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Abstract-Studies of natural impact craters provide constraints that can be applied to theoretical 
models and experimental production of craters. In particular, the petrographic and structural 
relations of rocks resulting from melting of target materials during impact place constraints on five 
aspects of crater formation: (I) Motion of shock melted material must commence in the central zone 
of the target, be underway before ejection of some of the lowermost parts of the target, allow 
incorporation of fragmental material from kilometers away from the zone of shock melting, allow for 
outward flow over the edge of the transient cavity in large craters, provide for settling into 
depressions and cracks after formation of significant thicknesses of fragmental breccia on the base 
of the cavity, and be completed within tens of seconds to a couple of minutes after impact. (2) Melts 
must be mixed by a process that is efficient enough to homogenize chemical compositions, 
lithologies, and shock features to a scale of cubic millimeters from scales that originally varied by 
kilometers. Furthermore, this mixing mechanism must proceed to completion within tens of seconds 
to a few minutes after impact. (3) Energies required for heating and melting of the necessary 
volumes of target rocks imply impact energies ranging from 1025 ergs for kilometer sized craters to 
1030 ergs for 50 km sized craters. (4) Depths of excavation for simple craters of a few kilometers 
diameter show diameter to depth ratios of 3 to 6 but for larger. more complex craters this ratio increases 
to 8 to 12. (5) Formation of structural modifications such as central uplifts, uplifted rings, and large scale 
slumping of crater walls occurs within tens of seconds to a couple of minutes after impact. 

INTRODUCTION 

To INCREASE our understanding of the formation of impact craters and the 
properties of their ejecta there must be an integration of data from theoretical 
models, cratering experiments, and observations of natural impact craters. 
Constraints provided by observations of natural craters can be applied to 
theoretical models as well as to the variables and scaling assumptions in 
experimentally produced craters. Studies of natural craters generally have 
concentrated on shape, size, and form on the moon, Mars, and Mercury or have 
concentrated on structures and petrographic shock effects on Earth. This paper 
summarizes. the petrologic and chemical data for samples of impact-melt rocks 
and associated breccias from various structural locations in and around eight 
terrestrial craters. These data provide constraints on the following five aspects 
of crater formation: (1) trajectories of melt, (2) extent of mixing in melt, (3) 
thermal energy from impact, (4) depth of excavation, and (5) timing of formation 
of structural modifications. 
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I. Trajectories of melt. Because melt forms only within the small fraction of 
a crater that experiences very high shock pressures, the initial location of melted 
material can be identified as a restricted volume near the axis of the projectile 
through the target volume (O'Keefe and Ahrens, 1975, 1977). Furthermore, 
the identification of the present location of melt deposits can be accomplished 
easily by petrographic and field studies (Grieve, 1975; Floran et al., 1976; Dence, 
1971). Therefore, the initial and final positions of various types of melted 
material place constraints on the trajectories that may be assigned to this 
material. 

2. Extent of mixing in melt. Knowledge of the chemical and lithologic 
compositions of the target rocks as well as their distribution allows comparison 
with the chemical composition of resulting melt rocks and the lithologies of 
included fragments. Extent of homogenization of initial chemical and lithologic 
heterogeneities, departures from predicted average compositions, and dis-
tribution of included fragments with respect to size, lithologies, and shock 
features provide constraints on the extent of mixing and the process of mixing. 

3. Thermal energy f ram impact. Several studies of the energy partitioning 
resulting from impact events suggest that about 1/4 to 1/3 of the kinetic energy 
of the projectile is converted to thermal energy (Braslau, 1970; Gault and 
Heitowit, 1963; O'Keefe and Ahrens, 1975). Because of the low specific heats 
and large latent heats of fusion for the usual silicate target rocks the bulk of this 
thermal energy is utilized for heating and fusing that part of the target that is 
melted. If the volume of impact-melted rock can be estimated, the energy 
expended to heat and fuse the target rocks can be calculated to define a lower 
limit for the thermal energy in an impact event. These values combined with 
estimates of the percentage of melt in the total excavation and partitioning of 
energy can provide constraints on the total energy and partitioning of energy in 
natural impact events. 

4. Depth of excavation. Knowledge of the vertical distribution of rock units 
in the target area prior to impact can be compared with the rock types which 
occur as fragments in the ejecta to determine the depth of excavation. For some 
of the large craters that may have excavated rocks from several kilometers 
depth, determination of the vertical distribution of rock units may require 
interpretation of geophysical data (gravity, seismic, magnetic, and heat flow 
studies). From this information come constraints on depth of excavation and 
extent of uplifting of central peaks. 

5. Timing of formation of structural modifications. Because impact melts 
have chilled rapidly to form rocks with glassy or very fine-grained igneous 
textures, it is possible to place limits of seconds to minutes on the length of time 
required for these melts to solidify (Simonds, 1975; Simonds et al., 1976). The 
structural relations of these melt-rocks with structural modifications of the 
crater, such as central peaks, uplifted rings, and large slump blocks, can place 
constraints on the timing of the formation of the structural modifications. If the 
chilled units are faulted over such structures, the structures formed later than 
the solidification of the melt units. If the chilled units are draped over such 
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structures, however, the structures must have formed before the solidification of 
the melt units. 

EVALUATION OF CONSTRAINTS 

Petrologic studies and structural relations of impact-melt rocks associated 
with terrestrial craters should provide constraints for the five listed aspects of 
craters. To evaluate these constraints we first, review briefly some recent 
models of thermal history for impact-produced melt-clast mixtures and, second, 
discuss for several terrestrial craters the features that are applicable to the five 
aspects listed above. 

