, 1992) currents. However, alternating field measurements are more
common due to their lower cost and higher effectiveness.
Electromagnetic soundings have been made in Siljan (Henkel, 1992), Lappa
järvi (Elo et a l, 1992), Karikkoselkä, Finland (Lehtinen et al., 1996). These
investigations show clear anomalies related to impact structures, and assigned to
low resistivities of impact breccias compared to surrounding rocks. Henkel
(1992) has shown a radial distribution of low resistivities, which extends
beyond the crater edge, in Siljan and Dellen, Sweden. This reflects the
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extension of fracturing outside of the impact crater. Higher resistivities in the
central part of the structure were measured, and attributed to less fractured
uplifted target rocks.
Magnetotelluric surveys have been carried out at structures in Siljan (Zhang
et al., 1988), Charlevoix, Canada (Marechal and Chouteau, 1990) and Araguainha, Brazil (Masero et al., 1994). In Siljan, no shallow subsurface conduc
tive zone was found. The deeper (5-20 km) low-resistivity zone, was attributed
to fluid migration through impact-induced fractures. A subhorizontal conductive
zone at the depth of -1.5 km, interpreted as an impact related fault, was found
in Charlevoix. In Araguainha, a low resistivity subsurface zone extends to the
depth of 1 km at 9 to 20 km from the centre, whereas it thickens away from the
centre.
Ground Penetrating Radar (GPR) has been used in shallow subsurface in
vestigations of a few small impact structures. GPR measures the dielectric con
trasts of the subsurface strata, which may correspond to changes in stratigraphy
or lithology. In Meteor Crater (Pilon et al., 1991), GPR was used to map the
crater wall and the base of the ejecta blanket beyond the structure. In the geo
physical survey across the Roter Kamm structure (Grant et al., 1997), GPR was
used to delineate deposits beneath the regional post-impact eolian sand sheet.
The GPR record from the Pretoria Saltpan crater, South Africa (Brandt et al.,
1994) shows dipping reflections representing the outer section of the raised rim.
The bedrock surface and an anomalous till layer under the elevated part of the
rim were detected in a possible impact structure, Tor, Sweden (Henkel et al.,
1996). In radargrams of Ilumetsa structure, Estonia (Plado et al., 2000), numer
ous small dislocations can be observed in the whole volume under the elevated
rim and under the crater floor. The reflector that corresponds to the surface of
the Devonian sandstones is interrupted under the elevated part of the rim.

Seismic
Seismic refraction and reflection surveys provide detailed images of the subsur
face structure of impact craters (Pilkington and Grive, 1992). Refraction meth
ods have been used to describe the vertical and horizontal extent of shockinduced fracturing in autochthonous breccias (Ackerman et al., 1975), to deter
mine the thickness of the allochthonous breccia lens (Millman et al., 1961;
Sander et al., 1964), and to characterise the central uplift (Green and Chetty,
1990). Reflection studies, on the other hand, provide the most detailed geo
physical information on the subsurface structure of impact structures, especially
of marine structures. The most recent studies have been made in the Montagnais
structure, located on the outer continental shelf of Nova Scotia, Canada (Jansa
et al., 1989), the Mj0lnir structure in the central Barents Sea (Tsikalas et al.,
1998), and the Fohn structure in the Timor Sea, northwest of Australia (Gorter
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and Glikson, 2000). The seismic reflection surveys have yielded information on
the height and diameter of the central uplift, the thickness of allochthonous
breccia lenses and the extent of brecciation in these marine impact craters. In
Mj0lnir, the gravity model is based on the seismic data.

Radiometric
Airborne gamma-ray spectrometry has been applied to study the 10.5 km-wide
Bosumtwi impact structure (Ojamo et al., 1997; Pesonen et al., 1998). Gamma
radiation data were recorded with a Nal crystal (volume 33.5 1) measuring U238,
Th232 and K40. Radiometric data, especially potassium content clearly reveal
high concentrations at the inner rim wall of the structure. A map of equivalent
К concentration also shows fragmentary evidence of the outer ring around the
crater with the diameter of 17-20 km. The Jänisjärvi structure in western Kare
lia (Russia) also has a distinct К ring anomaly accociated with its rim. The
cause of these anomalies has not been studied thoroughly.
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PROCESSES CAUSING GRAVITY AND
MAGNETIC ANOMALIES OF IMPACT STRUCTURES
Impact cratering process begins when the projectile first contacts the planetary
surface and ends with the final movements and adjustments of the crater
structure and fall back of the debris in and around the crater. Unlike geological
processes, hypervelocity impact affects large volumes of earth’s crust (as deep
as the Mohorovicic discontinuity) in a very short time interval (minutes). The
cratering process is divided into three stages: (i) contact and compression,
(ii) excavation, and (iii) modification (Melosh, 1989). The first stage is very
short, 10~3 to 1СГ1 seconds, and depends on the size, composition and velocity of
the projectile. Supersonic shock waves originate at the point of initial contact.
These waves propagate into both the projectile and the target. The compression
of rocks beyond their Hugeniot Elastic Limit (HEL — the stress that
differentiate elastic from plastic behaviour of the solid medium through which
the compressive wave travels) produces irreversible structural and physical
changes in the minerals and rocks. The HEL is about 5-10 GPa for most
minerals and rocks (Koeberl and Anderson, 1996). Rarefaction waves,
unloading from high pressure, immediately follow the shock waves. Most of the
kinetic energy of the projectile transfers to the target during this stage. Due to
very high pressures, which reach hundreds of GPa, the projectile and part of the
target may either vaporise or melt upon uploading.
During the excavation stage, the crater, which exceeds the projectile size,
opens. The excavation stage lasts for seconds or even a few minutes, depending
on the size of the impact. A shock wave propagates radially into the target, dis
tributing the kinetic energy from the projectile over a steadily increasing mass
of target material. The average energy density in the shocked material and the
shock and particle velocity decrease as the shock front expands in the target
(Gault et al., 1968). The shock wave and the following rarefaction initiate an
excavation flow that opens the structure. While part of the target ejects out
wards and forms an ejecta blanket around the structure, part of it injects into the
target and forms pseudotachylitic or fragmental dikes. The excavation stage
ends with the formation of a transient cavity — the roughly parabolic cavity
generated directly by the cratering flow field prior to any modification by
slumping and dynamic rebound (Croft, 1985).
During modification, gravity causes broken rock particles, shocked debris
and part of the rim to slide onto the floor of the transient cavity. In the centre of
simple structures, a lens of allochthonous breccias forms, causing the structure
to decrease in depth. At the same time, the rim walls collapse, and the structure
widens. Complex structures develop from a bowl-shaped transient crater by
gravitational collapse. The formation of the central uplift starts before the debris
slides back into the transient cavity. Modelling and observations show that
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allochthonous breccias fill mostly the circular moat between the central uplift
and the rim (Melosh, 1989). The rims of complex craters collapse by landslides
associated with block faulting that transports large amounts of material from the
unstable crater rim to the interior of the structure. In very large structures, the
central uplift may exceed its stability and collapse after an initial rise.
Consequently, a ring of peaks forms in the central part of the structure.
Most of the processes that produce gravity and magnetic anomalies over im
pact structures occur in the second (excavation) and third (modification) stage
of cratering. The post-impact processes, e.g., cooling of the structure with asso
ciated hydrothermal processes, possible erosion or sedimentary infilling and
regional tectonics, also influence gravity and magnetic signatures of impact
structures. In the following, the processes responsible for geophysical anomalies
are described separately for gravity and magnetics. The effects of various proc
esses on gravity and magnetic data are summarised in Tables 1 and 2.

Gravity
During excavation, a supersonic shock wave propagates radially into the target
rocks from the impact point. The shock front, representing an abrupt rise in
pressure, the particle velocity, the enhanced density and the internal energy,
travels and weakens away from the impact centre. The shock crushes the pores,
vaporises any water in the pores and transfers heat to the target material. Strong
shocks deposit sufficient heat to melt or vaporise rock. The high pressure in a
shock wave is relieved by the propagation of tensile rarefaction waves that start
from free surfaces into the already shocked material. A rarefaction wave is
equal in strength to the shock wave but has the opposite sign. The sum of the
pressure in the two waves is zero on the free surface, but at some distance below
the surface, rarefaction waves arrive later, developing strong compression and
tensile phases (Melosh, 1989). Rocks beneath the crater floor and in the nearest
surroundings (autochthonous breccias) are fractured mainly by tensile rarefac
tion waves. However, in the central part of the excavating structure, where
shock exceeds HEL, the fracturing is also produced directly by the shock wave.
The presence of fractures increases porosity, which reduces the density of
the material and thus gives rise to a negative residual gravity anomaly above the
structure. Fractures develop within rocks between different minerals as well as
within grains. Shock-metamorphic features (Koeberl, 1997), the formation of
shatter cones (at shock pressures of 2-30 GPa), planar fractures and planar de
formation features (PDF’s; 5-45 Gpa), and diaplectic glasses (30-40 GPa)
cause a decrease in density. For example, the density of quartz drops with in
creasing shock from 2650 to 2190 kgirf 3 if glass is formed. According to Stöffler (1974), the density changes are abrupt and take place at -15 GPa (formation
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Table 1. A list of processes producing and modifying gravity anomalies of impact structures
Process

Impact gravity signature

Effect

Stage: Impact excavation
Propagation o f shock and rare •
faction waves
•

Elastic rebound (begins).

Fracturing o f target rocks and minerals

Negative

Formation o f high-pressure polymorphs occurring mainly in Positive
allochthonous breccias

•

Mineralogie diaplectic changes in breccias

•
•

M elting
Uplift o f the crater rim wall

Negative
Negative
Surrounding positive

•

Rise o f the central uplift (complex structures only)

Central positive

Stage: Impact modification
•
Elastic rebound (completes)
Debris falling and sliding into •
the transient cavity
•

Rise o f the central uplift
Formation o f allochthonous breccias
Formation o f melt sheets

Central positive
Central negative
Negative

Stage: Post-impact development
Hydrothermal processes

•

Formation o f new minerals in pores and fractures o f impact Reduced central negative or positive
breccias
anomaly

Sedimentation

•
•
•
•

Infill o f topographic depression
Coverage o f the whole structure
Compaction
Metamorphism

•

Removal o f impact stratigraphies

Erosion

Negative

Screened
Reduced

Reduced or removed
Reduced or removed

of intensive PDF’s), at -3 0 GPa (conversion of quartz to a diaplectic glass), and
42.5 GPa (the beginning of melting). On the other hand, the density of highpressure polymorphs is higher than their parent-minerals. The most common
polymorphs of quartz are coesite (which develops at pressures >12 to 15 GPa)
and stishovite (>30 GPa) with densities of 2896 and 4290 k gnf3, respectively.
Koeberl (1997) has also listed jadeite (3240 kgirf3), which forms from plagioclase (2360-2760 kgm-3), majorite (3670 kgm-3) from pyroxene (32003520 kgm-3), and ringwoodite (3900 kgm-3) from olivine (3220-4340 kgm"3).
However, these polymorphs are usually rare and, therefore, contribute little to
observable gravity anomalies, because their effect is overwhelmed by
fracturing.
Shock and rarefaction waves, weakening with time and distance, produce
fewer fractures away from impact centre. Subsurface fracturing extends out of
the crater beyond the crater rim (Zenchenko and Tsvetkov, 1999), but generally,
has relatively little effect on the gravity anomaly (Gurov and Gurova, 1982).
The phenomena of increasing density and decreasing porosity with depth
have been documented in measurements from drillings in Ries (Emstson and
Pohl, 1974), Siljan (Dyrelius, 1988), Iso-Naakkima (Pesonen et al., 1996),
Puchezh-Katunki, Russia (Masaitis, 1999) and Kärdla (Paper II). In the 55 km
wide Siljan structure, low densities persist to depths of 5 km. The K1 drillcore
at the centre of the Kärdla crater reveals an impact-generated trend of gradual
changes in all petrophysical properties of autochthonous granites. For example,
relatively high porosity (-10 %) at 567 m depth decreases to <5 % at 815 m
depth — still higher than that of unshocked granites (0.9 %). In this interval the
wet density increases from 2350 to 2520 kgm-3 and the grain density increases
from 2500 to 2600 kgm-3, which is lower than the grain density of the un
shocked target (-2650 kgm-3), and could be caused by increased amount of
closed pores and planar features.
The crater rim is composed of uplifted pre-impact rocks and ejected debris.
The rim forms during the excavation stage when strong horizontal compressive
forces push outward from the crater’s centre. Structural rim uplift is fractured
and injected by subhorizontal breccia dikes (Melosh, 1989). The crater rim
usually gives rise to a positive gravity anomaly due to uplift of deeper and
denser lithologies. In uneroded structures, the positive gravity effect is masked
by porous ejected debris overlying the uplift. In Kärdla crater (Paper II), formed
in a shallow sea, the ejecta cover was mostly removed by tsunami waves and
marine erosion. The uplifted subsurface crystalline rim of Kärdla crater
produces circular and positive (up to 2 mGal) gravity features surrounding the
central low (-3 mGal).
The central uplift (or the central peak ring) of complex craters forms by
elastic rebound. The uplift starts during the excavation of the rim wall before
infill. Therefore, the central uplift is composed of deformed and fractured rocks
that originally underlay the transient crater and is uplifted by distances compa
rable to the depth of the transient cavity. It is very likely that denser crustal ma
6
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terial is uplifted, especially in large impacts. Therefore, uplift usually produces
a positive gravity anomaly in the central part of the structure. Pilkington and
Grieve (1992) have listed 17 terrestrial structures with a distinct central gravity
high. There are at least four new additions to this list (Marquez Dome, Wong et
al., 1993; Mount-Toodina, Australia, Plescia et al., 1994; Chicxulub, Mexico,
Espindola et al., 1995; and Mj0lnir, Tsikalas et al., 1998). Grieve (1988) has
noted that during rebound, particle velocities in the central portion are directed
upward and inward, leading to a state of compression in the central uplift. This
process reduces initial impact induced porosity and further increases the density
relative to the surrounding autochthonous breccias. It has also been observed in
Kärdla data, where the fractured granites at the top of the central uplift are
denser than those at the unshocked crater basement (Paper II). However, the
central uplift in Kärdla produces no observable gravity anomaly probably due to
its great depth and small size.
After the excavation flow has opened the transient crater, shocked debris,
broken pieces of rock, impact melt and a portion of the rim moves back into the
cavity simultaneously with its collapse. A lens (simple structures) or ringshaped body (complex structures) of allochthonous breccias, which contain a
porous mixture of differently shocked target material with a possible addition of
melt, forms. Allochthonous breccias cause most of the negative gravity anomaly
due to their high porosity and low density, with respect to target rocks, and due
to subsurface nature. High density contrast between allochthonous breccias and
crystalline target rocks has been observed in several terrestrial impact structures
of -400 kgm-3 in Lappajärvi and Mien, Sweden, structures (Elo et al., 1992;
Henkel, 1992), 330 kgm-3 in Jänisjärvi, Russia (Dabizha and Feldman, 1982),
and 240 kgm-3 in Kärdla (Paper II).
At shock pressures >45 GPa minerals start to melt by fusion. At higher pres
sures (>60 GPa) whole rock melting takes place (Koeberl and Anderson, 1996).
At these pressures breccias with melt clasts (e.g., suevitic breccias), impact melt
breccias and/or separate impact melt bodies within the allochthonous breccias
will form. The density contrast between impact melts and surrounding rocks is
usually not as great as between allochthonous breccias and the target. For ex
ample, the impact melt in Lappajärvi is only slightly less dense (25202600 kgm-3) than the crystalline target rocks (-2700 kgm"3; Elo et al., 1992). In
Jänisjärvi, the density difference between impact melt and surrounding gneisses
is -240 kgm-3 (Dabizha and Feldman, 1982). Therefore, impact melt gives rise
to the negative gravity anomaly, but it is less than that produced by the same
volume of meltless allochthonous breccias. In Paper I of this work, the authors
theorize that the negative gravity of the Bosumtwi structure is weaker in the
northern part of the structure due to possible high content of impact melt brec
cias. Future shipbome gravity surveys will show if this theory is correct.
In the presence of water, local post-impact hydrothermal processes may be
active due to the impact-related thermal effect. Resulting, hydrothermal ore
deposits occur at Siljan (Pb, Zn, and Ag sulfides; Johansson, 1984) structure.
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Kinnunen and Lindqvist (1998) have reported post-impact, low temperature
hydrothermal agate nodules, chlorite, mordenite, smectite and kaolinite as
vesicle fillings in melt rocks of the Sääksjärvi meteorite impact structure in
Finland. The influence of hydrothermal activity on the porosity, density, and
gravity field depends on the size of the structure, presence of water, chemical
composition of the target and projectile. Hydrothermal activity most likely
slightly decreases the negative amplitude of previously formed structures if
partial or full closure of impact-produced fractures and pores by secondary
minerals takes part.
Once the impact structure has been formed in the sedimentary basin, the
topographic depression starts to fill with low-density, post-impact sediments,
adding to the central negative gravity anomaly. The post-impact sediments may
bury the entire structure (e.g., Kärdla; Puura and Suuroja, 1992). If so, the
gravity features will become screened by the increasing overlying sediments.
Moreover, continuous sedimentation (or burial under ice sheets during
glaciation) increases lithostatic pressure, which compacts underlying rocks
(including impactites) and reduces the amount of pores and fractures, which,
intum, reduces the amplitude of the gravity anomaly. The depth at which
fractures are essentially closed by lithostatic pressure is 8 km (Perrier and
Quiblier, 1974). Metamorphic processes or tectonism may further modify or
even obliterate impact features in rocks, as well as the gravity anomalies of
impact structures, e.g. Sudbury (McGrath and Broome, 1994), and Vredefort
(Henkel and Reimold, 1998).
Little research has been attempted to estimate changes in the gravity anomaly
of impact structures as a function of erosion (e.g. Pesonen et al., 1993). Pilkington
and Grieve (1992) were the first to point out a decreasing trend in the amplitudes
of the negative gravity anomalies caused by progressive erosion. In Paper Ш, the
effect of erosion on the gravity anomaly of a 30 km wide hypothetical complex
structure in Precambrian target rocks was investigated. The major effect of
erosion is a pronounced decrease in the amplitude of the negative anomaly with
only a minor change in anomaly diameter. The amplitude of the central positive
anomaly due to central uplift also decreases with erosion, although not as
significantly as the main anomaly. The diameter of the central positive gravity
anomaly is mainly unaffected by erosion.