Petrologic studies of lunar highlands samples and intensive investigation of 
the melt sheet at the Manicouagan impact structure have provided a thermal 
model for breccia lithification. This model describes the ejecta as a two com-
ponent mixture of superheated melt and relatively cool fragments of minerals 
and rocks. Studies of interaction of melt with SiO2 and ZrO2 clasts (Carstens, 
1975; Stahle, 1972; El Goresy, 1965), degree of oxidation in glass (Horz, 1965), as 
well as digestion of clasts by melt (Simonds, 1976) suggest melt temperatures of 
1600 to 1800°C or more. In contrast the lack of shock features in most 
fragmental material suggests an upper limit of about 200°C for shock heating of 
most clasts (Ahrens and O'Keefe, 1972). This apparent bimodal temperature 
distribution in the excavated material is attributed to the rapid radial attenuation 
of shock-heating in the target. Materials with intermediate levels of shock, hence 
intermediate post-shock temperatures, are observed in minor amounts in nature; 
they are neglected in the simplified model. Mixing of clasts and melt occur in all 
proportions. The resulting petrographic textures are largely a function of the 
relative proportion of the two components and the resulting temperature to 
which the mixtures equilibrate. In descriptions of field occurrences the lithologic 
terminology varies somewhat from one worker to another. Thus, it is necessary 
to develop a reasonably uniform terminology throughout this paper. Although 
there is a complete gradation in textural features among impact-produced rocks 
it is possible to cluster the resulting rocks into two very general groups based on 
their matrix characteristics: (1) fragmental, or elastic, breccias and (2) melt 
rocks. Both types may display a large variety of clasts. Although the fragmental 
breccias may contain fragments of glass that were initially melted, the melt rocks 
consist of masses of igneous-textured, crystalline rocks that extend continuously 
for at least several meters as sheets, dikes, sills, etc. Within each of these two 
groups there are two more rather general subgroups: (la) polymict fragmental 
breccias, (lb) monomict fragmental breccias, (2a) clast-laden melt rocks, and 
(2b) clast-free melt rocks. The polymict fragmental breccias containing no glass 
are ref erred to as allogenic breccias. The polymict fragmental breccias contain-
ing glass as clasts or as part of the matrix and clasts are referred to as suevites. 
The monomict fragmental breccias of this paper are referred to as authigenic 
breccias or brecciated basement. Terminology for the melt rocks should be 
self-evident. 
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Before discussing the relevant data for each of several craters it should be 
pointed out that variations in the structure of target-rock units, differences in 
composition and strength, variations in porosity and water content of target 
rocks, and variations in projectile energies may drastically affect the extent of 
melting, types of impact deposits produced, and resulting structural relations. 
Also the extent of erosion influences the degree to which extrapolation and 
drilling data are required. Such differences must be considered in any detailed 
comparison of natural crater characteristics. Eight craters are discussed: the first 
five are primarily in crystalline rocks with very little or no overlying sedimentary 
cover, the next two are in crystalline rocks with a significant overlying sedimen-
tary cover, and the last one is entirely in sedimentary rocks. 

Manicouagan Crater, Quebec, Canada. 65 km diameter; complex crater with 
central peak and two or three rings; target consisted of wide variety of Pre-
cambrian crystalline, amphibolite facies, metamorphic rocks with thin ( < 50 m) 
covering of limestone; crater has been highly eroded to expose only the lowest 
300 m of fill and the sub-floor target rocks; age is 214 million years (Triassic) (Currie 
1972; Wolfe, 1971). 

1. A sheet of impact-melt rock a few hundred meters thick rests directly on a 
brecciated basal gneiss over the entire crater (except for the central peak) to a 
diameter of about 60 km. The sheet extends over both an inner crater of 40 km 
diameter and an outer crater which presumably formed by the slumping of large 
blocks into the excavation (Floran et al., 1976; Floran and Dence, 1976). The total 
thickness of the sheet is unknown because the highest exposed outcrops, 230 m 
above the base, are still part of the melt sheet. The melt-rock fills in around large 
blocks of dislodged gneiss at the base of the crater cavity where the blocks 
produce an irregular surface with relief of several tens of meters. Most in-
clusions in the melt-rock are small ( < 3 cm) unshocked fragments but there are 
also a few large inclusions tens of meters across. There are very few included 
fragments in the melt-rock that occur in the first few meters above the base and 
adjacent to large boulders. There are abundant fragments throughout the next 
higher few tens of meters and then a continual decrease in fragments higher in 
the sheet. The textures of the crystallized melt rock indicate that the lowermost 
20 to 40 meters of the sheet cooled to subliquidus temperatures in an interval 
that could range from tens of seconds to a few minutes (Simonds, 1975; Simonds 
et al., 1976. 

Thus the melt which formed near the center of the crater must have moved in 
such a way that it mixed extensively with unshocked material that was originally 
a few kilometers away in the target. Final movement of this mixture developed 
an extensive sheet of fragment-laden melt at the bottom of the crater, where it 
permeated the space between large disoriented blocks. 

2. The melt rocks display a very limited range of chemical composition and 
although the total amount of included fragments may vary with height in the 
sheet, the fragments are evenly distributed in each sample throughout a few 
hundred km3 of melt. To illustrate the chemical homogeneity, all analyzed 
samples of melt rock contain 57.3 ± 2.1 % (2cr) SiO2 whereas the target rocks 
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contain from 42 to 72% Si02 (Floran et al., in press). Grieve et al. (in press) and 
Floran et al. (1976) have calculated the proportions of various target rocks 
required to produce the observed contents of major and trace elements in the 
melt. A mixing model consistent with these compositions requires components 
to be added from all of the major target rocks. Thus the melted material from 
widely separated sources must be thoroughly mixed and homogenized. In 
addition the mineral and lithic debris from all of these units is so evenly 
distributed throughout the melt that no 1 mm2 of a thin section is free of clasts. 
Most of the preserved clasts lack features indicative of shock pressures over l 00 
to 200 kb, many show no indication of shock pressures greater than 50 kb, that 
is, they lack planar elements in quartz and feldspar. Thus, most of the presently 
visible clasts come from a zone where shock pressure is much lower than in the 
fused zone, probably a few to several kilometers away from the zone of total 
fusion. To smooth out the centimeter to kilometer heterogeneities in the chem-
istry, clast types, and shock effects that occurred in the target, material 
separated by several kilometers must have been mixed into every gram of melt. 
This evidence for the intimate mixing and homogenization of both melt and 
clasts from widely separated points within the target suggests that flow regimes 
are intensely turbulent on a wide range of scales. Thermal equilibration between 
cold clasts and hot melt takes only a matter of seconds once the materials are 
firmly in contact (Onorato et al., 1976). If enough clasts are present, the mixture 
equilibrates to temperatures so low that crystallization ceases within seconds 
leaving glass in the matrix; a higher proportion of melt typical of most of the melt 
rocks is sufficient to initiate crystallization, raising the melt's viscosity greatly 
and preventing further flow. Thus the process that mixes clasts and melt must 
not only be thorough but also extremely rapid. Further evidence for rapid mixing 
exists in the glassy to very fine-grained clast-free zones immediately adjacent to 
large blocks of gneiss near the base of the melt sheet. The drag along these 
surfaces removed inclusions from the zone of intense shear next to the blocks to 
the zone of minimum shear away from the blocks but the melt was cooled 
quickly enough to produce glass and skeletal crystals. 

3. Because the grain size of the melt rock still appears to be increasing at its 
highest exposures, the thickness of the sheet is believed to be significantly 
greater than shown by the actual outcrop pattern. Estimates of volume of melt 
range up to 600 km3 (Grieve et al., 1976; Floran et al., 1976; Simonds, 1975). This 
estimate does not include the extensive volumes that may have been present as 
dikes, sills, tongues, and caps in the higher levels of the breccias and suevites as 
at Popigay Crater (Masaytis et al., 1975). Nor does it include the volume in 
now-eroded suevites. Inclusions of these units would probably double the 
volume of melt. Six hundred km3 represents between 3 to 4% of the excavated 
volume of the transient cavity (Grieve et al., 1976). This volume of melt would 
require about 3 to 4 x 1028 ergs of energy to heat and fuse the target rocks, and, 
therefore, close to 1030 ergs for the kinetic energy of the impacting projectile. 

4. Although the pre-impact stratigraphy is not unique enough to provide any 
limits to the depth of excavation, the lack of granulite or other inferred lower 
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crustal rocks as clasts suggests that depths of 10 to 15 km would be a maximum. 
Furthermore, gravity and seismic data (Sweeney, in press) suggest that the depth 
of excavation is from 3 to 8 km. If the transient cavity diameter is placed 
between 35 and 45 km the diameter to depth ratio is between 5 and 15. 

5. Large disoriented blocks of gneiss hundreds of meters across occur on the 
floor of the crater. It is not certain how many of these blocks result from 
slumping but very fine-grained, rapidly chilled melt fills the space between them 
and intrudes cracks in them suggesting that the blocks were in their present 
location within tens of seconds to a few minutes after impact. If the diameter of 
the transient cavity is placed between 35 and 45 km as argued by Floran and 
Dence (1976) then the melt sheet, which extends continuously to about 60 km 
diameter, must cover a slumped wall that dropped at least several hundred 
meters (perhaps over a kilometer) as indicated by the presence of Ordovician 
limestone outcrops between diameters of 45 and 60 km (Currie, 1972). The 
limestones which formed a veneer over the Precambrian gneisses at the time of 
impact could have existed only at much higher elevations outside the crater and 
would have been ejected from inside the transient cavity. Thus the slumping of 
the walls to bring the limestones below the rapidly chilled, clast-laden melt sheet 
in the outer part of the crater occurred within the first few tens of seconds to a 
few minutes after formation of the melt. 

West Clearwater Lake Crater, Quebec, Canada. 38 km diameter; complex 
crater with central uplift and one or two rings; target consisted of wide variety 
of Precambrian, crystalline, high grade metamorphic rocks with thin ( < 50 m) 
covering of limestone; crater has been highly eroded to expose only the lowest 
100 m of fill and the sub-floor target rocks; age is 300 million years (Bostock, 
1969; Dence et al., 1964). 

1. A melt sheet at least 130 m thick rests on either a basal authigenic breccia 
of gneiss or on a thin layer of suevitic breccias that also rests on the basal 
authigenic breccia (Fig. 1). The total thickness of the sheet is unknown because 
the highest exposed outcrops consist of melt rock whose grain size is still 
coarsening. The aerial extent of the melt sheet is undefined but it is best exposed 
over an uplifted ring of basement that forms a circular set of islands in West 
Clearwater Lake. Although this melt sheet has not received the same degree of 
detailed study as that at Manicouagan, the similarities suggest a nearly identical 
history for the motion of melt. 

2. Similar chemical relationships are noted here as at Manicouagan. The melt 
rocks display a very limited range of composition while the target rocks display 
a wide range (Bostock, 1969). For example the melt rocks contain 59.3 ± 
1.9 (2a) Si02 whereas the target rocks range from 49 to 73% Si02• Simple mixing 
models require the melt to be a mixture of the various target rocks. As at 
Manicouagan abundant fragments of target rocks are evenly dispersed in the 
fine-grained melt rocks. Thus the mixing requirements discussed for the melt 
sheet at Manicouagan appear to apply equally well to the melt sheet at West 
Clearwater Lake. 

3. Estimates of the volume of the existing melt sheet at West Clearwater 
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CROSS SECTION OF 
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Fig 1. Cross-section of the crater at West Clearwater Lake, Canada (after Dence et al., 
1964). 

Lake range from 34 to 50 km3 (Grieve et al., 1976). These estimates must 
represent a minimum volume because the grain size of the melt rocks continues 
to coarsen through the uppermost part of the exposed section. Again, as at 
Manicouagan this estimate ignores the melt that might have been present as 
dikes, sills, tongues, and caps in the now-eroded, overlying breccias. It also 
ignores the melt in now-eroded suevites. The minimum estimates of volume of 
melt represent about 5% of the volume of the assumed transient cavity and 
would require 2 to 3 x 1027 ergs of energy to heat and fuse the necessary target 
rocks (Grieve et al., 1976; Dence et al., 1964). Thus, between 1028 to 1029 ergs of 
kinetic energy would be required for the impacting projectile. 