Magnetics
Several impact-related processes are able to create new and to modify or even
destroy pre-existing magnetisations. However, the study of the magnetic effects
of impacts entails many variables, such as induced magnetisation, which
depends on the magnetic susceptibility of the rock and on the direction and
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Table 2. A list of processes producing and modifying magnetisations in impact structures
Effect

Process

Stage: Impact excavation
Propagation o f shock waves

Elastic rebound (begins)

•
•
•

Shock demagnetisation
Shock magnetisation (SRM)
Mineralogical changes, production o f new magnetic minerals, or destruction o f magnetic minerals

•

Uplift o f the crater rim wall may move deeper magnetic rocks upwards, especially in complex
targets
Rise o f the central uplift may move deeper magnetic rocks upwards (complex structures only)

•

Stage: impact modification
•
Elastic rebound (completes)
Debris falling and sliding into •
the transient cavity
Cooling below Curie point •
(begins)

Rise o f the central uplift may move deeper magnetic rocks upwards (complex structures only)
Pre-impact and impact-caused magnetisations obtain random orientation and thus cancel each other
in the allochthonous breccias
Impact breccias and melts acquire therm orem anent magnetisation (TRM) which may wipe out all
previous remanences

Stage: Post-impact development
Cooling below
(completes)
Oxidation

Curie

Hydrothermal alteration
Sedimentation
Erosion

point •

Impact breccias and melts acquire therm orem anent magnetisation (TRM)

•
•

Nature o f primary ferromagnetic minerals changes
Produces an overprint by chemical remanent magnetisation (CRM)

•
•
•
•

Destructs pre-existing magnetic phases
Fills the topographic depression with sediments that are usually non-magnetic
Coverage o f the whole structure screens the impact magnetic signatures
Removal o f impact stratigraphies reduces magnetic anomalies

intensity of the present geomagnetic field, and the natural remanent
magnetisation (NRM). The latter marks the geomagnetic field at the time of, or
subsequent to, impact, and plays a great role in producing magnetic anomalies,
especially if dominates the induced magnetisation. A few minerals, notable
magnetite, hematite and pyrrhotite, are able to carry significant magnetisations
(for details, see e.g. Butler, 1992). Although very small FeNi particles, magnetic
constituents of the projectile, are common in impactites (e.g. Lappajärvi,
Fregerslev and Carstens, 1976), their contribution to magnetic anomalies is
negligible due to their very small volumetric amount.
Laboratory and nuclear site experiments (e.g. Hargraves and Perkins, 1969;
Nagata, 1971; Pohl et al., 1975; Cisowski and Fuller, 1978; Pesonen et al.,
1997) have shown that shock waves can cause appreciable changes in the mag
netic properties of rocks. Depending on the magnitude of the ambient field,
shock intensity and magnetic hardness of the magnetic minerals, rocks may ei
ther acquire a shock remanent magnetisation (SRM) or loose some of their
magnetisation (shock demagnetisation).
Hargraves and Perkins (1969) tested tuff from around of an underground
nuclear explosion at the Nevada Test Site, USA. The orientation of NRM of
most of the samples was close to that of the local earth’s magnetic field, sug
gesting remagnetisation due to the shock. Pohl et al. (1975) carried out mag
netising and demagnetising experiments, where relatively low stresses (up to
1 GPa) were applied to basalt with and without the ambient magnetic field. In
the magnetising experiments, SRM was produced proportional to the intensity
of the applied magnetic field and increased with the applied peak stress. SRM
was always parallel to the applied magnetic field. The longitudinal SRM
(achieved when the applied stress was parallel to the ambient magnetic field)
was slightly higher than the transverse SRM (stress and magnetic field were
perpendicular). The produced SRM was unstable with respect to the alternating
field demagnetisation, but increased when higher stress was applied. This ob
servation concurs with later investigations by Cisowski et al. (1976) and
Pesonen et al. (1997), who demonstrated the increase of the coercive force and
coercitivity of remanence with increasing shock at higher stresses (up to
35 GPa). The mechanism of the magnetic shock hardening is ascribed to
changes in domain size or movements of domain walls in multidomain ferro
magnetic minerals, production of lattice defects and/or changes in crystallographic anisotropy of the magnetic grains.
The presence of SRM in natural conditions has been reported only in the
Slate Island impact structure, Canada (Halls, 1979). In this case, the SRM is
shown to have been acquired during impact and is restricted to low-coercivity
grains of magnetite. On the other hand, remanent magnetisation may also be
destroyed by shock (shock demagnetisation). As noticed by Cisowski and Fuller
(1994), the role of demagnetisation is more important for the relatively weak
magnetic field intensity, as on earth. Hargraves and Perkins (1969) tested sam
ples from Meteor Crater, and the Nevada atomic test site. They found that shock
7
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pressure may have a substantial demagnetising effect on the NRM of rocks with
magnetite or titaniferous magnetite as the dominant ferrimagnetic constituent.
Scott et al. (1997) reported magnetic models of four Canadian impact struc
tures: West Hawk, Deep Bay, Clearwater East and Clearwater West, and inter
preted the observed negative magnetic anomalies to be partly produced by
basement rocks below the impact structures. They attribute the zone of reduced
magnetisation to the partial demagnetisation of magnetite by the impact-induced
stress. However, the reversed magnetisation of impactites may be the reason in
some of these structures. Jelenska (1975), Cisowski and Fuller (1978) and
Pesonen et al. (1997) have reported a shock-produced decrease in the magnetic
susceptibility in natural rocks.
Shock waves may produce mineralogical changes responsible for the nature
of magnetisation of impact and target rocks. For example, biotite, which is
paramagnetic, may decompose to pyroxene, alkali feldspar, silicate class and
ferromagnetic iron oxides (Feldman, 1995), and give rise to the magnetisation
of the rock. Granovsky et al. (1979) have shown that the degree of oxidation
and, therefore, decomposition of biotite increases with increased shock. Iron
oxides, which acquire magnetisation in the direction of the magnetic field at the
time of decomposition (chemical remanent magnetisation, CRM) and during
cooling below the blocking temperatures (thermochemical remanent
magnetisation, TCRM), may occur in impact breccias. This may be the case in
the Bosumtwi impact structure (Paper I), where the northwestern part of the
target is iron- and biotite-rich (Koeberl et al., 1998). It is possible that the meltsuevites acquired their NRM directions by post-shock thermochemical
processes and that the carrier of this TCRM is newly-formed magnetite
subsequent to biotite decomposition. Chao (1968) found amphibole from the
Ries structure that has also been oxidised into magnetite and to poorly
crystalline or amorphous material. Decomposition of clinopyroxene into an
aggregate of amphibole, plagioclase, clinopyroxene, and magnetite is reported
from Puchezh-Katunky structure (Feldman, 1995).
The formation of the central peak or peak ring brings the compressed and hot
target material near the earth’s surface. The uplift decreases the distance from
the measurement to the source, and, therefore, amplifies the magnetic response
of the uplift. This is particulary true when an impact crater is formed at the
complex target composed of less magnetic sedimentary rocks and more mag
netic crystalline basement. For example, the central magnetic anomaly of the
Haughton structure, Canada, is produced by high remanent magnetisations
(Q up to 50) in strongly shocked and uplifted gneissic rocks. Pohl et al. (1988)
suggest that high NRM of the central uplift at Haughton is due to thermorema
nent magnetisation (TRM, see below). The uplifted rim wall may also give rise
to a magnetic anomaly. For example, an uplifted crystalline rim inside weakly
magnetic sediments gives rise to circular positive magnetic features around the
Kärdla crater (Paper II).
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During the modification stage, debris sliding down from rim walls, falling
from the sky or brought into the structure by the tsunami wave (in marine
structures only), are all free to rotate until deposited to form an allochthonous
breccia unit. This, theoretically, should produce a random orientation of pre
impact and/or impact-induced magnetisation vectors in these breccia deposits
(Beals et al., 1963). This randomising process should therefore yield a weak
magnetic signature. The situation applies only to relatively small structures,
where the temperature does not rise above the Curie-points of the magnetic car
riers (i.e., when TRM is absent). This hypothesis is testable because it resemble
the conglomerate test in palaeomagnetism (Butler, 1992).
Impact melt rocks or heated impact breccias may acquire TRM in the direc
tion of the magnetic field when cooled below the Curie temperatures of the
magnetic minerals, e.g., Manicouagan (Larochelle and Currie, 1967), Lappa
järvi (Pesonen et al., 1992). The near-surface melt layers cool relatively
quickly, but the cooling time of the buried melt pockets may be sufficient to
acquire magnetisation in a direction different from the magnetic field at the time
of impact due to secular variation of the earth’s magnetic field. The cooling
time for melt layers inside the allochthonous breccia lens of 15 km-wide craters
is about 100,000 years (Melosh, 1989). The composition and magnetic proper
ties of target rocks largely control the content and magnetic contrasts of impactites, and, therefore, the magnetic anomaly. High magnetisation is observable
when ferrimagnetic phases existed in the target rocks or were created by oxidi
sation (see above), as in impactites of the Mien and Dellen structures (Henkel,
1992). The observed magnetic anomalies of impact structure are often due to
remanent magnetisation. For example, high Koeningsberger ratios of breccias
and impact melts are observed at Mien (Q -10; Stanfors, 1973) and Haughton
(Q > 10; Pohl et al., 1988). In the Vredefort structure, impact-derived tempera
tures were sufficient to completely remagnetise the entire basement of the
structure. Very high Koeningsberg values (> 30; Hart et al., 1995) are attributed
to the ultrafine (< 5 |am) magnetite particles formed along shock-induced PDF’s
(Hart and Cloete, 1999).
Impact-induced magnetic signatures can be modified and obliterated by a
whole range of geological processes. Alteration may produce a chemical remanence magnetisation (CRM) or destruct pre-existing magnetic phases. Post
impact oxidation caused by circulating water in cracks and fractures may lead to
conversion of magnetite to hematite with lower remanent magnetisation inten
sity, e.g. Siljan (Elming and Bylund, 1991). If new magnetic carriers are pro
duced and the magnetic field is present, the impactites may acquire magnetisa
tions sufficient to influence the local magnetic field over the structure. In the
Lake St. Martin impact structure, Canada (Coles and Clark, 1982) a strong and
stable remanence magnetisation gives rise to the intensive magnetic anomaly.
This magnetisation is proposed to by chemical due to extensive post-impact al
teration of mafic silicates. Steiner and Shoemaker (1994) have reported twopolarity magnetisation of the Manson impact breccias. They measured samples
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that carry a secondary reversed polarity magnetisation (by hematite) that is
roughly antipodal to the characteristic normal polarity magnetisation (by mag
netite). The presence of the reversed CRM suggests impact near a polarity
reversal such that the impact-induced hydrothermal activity occurred in the suc
ceeding reversed polarity interval.
Burial of an impact structure by weakly magnetic sediments also contributes
to a reduced magnetic signature. Analogous to gravity, all magnetic features are
weakened by an increasing thickness of overlying sediments. Erosion and
tectonism also have destructive effects on impact-induced magnetic anomalies.
Paper III demonstrates that the impact-derived magnetic signature decreases
markedly after the removal of allochthonous breccias and melted rocks.
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GRAVITY AND MAGNETIC MODELLING
OF IMPACT STRUCTURES: CASE STUDIES
Gravity and magnetic modelling are used to simulate the internal structure of
impact craters. It has been successfully used, e.g. to describe the central uplift in
the Manicouagan structure (Sweeney, 1978), to investigate density and mag
netic distribution in Vredefort (Henkel and Reimold, 1998), to determine the
shape of the causative body for the magnetic anomalies in Manicouagan and
Lake St. Martin structures (Coles and Clark, 1978; 1982), and to investigate the
extent of autigenic brecciation affected by oxidation in Tvären, Sweden (Ormö
and Blomqvist, 1996).
To construct a realistic geophysical model of an impact structure, knowledge
of the processes that are able to change structures and properties during and
after the impact, is necessary. In addition, geophysical field data and sufficient
petrophysical data of impactites, as well as pre- and post-impact rocks are
needed. To speed up the modelling process, proper computer software is
recommended.
Nowadays, large sets of gravity and magnetic field data are possessed by
progressive national geological surveys. However, these data sets are very
different in their scale and precision. Modelling, especially for smaller
structures, sometimes requires new linear or areal (in the case of complicated
regional field) measurements.
Gravity analysis presumes density measurements of impact-influenced,
target and post-impact rocks. These measurements may be taken from surface
outcrops and/or drillcores. To simulate natural conditions, wet densities (density
of a water-saturated rock) are typically used in gravity modelling. In larger
structures, seismic methods and litho-stratigraphic information may be required
to estimate density and subsurface geometry of deeper lithologies. Magnetic
modelling requires data of both induced and remanent magnetisations of
different rock types within and outside the crater. In modelling software,
induced magnetisation is expressed by magnetic susceptibility (x ), intensity (Я),
and direction (D and /) of the magnetic field at a particular site. The
contribution of remanent magnetisation is incorporated by the direction and
intensity of NRM measured from oriented rock samples.
Present-day computer software allow rapid calculation of the gravity and
magnetic responses of the model bodies along profiles measured in nature or
obtained from geophysical maps. In forward modelling the gravity and/or
magnetic response curves of the model with specified physical properties are
calculated. Changing the model parameters (geometry and physical properties)
the response curves that match with the measured curves are found. This is
generally done by trial and error or using optimisation techniques. However,
there are an infinite number of theoretical solutions, for an observed gravity or
8
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magnetic anomaly. To decrease the ambiguity and to find the most reasonable
model, reliable petrophysical and geological data are needed.
Most of the software programmes allow 2.5-dimensional modelling of grav
ity and magnetic sources together or separately. The author used GravMag
(Pedley, 1991) in Paper II, GMM (GeoVista AB, 1994), and ModelVision (Encom Technology Pty Ltd, 1998) in Papers I and III. GravMag allows modelling
of several polygons in the vertical plane. For each polygon, the third dimension
is given by entering the half strike length, and the edges in the strike direction
are vertical. The profile is always perpendicular to the strike direction and cuts
the polygonal body exactly in its centre. GMM has two advantages over
GravMag. First, each body may be at an arbitrary angle to the profile, with any
strike and lateral offset. Second, the offset prisms may be created in relation to
the profile. These features allow inclusion of the influence of anomalous bodies
beyond the impact structure. The disadvantage of both software is that the bod
ies have to be quadrangular in the horizontal plane. For circular structures, this
feature produces slight underestimations in the modelled sizes of polygons.
In the case of Kärdla (Paper II), the NE-SW gravity and magnetic profiles
were interpolated from local gravity and magnetic data. The geophysical model,
consisting of 10 prisms with polygonal cross section, describes simultaneously
gravity and magnetic effects of the structure. First, a gravity model based on the
density measurements, drillings and cross-section by Puura and Suuroja (1992)
was created. Second, the model was modified to include magnetic effects in
order to find a fit between the observed and calculated magnetic curves. For two
bodies (post-impact sediments and allochthonous impact breccias) observed
magnetic susceptibilities were used. The other bodies, such as autochthonous
breccias and the rim wall, were divided into polygons with variable suscepti
bilities. Because the remanent vectors of unoriented drill-core samples could not
be reoriented with viscous remanent magnetisation technique (e.g. Järvelä et al.,
1995) and due to the lack of of the NRM directions, only the induced magneti
sation was used to describe the magnetic properties of different polygons. This
technique produces errors in the shapes of polygons, especially those that have
high magnetisations and are closer to the surface. Due to relatively low NRM of
sediments and randomised NRM vectors in allochthonous breccias, the effect of
remanence is significant only in the rim wall area of the Kärdla model. The
model illustrating approximately the shapes of different impacted and post
impact bodies, producing the circular negative gravity and magnetic anomalies
surrounded by positive anomalies.
ModelVision is a geophysical modelling package for the display, analysis
and simulation of magnetic and gravity data. It allows the display of field
measurements and the creation of models in the horizontal plane or along userdefined profiles. It allows to calculate a response curve or field for a polygon,
prism, tabular body, sphere, ellipsoid, or horizontal cylinder with user-defined
properties, geometry and location.
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To investigate the distribution of buried magnetic material inside the Bosumtwi impact structure (Paper I), several 50 m thick prismatic bodies with
horizontal upper and lower surfaces, and with vertical sides, were used. In the
model, the uppermost prism was located at the depth of 200 m, based on the
scaling by Grieve and Pesonen (1992), and Grieve and Robertson (1979). The
Koeningsberger ratio and remanence directions of ejected impact breccias were
assigned to the bodies. However, assuming that impactites inside the structure
contain either more magnetic material or were originally more magnetic than
ejecta rocks, ten times higher magnetisations were used. It is possible that
ejected breccias have lost some of their magnetisation due to weathering on the
surface. Identical magnetic properties were assigned to all prisms. Therefore,
the prisms form a homogeneous structure with a complicated shape in plan
view, and maximum thickness of 400 m at the northern part of the structure. In
cross-sections, the model can be described as a half-lens. It is bounding the pos
sible location of the central uplift on the north, but also existing on the western
and eastern side of the uplift. The modelled structure was defined as a melt-richsuevite lens. The relative freshness of the crater, the lack of post-impact defor
mation and significant erosion suggest that the impact-produced allochthonous
rocks were deposited symmetrically around the central uplift. Thus, breccias
should also fill the southern part of the crater, but without high magnetisation.
The biotite-rich granite intrusions, exposed north-west of the lake (Koeberl et
al., 1998), may have acquired high magnetisations due to magnetite produced
from biotite during impact excavation (Table 2). It is also possible that the
southern part of the structure is filled by great landslides of relatively lessmagnetic metasediments that were part of a mountain range at the southern side
of the lake.
Model Vision package was also used to model density and magnetisation
contrasts of a hypothetical impact structure 30 km in diameter, and to investi
gate the changes in the gravity and magnetic anomalies as a function of erosion
(Paper III). The first model consists of several symmetrical vertical prism bod
ies with horizontal upper and lower surfaces, vertical sides, and 16 comer points
on a plan view. The diameter of prisms decreased stepwise downward until
vanishing at the depth of 7 km. The thickness of each prism was 500 m, except
the two prisms describing the allochthonous impact breccia with thicknesses of
500 an ЗСЮ m, and the prism of the impact melt, which had a thickness of
200 m. The morphometric parameters of the model followed calculations by
Croft (1985) and Melosh (1989). Physical properties of different layers were
assigned according to literature values of typical Precambrian background rocks
and impactites in Fennoscandia. Density variations included the fracturing ef
fect of target rocks, allogenic brecciation, impact melting, and rise of the central
uplift and post-impact sedimentation. In the magnetic model, NRM was set in
the direction of the time of the impact (assumed to be 1.93 Ga) in Fennoscandia.
The same time was assigned to the direction of TRM of impact melts and al
lochthonous breccias, whereas the autochthonous breccias were assumed to
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acquire a SRM in the same ambient direction as TRM, and detrital remanence
magnetisation of post-impact sediments. The magnetic model also included a
rise of more magnetic basement rocks due to the central uplift.
The same model was used for gravity and magnetic exercises. However, be
cause the processes affecting magnetics are different from gravity, the magnetic
properties of each structure should be studied individually and separately from
the gravity model. To confirm density and magnetic prisms, we assumed the
following conditions: (i) the TRM was active only in the impact melt sheet,
which cooled immediately after the impact, and (ii) post-impact physicalchemical processes did not substantially affect physical properties of the rocks.
We then calculated the gravity and magnetic anomalies of the model to
simulate the initial pre-erosional situation. Gravity and magnetic anomalies
were then calculated stepwise for models, where the topmost 1 km thick layer
was successively removed and the remaining prisms represent subsequent ero
sion levels from 1 km to 7 km depth. The model showed that the amplitude and
diameter of the negative gravity anomaly significantly decreases due to erosion.
Because the decrease is much stronger in amplitude, the erosion progressively
flattens the gravity signature of an impact structure. Moreover, we observed that
erosion enlarges the gravity response of the central uplift with respect to the
total anomaly. The removal of a strongly remanent magnetised impact melt
body by erosion significantly decreases the amplitude of the magnetic anoma
lies. The erosion modelling was tested with real data of impact structures where
the erosion has been estimated on geological grounds.
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CONCLUSIONS
Various geophysical methods, used in impact cratering research, can supply an
internal view of a buried impact structure. These methods have often provided
the first clue of an impact origin of a structure. Moreover, palaeomagnetic tech
niques may provide an age estimate of an impact event. Geophysical data are,
however, often unambiguous and do not prove the impact origin.
Gravity anomalies over impact craters depend on the (i) size and morphol
ogy of the structure, (ii) the density contrast between impacted and surrounding
target rocks, and (iii) the depth of the structure. Most impact structures show a
negative gravity anomaly. If filled with relatively denser post-impact material,
tectonised and/or deeply eroded, the structure may show positive gravity effects.
Complex impact structures may also reveal gravity highs due to central uplift.
Gravity anomalies over impact structures are produced by different processes
during cratering. These include:
• fracturing and brecciation of target rocks and minerals (major negative
effect),
• formation of high-pressure polymorphs (minor positive effect),
• mineralogic diaplectic changes (minor negative effect),
• uplift of the crater rim wall (positive effect surrounding the central negative
anomaly),
• formation of allochthonous breccias and melt sheets (major negative effect).
Magnetic anomalies of impact structures depend on (i) the size and shape of the
structure, (ii) the intensity and orientation of magnetisation of the impactites
with respect to the surrounding target rocks, (iii) the ancient and present geo
magnetic field, and (iv) the altitude (distance from measurement level to the
source). Due to considerable variations in magnetisations of both impact-related
and target rocks and due to the vector nature of magnetisations, magnetic
anomalies over the impact structures are usually much more complicated than
gravity anomalies. The principal characteristic of impact structures is weak
magnetic relief, although high-amplitude, short-wavelength anomalies inside
the overall magnetic low, near and above the central uplift may occur. If impact
melt bodies with high remanent magnetisation are present inside the structure,
the magnetic low may be locally broken by high amplitude anomalies. How
ever, several proven impact structures show only positive magnetic features or
show no observable impact-related magnetic signatures at all. Impact cratering
may
• demagnetise pre-existing magnetisations (shock demagnetisation),
• produce shock magnetisation,
• cause mineralogical changes producing (or destroying) magnetic minerals,
• uplift the crater rim wall, as well as the central uplift and redistribute the
target magnetisations,
9
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• produce a random orientation of pre-impact and impact-caused magnetisa
tions in the allochthonous breccias,
• give a rise to thermoremanent or thermochemical magnetisation.
A wide range of post-impact processes, such as hydrothermal alteration, sedi
mentation, erosion, metamorphism, tectonics, etc., are able to overprint, mask,
destroy or remove the specific impact-generated physical properties, and there
fore change the geophysical anomalies.
Despite the relatively complicated nature of gravity and magnetic signatures,
modelling is a very useful tool to investigate the internal structure of impact
craters, especially buried craters. Modem computer software provides relatively
rapid ways to estimate distribution of densities and magnetisations within a
structure. However, to obtain a realistic model, sufficient amounts of petro
physical data of oriented samples from impactites, fractured target rocks and
unaffected target rocks are needed.
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METEORIITSETE PLAHVATUSSTRUKTUURIDE
GRAVI- JA MAGNETOMEETRIA
Kokkuvõte
Teie käes olev dissertatsioon käsitleb meteoriitsete plahvatusstruktuuride geofiiüsikalisi tunnuseid ning neid põhjustavaid protsesse. Erilist tähelepanu on
pööratud kraatrisiseste ja -väliste kivimite füüsikaliste omaduste rollile struk
tuursete mudelite loomisel (artikkel I ja II) ning erosiooni mõjule meteoriidi
kraatrite geofüüsikalistele anomaaliatele (artikkel III).
Suur osa meteoriitsetest plahvatusstruktuuridest põhjustab mõõdetava gravija magnetanomaalia. Lihtkraatri (läbimõõduga alla 2 (4) km setteliste (kristalliinsete) märklauakivimite korral) iseloomulikuimaks geofüüsikaliseks tun
nuseks on ümar negatiivne gravitatsiooniline anomaalia, mille on põhjustanud
purustunud ja bretšastunud kivimite ning võimalike struktuuritäitvate setendite
madal tihedus. Negatiivne anomaalia võib olla ümbritsetud kraatrivalli suhte
liselt tihedamate kivimite loodud ringja positiivse anomaaliaga. Kompleksstruktuuride (läbimõõduga üle 2 (4) km setteliste (kristalliinsete) märk
lauakivimite korral) puhul võib gravitatsioonilise kollapsi käigus struktuuri kes
kele tekkinud tihedam kõrgendik põhjustada negatiivse anomaalia sees paikneva
lokaalse positiivse anomaalia.
Plahvatusstruktuuride magnetanomaaliad on magnetiseerituse vektoriaalse
iseloomu tõttu varieeruvamad kui gravianomaaliad ning sõltuvad ka struktuuri
geograafilisest asukohast. Meteoriidiplahvatus ning sellele järgnevad protsessid
on võimelised kivimite magnetiseeritust tekitama, muutma ja hävitama. Tava
liselt assotsieerub lihtkraatriga ümar, negatiivne lokaalne anomaalia, kuid
kompleksstruktuurid loovad keerukamaid magnet väljasid.
Plahvatusjärgsed geoloogilised protsessid on võimelised aja vältel kraatrite
geofüüsikalisi anomaaliaid muutma ja isegi hävitama. Osaliselt seetõttu ei käsit
leta geofüüsikalisi anomaaliaid meteoriidikraatri olemasolu tõestava andmesti
kuna.
Gravi- ja magnetomeetrilise modelleerimise võimalused meteoriidistruktuuride sisemuse kirjeldamiseks on ilmestatud kahe näite, Bosumtwi (Gaana;
artikkel I) ja Kärdla (Eesti; artikkel II) varal. Mõlemal juhul eelnesid struktuuri
mudeli loomisele kivimiproovide füüsikaliste omaduste (tihedus, poorsus, magnetiline vastuvõtlikkus, jääkmagnetiseerituse intensiivsus) mõõtmised. Kärdla
(läbimõõt 4 km, vanus 455 mln. aastat) struktuuri puhul koostati 2,5-dimensiooniline mudel, kasutades samal ajal nii kraatri gravitatsioonilist kui ka
magnetvälja, kivimite füüsikalisi omadusi ning geoloogilist andmestikku.
Modelleerimise tulemusel tõestati, et positiivsed ringjad gravi- ja magnet
anomaaliad Kärdla kraatri ümber on põhjustatud kraatrivalli tihedamate ja
magnetilisemate kristalliinsete kivimite poolt. Negatiivseid anomaaliaid see
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vastu loovad suhteliselt madala tiheduse ning nõrga magnetiseeritusega
plahvatusbretšad ning plahvatusjärgsed settekivimid.
Bosurntwi (läbimõõt 11,5 km, vanus 1,07 mln. aastat) kraatri puhul analüü
siti aeromagnetilist kaarti, uurimaks maetud magnetilise materjali jaotust kraatri
sees. Koostati mudel, mida toetavad kraatri ümbert võetud kivimiproovide
füüsikalised ning paleomagnetilised mõõtmistulemused. Modelleerimise tule
musena selgub, et kraatrisisene magnetiline mateijal on normaalpolaarsusega
ning on tekkinud ja säilinud peamiselt struktuuri põhjaosas. Magnetiline and
mestik viitab ka keskkõrgendiku olemasolule.
Artikkel III käsitleb erosiooni mõju meteoriidikraatrite gravi- ja magnetanomaaliatele. Uuringuteks loodi ruumiline 30 km läbimõõduga kristalliinsetel
kivimitel paiknev kraatrit iseloomustav mudel, mida modifitseerides arvutati
järk-järgult tema poolt loodud gravi- ja magnetväli. Erosiooni peamine efekt
seisneb negatiivse gravianomaalia amplituudi vähenemises, kuid peaaegu
märkamatus läbimõõdu vähenemises. Keskkõrgendikele vastava positiivse
gravianomaalia amplituud ei vähene nii intensiivselt kui pea-anomaalial. Kraat
rile vastava magnetanomaalia amplituud väheneb oluliselt pärast struktuuritäitvate sulakivimiläätsede ning bretšade erodeerumist.
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A b str a c t-A m agnetic m odel is proposed for the Bosum twi meteorite impact structure in Ghana, A frica. This
relatively young (~ 1.07 Ma) structure with a diameter o f -1 0 .5 km is exposed w ithin early Proterozoic
Birimiam-Tarkwaian rocks. The central part o f the structure is buried under postim pact lake sedim ents, and
because o f lack o f drill cores, geophysics is the only way to reveal its internal structure. T o study the
structure b elow and beyond the lake, a high-resolution, low altitude ( - 7 0 m) airborne geophysical survey
across the structure was conducted, which included measurements o f the total m agnetic field,
electrom agnetic data, and gamma radiation. The m agnetic data show a circumferential m agnetic halo outside
the lakeshore, - 1 2 km in diameter. The central-north part o f the lake reveals a central negative m agnetic
anom aly with sm aller positive side-anom alies north and south o f it, w hich is typical for m agnetized bodies at
shallow latitudes. A few weaker negative magnetic anomalies exist in the eastern and western part o f the
lake. Together with the northern one, they seem to encircle a central uplift. Our m odel show s that the
m agnetic anom aly o f the structure is presumably produced by one or several relatively strongly remanently
m agnetized im pact-m elt rock or melt-rich suevite bodies.
PetTophysical measurements show a clear difference between the physical properties o f preimpact target
rocks and im pactites. Suevites have a higher magnetization and have low densities and high porosities
com pared to the target rocks. In suevites, the remanent magnetization dom inates over induced m agnetization
(Koenigsberger ratio > 3).
Preliminary palaeomagnetic results reveal that the norm ally m agnetized
remanence com ponent in suevites was acquired during the Jaramillo normal polarity epoch.
This
interpretation is consistent with the m odelling results that also require a normal polarity m agnetization for the
m agnetic body beneath the lake. The reverse polarity remanence com ponent, superim posed on the normal
com ponent, is probably acquired during subsequent reverse polarity events.
INTRODUCTION