4. Pre-impact stratigraphy is not unique enough to allow studies of included 
fragments to provide limits on the depth of excavation. 

5. A massive melt sheet occurs on the uplifted ring at about 20 km diameter. 
It is not clearly established that the rapidly cooled melt is draped over the ring 
and is continuous with melt outside or inside the ring. The occurrence of 
limestone below the melt sheet inside the crater, however, is well-established. 
This relationship provides the same arguments as it did at Manigouagan: the 
veneer of limestone on the basal gneiss is far below its normal stratigraphic level 
(Bostock, 1969) and must occur on a slumped block. Otherwise the limestone 
would have been excavated from the surface of the transient cavity. Further-
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more, the presence of the rapidly chilled, clast-laden melt sheet above the 
limestone requires that the slumping took place within a few tens of seconds to a 
few minutes after formation of the melt. 

Mistastin Lake Crater, Labrador, Canada. 20 km diameter; complex crater 
with central uplift; target consisted of wide variety of Precambrian, crystalline, 
high grade metamorphic rocks; crater has been highly eroded to preserve only 
some isolated patches of fill and the sub-floor target rocks; age is 40 million 
years (Grieve, 1975; Currie, 1971). 

1. Patchy occurrences of melt rocks throughout the central part of the crater 
allow reconstruction of a melt sheet at least 80 meters thick and extending over a 
diameter of between 12 and 13 km. The sheet lies either directly on the 
brecciated basement or on a thin breccia layer which overlies the basement rock 
(Grieve, 1975). The grain-size of the melt rock continues to increase in the 
highest exposures suggesting that the sheet was initially significantly thicker than 
it is at present. A crude subhorizontal foliation of elongate inclusions suggests 
horizontal flow in the melt. The inclusions display features that range from 
unshocked to highly shocked. Also the clast content decreases upward in the 
melt sheet. The similarities to characteristics displayed by the Manicouagan melt 
sheet suggest nearly identical movements of melt. 

2. The melt rocks display a restricted range of composition compared to the 
country rock. Analyses of samples from the major unit of the melt sheet indicate 
58.4 ± .87% SiO2 (lcr) while analyses of the target rocks indicate a range from 51 
to 68% SiO2• The lower, fine-grained units contain somewhat lower SiO2 ( ~ 54%) 
but again display a restricted overall range (Grieve, 1975). Mixing models for the 
main mass of the melt require inputs from all target rocks. Abundant fragments 
in the melt range from unshocked to highly shocked, thereby indicating deriva-
tion of fragments from well outside the central, intensely shocked, zone of 
fusion. Again the similarities with Manicouagan suggest that the same mixing 
requirements apply. Grieve (1975) suggests that turbulent homogenization of the 
melt occurred to distances of at least 10 km from the source of the melt. 

3. An estimate of the minimum volume of melt at Mistastin Lake is 12 km3 

(Grieve et al., 1976). In that the initial melt sheet may have been significantly 
thicker than the present remnant, and additional melt may have been present in 
suevite or as dikes, sills, tongues, and caps in the overlying breccias (Masaytis et al., 
1975), the volume of melt may have been significantly larger. The 12 km3 

estimate represents about 5% of the assumed transient cavity and requires about 
1 x 1027 ergs for heating and fusing the target rocks. Thus the kinetic energy of 
the impacting projectile must have been on the order of 1027 ergs as a minimum. 

4. Data on pre-impact stratigraphy does not appear to be unique enough to 
provide limits on the depth of excavation from studies of included fragments. 

5. There do not appear to be any clear-cut arguments to delineate the timing 
of structural events. 

Boltysh Crater, Ukraine, Soviet Union. 25 km diameter; complex crater with 
central uplift; target consisted of Precambrian granitic rocks; crater has been 
moderately eroded but covered with 500 m of Cretaceous and Tertiary sedi-
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ments (all data are from drilling information); age is 70 million years (Yurk et al., 
1975; Masaytis, 1975). 

1. Overlying an authigenic breccia of granitic basement are allogenic and 
suevitic breccias that contain two layers of melt-rock: a lower layer, 20 m thick, 
and an upper layer, 200 m thick (Fig. 2). The lower layer has a glassy matrix and 
contains up to 30% shocked and unshocked elastic fragments (Yurk et al., 1975). 
The upper layer has a more crystalline igneous texture and contains elastic 
fragments similar to those in the lower unit. In contrast to the three previously 
described craters where the melt sheets rest directly on granitic basement the 
bases of the melt sheets at Boltysh occur at heights of 80 and 180 m above the 
granitic basement and rest on allogenic or suevitic breccias. Barring misinter-
pretation of observations on the one deep drill core that penetrates all of these 
units, the melt motions must have been different from those at Manicouagan. In 
the Boltysh Crater there must be significant deposition of fragmental material as 
allogenic and suevitic breccias before the more massive melt sheets settled into 
their final positions. 

2. The breccias as well as the impact melts are all reported to be "extremely 
similar in chemical composition" which is very much like that of the granitic 
basement (Yurk et al., 1975). The included fragments of crystalline basement are 

CROSS SECTION OF BOL TYSH CRATER 
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Fig. 2. Cross-section of Boltysh Crater, Ukraine, USSR (after Yurk et al., 1975). 
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very abundant and show varying degrees of shock effects. These observations 
are not inconsistent with the mixing requirements discussed for the Mani-
couagan Crater. 