the lake), the gravity data reflect regional tren d s on ly and can n o t be
used to constrain the m agnetic m odels.

An im pact origin for the nearly circular Bosum tw i structure in
Ghana, A frica (centered at 06°30' N and 01°25' W) was first
suggested by M aclaren (1931). T he structure has a rim -to-rim
diam eter (Z>) o f - 1 0 .5 km (Figs. I and 2) and is m ostly filled by
Lake B osum tw i, w hich has a diam eter o f - 8 km and m axim um
depth o f 80 m (Jones et a l., 1981). The structure has an age o f
- 1 .0 7 M a (K oeberl et al., 1997), w hich is the sam e as for tektites
found in the neighbourhood at Ivory C oast (Fig. 1c) and for
m icrotektites found in deep-sea sedim ent cores o ff the W est African
coast. T he com m on age, as well as chem ical and isotopic data
(L ippolt and W asserburg, 1966; Schnetzler et al., 1966), indicate
that the Lake B osum tw i im pact event is m ost likely the source crater
for these tektites.
C hem ical data indicate a m in o r m eteoritic
com ponent in the Ivory C oast tektites (Palm e et al., 1981; Jones,
1985; K oeberl and Shirey, 1993).
B ecause the crater is buried under the w ater and lake sedim ents,
and because o f the: lack o f drillings, geophysics have to be used to
investigate its subsurface structure. T he first m agnetic field studies
o f the structure w ere m ade in 1960 by H unting Surveys Ltd. for the
G hana G eological Survey D epartm ent (Jones et al., 1981). The
occurrence o f a central negative anom aly o f - 4 0 nT, with a positive
flank anom aly o f - 2 0 nT on the northern side (w hich is intersecting
regional m agnetic anom alies) w as detected in this early survey. The
anom aly w as attributed to a breccia lens below the lake sedim ents.
In addition, gravity m easurem ents were collected around the lake
(Jones et al., 1981); yet because o f the sparseness o f data (none over

In 1997, a high-resolution airborne geophysical survey across
the Bosum tw i structure was carried out by the G eological S urvey o f
Finland (G SF) in cooperation w ith the U niversity o f V ien n a and the
G hana Geological Survey D epartm ent (O jam o et a l., 1997; Pesonen
et al., 1998, 1999). It included m easurem ents o f th e total m agnetic
field, electrom agnetic field, and gam m a radiation. H ere w e present
a m agnetic m odel o f the structure, w hich is based on the new highresolution residual m aps, and constrained by p etrophysical d a ta o f
nine unoriented and four oriented rock sam ples (fo r location, see
Fig. 2) collected around th e structure.

STRUCTURE OF THE TARGET AND CRATER
G hana occupies a m ajor part o f the P recam brian Shield, a
segm ent o f the W est A frican C raton.
T h e early Proterozoic
(-2 1 0 0 M a) basem ent in G h an a is subdivided into th e B irim ian and
Tarkw aian Supergroups (E isen lo h r and H irdes, 1992).
The
Bosum tw i crater (Fig. 2) w as excavated m ainly in Birim ian
m etasedim ents: grayw ackes, phyllites, and quartzites. Birim ian
m etam orphosed volcanic rocks (basalts w ith som e intercalated
sedim ents) reach into the southeast co rn er o f the lake (Jones et al.,
1981). B edding o f Birim ian fo rm atio n s strik es no rth east and dips
subvertically.
The deform ational event and d eposition o f the
Tarkw aian Supergroup follow ed the B irim ian sedim entation.
T arkw aian coarse clastic sed im en tary rocks, w hich are regarded as
the detritus o f Birim ian rocks (Leube et al., 1990), occur to the
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FlG. 1. (a) Topographical шар of Lake Bosumtwi and surroundings, including lakeshore and bathymetry, after Jones et al. (1981) and McGregor (1937).
(b and c) Location of the Bosumtwi region in western Africa with the Ivory Coast tcktite strewn field Deep-sea cores containing microtektites are marked by
black triangles (after Glass etal., 1991).
southeast o f the crater. Som e syndeform ational granitic intrusions
o f "Cape C oast” type (Jones e t at., 1981) are cropping out around
the north, w est, and south sides o f Lake B osum tw i (Fig. 2).
The lake (with circular bathymetry (M cGregor, 1937) and
m axim um w ater depth o f ~80 m) and post-impact lake sedim ents hide
the subsurface structure o f the central part o f the Bosumtwi crater but
have preserved it against erosional processes. Based on the size criteria
for terrestrial im pact structures (e g ., G rieve and Pesonen, 1996),
Bosum twi should be a com plex impact structure, but no evidence exists
o f a central uplift in lake bathym etric data (M cGregor, 1937). It is
possible that the central uplift has collapsed during the modification
stage o f the crater form ation and is hidden underneath the lake
sediments. The m orphom etric estimates o f the structure, including the
diam eter o f the central uplift, are given in Table 1.

METHODS AND DATA
Geophysical Field Surveys
In the 1997 survey, the total m agnetic intensity w as recorded
with a Scintrex CS-2 m agnetom eter at a resolution o f 0.001 nT. The
nom inal flight altitude was 70 m, flight directions n o rth -so u th , and
line spacing was 500 m. M agnetic recordings w ere o btained at
every ~6.25 m along the flight lines. Positionings w ere do n e using
differential global positioning system and flig h t elevations w ere
m easured with radar altim eters.
A ltogether, 30 profiles w ere
recorded with an average length o f 22 km.
All original data
(corrected for aircraft disturbances and for variatio n s in elevation)
were transform ed into a grid o f 100 x 100 m, from w hich various
m aps w ere prepared (see Pesonen el al., 1998).

T able 1 Dimensions of the Bosumtwi structure.

Parameter

Equation/dimension

Rim-to-rim diameter
Diameter of the collapsed disruption
(i.e., transient) cavity
^ a m e te r of the central uplift
Apparent depth
True depth
Maximum thickness of the allochthonous breccia lens
Volume of impact melt

D = 10.5 km
Dd c ^ D q0 ‘5D °,s a 9 km
DCu * 0.22 D * 2.3 km
dA =• 015 D° <3» 0 4 km
d T <= 0.52 CP 2 » 0.8 km
hB =< d r - dA <*0 4 km
3.8 x 10^* DJ i ч 1.1 km3
Vm = cDd c >'11
2.9 < V M <3.4 km1

References
Jones et al. (1981)
Croft (1985); for definition see
Hildebrand et al. (1998)
Pike (1985)
Grieve and Pesonen (1992)
Grieve and Robertson (1979)
Lange and Ahrens (1979)
Grieve and Cintala (1992)

Abbreviations: D q = the transition diameter for simplc-to-complex crater (-4 km for crystalline targets on Earth); apparent depth = depth from
the rim to the upper surface of crater-filling allochthonous breccias; true depth ” depth from the rim to the base of breccia lens, с = constant that
depends on the impact velocity and type of the projectile. The volume of impact melt was calculated for iron and chondrite projectiles at impact
velocities from 15 to 25 km s_1.
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Fig. 2. Schematic geological map of the Bosumtwi area after Jones et al. (1981) and Reimold et al. (1998) The rectangular map area refers to area of
aerogeophysical survey. Two coordinate systems, geographic and plain, are shown. Location o f the investigated samples is shown with black dots.

P e tro p h y sics
O ur petrophysical data, w hich we use to constrain the
geophysical m odellings, are based on 13 sam ples collected in 1997.
Sam pling localities are show n in Fig. 2. M ost o f the sam ples were
w eathered. Eleven sam ples (6 granites, 4 grayw ackes, and 1 shale)
w ere unshocked target rocks in the surrounding terrain o f Lake
B osum tw i. The tw o im pactites from an outcrop located - 2 .8 km
north o f the crater rim are m elt-rich suevites from the ejecta layer.
These suevites, one grayw acke and one granite sam ple, were
collected in the field as oriented sam ples o f w hich several specim ens
were prepared.
D ensity (6), m agnetic susceptibility (X), and intensity o f the
natural rem anent m agnetization (N R M ) w ere m easured at the
Palaeom agnetic Laboratory o f the G S F -E sp o o , using techniques
described in Purarien and Sulkanen (1985). The porosities (ф) were
m easured using the w ater-saturation technique as described in
Pesonen et al. (2000).
All oriented specim ens w ere dem agnetized with alternating
m agnetic fields (A F) to study their palaeom agnetic behaviour.
Som e specim ens w ere also therm ally dem agnetized.
The
m easurem ents w ere m ade using a superconducting quantum
interference device (SQ U ID ) m agnetom eter as described by O ja and
Pesonen (1990) To determ ine the various rem anence com ponents

in the sam ples, jo in t analyses o f stereo g rap h ic plots, dem ag
netization decay curves, vector d iagram s (Z ijd erv eld , 1967), and
principal-com ponent analysis w ere used (K irschvink, 1980; Leino,
1991).

RESULTS
Magnetic Maps
The regional m agnetic field (Fig. 3) in the B osum tw i crater area
reveals several types o f regional anom alies, the m ost striking ones
being the n o rth east-so u th w est lineations by B irim ian-T arkw aian
supracrustal strata (E isenlohr and H irdes, 1992). T hese anom alies
have a range o f w avelengths betw een 2 and 20 km, and am plitudes
up to ~ 250 nT. H igher am plitudes and sm aller w avelengths are
m easured to the southeast o f the B osum tw i L ake at the Birim ian
m etavolcanic and, in particular, T arkw aian quartzites. Sim ilar short
w avelength north east-so u th w est tren d in g regional anom alies appear
to the northw est and southw est o f the crater, w hich suggests that
buried m etavolcanic rocks are also present there. T he regional
features partially m ask the m ore circular m agnetic sig n atu res o f the
Bosum tw i structure.
As th e im pact-in d u ced anom alies have
w avelengths that are sim ilar to the regional ones, it is difficult to
separate them. For exam ple, the negative anom aly, ~5 km in length,
at the northern part o f the lake (Fig. 3), interpreted as having an
im pact origin (Jones el al., 1981), certain ly includes some
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Fio. 3. Total field (nT) aeromagnetic map of the Bosumtwi impact structure.
The data are from a high-resolution aerogeophysical survey conducted by the
Geological Survey of Finland (Ojamo et al., 1997; Pesonen el al., 1998,
1999). Contour interval is 10 nT.

Fig. 4. Regional magnetic field (nT) map of the Bosumtwi area To define
the regional field, a two-dimensional-averaging with the area of 4 x 4 km
filter for a grid o f 100 x 100 m was applied to the total field aeromagnetic
map (Fig. 3). Contour interval is 5 nT.

component from the negative linear regional anomaly from
southwest o f the crater. However, the structure shows clearly a
group o f differently shaped negative anomalies that are surrounded
by two positive anomalies, one on the northern and one on the
southern side. This type o f anomaly pattem can, at low latitudes, be
produced in two different ways.
First, a body with reversed magnetization at shallow latitudes
can produce a positive anomaly with minor negative anomalies to
the north and south. This case seems to be unlikely at Bosumtwi, as
the northern positive feature lacks a negative side anomaly to the
north, and the southern one lacks a side anomaly to the south.
Moreover, the positive features are located too close to the rim of
the structure to be produced by a large reversely magnetized body.
Second, this type o f anomaly pattem can be produced by a normally
magnetized structure at shallow latitudes.
Our preliminary
modelling exercise showed that a highly magnetic anomalous source
body with the remanent magnetization parallel to the ancient dipole
field gives rise to a negative anomaly at low latitudes. At Bosumtwi
latitude (~5° N), the negative anomaly occurs slightly to the north of
the body's centre and is accompanied with positive side anomalies
on the northern and southern side o f the major peak. This
explanation is also supported by palaeomagnetic studies and further
modelling experiments.
In order to remove the regional trends and to amplify the
Bosumtwi related anomalies, we applied a two-dimensionalsmoothing window with an areal operator o f 4 x 4 km in a grid of
100 x 100 m. However, this technique removes mainly the large

wavelength regional effects as shown by the regional magnetic map
(Fig. 4). Because o f similar wavelengths o f impact anomalies and
elongated regional features, the usage o f a smaller areal operator
would affect impact anomalies.
Because o f the complicated
magnetic field, other methods to describe the regional features (e.g.,
polynomial regression) did not give reasonable results. The residual
magnetic anomaly (Fig. 5) is obtained by subtracting the regional
field from the original total field. It shows that both impact-induced
and elongated regional anomalies are present, but the Bosumtwi
structure is clearly truncating the regional magnetic trends. A
circumferential magnetic halo with very low gradients (h in Fig. 5),
correlating with the rim, ~0 nT in amplitude and ~12 km in
diameter, appears around the lake. Because its diameter is larger
than that o f the collapsed disruption cavity, it likely represents
fracturing and uplift o f the rim that randomized the preexisting
remanence magnetizations o f the target rocks. The central part of
the structure is characterised by relatively high gradients. At the
center of the lake, there are four or six negative magnetic anomalies
(c, dark spots) with two positive side anomalies (white spots), one
on the northern side o f the lake (n) and one on the southern side (s).
The negative magnetic features surround the positive one, which
points to a possible location o f a central uplift (cu).
P h y sica l P ro p e rtie s

Table 2 summarises the petrophysical data o f the samples. A
clear difference exists between the physical properties o f target
rocks and impact-derived suevites. The latter have low densities,
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higher porosities, and higher magnetizations compared to the target
rock values. The remanent magnetization of suevites prevails over
induced magnetization (Koenigsberger ratio Q > i). The target
rocks have strikingly homogeneous physical properties with
noticeable weak remanent magnetizations (Q < 0.5). Some minor
differences in their magnetizations exist: the Pepiakese granites
have a relatively low susceptibility and the graphitic shale has a
fairly high remanent magnetization.
The palaeomagnetic behavior of melt-rich suevites differs
significantly from those of the target. Suevite LB-40 (Table 3) has
two superimposed NRM components (normal (N) and reversed (R))
that are directed either parallel or nearly antiparallel to the presentday normal polarity magnetic field. In Fig. 6a, as an example, the
palaeomagnetic behavior of the specimen LB-40-la in the process of
AF treatment is shown. It shows that the R component is much
weaker and magnetically softer (can be removed at demagnetization
fields of S 15 mT) than the N polarity component, and we anticipate
that the latter is a prevailing characteristic remanence component
Sample LB-46 also shows dual polarities (R and N) during AF
treatment (Table 3), but the R component is much more scattered.
In Fig. 6b, the behavior of LB-46-lb in the course of thermal
demagnetization treatment is shown.
In this sample, the R
component is magnetically harder than the (N) component. The
main magnetic mineral in the suevite is magnetite, because most of

Flo. 5. Residual magnetic Held (nT) map of the Bosumtwi impact structure
To obtain it, the regional effect (Fig. 4) was subtracted from the original total
field aeromagnetic map (Fig. 3). The lakeshore is indicated. See text for
description of different anomalies Abbreviations: h “ magnetic halo; с “
central negative anomaly; n ■ northern positive anomaly; з " southern
positive anomaly; cu “ central positive anomaly, correlating with the
possible location of the central uplift. Contour interval is 6 nT.
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the NRM is removed by thermal demagnetization up to 580 °C.
However, a part of the NRM shows a Curie temperature of -680 “C,
indicating that hematite, carrying mainly the reversed component of
NRM, is also present.

FlO 6. (A) The AF demagnetization behavior of LB40-la, and (B) thermal
demagnetization behavior of LB46-lb, melt-rich suevite specimens
(a) Stenographic projection of directional data on demagnetization. NRM
shows the natural remanent magnetization (without demagnetization);
(b) intensity decay of the NRM during the treatment, where Jo denotes the
original intensity and J the intensity at the particular demagnetization step,
(c) orthogonal demagnetization diagram Solid (dotted) line denote vertical
(horizontal) planes. Numbers by each demagnetization step denote peak
alternating field (mT) or temperature (°C). N (R) denote the normal
(reversed) component, respectively.
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T able 2. Petrophysical properties o f the rocks it Lake Bosumtwi structure.

Sample

n

iw

Ф

X

NRM

Q

Target rocks
Phyllite-graywacke
LB-02
LB-10
LB-22
LB-33

2640
2730
-

2470
2640
-

10 4
49
-

240
230
250
160

0.15
0.14
0.18

0 03
0.02
00 4

Granite dikes
LB-1*
LB-20
LB-36

2610
2680
2630

2410
2550
2480

9.7
67
80

240
180
180

0.33
0.09
0.55

005
0.02
0.12

0.10
0.20

0 07
0.16

Pepiakese granite
LB-34
LB-35
Shale
LB-51
Mean of target 10

•-

-

2610

2510

60

30
30

2730

2510

12.4

230

3.86

0.67

2680

2510

8.3

150

0.6

0.13

Impactites
Melt-rich suevite (ejecta)
2200
LB-40
2540
LB-46
2370
Mean o f suevites 2

1770
2310

36.2
15.0

430
230

34.90
3S.73

3.22
6.68

2040

25.6

330

368

443

For sim ple locations, see Fig 2«.
Abbreviations: n - number o f samples; <5. - grain density (kg n r 3), 6W » wet density
(kg m°); <p K porosity (•/•), X = weak fiela susceptibility (1(И SI); NRM * intensity of
natural remanent magnetization (mAm'1); Q * Koenigsberger ratio (-).

The existence of both N and R components in the
same specimens o f suevites (Table 3) is puzzling.
Because the samples are taken from small fall-out suevite
outcrops, they have probably cooled rapidly. Therefore,
it is unlikely that they represent two stable polarities
acquired during the polarity change from Matuyama (R)
to Jaramillo (N), -1.072 Ma ago (Langereis et al., 1997).
More likely, only the N component, acquired during the
Jaramillo period, is primary and the R component, carried
mainly by hematite, is secondary, perhaps locked in
during the weathering processes at later R epoch. This
opinion is supported by the work o f Glass et al. (1991),
who found that Ivory Coast microtektites were deposited
- 8 000 years after the onset o f the Jaramillo N polarity
epoch. The magnetic model also requires a presence o f a
net N polarity magnetization.
Palaeomagnetic data on target granite and graywacke
samples reveal a high stability o f NRM in the course of
AF demagnetization.
Due to relatively weak
magnetizations and uncertain directions, the component
analyses did not yield clear results. However, at weak
fields, target-rock samples showed some evidence of
stable components (Table 3), which may represent the N
and R components obtained during the Birimian and
Tarkwaian igneous and metamorphic episodes (Piper and
Lomax, 1973), or the viscous remanent magnetization.

T able 3. Palaeomagnetism of the early Proterozoic basement in Ghana, and rocks of the Lake Bosumtwi

structure (latitude 6.53* N; longitude 359.58* E)
Sample

N/n

Pol.

DC)

/С )

к

Early Proterozoic rock) of Ghana (after Piper and Lomax, 1973)
Greenstone (age S2.2 Ga; latitude 6.2* N; longitude 359.3* E)
320
II
5/74
N
26
Dolerite dyke (age -2.1 Ga; latitude 6.2’ N, longitude 359.3* E)
328
21
N
1/14
-11
Dolerite intrusions (age -2.1 Ga; latitude 5.5* N; longitude 352.8* E)
40
20
R
156
5/29
Lake Boium twi target roclu
Phyllite-graywacke
1
LB-33
2
Pepiakese granite
LB-34
3
1

°и П

PlatC)

19

50

Plon С)

282

-*95 (*)

15

Ф П

dm О

11

21

11

56

249

8

6

11

14

53

212

13

10

17

N
R

314
171

14
-18

-

-

44
81

273
287

-

-

-

N
R

16
180

-4
12

5
-

63
-

72
77

117
178

45
-

32
-

63
-

4/7

N+R

351

4

8

36

80

246

25

18

36

Lake Bosumtwi impactites
Melt-rich suevite (ejecta)
LB-40
3
3
3
LB-46
3
3/9
Mean of suevites*

N
R
N
R
N+R

5
186
359
233»
3

5
14
7
16
-1

9
66
32
14
44

43
15
22
34
19

81
75
81
35
81

145
156
186
104
159

31
IV
16
25
13

22
8
II
18
9

43
15
22
35
19

Mean of target*

For sample locations, see Fig. 2a.
•For mean calculations, the reversed polarity data were inverted.
tDat» not included for mean.
Abbreviations: N/n - number of sites / number of specimens used to calculate the mean direction, pol. * polarity; D - declination; 1 «
inclination; * - Fisher's (1953) precision parameter; a „ - the radius of a cone of 95% confidence about the mean, Plat and Plon - the latitude
and longitude of the virtual geomagnetic poles (VGPs); An m the radius o f a cone of 95V. confidence about the pole determined from sample
means D and /; dp, dm - semiaxes o f an oval o f 95% confidence o f the pole.
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730000N

Perspective view from south

I670000E

681000E

FIG 7. Perspective view of the Lake Bosumtwi magnetic model from the
south. The model consists оf eight polygonal layers, each with a thickness of
SO m. The top of the: largest uppermost layer is at the depth of 200 m below the
sea level. All the layers have identical magnetic properties as described in text.
Dotted lines denote the location of profiles A-A', B-B', C-C, and D-D'.

MODEL INTERPRETATIONS
AND DISCUSSION
T he m agnetic m odel interpreted from the residual m agnetic m ap
is show n in Figs. 7 and 8. For the m odel, w e used the follow ing
International G eom agnetic R eference Field (Pesonen el al., 1994)
p aram eters: field intensity F = 31 500 nT; inclination I = -1 2 .5 ° ;
declination D = 354.1“. S usceptibility o f the background (XB) was
set to 0. The m odel consists o f eight polygonal 50 m thick layers
with horizontal upper and low er surfaces and vertical sides. The top
o f the largest upperm ost layer is at the depth o f 200 m below sea
level. All layers have identical m agnetic properties: X - 3300 x 10“6
SI, N R M = 0.367 Am-1, Q = 4.43, and rem anence directions (D = 3°;
/ = - I е). T he forw ard m odelling technique w as used, where we
calculated a m agnetic response curve along several n o rth -so u th and
w e st-e a st profiles. By changing the shapes o f polygonal prism s, we
tried to m atch the m odel curves to fit the observed data by trial-anderror techniques. T he best m atching was achieved w hen the depth
range for the prism s varied betw een 200 and 600 m, w hich is
consistent w ith theoretical im pact m odels o f this size and w ith the
previous m odel o f Jones et al. (1981). Because o f the num ber o f
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several independent variables (susceptibility, rem an en t m ag 
netization, thickness, dip, and depth o f the polygons), the m odel is
not unique.
T he polygonal layers form a ho m o g en eo u s structure w ith a
relatively co m plicated shape in plan view (Fig. 7). In cross-sections
(Fig. 8), the m odel can be described as a half-lens. It is surro u n d in g
the p ossible location o f the central uplift on the northern side but
also exists on the w estern and eastern side o f this p o ssib le uplift.
This m agnetically h o m o geneous m odel has a m ax im u m thickness o f
400 m at the northern part o f the structure.
W e assum e the m odelled structure to be m elt-rich -su ev ite
breccia o r an im pact-m elt lens. The relative "freshness" o f the crater
and the lack o f postim pact deform ation and erosion in the central
depression suggests that th e im p act-p ro d u ced rocks m ay be
deposited around the central uplift, th at is, th e d ep ressio n is filled
m ore or less sym m etrically. Thus, th ere sho u ld be also b reccias in
the southern part o f the crater filling, b u t th ey did n o t acquire a high
m agnetization. T he presence o f biotite-rich g ran ite intrusion, cu t by
the lake in its northeastern part (Fig. 2), m ay give so m e clues fo r the
high m agnetization at the northern part o f th e lake. It is possible
that shock decom posed biotite partly into ferro m ag n etic iron oxides;
therefore, the suevites have acquired their N R M d irectio n s by the
postshock therm ochem ical processes
M odelling required stronger m ag n etizatio n s th an those m easured
for suevite (Table 2) outside the crater, because th ey are too w eak to
produce the observed m agnetic anom aly. The su p p o sed m elt-rich
m aterial inside the structure has to be several tim es m ore m agnetic
than the fall-out suevite. It is p ossible th at ejected b reccias have lost
som e o f th eir m agnetization because o f w eath erin g o n th e surface, or
that they are less m agnetic than possible m elt rocks w ithin the
crater. The relatively high K o enigsberger ratio used in the m odel
was th e sam e as th at observed for th e ejected suevites. Therefore,
w e assum e that m ost o f the im pact a n o m aly is due to a
therm orem anent m agnetization (TR M ). T h e d ire c tio n o f rem anent
m agnetization (£> = 3 '; / = -1 ° ) is very sim ilar to the d irection o f the
m agnetic field (D = 354.1°; /= * -1 2 .5 °) at Bosum tw i.
Slow ly cooling crystalline im pact-m elt ro ck s m ay acquire TR M
in the direction o f the m agnetic field at th e tim e o f im pact, for
exam ple, M anicouagan, C anada (L aro ch elle an d C urrie, 1967), and
A t a given crater size,
Lappaj&rvi (Pesonen et at., 1992).
com position and properties o f target ro ck s largely control the
volum e and m agnetic co n trast o f m elt rocks and, therefore, the
m agnetic anom aly.
H igh m agnetization is o b serv ab le if high
am ounts o f ferrim agnetic m inerals are pro d u ced by th e cooling melt,
as in im pactites o f the M ien (X m 2000 x 10—6 SI) o r Dellen (X *»
20 000 x I О-6 SI) structures (H enkel, 1992). B osum tw i, w ith its Ferich target (0 .5 -9 .2 wt*/o o f F e jO j; K oeberl et al., 1998), could yield
m elt rocks w ith this type o f m ag n etizatio n as w ell.
H ow ever,
Lappajärvi m elts and breccias show relatively low susceptibilities
(2 0 0 -7 0 0 x 10—6 SI; K ukkonen e t al., 1992). In som e cases, the
observed m agnetic anom alies are m ainly d u e to rem anent
m agnetization. High K oenigsberger ratios o f b reccias and im pactm elt rocks are observed at, for exam ple, M ien (Q <* 10; Stanfors,
1973) and H aughton (Q > 10; Pohl et al., 1988).
A dditionally to the TR M , several o th er p ro cesses m ay change
the m agnetization durin g th e im pact. O u r m o d el do es not exclude
any o f them , but, because o f the lim itations o f th e data, w e can not
confirm them either. Shock m ay in d u ce a dro p in the m agnetic
susceptibility and often (b u t not alw ays) also in the N R M
(H argraves and Perkins, 1969; C isow ski and F uller, 1978; Pesonen.
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FlG. 8. Magnetic profiles, (a) Profile A-A'; (b) profile B-B'; (c) profile C-C; (d) profile D-D', across Bosumtwi structure. Panels (a-с ) are from north to
south; (d) from west to e ast Location o f profiles is shown in Fig. 7. Solid lines denote residual magnetic field. Open circles denote calculated values. Below
the profile curves the cross-section o f the magnetic model of the magnetic body producing the calculated values is shown. See text for magnetic field,
background, and polygon properties.
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1996; Scott et al., 1997) H ow ever, the shocked bedrock m ay also
acquire a new rem anence by transient stresses, the shock rem anent
m agnetization (SR M ), along the direction o f the Earth's m agnetic
field at the tim e o f im pact (e.g., H alls, 1979). Postim pact processes,
such as alteration, m ay produce a chem ical rem anent m agnetization
(CRM ), as was noticed at Lake St. M artin structure (C oles and
C lark, 1982).
O ne possibility to constrain the m odel is to com pare the volum e
o f m agnetic m aterial in our m odel w ith the theoretical volum e o f the
m elt due to the im pact. T he latter depends on the kinetic energy o f
the projectile, arid properties o f target (M elosh, 1989). There are
two estim ates o f the am ount o f m elt at nearly noneroded im pact
structures form ed into crystalline rocks and w ith a size com parable
to B osum tw i T he K aluga structure (D ж 15 km ) was estim ated
(M asaitis et al., 1980) to contain 8 km 3 o f m elt rock. G urov and
G urova (1985) have calculated the volum e o f im pact-m elt rock
w ithin the B oltysh structure (D « 25 km ) to be 11 km 3. A lgorithm s
proposed by Lange and A hrens (1979) and G rieve and C intala
(1992) give 1.1 and 2 .9 -3 .4 km 3 o f m elt in Bosum tw i (Table 1),
including the fraction o f m elt ejected outside the structure.
C onsidering the fact th at not all o f the m elt m ust be highly m agnetic,
and the m odel is not unique, the m elt volum e in our m odel (~2.2
km 3) c orresponds quite well to the results o f the calculations.
A ccording to the estim ates by P ilkington and G rieve (1992) and
Plado et al. (2000), one can expect that the B ouguer anom aly w ould
be - 1 0 m Gal at the B osum tw i Lake. H ow ever, according to the
present m agnetic m odel and som e m odelling experim ents, we
assum e that the negative gravity anom aly is w eaker in the northern
part o f the lake. This is due to the high content o f m elt rocks, w hich
are usually denser than m elt-less im pact breccias (e.g., LappajHrvi;
K ukkonen et al., 1992).
uplift m ay appear.