3. From the available cross section of the melt units (Yurk et al., 1975) a 
minimum estimate of about 20 km 3 can be calculated for the volume of melt. In 
that the size of the transient cavity is not known it is unclear what percentage of 
the excavated material consisted of melt. This would require about 1 x 1027 ergs 
of thermal energy to heat and fuse the target material. Thus, the kinetic energy 
of the impacting projectile must have been between 1027 and 1028 ergs. 

4. In that all of the elastic fragments appear to be granitic, as would be 
expected from the granitic basement, no depth of excavation can be estimated 
from the fragment population. Drilling data, however, indicate a present depth 
of about 1 km. Allowing for erosion, central uplift, and bulking, the excavation 
may have been as deep as 2 km. 

5. The lack of any melt units above the central peak suggests that the rapidly 
cooled melt sheets abut the uplifted central peak. This relationship would require 
the uplift to have been present when the melt solidified and, therefore, to have 
formed in tens of seconds to a few minutes after impact. 

Brent Crater, Ontario, Canada. 3 km diameter; simple crater (no rings or 
central peak); target consisted of wide variety of Precambri,m, crystalline, high 
grade metamorphic rocks; crater has undergone several hundred meters of 
erosion leaving about 560 m of impact-produced fill overlain by 270 m of Ordo-
vician sediments within the crater and deposited soon after crater formation 
providing a protective cap (drilling data provide the major source of in-
formation); age is 414 million years (Hartung et al., 1971). 

1. A lens of melt rock a few hundred meters in diameter and up to 35 m thick 
occurs at the base and center of the crater (Fig. 3). The melt rock displays its 
coarsest grain size and lowest fragment content between 5 and 15 m above the 
base of the lens (Hartung et al., 1971). A greater abundance of included 
fragments and finer grain sizes of the matrix occur in the lowest 5 m and the 
upper 20 m, the finest grain size occurring at the top surface of the lens. A 
glass-rich suevitic breccia occurs 500 m above the lens of melt rock. Between the 
melt lens and the suevite is a mixture of allogenic and suevitic breccias. Thus, 
the shock melted material occurs in two zones: (1) as a massive melt sheet, or 
lens, at the base of the crater as at Manicouagan, Clearwater Lake, and Mistastin 
and (2) as disseminated fragments of glass in suevite in the upper part of the 
ejecta within the crater. The lens of melt-rock at the base is texturally and 
structurally similar to the Manicouagan melt sheet except in size. The con-
straints on melt motions are probably the same. The melted material that is 
deposited in suevite must have been ejected at very high angles and at higher 
velocities than the fragmental allogenic breccia resulting in its later fallback into 
the crater and its concentration at higher levels than the bulk of the elastic 
allogenic breccias. 

2. Although the melt samples show a restricted range of chemical com-
position (Hartung et al., 1971), an impact event of this size requires only a small 
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Fig. 3. Cross-section of Brent Crater, Canada (after Hartung et al., 1971). 

volume of the target to be melted. In that the initial rock compositions within 
such a small volume may not vary much, a homogeneous meJt in this case does 
not demand extensive mixing. The abundance of evenly distributed granitic 
clasts throughout the melt, however, suggests that extensive mixing did occur. 

3. The minimum volume of the melt lens has been calculated as 5 x 10-2 km3 

which is about 1% of the volume of the transient cavity (Grieve et al., 1976). 
Additional melt in the suevite or small intrusive units might increase these values 
slightly. The thermal energy requi1ed for heating and fusion is about 2 x 1024 ergs 
or about 1025 ergs for the kinetic energy of the impacting projectile. 

4. From drilling data and from estimates of erosion, the depth of excavation 
in the transient cavity has been estimated as 1.05 km and the diameter is about 
3 km giving a diameter to depth ratio of about 3 (Dence et al., 1976). Data on 
pre-impact stratigraphy are not unique enough to allow clast populations to 
provide limits on the depth of excavation. 

5. There do not appear to be any data for clear-cut arguments on the timing of 
structural events. 

Popigay Crater, Northern Siberia, Soviet Union. 100 km diameter with 70 km 
inner crater; complex crater with central uplift and 3 rings; target consisted of 
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wide variety of Archean crystalline, high-grade, metamorphic rocks overlain by 
less than 1 km of Proterozoic sandstones and dolomites which in turn, were 
overlain by less than 1 km of younger sediments; crater has been slightly eroded 
by glaciers and rivers whose channels have been filled with a few tens of meters 
of sediment; sub-floor rocks exposed only on uplifted rings and outside the 
crater; probably 2 to 3 km of fill remain in central part of crater, some remnants 
of ejecta remain outside crater; age is 30 million years (Masaytis et al., 1975). 

1. Within the inner crater the base of the cavity is exposed on uplifted ridges 
which appear to form three concentric rings around a central uplift (Fig. 4). 
Where exposures are good the ridges show a basal authigenic breccia of 
Precambrian crystalline rocks overlain by extensive sheets of melt rock, referred 
to as tagamite, which are overlain in turn by suevite and then allogenic breccia 
(Masaytis et al., 1975). Within the suevites are lenses of allogenic breccia and 
within the allogenic breccia are lenses of suevite. On the inner slopes of the 
ridges the suevite rests directly on authigenic breccia while on the outer slopes 
tagamite rests on the authigenic breccia. Dikes of tagamite 5 to 7 m thick extend 
into the basal authigenic breccia and pinch out downwards. Similar dikes occur 
in large blocks of gneiss that occur as huge clasts in the allogenic breccia. In the 
depressions between the ridges are suevitic units at least 700 to 800 m thick 
(possibly up to a few kilometers) and allogenic breccias of undetermined 

DIAGRAMMATIC CROSS-SECTION 
OF POPIGAV CRATER, USSR 

CENTRAL 
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Fig. 4. Diagrammatic cross-section of the Popigay Crater, USSR. The section is 
interpreted from descriptions given in the text by Masaytis et al. (1975). Vertical 

relations are not to scale. 