Som e gravity features due to the central

CONCLUSIONS
T he follow ing c onclusions can be draw n from the present study
(1) T he negative m agnetic anom aly, associated m ainly w ith the
c entral-northern part o f the B osum tw i structure, is produced by a
£ 4 0 0 m thick m agnetic lens o f n orm ally m agnetized m aterial. This
body could consist o f im pact-m elt breccias and im pact-m elt rocks.
P a'aeom agnetic data, supported by a m agnetic m odel, show th at the
m agnetic body has acquired its bulk rem anent m agnetization during
the Low er Jaramiillo norm al polarity event, after the M a tu y a m aJaram illo polarity change.
(2) Physical properties o f suevites collected north o f the crater
rim differ significantly from those o f the surrounding preim pact
m etam orphic rocks. H igh porosity, low density, and relatively high
m agnetization characterize the suevites.
(3) H ighly m agnetic m aterial inside the structure seem s to have
form ed— and been preserved— m ostly in the northern part o f the
structure and probably outlines the possible location o f a central
uplift. It is possible that shock decom posed biotite from the granitic
intrusion at the northeastern edge o f the lake into ferrom agnetic iron
oxides, w hich give rise to the m agnetic anom aly in the north-central
part o f the structure
(4) The m odel proposed here could be better constrained by a
m ore extensive sam pling o f im pactites and target rocks around the
lake.
The m odel is testable by detailed gravity and seism ic
reflection m ethods.
H ow ever, to really prove its validity deep
d rilling into the structure is required.
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A b stract-T h e 4 km w ide and 500 m deep circular Kärdla impact structure in Hiiumaa Island, Estonia, o f
middle Ordovician age (-4 5 5 Ma), is buried under Upper- Ordovician and Quaternary sedim ents. To
constrain the geophysical m odels o f the structure, petrophysical properties such as m agnetic susceptibility,
natural remanent magnetization (NRM ), density, electrical conductivity, porosity and P-w ave velocity were
measured on sam ples o f crystalline and sedimentary rocks collected from drill cores in different parts o f the
structure and the surrounding area. The results were used to interpret the central gravity anom aly o f - 3
mGal and the magnetic anomaly o f -1 0 0 nT and also the surrounding weak positive anom alies revealed by
high precision survey data.
The unshocked granitic rocks outside the structure have a mean density o f ~26 3 0 kgm*3. Their shocked
counterparts have densities o f ~2400 kgm-3 at a depth o f -5 0 0 m, increasing up to 2 550 kgm -3 at a depth o f
850 m. Porosity and electrical conductivity decrease, but P-wave velocity increases as density increases
away from the impact point. Thus, the gradual changes in the physical properties o f the rocks as a function
o f radial distance from the crater centre are consistent with an impact origin for Kärdla. As in many other
impact structures, the magnetization o f the shocked rocks are also clearly lower than those o f unshocked
target rocks.
A new geophysical and geological model o f the Kärdla structure is presented based on geophysical field
measurements and data on gradual changes in petrophysical parameters o f the shocked target and overlying
rocks, together with structural data from numerous boreholes. An important feature o f this m odel is the lack
o f an observable geophysical signature o f the central uplift observed in drillcores.
INTRODUCTION
The num ber (-1 4 5 ) o f proven im pact structures on Earth is
relatively sm all (G rieve and Pesonen, 1992; 1996) com pared with
the im pact crater records o f other terrestrial planets. The small
num ber on Earth is due to: (1) the ability o f terrestrial erosion and
other geological processes to erase the signatures o f m any impact
craters, particularly those o f older ones. M ore than h alf o f the
impact structures identified are younger than 200 M a (G rieve and
Pesonen, 1996); (2) the insufficient search for m arine im pact cra
ters; only four structures, o f w hich tw o have been proven (Jansa et
al., 1989; H ildebrand et al., 1991) and two are o f possible (Floddn
and Bjerkeus, 1994; G udlaugsson, 1993) impact origin, are situated
on m arine areas; (3) the short history o f research on this subject
(M elosh, 1989). To date, 23 identified im pact structures have been
found in the Fennoscandia-B altic area, w hich represents an eroded
Precam brian Shield and its southern slope in northern Europe (Fig.
I; Pesonen, 1996; M artti Lehtinen, 1995, pers. comm ).
R ocks affected by im pact are situated around and below impact
structures over distances exceeding ~ 2 x their diam eter in the case
o f sim ple or com plex structures (M elosh, 1989). However, in the
case o f large m ulti-ring im pacts (e.g., those at Sudbury and
V redefort) the im pact cratering process had an influence on the
com position and evolution o f the lithosphere com parable to that o f
endogenic geological processes (G likson, 1995).
One o f the indicative criteria for identifying a possible impact
structure is geophysical characteristics (e.g., gravity and m agnetic
anom alies in the area o f the structures, Henkel and Pesonen, 1992;
Pesonen, 1994). Studies o f geophysical data on impact structures
have augmented our knowledge o f impact-generated physical effects

Fig . 1. Map showing the 23 meteorite impact structures in Fennoscandia
(after Pesonen, 1996).
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on target rocks and their surroundings. M any geophysical effects
are proportional to the contrasts in physical properties between the
shock-affected rocks in the structures and those outside the strucure, to their relative volum es and to structural attitudes (Henkel and
Pesonen, 1992).
M any terrestrial im pact structures w ere initially identified
through related geophysical anom alies, and their impact origin was
established later through geological studies. A n exam ple is the
Kärdla crater in H iium aa Island, Estonia (Fig. I). This structure is 4
km in diam eter, 500 m deep and ~455 M a old. The research history
o f this structure has been sum m arized by Puura and Suuroja (1992)
and Plado (1993). In general, the evidence o f different shock stages
in K ärdla is as follow s: fracturing o f the target rocks penetrates to a
depth exceeding 700 m from the contem porary Q uaternary ground
level; planar deform ation features (PD Fs) in quartz clasts (shock
pressure 1 0-30 GPa; G rieve and Pesonen, 1992); conical fractures
(probably shatter cones) in the sandstone, lim estone and claystone
blocks in dow n-slum ped breccia; occurrences o f typical impactassociated rocks, for exam ple, low tem perature breccias and frac
tured basem ent rocks show ing an increase in K20 content with
respect to unshocked rocks (Puura and Suuroja, 1992; Puura el al.,
1994). T hus m uch evidence from different fields (geochem istry,
geology, petrology, structural geology, geophysics) supports an
im pact origin for K ärdla. On the basis o f cratering m odels and
shock effects, H enkel and Pesonen (1992) and Pesonen (1993) have
argued that there should be a system atic radial dependence between
the physical properties o f rocks and distance from the crater centre
in m uch the sam e w ay as show n for the decay o f shock pressure in
the C harlevoix structure by Grieve el al. (1990). Such radial
dependencies have been reported (e g., D yrelius, 1988; Järvelä et
al., 1995), but due to the lack o f continuous exposures or m ultiple
drillings, they are not well docum ented.
T he K ärdla im pact structure provides an ideal target for testing
the behaviour o f physical properties as a function o f radial distance
since it has been penetrated by a very dense grid o f drill holes,
w hich provide test m aterial in both vertical and horizontal directions
from centre to rim.
T he purpose o f this study is (1) to show that the gradual changes
observed in the physical properties o f the crater and surrounding
rocks in the K ärdla structure could be applied in the search for and
studies o f m eteorite craters, (2) to describe the petrophysical
properties o f rocks inside the Kärdla crater and in its imm ediate
vicinity, (3) to link the petrophysical properties o f rocks with
geophysical field data and (4) to constrain the gravity and m agnetic
m odels o f the structure w ith petrophysical data.

KÄRDLA IMPACT STRUCTURE
T he circular K ärdla structure lies in the northeastern part o f
H iium aa Island, Estonia (Figs. 1 and 2). Figure 2a show s the
location o f the structure on the island and the sites o f drill holes
(F351, F352, F361, F364) outside the structure. Figure 2b shows
the present topography o f Kärdla and the sites o f drill holes (K l,
K18, 415, F173, F175, 383) inside the structure and in its rim wall.
The K ärdla structure w as form ed in a platform area where the
crystalline basem ent w as covered w ith a thin sedim entary veneer.
T he basem ent consists o f m icrocline granites, m igm atized amphibolites and gneisses probably o f M esoproterozoic age, although no
isotopic ages have yet been determ ined for crystalline rocks on
Hiium aa. Structurally the basem ent o f Hiium aa is part o f the
Svecofennian ( -1 .9 Ga; Puura and Huhm a, 1993) granulitic block

F ig . 2. (a) Location of Kärdla structure (No. 54) on Hiiumaa Island,
Estonia, and of drill holes (F351, F352, F361, F364). The reference for
geophysical maps and (b) topographic map (contour interval 2.5 m) of
Kärdla are shown. The location of the gravity and magnetic profiles and
drill holes (K l, K I8 ,415, FI73, F175,383) are also marked.
o f southw estern Estonia. These granulites have undergone retro
grade m etam orphism o f am phibolitic grade (P u u ra et al., 1983). At
the m om ent o f impact, a shallow sea, - 2 0 m deep, covered the sea
floor (Puura et al., 1989). In th e cratering process, the basem ent
and the preim pact early C am brian ( -5 7 0 - 5 5 0 M a old), early and
m iddle Ordovician ( -4 8 0 -4 5 5 M a old) - 1 4 0 m thick sedim entary
cover, which is found slightly outside the crater rim w all, were
elevated and tilted outwards. The crater rim wall and the allochth
onous breccias, w hich com prise sedim entary and crystalline rocks,
becam e a source o f terrigenous debris that affected the com position
o f the postim pact m arine sedim ents in the surroundings and in the
crater. Connected to the sea through tw o gaps, the central depres
sion acted as a sedim entary trap and so is occupied by the m ost
com plete and thickest postim pact O rdovician sequence. Q uaternary
m arine and lacustrine deposits, with an average thickness o f 15 m,
fill depressions in the topography (P u u ra and Suuroja, 1992). The
crater is barely visible in the landscape today (see Fig. 2b).
Recent studies o f cores from holes K l and K18 drilled into the
centre o f the structure revealed a < 1 1 0 m high central uplift within
an annular depression. The m iddle hole, К 18, had penetrated 35 m
into this central uplift, which has a diam eter o f - 3 0 0 m. H ole K l.
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drilled ~310 m southw est o f K18, missed it. K ärdla is thus a
relatively small but com plex m eteorite crater with a central uplift. It
is notable that the diam eter o f Kärdla (4 km) is the very same as the
transition diam eter betw een single and com plex craters in crystalline
terranes (G rieve and Pesonen, 1992). We suppose here that the
presence o f seaw ater on top o f target facilitated the formation o f
central uplift.
The im pact age (m iddle O rdovician) w a s determined
m icropalaeontologically (Bauert et al., 1987; Grahn and Nõlvak,
1993). U sing global S tratig rap h ie c h a rts (Harland et al., 1990;
Cow ie and Bassett, 1989), Bauert et al. (1987) dated the Kärdla
e v e n t to th e lo w e rm o s t Caradoc (455 Ma). The chitinozoan zone o f
Lagenochitina? dalbyensis established (Grahn and N õlvak, 1993) in
the oldest postim pact sedim ents in the drill core 383 (in Paluküla,
northeastern m argin o f the K ärdla structure, Fig. 2b) corresponds to
the lowerm ost D iplograptus m ultidens graptolite zone and is o f
early Idavere age (~455 Ma).
A ccording to Lindström et al. (1992), the Tvären (No. 12),
K ärdla (No. 54) and Lockne (No. 48) structures (Fig. 1) may have
originated from a triplet impact in a shallow marine area. Conodonts o f the A m orphognatus tvaerensis Zone (Lindström et al.,
1992) have been recorded from the postim pact sedim ents o f these
craters. Grahn and Nõlvak (1993) used chitinozoas to specify and
correlate also G ranby (No. 25) with the Lockne, Kärdla and Tvären
impact events. According to their prelim inary findings, the Lockne
event is either contem poraneous w ith or slightly younger than the
K ärdla event. T he T vären structure is clearly older (Kukruse Stage,
~460 M a) than Lockne or K ärdla as shown by the occurrence o f
chitinozoan fauna in the oldest postim pact beds.
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weight of -400 g and a volume of 200 cm3 and were taken with a hammer
from cores of all available rock types, including postimpact sediments,
impact rocks and preimpact target rocks.
Most of the samples (69) were obtained from the 815.2 m deep drill
core K1 and from the 431.4 m deep drill core K18 at the centre of the
Kärdla structure (Fig 2b). To establish the petrophysical properties of rim
wall rocks, 11 samples were taken from drill core 415, 11 from drill core
F173 and 4 from core F175 at or near the rim. Fifteen samples (cores F36I
and F364; Fig. 2a) were taken to determine the petrophysical properties of
unshocked rocks in the surrounding terrain, which is mainly Proterozoic
granite.
The samples represent different lithologies as follows:
(1) 82
specimens of shocked rocks, of which 56 are impact breccias and fractured
granitic rocks from the allochthonous and subautochthonous sequence of
the crater, 15 are fractured granites and 11 are fractured amphibolites from
the rim wall of the crater; (2) 15 specimens of unshocked autochthonous
granites from the basement of Hiiumaa Island at distances exceeding twice
the diameter of the crater; (3) 13 specimens of postimpact sediments, of
which 10 are limestones, 2 marls and 1 siltstone, all of Ordovician age

Petrophysical Measurements
The petrophysical data (magnetic susceptibility; natural remanent
magnetization; density; electrical conductivity; porosity, obtained with
water-saturation technique; and seismic P-wave velocity) of 110 samples
were measured at the Petrophysical Laboratory of the Geological Survey of
Finland. The instruments and techniques have been described by Puranen
and Sulkanen (1985).

Palaeomagnetic Measurements
Fifteen specimens of impact breccias, fractured granites and
autochthonous granites were demagnetized with alternating magnetic fields
(a.f.) to study the palaeomagnetic behaviour of the Kärdla rocks and to find
evidence of shock in the remanent magnetization. The measurements were
made at the Palaeomagnetic Laboratory of the Geological Survey of Finland
using a Molspin apparatus with steps of 2 5 mT-10 mT up to 100 mT.
Since the drill cores were unoriented and often broken, no absolute
palaeomagnetic directions were obtained, thus impairing the usefulness of
palaeomagnetic information for dating (e.g., Pesonen et al., 1992).

Geophysical Field Surveys

Geophysical Modelling

The gravity and magnetic data on Hiiumaa Island were from
measurements made by the Geological Survey o f Estonia in 1972-1973
(Suuroja el a l, 1974). Gravity measurements were made with two
gravimeters (GRK-2, GAK-PG) in two stages. First, a base network o f 2000
m x 1000 m was created with GRK-2 gravimeters. The gravimeter was
read twice at each station and measurements were repeated at all survey
stations. The stations were positioned by means of topographic maps and
levelled. The standard error of measurements is 0.04 mGal. At the second
stage, measurements at survey points were made with gravimeter GAK-PG.
The distance between points along profiles oriented NE-SW was 200 m and
the distance between profiles was 500 m. The gravimeter was read twice at
each station on two occasions. The standard error in the gravity measure
ments made at survey points was 0.1 mGal. The survey points were
positioned by pacing with a compass or by means of topographic maps and
levelled. The standard error in this positioning was 25 m. The observed
gravity data were corrected for tidal and instrumental variations, latitude
and elevation. A standard Bouguer reduction was made, assuming a mean
density of 2300 k g n r3, which is typical o f sedimentary rocks in the East
European platform.
The vertical component (Z) of magnetic field intensity was measured
with two magnetometers (M-27) with an accuracy of ±3 nT in two stages.
First, a grid of base stations that was practically the same as that in the
gravity survey was established. One magnetometer was used to carry out
the survey and the other to monitor diumal and other more rapid magnetic
field fluctuations at 10 min intervals at the fixed base station during the
magnetic survey. The line spacing was 500 m and the station spacing along
the profiles was 100 m. The magnetometer was read twice at each station.
The standard error o f the readings was 10 nT (Suuroja et al., 1974).
In 1975, local gravity and magnetic anomaly maps were compiled at
1.25,000 scale The results o f these geophysical investigations were used in
the present study. The original contour maps were first digitized, and then
new maps, including horizontal gradient maps, were produced for this
study.

The geophysical profile across the Kärdla crater was interpreted using
the interactive GRAVMAG software program package (Pedley, 1991). An
interactive forward modelling program for simultaneous interpretation of
gravity and magnetic data, GRAVMAG uses 2.5D polygonal "blocks,”
whose dimensions and physical properties can be varied and the
corresponding gravity and magnetic anomalies calculated.
Models are constrained using the results o f petrophysical measure
ments, drill core data and the data from previous geophysical investigations
in the crater area (Suuroja et al., 1974). By the reason that GRAVMAG
uses the total intensity of the magnetic field (F), it was calculated from
observed vertical component Z (T) using the following equation:

Petrophysical Sampling
This study is based on rock samples from seven subvertical (±10°) drill
holes, bored by the Geological Survey of Estonia. They have an average

F = Z / sin I

(nT),

Eq. (I)

where I is the inclination (in degrees) of the magnetic field at the Kärdla site
(-72°). Equation (1) is an approximation only since no account of
horizontal component is taken into account. However, modelling experi
ments using another program showed that this approximation, in the area of
high inclination, causes inaccuracies comparable with the standard error of
the measurements (10 nT).