50 km 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1977iecp.symp..771P


1
9
7
7
i
e
c
p
.
s
y
m
p
.
.
7
7
1
P

Dynamical implications of the petrology and distribution of impact melt rocks 783 

thickness. Within these suevites and breccias are numerous tagamite intrusions 
including dikes up to 50 m across, sills greater than 70 m thick, and cylindrical 
necks up to 150 m in diameter, the latter feed caps of tagamite that apparently 
formed as flows as much as tens of meters thick over the upper surfaces of the 
suevites and breccias. It is assumed that thick sheets of tagamite occur at the 
base of the crater to form the source of the dikes, sills, and caps. 

At several locations around the outer edge of the inner crater, tongues of 
tagamite appear to spill out into the outer crater where they extend for distances 
of several kilometers. The tagamite usually occurs as an extensive network of 
thick lenses or as sub-radial dikes, 15 to 20 m wide, that form conduits to the 
lenses. These lenses are overlain by suevite and underlain by allogenic breccia 
which in turn overlies authigenic breccia of the basement. Rarely suevite rests 
directly on the authigenic breccia in these tongues. Occasionally caps of 
tagamite up to 60 m thick occur on the upper surface of the tongues. In the 
remainder of the outer crater and also outside the outer crater, there are no other 
tagamite units, but suevite consistently overlies allogenic breccia. 

Throughout the crater the tagamites contain abundant elastic fragments 
among which Archean gneisses predominate, although most other rocks of the 
target are also present. Thus, the bulk of the shock melted material originates in 
the gneisses which occurred in the deeper part of the target in contrast with the 
experimental work of Stoffler et al. (1975), who found that the melted material 
was derived from the uppermost layer. The included fragments indicate various 
degrees of shock metamorphism. Xenoliths of allogenic breccia are especially 
prevalent in the tagamites of the dikes and caps. Such xenoliths are to be 
expected in rocks formed from melts that have traversed several hundred meters 
through relatively unconsolidated allogenic breccias. Porous tagamites occur in 
thin dikes and at the upper and lower margins of the caps. The pores in many 
cases are elongated paralled to the contacts. 

Melt-rock that exists as sheets on the uplifted ridges and as dikes, sills, and 
caps in or on the breccias contain fragments from a wide range of target rocks 
and indicate a wide range of shock intensity. Thus the trajectories of melted 
material that end up in the melt sheets must have a similar history as discussed 
for Manicouagan. The tagamite dikes in the gneisses of both the crater floor and 
the large blocks in allogenic breccia indicate that the melt was initially mobilized 
and injected into the gneissic basement before the large blocks were ejected 
along with material that eventually come to rest well up in the fallback breccias. 
The melt must then have moved to mix with fragments derived from kilometers 
away from the zone of melting and then settled back into the lowest parts of the 
crater where it forms thick sheets. The inferred pool of melt at the base was 
squeezed upward to form dikes, sills, and surface flows, probably from the force 
developed by the weight of the thick pile of ejecta deposited over the pool of 
melt. The melt was also forced outward over the rim of the transient cavity as 
dikes, lenses, and caps. Thus, massive melt was restricted to the base of the 
crater although later mobilization may have carried it elsewhere by intrusion and 
extrusion. 
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Melted material occurs also as glassy material in the suevites which 
result from fallback of ejecta both inside and outside the crater. The consistent 
occurrence of suevite above the allogenic breccia outside the inner crater 
suggests that the melted fragments were ejected at higher angles and/or higher 
velocities than the less shocked material. Within the inner crater the suevites and 
allogenic breccias are interlayered and the overall stratigraphic sequence is 
unclear. 

2. Once again the similarity of chemical compositions for all analyzed melt 
rocks (tagamites and suevites) is striking. For example, analyses indicate 63.1 ± 
1.2 (la)% SiO2 for 22 samples of tagamites and 63.1 ± 4.0% SiO2 for 14 samples 
of suevites derived from a target containing carbonates, quartzites, and a wide 
variety of crystalline gneisses of both mafic and salic compositions (Masaytis et 
al., 1975). Included fragments range from quartzites and limestones to gneisses, 
the last of which predominate. Thus, the same mixing arguments apply to these 
occurrences as at Manicouagan. 

3. Lack of data on the volume of a basal melt sheet makes thermal energy 
requirements impossible to estimate. In any case the extent of melt appears to 
surpass that at Manicouagan indicating an impact energy greater than 1030 ergs. 

4. From both the clast population in the breccias and the nature of the basal 
material in the uplifted ridges it is clear that the approximately 1.5 km thick 
sequence of sedimentary rocks was completely excavated within the crater. In 
addition a significant amount of the crystalline basement was excavated. The 
lack of granulites or other lower crustal rocks among the elastic fragments 
appears to preclude very deep excavation below 10 to 15 km. Furthermore, 
fragments in the allogenic breccias consist of more than 50% sedimentary rocks 
while gneissic rocks are less abundant (Masaytis et al., 1975). In the melt rocks 
the fragment population is reversed with gneissic rocks being predominant. In 
that melt generally makes up only about 5 to 10% of the total of excavated 
material, the clasts suggest that most of the excavated material consisted of 
sedimentary rocks. Therefore, excavation depths on the order of 3 to 5 km seem 
reasonable. If the 72 km diameter of the inner ring represents the diameter of the 
transient cavity, the diameter to depth ratio is between 14 and 24. 

5. The uplift rings display sheets of rapidly cooled melt-rock resting 
directly on uplifted basement. It is not clear whether the melt sheets extend 
continuously over the basement within the depressions between the rings. If so 
the uplifted rings must have formed within tens of seconds to a few minutes 
after impact. If the 72 km diameter inner crater represents the margin of the 
transient cavity as is the case at Manicouagan (Floran and Dence, 1976), Ries 
(Pohl et al., 1977), and West Clearwater (Dence, 1964), then the tongues of 
rapidly cooled, clast-laden melt-rocks that extend over parts of the outer crater 
would suggest that the down-dropping of the crater walls to form the outer 
crater must have occurred within tens of seconds to a few minutes after 
formation of the melt. 

Ries Crater, Bavaria, Germany. 24 km diameter; complex crater with central 
uplift and a ring; target consisted of crystalline granitic and gneissic rocks 
overlain by 500 to 600 m of limestone and sandstone; crater has been only 
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slightly eroded leaving most of the original ejecta both inside and outside the 
crater; age is 15 million years (Stoffler et al., 1976; Pohl et al., 1977). 

1. No massive melt units are yet recognized although it is possible that they 
may be intersected in deep drill holes. The deepest drill hole that has been 
completed inside the crater penetrates first suevite, then large masses of crystal-
line rock but it is not clear whether these masses represent displaced blocks on 
the floor of the crater or basal units beneath the floor of the crater. This drill hole 
is 3.8 km from the center of the crater and did not intersect any massive melt 
sheets. However, it is possible that the drilling site may be on the marginal slope 
of an uplifted, circular central rise (Pohl, 1976; Ernstson, 1974) rather than in the 
deepest part of the crater. There are two relatively small occurrences of melt 
rocks a few tens of meters across on the eastern rim of the crater. It is not 
known whether these are connected by dikes with larger masses of melt as 
appears to be the case at the Popigay Crater. Melted material also occurs as 
fragments within suevite which occurs both as thick units within the crater and 
as a thin unit over allogenic breccia outside the crater. Although the allogenic 
breccia extends to more than 25 km outside the crater, the overlying suevite 
appears to be restricted to within 12 km of the crater. The greatest concentration 
of suevite, however, occurs inside the crater. Crater ejecta in the allogenic, or 
Bunte, breccia consist of 90% or more sedimentary rocks derived from the upper 
strata of the target. In contrast, the rock fragments within the suevites consist of 
98 to 99% crystalline gneisses derived from the lower strata of the target. The 
remaining 1 to 2% of rock fragments in the suevites display different populations 
outside the crater than inside (Pohl et al., 1977). The suevites outside the crater 
contain many limestone fragments from the uppermost layers of the target 
whereas the suevites inside the crater contain no limestone fragments from the 
upper 200 m of the target. The aerodynamically shaped forms of much of the 
melted material in suevitic breccias indicate that suevites result from fallback of 
ballistically ejected material. The composition of this melted material is that of 
the crystalline rocks found in the lower units of the target. The preceding 
relationships suggest that: (a) the melted material is derived from deep in the 

,target, (b) the melted material was concentrated in high angle trajectories, and 
(c) the material in suevites underwent a different set of angles and velocities of 
ejection than the material in allogenic breccias. 

2. Homogeneity of the glass composition in suevite has been emphasized by 
von Engelhardt (1967). The composition of the glass does not match any given 
unit of the crystalline basement but does seem to match a mixture of crystalline 
basement rocks with essentially no admixed sediment. 

3. Assuming that there are no massive impact melts and that all of the melt 
occurs as glass in suevites there is only about 0.1 km3 in the ejecta (Stoffler et al., 
1976). This represents between 0.05 to 0.1 % of the excavated transient crater and 
about 1025 ergs of thermal energy. Because the estimated proportion of melt is 
nearly two orders of magnitude less than for other large craters it is clear that 
this represents an anomaly and an estimate of impact energy cannot be made 
easily from the thermal energy. 

4. Comparison of pre-impact stratigraphy with that of the deep drill hole 
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suggests that at least 825 m of excavation occurred at this location 3.8 km from 
the center of the structure (Stoffier, 1976). Below 825 mare large blocks of gneiss 
with thin units of suevite separating them. If these blocks are similar to those 
that were dislodged and displaced at the base of the transient cavity at Mani-
couagan then the excavated depth may be significantly greater. Also the eccen-
tric position of the drill hole 3.8 km from the center of the crater, which should 
be the deepest part of the excavation, indicates that the maximum depth should 
exceed 825 m. Bulking should add a few more tens of meters. Thus the 
excavated transient cavity would be expected to be at least 1 km and probably 2 
to 3 km (Pohl et al., 1977). If the 12 km diameter inner ring represents the 
diameter of the transient cavity, the diameter to depth ratio is between 4 and 12. 

5. There are no definitive data for delineating the timing of structural features 
within the crater. 

Meteor Crater, Arizona, USA. 1.2 km diameter; target consisted of 15 m of 
red sandstone over 80 m of limestone over white quartz sandstone, lower part of 
target was water-saturated; crater has been only slightly eroded; some remnants 
of ejecta still remain outside crater, raised rim up to 60 m high still present as an 
overturned flap, impact debris inside the crater is covered by up to 30 m of lake 
and alluvial sediments; age is 20,000 to 30,000 years (Roddy et al., 1975). 

1. Although no massive melt rock or suevite occur some melted fragments of 
quartz sandstone occur at the base of the crater (Kieffer, 1971). In addition, 
many small "bombs" of glass derived from the limestone occur in the ejecta 
blanket outside the crater (Nininger, 1954). 

2. No melt units occur to provide data for mixing models, and no systematic 
data are published on the composition of glass fragments. 

3. Inasmuch as no melt units or suevites occur the melted volume cannot be 
estimated. It is probably very small. 

4. From drilling data and corrections for bulking a depth of excavation of 
173 m has been estimated for the transient cavity (Roddy et al., 1975). A 1 km 
diameter transient cavity gives a diameter to depth ratio of about 6. 

. There are no major structural modifications such as a central peak or 
uplifted ridges. 

SUMMARY 

From the descriptions and discussions of the eight selected terrestrial craters 
it is possible to summarize some of the constraints for the five aspects of crater 
formation that were outlined in the introduction. 

1. Trajectories of melt. Extensive shock melting occurs in the central zone 
of most craters. The melt is intensively mixed and then mobilized and injected as 
dikes into the surrounding rocks before some of them are ejected as large 
blocks. Much of the melt ends up as massive melt sheets that remain close to the 
base of the crater. Most of the remaining melt is ejected and is incorporated as 
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glass fragments in suevitic breccias. At Ries and Popigay where the initial target 
stratigraphy is well known, the suevitic materials are derived from deep levels of 
the target. 