RESULTS
Geophysical Investigations
A slightly distorted, circular, negative gravity anomaly - - 3
mGal in am plitude and 4 km in diam eter, and a negative magnetic
anomaly — 100 nT in am plitude are associated with the Kärdla
impact structure (Figs. 3 and 4). Irregularities in the anomaly
patterns are m ainly due to variations in density and m agnetic
contrasts in the bedrock (Table 1).

Petrophysical Investigations
The meteorite impact that created the Kärdla crater produced a
series o f rocks differing significantly in lithology and petrophysics
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Fig . 3. (a) Bouguer gravity anomaly and (b) magnetic anomaly (vertical component) of

Fig . 4. (a) Horizontal gradient of Bouguer gravity anomaly of Fig. 3a. (b) Horizontal

K.itrdla structure. For location, see Fig. 2a. Maps produced at the Geological Survey of
Finland from the original gravity data o f Suuroja et al. (1974).

gradient of magnetic anomaly o f Fig. 3b. See Fig. 3 for locations and data processing.
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from those o f unshocked Precam brian bedrock in the surroundings.
At the centre (drill hole K l), the rocks o f the Kärdla structure form
distinct layers in the crater structure, as seen in Fig. 5, with
postim pact sedim ents at the top, im pact breccias in the m iddle and

293

subautochthonous granites (target) at the bottom
N ote that the
breccia lens consists o f two layers intersected by a thin (~40 m) lens
o f fractured and probably allochthonous granitic layer. The lower
breccia lens is only 20 m thick. At the rim wall (Fig. 6), the
fractured granite basem ent is intersected
TABLE I . Mean values and standard deviations of petrophysical properties of KHrdla rocks
by a layer ( -2 .9 m ) o f fractured am phibolite, w hich also occurs at the bottom
N*
Location
NRM Q
Rock type
<5*
4>
X
P
"p
o f drill core F173. Table I sum m arizes
Poit-im pact Sediments
the petrophysical data o f each lithologi8.5
4280
40
51.4
Limestone
Centre
10 2555 2782
40
760
cal unit o f drill cores K l (at the centre)
±104
±61
±5.5 ±1040
±20
±30 ±49.2
±1720
and F I 73 (in rim wall). In Figs. 5 and 6,
9.7
40
50
Centre
4120
21.3
no
Marl
2 2513 2783
the
petrophysical data are plotted along
±97
±4.4
±700
±0
±40
±0
±7.7
±30
the drill cores, thus em phasizing the
20.1
50
Siltstone
Centre
1 2174 2720
40
62.4
90
gradual change in petrophysical values
Impact Roclu (crater area)
as a function o f decreasing shock (ap
2624
4020
2860
Impact breccia Centre
28 2390
9.3
120
2.0
5430
proxim ate radial distance away from
±92
±4.3
±700 ±2800 ±110
±3.4
±120
±2230
crater centre).
5.5
4560
4580
Fractured
Centre
22 2464 2616
380
2.3
2460
D e n sity -T h e density o f the rocks o f
±3.6
±980 ±4760 ±460
±5450
granitic rock
±83
±63
±1.6
the K ärdla structure is fairly variable
8290
Fractured
3.8
5150
290
0.8
20980
Central uplift
6 2502 2601
±104
±3.6
±530 ±7190 ±320
±23560
±18
±0.2
between lithological u n its (Table 1; Figs.
granitic rock
1.8
5300
650
15.3
15200
Fractured
Rim wall
15 2600 2646
150
5 and 6). The postim pact lim estones
±40
±25
±490
±750 ±140 ±24.4
±23700
±1.4
granitic rock
have a m ean density o f 2555 kgm -3,
09
5780
3740
5.2
52400
Rim wall
11 2760 2787
330
Fractured
which is com parable to values for sim i
±510 ±5230 ±320
±130 ±123
±1.0
±3.6
±39300
amphibolite
lar rocks from other parts o f Estonia
Unshocked Target Rocks (outside crater)
( 2570 kgm “3; M aasik, 1959). However,
5880
98300
0.9
15750
770
2.9
Unfractured Sunoundings 15 2630 2653
densities decline tow ards the low erm ost
±4 7 ±79900
±2.6
±680 ±12990 ±640
granitic rock
±70
±15
part o f the O rdovician sequence owing
to the increase in clay content. T he post
Rock type: rocks above/below the dashed line are postimpact sedimentary/impact-generated or impactinfluenced rocks. Unfractured granitic rocks from -25 km from impact centre (see Fig 2a).
impact siltstone in the low erm ost part o f
Location: centre, drill holes Kl and K18; central uplift, drill hole KI8; rim wall, drill holes 415, FI73
the sedim ents filling the depression has
and F175; surroundings, drill holes F361 and F364 (see Fig. 2 and text).
the lowest density (2179 k g m '3).
N = number of specimens; <5W- wet density (kgm_!); df = grain density (kgm‘3); <p - porosity (%);
The density o f im pact breccias
up =* P-wave velocity (m s'’);x = magnetic volume susceptibility (I O'6 SI); NRM = intensity of natural
remanent magnetization (m A n r1); Q = Koenigsberger ratio (-); p = specific resistivity (Qm). Roughly 60%
(-2 3 9 0 kgm "3) is clearly low er than that
of unshocked granitic specimens had resistivities >100 KQm (above the detection limit). For calculations,
o f unshocked granite ( -2 6 3 0 kgm -3)
a value of 100 Kftrn was used for these samples.
from the basem ent o f H iium aa Island
and that o f slightly shocked granite ( -2 4 6 0 k g m '3) from
the basem ent o f the K ärdla structure (cores К I and К 18).
The same decreasing trend in density is seen in many
other terrestrial im pact craters (e.g., Lappajärvi, Finland,
Elo et a l., 1992; G osses Bluff, A ustralia, Barlow , 1979;
Clearw ater W est, Canada, Plante et al., 1990; etc.). This
is because the breccias, w hich consist o f various m ixtures
o f clasts o f crystalline rocks, disintegrated sandy m aterial
o f Cam brian sandstone and siltstone and particles o f
O rdovician carbonate rocks, have high porosity and thus
low density.
The porosity-corrected density (grain
density) appears to be slightly sm aller in im pact-affected
granites than in unshocked target granites (T able 1). This
could be due to m icrofracturing caused by the shock. The
density contrast betw een fractured (~2460 k g m '3) and
unfractured target rocks (-2 6 3 0 k g m '3) is - 1 7 0 k g m '3,
thus partly causing the negative gravity anom aly. The
highest densities (-2 7 6 0 kgm -3) are found in am phibolites from drill-core 415 in the rim. G ranitic rocks in the
rim are also characterized by fairly high densities (-2 6 0 0
Fio. 5. Petrophysical properties of rocks from drill core Kl taken at centre of structure kgm -3), w hich are only slightly low er than those o f
(see Fig. 2b). From left to right: wet density (<5W), porosity (ф), P-wave velocity (v.), unshocked granites (-2 6 3 0 kgm -3) and higher than those
magnetic susceptibility (x), intensity of natural remanent magnetization (NRM), o f the counterparts at the centre (2470 kgm “3). The
Koenigsberger ratio (Q) and specific resistivity at ip at 500 Hz). Lithologies: I Quaternary deposits, 2 = postimpact sediments, 3 = boundary between postimpact relatively high density o f granites in the rim wall
sediments and impact-influenced rocks, 4 = impact breccia, 5 = fractured subautochth- produces the gravity highs at the rim around the central
onous granite.
m inim um (Figs. 3a and 4a).

17

294

S. Plado et al.

values ranging from 3000 to 6000 m/s. Values
are lower in the low erm ost part o f lim estones,
where sedim ents are m ore clay-like.
The tip in the im pact breccias is characterized
by large variations ranging from 2980 to 5880
m s '1 with a mean value o f 4020 ms-1, which is
m uch lower than that in unfractured granitic
rocks (-5 8 8 0 m s-1; Table I). In general, the low
values o f u p can be attributed to higher porosity
due to increased fracturing caused by the impact
The P-wave velocities in unfractured granite sam 
ples do not show large variations. A verages for
the fractured granitic rocks from the crater
bottom at the centre (-4 5 6 0 m s-1) and from the
rim (-5 3 0 0 m s -1) are clearly low er than those for
unshocked granites. The overall trend in up o f
F ig . 6. Petrophysical properties o f rocks from drill core FI 73 taken at rim wall (see Fig. 2b). See
fractured granites from the subautochthonous
Fig. 5 for explanation. Lithologies: I = fractured granite, 2 = fractured am phibolile.
sequence (drill-core K -!; Fig. 5) shows an
increase in v p with depth. T he u p in am phibolitic
Л
0
'•*
X
(hOn r *t
<%>
l- n * "’ )
(1 0 *S I)
rocks from the rim wall is clearly higher than in
6000 7000 10' 10*
other rocks o f the crater, as w ould be expected
from their higher densities. H ow ever, the influ
ence o f fracturing due to shock on v p in rim
am phibolites (-5 7 8 0 m s~:) is evident w hen the
values are com pared with those o f typical u nfrac
tured am phibolites (6800 m/s; D ortm an, 1992).
P o ro sity -T h e average porosities o f the
overlying postim pact sedim ents range from 8.5%
(lim estones) to 20 1% (siltstones) (Table 1).
These high porosities are prim ary features typical
o f O rdovician sedim entary rocks caused by struc
tures and fabrics in these sedim ents and not by
impact.
c r i:ii
In the shock-affected rock sequence, the
porosity varies from 0.6% (fractured granite) to
F ig . 7. Petrophysical properties o f rocks from drill core F361 taken at basement o f Hiiumaa Island
18 5% (im pact breccia); w hile in the unshocked
(see Fig. 2a). See Fig. 5 for explanation. Lithologies: i - granite, 2 = amphibolite
target rocks, it is typically < 1 % (Table 1). We
T he density m inim a in all rock types (Figs. 5, 6, 71 clearly
propose that the increased porosity is m ainly due to fracturing and
coincide with the high porosity, low P-wave velocity and low elec
brecciation caused by shock and crater-form ing processes
In
fractured granitic rocks, at the centre o f the crater, the average
trical resistivity values The same tendency is shown by the sim ilar
porosity is 5.5% (Table 1) and decreases w ith depth (Fig. 5) in
rocks o f the Lappajärvi im pact structure (K ukkonen et al., 1992).
harm ony with the decrease in the level o f shock-induced stress, thus
H ow ever, the density o f fractured granitic rocks at the centre o f
fracturing with depth (Pilkington and G rieve, 1992).
Porosity
the crater floor increases with depth (Fig. 5). In the upperm ost part
values are very low and uniform (0 .1 -1 .1 % in am phibolites and
o f drillhole K l, the m ean density o f subautochthonous granitic
0 4 -4 .4 % in granites) in the fractured rim rocks.
rocks is - 2 4 0 0 kgm -3, but in the low erm ost part it is already 2550
Electrical C o n d u c tiv ity -R e sistiv ity o f postim pact sedim ents is
k g n r 3 (Fig. 7). I f these data are com pared with the mean density
low (< 1 0 0 0 Qm ); it was highest foi lim estone (~900 Q m ) and
(2630 k g m -3) o f the unshocked granites collected several diam eters
lowest for marl and siltstone (-1 0 0 Q m ) (Table 1). The unshocked
away from crater centre, it can be estimated (using the linear
granitic rocks in the surroundings have high electrical resistivities
regression) that the im pact-caused changes in densities o f rocks in
(> 100 kQm ). Roughly 60% o f unshocked granitic specim ens had
the centre o f the crater extend to the depth (h) o f -9 5 0 m. It gives
resistivities > 1 0 0 kQm (above the detection limit). Resistivities are
the h/D ratio 0.95/4.0 ~ 0.24 at the present erosional level. Analysis
lower in the subautochthonous granitic rocks (-2 4 6 0 Qm ) and in
o f the P-w ave velocity (up) data gives sim ilar m orphom etric
impact breccias (-5 4 3 0 Q m ) at the centre o f the crater due to a
estimates. W e know o f only tw o im pact structures where density
shock-induced increase in the porosity (brecciation, microm easurem ents have been m ade at great depth, namely Ries
fracturing) and thus in the H 20 content o f shocked rocks. R esistiv
(Em stson and Pohl, 1974) and Siljan (Dyrelius, 1988).
Both
ity, how ever is a very variable petrophysical param eter, and
show ed the sam e tendency o f density to change as a function of
standard deviations o f resistivity data on fractured granitic rocks at
depth. Part o f d ensity increase is probably due to com pression, but
the centre o f the crater are at least tw ice as high as their m eans
we propose that another part could be related to gradual decrease in
(Table 1). The correlation betw een resistivity and density (Fig. 8)
shock-induced stress and fracturing with depth.
o f impact breccias and subautochthonous granites is not clear
Seismic P-weve Velocity-The u p in the lim estone is relatively
specim ens with sim ilar density may have resistivities differing by a
low ( -4 2 8 0 m s*1; Table 1), but there is a large variation in the
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The unshocked granites have susceptibilities ( -1 5 750 x 10"6
SI) and N R M intensities (-7 7 0 m A m 1; Fig 6) resulting in
m oderately high Q -values ( -3 ; Table 1), w hich are higher than those
o f Precam brian granites o f Fennoscandia (Puranen, 1989).

Paiaeomagnetism

DENSITY

(kgrrV1)

FiG. 8. Resistivity (upper) and porosity (lower) vj. density for drill cores
Kl, K18, 415, F173, F P 5 , F361 and F364. Locations of drill holes are
shown in Fig. 2.
factor o f 30 There ts a high correlation between resistivity and
porosity The process o f im pact cratering also affects the resistivity
values o f rim wall rucks, w hich yield relatively low resistivity ( -5 2
kQ m in am phibolites and - 1 5 kQm in granites) com pared with the
typical resistivities (105 Q m - 1 0 7 Qm ) o f unshocked target rocks
(D ortm an, 1992). T he sharp decrease in resistivity o f shocked rocks
in the K ärdla im pact structure calls for detailed resistivity sounding
in the K ärdla area ( e g , Grieve and Pesonen, 1992; Eio el al., 1992).
Magnetic Properties-The m agnetic susceptibility (~40 x 10-"6
SI) and N R M intensity ( -4 0 m A m -1) o f postim pact sedim ents arc
typical o f lim estones and silts (Table 1). The Q -values (Koenigsbcrger ratio) o f the sedim ents are fairly high (5 -1 0 0 ), but since the
susceptibilities and N R M s are very weak, the high values could be
due to instrum ental noise and dia- and param agnetic contributions
to susceptibility, they cannot be regarded as reliable.
The m agnetic properties o f the shock-influenced rock sequence
are very different from those o f the unshocked target rocks (Figs. 5
and 7; Table 1). Both im pact breccias and subautochthonous gran
ites have weak susceptibilities (-3 0 0 0 -5 5 0 0 x 10 '6 SI) and NRM
intensities ( -1 2 0 - 3 8 0 m A n r 1). Slightly higher susceptibilities (~
8290 x 10-6 SI) and N R M intensities (-2 9 0 m A rrr1) are observed
in granites from the central uplift (Table 1). The average Q -values
o f these rocks ( - 2 ) are m ore variable in breccias (0 .2 -2 0 ) than in
subautochthonous granites (0.4-4.6). The Q -values o f the Kärdla
rocks are clearly low er than those o f im pact-influenced rocks in
other im pact craters (e.g., Lappajärvi, Pesonen et al., 1992).
N evertheless, all m agnetic properties decrease slightly in the sub
autochthonous sequence o f the crater with depth (Fig. 5).
The Q -values are higher for the rim wall rocks (up to 5 in
am phibolites and 15 in granites): the m agnetic susceptibility and
NRM intensity averages are - 3 7 4 0 x 10-6 SI and -3 3 0 m A m -1 in
am phibolites and - 6 5 0 x 10~* SI and - 1 5 0 m A m -1 in granites,
respectively (Table I) Thus, the enhanced Q -values in rim wall
rocks are m ainly due to decreased induced m agnetization in
com parison with surroundings.

Palaeom agnetic data on seven unshocked target granites reveal a
very high stability o f N R M in the course o f a.f. dem agnetization,
possibly due to the presence o f hem atite or very fine-grained
magnetite. The N R M intensities range from 250 to 1000 m A m '1
(with Q-values ranging from 1.0 to 2.2), and the inclinations o f
NRM are system atically shallow. Since there is no significant
viscous rem anent m agnetization (VRM ) due to the present Earth's
m agnetic field (PEF), the rem anent vectors could not be reorientated
with VRM technique (Järvelä el al., 1995); thus we w ere unable to
obtain a palaeom agnetic apparent polar w ander path (A PW P) age
for this shallow "target" N R M com ponent. W e point out however,
that the com ponent differs from the N R M directions recorded in
impact generated rocks. Impact breccias (three specim ens) carry a
relatively weak and sem istable N R M , with intensity -1 0 -1 0 0
m Am-1 and Q -values < I . The inclination o f the characteristic
NRM o f the breccias is negative in all three cases. This weak NRM
in breccias is probably due to random izing o f N R M vectors caused
by brecciation process.
The subautochthonous granites from the central uplift (borehole
K18) have w eak (2 0 -1 0 0 m A m '1) and m oderately hard N R M The
NRM is clearly com posed o f two to three com ponents, o f w hich the
hardest one has a shallow inclination sim ilar to those o f the
unshocked target rocks. The nature o f other com ponents is unclear,
but one o f them could be a VRM or shock rem anent m agnetization
(SRM ). Ow ing to lack o f orientation, no ages can be assigned for
these com ponents.
Seven sam ples from the central subautochthonous granites
below the crater bottom reveal system atic changes in their palaeo
m agnetic behaviour as a function o f depth. The N R M intensity
decreases w hile hardness increases dow nw ards. The deepest sam 
ples from 240 m below the crater bottom behave in a sim ilar fashion
to the samples o f unshocked target rocks, w hich supports the
concept that the shock effects on m agnetic properties are only seen
in rocks o f the crater floor (im pact breccias) o r ju s t below the crater
proper (slightly fractured granites), not in those at deeper depths.
In sum m ary, palaeom agnetic m easurem ents reveal system atic
differences in m agnetic behaviour o f the rocks as a function of
depth or lateral distance from the centre. These are m ost likely
caused by shock but due to lack o f orientation o f the drill-cores;
attesting to SRM in the rocks, or dating these com ponents, is not
possible.

Gravity and Magnetic Models
The N E-SW gravity and m agnetic profiles interpolated from the
local gravity and regional magnetic data are show n in Fig. 9 together
with the interpretation m odel obtained with G R A V M A G . The
location o f the profile in the K ärdla structure is m arked in Fig. 2b.
The interpretations w ere based on lithostratigraphic drilling data
on different structural units o f the crater and on the density and
m agnetic susceptibility m eans o f different rock types. The profile
(Fig. 9) runs across the gravity and m agnetic m axim um , which is
congruent with a slightly eroded rim wall in the northeastern part o f
the structure.
The 2.5 dim ensional m odel consists o f 10 blocks with a
polygonal cross section. Their density and susceptibility values as

296

J. Plado et al.

FlO. 9. (a) Magnetic (total component) and (b) gravity profiles across Kärdla
structure. Profiles are shown in Fig. 2b Solid (dashed) lines denote observed
(calculated) values, respectively, (c) The geophysical model o f Kärdla structure
producing the calculated profiles in (a) and (b).
Model consists o f 10
lithostratigraphical units o f which (I) is for postimpact sediments and (2)—( 10) are
for various impact-generated or affected target rocks as explained in text The
vertical scale is exaggerated -2 .6 x .

deducted from petrophysical m easurem ents differ (Table 1), as do
their h a lf strike values. T h e topm ost layer (unit 1) consists o f
postim pact sedim ents (lim estone, clay-like lim estone, marl, silt and
siltstone). The average density o f this block is 2555 kgm -3, the
average susceptibility is 40 x 10-® SI and the h a lf strike 1000 m.
Unit 2, with a susceptibility o f 500 x 10-6 SI and a h a lf strike o f
1000 m, represents im pact breccias with a low density o f 2350
kgm *3. The negative gravity and m agnetic anom alies o f Figs. 3 and
4 are m ainly due to these tw o units. Units 3 and 4 correspond to
shocked subautochthonous granitic rocks with nearly identical
densities ( -2 6 0 0 kgm -3) but differing m agnetic susceptibilities,
30.000 x I O'® SI for unit 4 and 6000 x 10-6 SI for unit 3,
respectively. T he h a lf strike o f these polygons is 500 m. The
positive gravity and m agnetic anom alies are caused by rocks
uplifted to near surface in the rim wall: units 5, 6, 7 and 8 represent
im pact-influenced rocks in the rim with a h alf strike o f 500 m and
high densities (2800 k g m '3) but variable susceptibilities (unit 5:
17.000 x 10“® SI, unit 6: 20,000 x 10^® SI, unit 7: 6000 x 10-® SI
and unit 8: 25,000 x I O'6 SI). These relatively high susceptibility
values are due not to the impact but to the m afic amphibolite
lithology o f target rocks.
Units 9 and 10 indicate strongly
m agnetized bodies with susceptibilities o f 20,000 and 40,000 x
10"® SI, respectively. The density o f these units is 2630 kgm "3 and
the h a lf strike is 5000 m. The density and susceptibility o f the
unshocked target rock (background) are 2630 k g m '3 and 16,000 x
10-® SI, respectively.
A n interesting feature is that the central uplift, as shown by drill
core data, has no observable geophysical signal, due to the small
size o f the central uplift and its considerable depth. M odelling
experim ents (Plado, 1993) o f the central uplift with observed
density contrasts reveal no observable anom alies caused by the
central uplift consistent with observations. The main reason for this
is the depth o f the central uplift with respect to ground surface. As

the differences betw een the m eans o f im pact-influenced
granites o f the central uplift and im pact-generated breccias
are -1 1 0 k g m '3 in density, - 5 4 0 0 x 10-® SI in m agnetic
susceptibility and -1 7 0 m A m '1 in N R M intensity (Table 1),
the absence o f anom alies is not due to the lack o f sufficient
petrophysical contrast betw een central uplift and surround
ings. The lack o f a gravity signal o f the central uplift has
been noticed over other buried and relatively w ell-preserved
impact structures with even larger diam eters than th at of
Kärdla (e.g., Kaluga, Russia, D = 15 km; Dabizha and
Fedynsky, 1977).
The present model explains well the gravity and m agnetic
anom alies and, w ithout the central uplift, is consistent with
the geology and petrophysics o f the K ärdla structure. A
sim ilar m odelling procedure has been applied at several
impact craters (e g ., Lappajärvi, Elo el al., 1992; M ien,
Henkel, 1982; etc.), but at Kärdla the validity o f the m odel
could be checked with lithostratigraphical data from several
drill cores. The m odel represents the present erosional and
burial level; the original geophysical anom alies were o f
course different.
Instantly after the impact, the positive
gravity and m agnetic anom alies, corresponding to the rim o f
the structure, w ere probably m ore intensive. Intensities o f the
positive gravity and m agnetic anom alies decreased due to
sm oothing o f the wall during backsurge and postim pact
erosion.
Intensities o f the negative anom alies increased
gradually due to the deposition o f sedim ents into the
depression after the impact.

DISCUSSION
The K ärdla m eteorite impact event generated various types o f
rocks in the centre o f the structure, the physical properties o f w hich
differ clearly from those o f the unshocked target rocks.
The impact had a m uch sm aller effect on the properties o f the
rim wall rocks. In com parison with unshocked granites outside the
rim, the density contrast o f rim wall granites is only 30 kgm -3.
Similarly, porosity is higher and P-w ave velocity and electrical
resistivity are lower in the rim wall rocks than in unshocked target
rocks (Table 1). Therefore, the im pact did not only m ove blocks
upwards to form the rim wall; it also slightly fractured the wall
rocks, changing the physical properties o f the rim rocks.
U nfortunately, we have no reference d ata from sim ilar
investigations o f other terrestrial im pact structures.
The m agnetic properties o f the structure are m ore com plicated
than the gravity properties. The high susceptibilities and NRM
intensities o f the unshocked target rocks have not been preserved in
the impact structure (Table 1, Figs. 5 and 7). V arious im pact-related
processes may cause changes in the m agnetism o f im pact rocks,
such as growth o f SRM , shock dem agnetization and reduction o f
susceptibility by shock (e.g., Pohl, 1971; H argraves and Perkins,
1969; Pesonen, 1993, 1994). H ere w e conclude that the impact
process resulted in a reduction in the m agnetization intensity o f the
target rocks and produced a random orientation o f N R M vectors.
O f im portance is that the Q -values o f im pact-produced lowtem perature breccias (Q - 2.0) and im pact-influenced granites (Q 1.9) at the bottom o f the KSrdla structure are very low due to high
values o f susceptibilities ( - 2860 x 10“® SI for breccias and -5 4 9 0
x 10~® SI for subautochthonous granites) in com parison with N R M
intensity data (-1 2 0 m A m '1 for breccias and - 3 8 0 m A m '1 for
subautochthonous granites; Table 1). This is in contrast to the fairly
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high, or enhanced, Q -values o f high-tem perature impact rocks in
m any other terrestrial im pact structures (e.g., Lappajärvi, Pesonen et
al., 1992; Rochechouart, Pohl and Sotfel, 1971).
The NRM
intensities o f breccias and subautochthonous granites are relatively
w eak but becom e stronger with depth (Fig. 5).

CONCLUSIONS
The follow ing conclusions can be draw n from this study. The
physical properties o f the Kärdla m eteorite im pact-generated rocks
differ m arkedly from those o f the unshocked target rocks. The
impact lens is characterized by increased porosity in comparison
w ith the surroundings. High porosity is responsible for high electri
cal conductivity and low density. Also the low P-wave velocity is
partially influenced by the high porosity.
T he density contrast betw een the unshocked target granites and
fractured subautochthonous granites is ~170 kgm -3, which is sim ilar
to the observed contrast (177.5 kgm -3) in seven other terrestrial
impact craters (Pilkington and G rieve, 1992). The density contrast
betw een im pact-produced breccias and unshocked target is,
however, clearly higher (240 kgm -3). The density contrast between
target and rim wall granites is less distinct ( -3 0 k g m '3).
The m agnetic susceptibility and rem anence o f shocked rocks
vary but are generally weaker than those o f the target. There is no
m arked enhancem ent in Q -values o f impact breccias, due to
relatively low tem peratures during the impact. The impact probably
random ized N R M vectors by brecciation process.
The deepest im pact-caused changes in densities o f subautochth
onous granites in the centre o f the crater extend to -9 5 0 m. It gives
the depth/diam eter ratio 0.95/4 0 = 0.24 at the present erosional
level.
The central uplift does not produce an observable geophysical
signal ow ing to its small size and considerable depth.
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ABSTRACT
The changes in the gravity and magnetic anomalies of meteorite impact struc
tures as a function of erosion have been investigated. The model structure represents
a typical midsize, complex impact crater in Precambrian target rocks, with a diame
ter of 30 km and a height of the central uplift of 1.5 km. We used a three-dimensional
forward modeling technique. Six erosional levels from 1 to 6 km which successively
followed the crater formation time, were modeled from the time of primary erosional
leveling of the surface to the time when the structure was completely eroded. In the
gravity field, the major effect of erosion is a pronounced decrease in the amplitude of
the negative anomaly, with only minor change in its diameter (or half-width), making
the gravity anomaly appear progressively more flat. The amplitude of the central
positive anomaly due to the structural uplift also decreases with erosion but not as
rapidly as the main anomaly. The diameter of the central gravity anomaly is un
affected by erosion. The model agrees with observations of gravity amplitudes and
erosion levels of 13 impact structures with diameter ranges of 20-40 km. The mag
netic anomalies also change during erosion but in a more complex way than the grav
ity anomalies. Moreover, the shape and amplitudes of magnetic anomalies and their
changes due to erosion are latitude-dependent. Therefore, the magnetic data and
modeling results presented in this chapter are valid only for Fennoscandia.

INTRODUCTION
In com parison with other terrestrial planets, the rela
tively small number (-1 7 0 ) o f meteorite impact structures on
Earth is due to the active geologic processes reshaping the
Earth’s surface. A great number o f impact structures have
been com pletely destroyed during the convergent plate tec
tonic processes o f subduction and crustal collision. In addi
tion, geo lo g ic processes such as volcanism , sedim entation,
deformation, and erosion either deform, hide or remove the

morphologic features o f terrestrial impact structures (Grieve
and Pesonen, 1992, 1996). Therefore, indirect methods, par
ticularly high-resolution g eop h ysical techniques, have
becom e important in tracing new impact structures beneath
cover sedim ents and in identifying the remnants o f those
impact structures that have been severely eroded or deformed
by tectonism (Pilkington and Grieve, 1992; Elo et al., 1992;
Ormö and Blom qvist, 1996; Scott et al., 1997; Plado et al.,
1997; Pesonen et al„ this volume). Moreover, the geophysical
data are useful in calculating the morphometric parameters
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(e.g., the melt volum es) o f buried impact craters (Pilkington
and G rieve, 1992). T hese applications o f geop h ysics in
impact cratering research are, however, hampered by the fact
that the geophysical anom alies o f impact structures depend
strongly on the state o f erosion and on the degree o f defor
mation o f the structures.
Very little has been done to estimate the changes in the
geophysical anomalies o f impact structures as a function of ero
sion and deformation (e.g., Pesonen et al., 1993). Pilkington
and Grieve (1992) were the first to point out a trend (a decrease)
in the amplitudes o f the negative gravity anomalies o f impact
structures caused by progressive erosion. Plado et al. (1997)
attempted to model the changes in gravity and magnetic anom
alies o f impact structures due to erosion and deformation. How
ever, they used a 2.5-dimensional modeling technique, which
turned out to be insufficient to accurately describe the anom
alies o f the truly three-dimensional structures.
In this chapter we present novel geophysical modeling
results whereby the effect o f erosion on gravity and magnetic
anomalies was investigated using a three-dimensional approach
as applied to a hypothetical, midsize complex impact structure
in a Precambrian shield area. We restricted the modeling to con
sider only the effect o f erosion on gravity and magnetic anom
alies o f impact structures; the effect o f deformation is presented
elsewhere (Plado et al., 1997). The main emphasis was on anal
ysis o f the gravity data, as the magnetic anomalies are more
complex and depend on several parameters including the geo
graphic site (latitude) o f the structure.
In the first portion o f this study we show that the erosion pro
duces distinct changes in the amplitudes o f gravity and magnetic
anomalies and less pronounced changes in their widths. Based
primarily on the gravity modeling, w e demonstrate that some
parameters derived from the gravity anomalies are practical use
ful measures o f the erosion level of an impact structure. In the
second portion w e test our model on 13 real impact structures for
which gravity and erosion level data are available (Pilkington and
Grieve, 1992).

Croft (1985) has given an expression for the diameter o f the
transient cavity (D TC) for complex terrestrial impact structures
(Eq. 3),
D TC = Dq° 15* 04 O085 1 004 » 22 km,

(3)

where D q is the transition diameter for simple-to-complex crater
(=4 km for crystalline targets on Earth). The depth (Лгс) o f the
transient cavity has been estimated to be roughly one-third or
one-fourth o f its diameter D TC (Melosh, 1989). The maximum
rim height of the final crater (with D = 30 km) lies between 0.5
and 1 km (Fig. I).
To simplify the computations, w e conventionally leveled the
surface (dotted line in Fig. 1A). Thus, we assume that the struc
tural rim and the uppermost 1 km o f the central uplift have been
eroded away. The depression is filled by 0.2-km-thick impact

В

Allochthonous
Imptct Dreccit

sedimtnts

THE MODEL
Figure 1 shows the cross section o f a hypothetical impact
structure and its morphometric parameters follow ing Croft
(1985) and Melosh (1989). The original diameter (D ) (rim to
rim) is 30 km, characterizing the model structure as a typical
midsize, complex crater in the global data base o f impact struc
tures (Grieve and Pesonen, 1996). The height (hcu ) and the
diameter (D cu ) o f the central structural uplift are calculated
from D using equations (1) and (2) (see Melosh, 1989);
Лс и = 0 .0 6 0 " - 2 . 5 km

(1)

Dcu = 0 .2 2 0 « 6.6 km.

(2)

and

Figure 1. A, Schematic cross section of a complex impact structure with
its dimensions. Dashed line indicates the shape of the transient cavity
(TC); dotted line indicates the pre-impact target rock level. Symbols are
explained in text. B, An idealized distribution o f various impact pro
duced/influenced lithologies as it could be in the complex structure of
A. Dashed lines describe the artificial layers to count for the gradual
changes of density and magnetic properties within the structure in the
autochthonous breccias and fractured bedrock. C, A simplified geophys
ical model for B, consisting o f several vertical prisms that have 16 comer
points on a plan view (see Fig. 2). The thickness of each prism is 500 m,
except the two prisms describing the allochthonous impact breccia with
thicknesses o f 500 and 300 m, and the prism of the impact melt, which
has a thickness o f 200 m. The model is directly derived from Figure IB.
Letters (a through e) indicate five subparallel layers to describe the
autochthonous breccias (a-с ) and fractured basement (d-e) within which
radial changes in density and magnetic properties take place progres
sively (see Table I). Arrows mark erosional levels at 1, 2, 3 ,4 , 5, and 6
km. No vertical exaggeration.
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melt layer (volume, V, = 48 km3) and a 0.8-km-thick allochtho
nous impact breccia (V = 221 km3) that is covered by 0.5-kmthick postimpact sediments (V = 180 km3). Below the impact
melt layer, filling the bottom o f the transient cavity, there is a
-6-km -thick bowl-shaped unit consisting of autochthonous
breccias and fractured basement (Fig. IB). The shape of these
layers follows that o f the primarily flattened final crater of Fig
ure 1A with the structural uplift at the center. However, since the
modeling does not allow a continuous parameterized change in
the breccias and fractured target rocks to take place, we have split
them artificially into five successive layers with equal thicknesses
o f I km (Fig. 1C, Table 1) where layers a through с correspond to
the autochthonous breccias and layers d through e to fractured
basement, respectively. Below layer e the basement is virtually
unaffected by the shock.
Geom etry o f the m odel
The final model is shown in Figure IС and consists of several
vertical prism-like bodies with 16 comer points on a plan view
(Fig. 2) and with a diameter decreasing stepwise downward. The
thickness of the prisms in both the autochthonous breccia layer
and the fractured bedrock layer is 500 m. The two prisms in the
allochthonous impact breccia have thicknesses of 500 and 300 m,
respectively, whereas the impact melt prism is 200 m thick.

Figure 2. Plan view of the modeled area (50 x 50 km), including dis
tribution of the uppermost layers of the vertical prisms. The impact is
supposed to take place at the center of the area. Location of the central
profile (north-south), described in Figures 6 and 7, is shown. Letters a
through e as in Figure I.

M odeling density variations
In the model, the density is increasing radially away from the
point of impact (Figs. I and 2; Table 1), as is the case in many

TABLE 1. PHYSICAL PROPERTIES OF ROCK LAYERS
Rock Type

p

x

(kgm 3)

(1 0 6 SI)

Surrounding (mica schist)
2689
300
Autochthonous breccia and fractured
Layer 1
2480
200
Layer 2
2530
220
Layer 3
2580
240
Layer 4
2620
260
Layer 5
2660
280
Impact melt
2500
2000
Allochthonous (impact) breccia
2380
50
Post-impact sedim ents
2350
100

NRM
(A m 1)

basem ent
0.04
0.043
0.046
0.049
0.052

0

4.9
4.8
4.7
4.6
4.5

D
О

I
<°>

304

73

2680

328
328
328
321
321

41
41
41
57
57

1930
1930
1930
2680 + 1930
26 8 0 + 1930

328

41

1930

Age
(Ma)

0.82

10

0.01

5

328

41

1930

0.01

2.44

328

41

1930

p * density.
X = magnetic susceptibility.