The melt which forms sheets at the base of the excavation must move in such 
a way as to allow extensive mixing of melts and incorporation of elastic 
fragments that were separated initially by kilometers and derived from 
kilometers away from the zone of shock melting. The fragments are especially 
prevalent in the lowest and highest parts of the melt sheet. The melt also must 
move in such a way to concentrate on the outer slopes of uplifted ridges as at 
Popigay, fill in around large blocks on the base of the transient crater as at 
Manicouagan, and settle into large depressions, while occasionally allowing for 
deposition of a significant thickness of allogenic breccia below the melt sheet as 
at Boltysh. Motion of the melt must also allow it to spill out over the rim of the 
transient crater to emplace significant volumes of clast-laden melt in the outer 
part of the crater as at Manicouagan and West Clearwater. The occurrences of 
melt rocks as dikes, sills, caps, and tongues as at Popigay probably result from 
later intrusions of still fluid melt that was forced from the basal melt sheets. 
Furthermore, all of this motion must be completed within tens of seconds to a 
few minutes after formation of the melt. 

The most possible mechanism for the formation of the massive melt sheets is 
the coalescence of liquids that line the expanding transient cavity (O'Keefe and 
Ahrens, 1975, 1977; Grieve et al., 1976). The major problems to be evaluated 
experimentally and theoretically are: (1) The mechanism by which the melt 
becomes thoroughly homogenized, (2) the mode of incorporation of a large 
volume of initially widely separated, elastic, fragmental material so that it 
becomes evenly distributed throughout the entire melt sheet, (3) the method by 
which units of fragmental material are deposited below the melt sheet as at 
Boltysh and (4) the apparent lack of melt sheets in some large craters as the 
Ries. Further constraints on the motion of the melt are imposed by summary 
item 2 below. 

The melt ejected ballistically is deposited mostly as fragments in the suevites 
that form extensive units within the crater where they may be interlayered with 
fragmental allogenic breccia. Thus most of these shock melted fragments were 
ejected at high angles. The remainder of the ejected, shock-melted fragments are 
deposited in suevites outside the crater where they consistently overly the 
fragmental allogenic breccias. Their occurrence above the allogenic breccias 
constrains the combinations of angles and velocities of transport of the most 
highly shocked material compared to the less shocked or unshocked materials of 
the allogenic breccias. Further work is necessary to determine the combinations 
of angles and velocities of the trajectories required to explain the suevite 
occurrences. Such work seems particularly appropriate in view of the deep 
origin of suevites indicated by the natural occurrences in contrast to the shallow 
origin suggested by Stoffler's experiments (Stoffler, 1975). An additional variable 
that may relate to the extent to which melt may form and coalesce is the amount 
of water present in the target rocks. Large impact generated steam explosions 
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may produce more suevitic and allogenic breccias and less of a coherent melt 
sheet (Simonds et al., 1977). 

2. Extent of mixing in melt. Homogenization to a scale of cubic millimeters 
of widely diverse chemical compositions, lithologies, and shock features that 
vary on a scale of kilometers in the target requires an extremely efficient mixing 
mechanism. Furthermore this mechanism must proceed to completion within 
tens of seconds to a couple of minutes after impact, depending on the size of the 
crater. In some of the fragment-rich melts the cooling to a non-viscous state may 
occur within a few seconds after incorporation of the fragments. Among the 
possible mixing mechanisms to be evaluated experimentally and theoretically 
are: (1) high velocity melt overtaking lower velocity fragments along the base of 
crater (Grieve, 1975). The melt may form a thick film that lines the expanding 
cavity and moves outward to mix with ejecta, (2) turbulence that follows the 
impacting projectile in its very low pressure wake, (3) rising currents behind the 
rising fireball causing centripetal winds that pull fragments into central zone of 
crater (Jones and Sandford, 1976), (4) rebound of brecciated material from the 
walls and base of the crater into the melt. 

3. Thermal energy from impact. Impacting projectiles must have kinetic 
energies ranging from 1025 or 1026 ergs for relatively small simple craters such as 
Brent to more than 1030 ergs for large craters such as Popigay and Manicouagan. 
Large volumes of melt are associated with the larger craters. The percentage of 
the transient cavity converted to melt appears to increase with the size of the 
crater (Grieve, 1976; Dence, 1971). 

4. Depth of excavation. The depth of excavation does not appear to increase 
linearly with the diameter of craters. The smaller craters such as Meteor and 
Brent, whose transient cavities are in the range of 1-3 km, are excavated to 
depths of a few hundred meters to a kilometer and display diameter to depth 
ratios of 3-6. Larger craters such as Manicouagan and Popigay, whose 
transient cavities are at least an order of magnitude larger in diameter than 
Meteor and Brent, are not excavated to more than an order of magnitude greater 
depth but rather only four or five times greater and display diameter to depth ratios 
of 8-20. A similar conclusion holds for the lunar highlands where the fragments in 
breccias and clast-laden melt rocks show a general lack of plutonic rocks and an 
abundance of previously existing breccias and melt rocks. This distribution of 
fragments indicates that most craters did not penetrate more than a few km below a 
surface that is nearly saturated with 50-100 km diameter craters (Horz et al., 1976). 

5. Timing of formation of structural modifications. The structural relations 
of rapidly-cooled, clast-laden melt rocks suggest the uplifting of rings, large scale 
slumping of walls, and uplifting of central hills within tens of seconds to a couple 
of minutes after the impact event. Such rapid timing may occur during a period 
of complex, high magnitude ground motions that occur during crater formation 
and allows failures of low angle slopes (Melosh, 1976). 
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Hopefully these constraints will provide input for further experimental and 
theoretical research on craters. 
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