NRM ж intensity of natural rem anant magnetization.
Q = Koenigsberger ratio.
D and I = declination and inclination of NRM, respectively.
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known complex impact structures. This increase of density with
depth is caused by the decrease of porosity and fracturing in
impact rocks and also in the upper part o f the f ractured target, as
observed, for example, in Clearwater West, Canada (Plante et al,,
1990), in Siljan ring in Sweden (Dyrelius, 1988), in Lappajärvi
and Iso Naakkima in Finland (Kukkonen et al., 1992; Pesonen,
1996), and in Kärdla, Estonia (Plado et al., 1996). The model
density values for the various layers are taken from the data of
impact structures of Lappajärvi (Kukkonen et al., 1992) and
Kärdla (Plado et al., 1996) and are listed in Table 1. The density
is increasing downward from the postimpact sediments (2,350
kgm*3) to allochthonous impact breccia (2,380 kgm-3) to the five
layers o f autochthonous breccia and fractured basement
(2 ,480-2,660 kgm-3). The impact melt has a density of
2.500 kgm 3 while the surrounding target rock (mica gneiss) has
a density o f 2,689 kgm-3.
M odeling m agnetic variations
Considering investigations o f terrestrial impact structures and
laboratory experiments, the effects of the transient shock on mag
netic properties o f different rock types of the impact structures are
more variable than those in density. Generally, shock produces a
drop in the magnetic susceptibility and often (but not always) also
in the natural remanent magnetization (NRM), thus causing the
weak magnetic relief associated with many impact structures
(Hargraves and Perkins, 1969; Pohl et al., 1975; Cisowski and
Fuller, 1978; Pilkington and Grieve; 1992; Pesonen, 1996; Scott
et al., 1997). However, in some cases the impact influenced rocks
may acquire a new remanence by transient stresses, the shock
remanent magnetization (SRM), along the direction of the Earth's
magnetic field at the time o f impact (e.g., Halls, 1979).
Slowly cooled crystalline impact melt rocks may acquire a
thermoremanenl magnetization (TRM) in the direction o f the
magnetic field at the time of impact, e.g. Manicouagan, Canada
(Larochel)e and Currie, 1967) and Lappajärvi, Finland (Pesonen
et al., 1992). The volume and magnetic contrast of melt, and
therefore the magnetic anomaly, is largely controlled by the com
position and properties o f target rocks.
To describe the direction of the NRM in the model, we used
the remanent magnetization directions o f the Fennoscandian
paleomagnetic data base (Pesonen et al., 1989, 1991). The use of
this data base requires the knowledge of the ages of the
impactites and target rocks. In our model, the age o f the sur
roundings (=unshocked target rocks) was -2 ,6 8 0 Ma (i.e.,
Archean) and the impact occurred at 1,930 Ma. The age of the
postimpact sediments was also assumed to be 1,930 Ma. The
polarity of the magnetic field was normal. The remanent mag
netization directions in Table 1 were taken from the NRM data
of rocks having ages of 2,680 and 1,930 Ma in the paleomagnetic
data base of Fennoscandia. For the uppermost three layers of the
autochthonous breccia and fractured basement (layers a- с in
Fig. 1C), we used the same NRM direction as for the impact
melt, assuming that these layers have an SRM. For the two low

ermost layers (layers d and e in Fig. 1C), we used the vectorial
sum of the pre-impact and impact NRM directions, respectively.
The shape and amplitudes of magnetic anomalies depend on
latitude, in addition to the previously discussed geometrical and
petrophysical properties of the rock units constituting the struc
ture. Since the magnetic data and modeling results are not
reduced to the pole, the results presented in this chapter are valid
only for Fennoscandian latitudes (~60°-70°).
The values for the magnetic properties in the model used for
different layers of the structure were assigned according to liter
ature values of known Precambrian and impact rocks described
by Puranen (1989), Pesonen et al. (1989), Pilkington and Grieve
(1992), and Järvelä et al. (1995), and are listed in Table 1. The
density and magnetic properties for the various layers o f our
mode! structure were stated to be conforming. However, physical
and chemical processes taking place during the impact and later
on may alter the petrophysical properties o f these rocks. Post
impact thermal and chemical processes (Pilkington and Grieve,
1992) may cause considerable changes in the impact-generated
rocks independent o f geologic boundaries. In our simple model,
we did not consider all these effects. The direction, amplitude,
and range o f NRM produced by postimpact thermochemical
processes are different for every particular impact case. There
fore, the magnetic properties of each structure should be studied
individually and separately from the gravity model.
To confirm density and magnetic layers, we assumed the fol
lowing conditions: (1) that the cooling o f the structure took place
rapidly, (2) that the crater rim was eroded away and the crater
depression was rapidly filled by postimpact sediments, and
(3) that postimpact physical-chemical processes affecting physi
cal properties of the rocks in the structure were not taking place.
The magnetic properties o f the present Earth's magnetic
field (intensity, 41 A m 1; declination, 6°; inclination, 73.5°) used
in calculations correspond to the values for the central pan of the
Fennoscandian Shield (latitude. ~62c) and were same for all
models.
M odeling M ethods
The main objective o f the modeling was to study the pro
gressive changes in the gravity and magnetic anomalies o f the
structure through six successive erosional levels (hE) at 1-km
intervals. The first level (=0 km, Fig. 1C) corresponds to the early
postimpact phase when the surface became flattened at the target
level. The lowermost erosional level (=6 km) corresponds to the
level where the main units o f the structure (i.e., the postimpact
sediments; the allochthonous breccia; the impact melt; the
autochthonous breccia, layers a-с; and the upper part of fractured
basement layer d) have been eroded, and only the lowermost part
o f the fractured basement, layer e, has been preserved. The other
erosional levels (corresponding to hE values o f I, 2, 3, 4, and
5 km in Fig. 1C) lie between levels 0 and 6 km.
The gravity and magnetic anomaly values were calculated
over a 50 x 50 km area (Figs. 3 and 4) centered on the impact point
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30 km

Figure 3. Plan views (50 x 50 km) o f the gravity anomalies
(mGal) of: A, early postimpact, at various erosion levels:
B, lk m ; C, 2 km; D, 3 km; E, 4 km; F, 5 km; G, 6 km. The
impact is taking place at the center of the area. Note that
the amplitude scale varies.

rl-1

using the ModelVision Software Package by Encom Technology
Pty, Ltd., Australia (1995). Using this three-dimensional program,
the Bouguer gravity and the total magnetic field intensities for
observation points with a grid o f 2 x 2 km were calculated. The
models are simplified from the real geologic situation with no
background variations in gravity and magnetism and with no
regional trends. The final maps o f the gravity (Fig. 3) and total field
magnetic anomalies (Fig. 4) are produced with kriging for the same
grid size as the calculations were done above, and shown at seven
successive erosional levels. The north-south profile data o f the

20

gravity and magnetic anomalies and the effects o f erosion on these
profiles and their derivatives (horizontal and vertical gradients) are
shown in Figures 6 and 7 at the various erosional levels.
To numerically study the progressive effect o f erosion on
the gravity anomaly, w e used the follow ing parameters to
describe the shape o f the gravity anomaly (see Parasnis, 1979):
diameter (Dc ), the half-width (W 'h), maximum amplitude (A) of
the main negative gravity anomaly, and corresponding values
(dcu, a cu, and w'hc v ) for the central positive anomaly (due to
structural uplift) (Fig. 5).
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Figure 4. Plan view o f the magnetic anomalies (total inten
sity, nT) of: A, early postimpact, at various erosion levels:
B, 1 km; C, 2 km; D, 3 km; E, 4 km; F, 5 km; and G, 6 km.
The impact is taking place at the center o f the area. Note
that the amplitude scale varies.

2
1

0
-1

RESULTS
A nom aly maps
The gravity anomaly of the model (Fig. ЗА) is perfectly circu
lar and has a diameter of -3 6 km, thus slightly exceeding the origi
nal diameter o f the structure. It is due to the radial distribution of the
density layers, extending farther than the original rim. The half
width of the anomaly is 25.2 km. The minimum value of the gravity
anomaly is -3 6 mGal, which is consistent with a complex impact

structure of this size unaffected by erosion (Pilkington and Grieve,
1992) (Fig. 6). The central uplift produces a positive gravity high o f
6.2 mGal at the center o f the main negative gravity anomaly
(Figs. ЗА and 6A) as is often observed in many complex impact
structures, e.g., Vredefort, South Africa (Henkel and Reimold,
1997) and Lappajärvi, Finland (H o etal., 1992). The horizontal gra
dient o f the gravity anomaly (Fig. 6B) shows two peaks, one min
ima and one maxima symmetrically on the sides o f the center of the
impact structure. The vertical gradient (Fig. 6C) shows two maxima
and two minima and a central maximum due to structural uplift
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The initial magnetic anomaly map (Fig. 4A) reflects two fea
tures. First, the strongly magnetic melt body produces a circular
positive anomaly with maximum amplitude of 13.1 nT. It is sur
rounded by the negative anomaly, which is most intensive at the
northwestern edge o f the structure. Second, in the central part, the
positive anomaly is distorted by the negative anomaly (-14.1 nT).
This kind of magnetic anomaly is expected for a body in the
Northern Hemisphere (Parasnis, 1979). Correspondingly, two
magnetic highs and three lows afe visible on the profile (Fig. 7A).

of gravity anomaly

E ffe c ts o f e r o sio n o n g r a v ity a n o m a lie s

Figure 5. Schematic cross section of a gravity anomaly o f a complex
impact structure The numerical parameters to describe the geometry of
the anomaly are indicated. Dc , A , and W 'h denotes the diameter, ampli
tude, and half-width, respectively, of the major negative anomaly; dcu,
a cu and w 'kcu are corresponding values for the central positive anomaly,
respectively.

Erosion progressively removes the impact-produced gravity
signatures. During the erosion of the structure, both the ampli
tude o f impact gravity anomaly and its diameter decrease
(Table 2; Figs. 3, 6A and 8A). Since the decrease is much
stronger in amplitude, erosion progressively flattens the gravity

ß HORIZONTALQHADIENT
E ro s io n (k m )
Ero s io n (k m )
— Im p ac t

0

Figure 6. North-south profiles of the Bouguer gravity across the model
as a function o f erosion. A, Bouguer gravity; B, its horizontal gradient;
and C, its vertical gradient. See Figure 2 for location. Curves are calcu
lated for the impact time and at six erosional levels, as indicated in the
index figure and shown in Figure IC.

Figure 7. North-south profiles of the total magnetic field intensity across
the model as a function o f erosion. A, Magnetic (total component, nT);
B, its horizontal gradient; and C, vertical gradient profiles across the
hypothetical impact structure. See Figure 2 for location. Curves are cal
culated for the impact time and at six erosional levels, as indicated in the
index figure and shown in Figure 1C.
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TABLE 2. PROPERTIES OF IMPACT GRAVITY ANOMALIES IN DIFFERENT SITUATIONS

Impact
Erosion (km)
1
2
3
4

5
6

0.03
0.07
0.10
0.13
0.17
0.20

A
(mGal)

(km)

acu
(mGal)

-35.7

25.2

1.4

6.2

4.6

5.8

-25.7
-18.4
-11.9
-6.8
-3.2
-0.9

24.8
24.2
23.8
23.2
22.8
22.4

1.0
0.8
0.5
0.3
0.1
0.0

4.3
3.7
2.8
1.9
1.5
0.7

5.2
5.8
5.2
5.4
5.2
5.0

6.0
5.0
4.3
3.6
2.1
1.3

IA/WV4I
(mGal/km)

w'Acu
(km)

§

-----Anomaly of—
Central Uplift
О
С

hE/D

----- Impact Gravity Anomaly-------

hE = depth of erosion.
D = the original impact rim diameter.
A = the maximum amplitude of impact gravity anomaly.
W’A = half-width of the impact gravity anomaly.
a cu = the maximum amplitude of gravity anomaly corresponding to the central uplift.
wV4cu = half-width of the gravity anomaly corresponding to the central uplift.

anomalies o f the impact structure. The flattening is clearly seen
in the profile data (Fig. 6A) and can be numerically expressed by
a parameter F, which is obtained by dividing the maximum grav
ity amplitude with its half-width (A /W 'h ) at each erosional level
(Table 2; Fig. 8C). At all erosional levels the presence of the
central uplift is seen as the positive peak within the central nega
tive anomaly, although it decreases progressively with erosion
(Fig. 8A). In spite o f the significant decrease o f the positive
gravity anomaly o f the central uplift during erosion, it remains
relatively more pronounced, as compared with the correspond
ing negative impact anomaly.
The amplitudes o f the horizontal and vertical derivatives also
diminish with erosion (Figs. 6B, C). The locations of the maxi
mum horizontal gradients do not shift considerably with erosion.
Their position on the profiles approximately corresponds to the
diameter o f 24 km, which is 0.8 x D. This is the diameter where
the vertical derivative curves intersect at 0 mGal/km. However,
the central uplift produces significant shifts in the horizontal and
vertical derivative curves during progressive erosion.
E ffe c ts o f e r o sio n o n m a g n e tic a n o m a lie s

Due to the highly magnetic (Table 1) impact melt layer, the
first erosional model (hE/D = 0.03) produces intensive magnetic
anomalies up to 60 and -6 0 nT (Figs. 4B and 7A). The position
o f two positive and three negative anomalies conforms with those
of the starting model. After the removal of impact melt layer, at
the erosional level of 2 km and also in further erosional levels,
the amplitude of the magnetic anomalies decreases and the con
figuration alters so that the position o f negative and positive
anomalies changes (Figs. 4 and 7). These five circular anomalies
at different erosional levels are mainly negative, followed by
positive anomalies at the northwest. These are due to weaker

Figure 8. A, The effect of erosion on the amplitudes of gravity anom 
alies. Black circles indicate amplitude. A, o f the main anomaly; crosses
indicate amplitude (a cu), respectively, o f the central positive anomaly.
B, Effect o f erosion on the half-widths of the main anomaly (W '/i, black
squares) and o f the central uplift anomaly (w 'hcu, vertical bars). C,
Effect of erosion on the parameter F = A /W 'h (amplitude o f the main
anomaly divided by its half-width).
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magnetization o f autochthonous impact breccia and fractured
basement as compared with surroundings and main field direc
tion. The central uplift produces a distinct magnetic high. The
horizontal and vertical derivatives (Fig. 7B, C) also diminish after
the removal o f the melt layer. The amplitudes o f the erosional
magnetic anomalies are so weak, that, in real geologic situations
(presence o f regional Field), they will go unnoticed.

Testing the m odel

Our erosional model shows clearly that the erosion decreases
the amplitudes o f the gravity and magnetic anomalies more effec
tively than their widths. The magnetic amplitudes depend not
only on the shape of the structure and rock types and their petro
physical properties but also on the latitude of the structure. There
fore the magnetic data o f various structures are not directly
comparable unless transformed into the magnetic pole that is not
done here. This is the prime reason why we restrict our model
testing to the gravity data.
In Figure 9 we have tested our model by plotting the gravity
amplitude and its change due to erosion (solid curve), together
with the gravity data o f 13 terrestrial impact structures for which
gravity amplitudes and erosional levels have been measured or
estimated. The data are listed in Pilkington and Grieve (1992) and
include only structures with diameters ranging from 20 to 40 km.
The gravity anomalies of these 13 test structures have been cor
rected to correspond with that of a nominal 30-km diameter,
which was done by applying a linear fit (Eq. 4) to the gravity
anomaly vs. D:
A = -0.068 D - 11.34

(4)

This correction increases slightly the negative gravity amplitude
o f structures with D < 30 km, and decreases the amplitude of
structures with D > 30 km. The effect of the above correction is
0.68 mGal (maximum).
Note that the erosion level index o f Pilkington and Grieve
(1992) runs from 1 (uneroded) to 7 (almost totally eroded) and
does not correspond to the erosion values o f 0 - 6 km o f our
model structure. The terrestrial impact data (Fig. 9) show clear
trends in decrease o f negative gravity anomalies due to progres
sive erosion in rough agreement with our model (solid curve).
Figures 8 and 9 show that it could be possible to use the ampli
tude and half-width o f the impact gravity anomalies as diag
nostic criteria for estimating o f the regional erosional level and
the original diameter o f the structure. The trend in Figure 9,
described with the linear regression, allows us to calculate the
erosional level (hE) from the negative gravity anomaly (A) for a
structure of -3 0 km in original diameter:
/i£ = (A + 3l.8)/5.8 (km).
Including the original impact diameter. D, gives:
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(5)

Figure 9. Testing the erosion model with gravity data of known impact
structures. Vertical axis shows the negative gravity anomaly. Horizontal
axis shows the erosion in kilom eters for the m odel (solid curve) as
redrawn from Figure 8A. The data points (black circles) denote data of
13 such complex impact structures for which the gravity data and also an
estimate of the erosion level are available from Table 2 o f Pilkington and
Grieve (1992) after m inor correction due to their departure from the
nominal diameter o f 30 km (see text). Note that the erosion level index
of Pilkington and Grieve (1992) runs from 1 (uneroded) to 7 (almost
totally eroded) and does not directly correspond to the erosion values of
0 -6 km o f this modeling structure. 1, Azuara, Spain; 2, Boltysh,
Ukraine; 3, Carswell, Canada; 4, Clearwater East, Canada; 5, Clearwater
West, Canada; 6, Gosses Bluff, Australia; 7, Haughton, Canada; 8, Lap
pajärvi. Finland; 9, M istastin, Canada; 10, Ries, Germany; 11, Rouchouart, France; 12, Saint Martin, Canada; 13, Steen River, Canada.

hE - D (A + 31.8 )/171.0 (km)

(6)

These theoretical equations results in overestimating ht
(—3-5 km for Gosses Bluff, Australia; -2 .9 km for Lappajärvi.
Finland; -0.3 km for Boltysh, Ukraine), especially for structures
with low A. This is probably due to the heterogeneity of the target
and subsequent geologic processes, postimpact thermal and geo
chemical processes and tectonic modification, which are able to
reduce the negative gravity amplitude. These effects, however,
are not considered in our model. Nevertheless, in general gravity
data allow us to estimate the erosion level o f impact structures,
and, as a consequence, also the regional erosional level.

238

J. Plado et al.

C O N C LU SIO N S
Impact events generate various types o f rocks, differing in
their physical properties from rocks unaffected by impact.
Allochthonous impact breccias and fractured target rocks usually
have lower density than their source rocks, and produce most of
the negative gravity anomaly associated with impact. The ampli
tude o f the gravity anomaly is dependent on the volume, shape,
density contrast, and thickness o f the rocks affected by the impact
beneath the crater. In the case o f a young impact crater, all these
properties are largely controlled by the crater’s diameter, i.e., by
the energy o f impact, and by the properties and state o f the target
rocks. However, erosion is able to change the volume o f the struc
ture as well as the distance to the source. Therefore, this allows us
to use gravity anomalies to estimate the erosion level o f impact
structures. With the present modeling we found that the ampli
tude and diameter of the negative impact gravity anomaly signif
icantly decrease due to erosion. Since the decrease is much
stronger in amplitude, the erosion progressively flattens the grav
ity anomalies of impact structures.
Erosion may magnify the gravity response o f the central
uplift in comparison with the total anomaly. Tnis conclusion is
consistent with real situations: some deeply eroded complex
impact structures, e g , Vredefort, South Africa (Henkel and
Reimold, 1997), and Lappajärvi, Finland (Elo et al., 1992), show
positive gravity anomalies in their central parts. This is in good
agreement with the fundamental conclusion, that central parts of
craters represent blocks o f less crushed rocks uplifted during the
modification stage o f crater formation (Melosh, 1989)
We have shown the model with the prevailing effect o f a
strongly remanent magnetized impact melt body, e.g., Dellen in
Sweden (Henkel, 1992), and with a concentric region with
decreased magnetization of target (e.g., Slate Islands, Canada)
(Halls. 1979), located in Fennoscandia. The calculated magnetic
anomaly reflects a circular positive anomaly surrounded by a
negative, produced mainly by the melt layer. In the central part,
the positive anomaly is distorted by the negative anomaly, corre
sponding to the central uplift. The removal of impact melt by ero
sion significantly decreases the amplitudes of the anomalies.
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