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The Role of Volatiles and Lithology in the Impact Cratering Process
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A survey of published descriptions of 32 of the largest, least eroded terrestrial impact structures reveals
that the amount of melt at craters in crystalline rocks is approximately 2 orders of magnitude greater
than at craters in sedimentary rocks. In this paper we present a model for the impact process and exam-
ine whether this difference in melt abundance is due to differences in the amount of melt generated in
various target materials or due to differences in the fate of the melt during late stages of the impact. The
model consists of a theoretical part for the early stages of impact, based on a Birch-Murnaghan equation
of state, a penetration scheme after Shoemaker (1963), and an attenuation model modified from Gault
and Heitowit (1963), and a descriptive part for the later stages of impact, based on field observations at
the large terrestrial craters. The impacts of iron, stone, permafrost, and ice meteorites 1 km in diameter
into crystalline, carbonate, dry sandstone, ice-saturated sand, and ice targets are modeled for velocities of
6.25, 17, and 24.6 km/s. Tables of calculated crater volume, depth of penetration of the meteorite, equiv-
alent scaled depth of burst, radii to various peak pressure isobars, volume of silicate melt, and volume of
water vapor (or, in the case of carbonate, carbon dioxide vapor) are presented. Simple algebraic ex-
pressions for pressure attenuation are derived: for the near field, dX/dR = 3Xn/R(l — n), where X is the
pressure normalized to an averaged bulk modulus for the target rocks, R is the radius normalized to the
radius of the cavity in which energy is initially deposited, and » is the pressure derivative of the bulk
modulus. For the far field the pressure attenuation is given by dX/dR = ~—3X/R. For most materials
considered, n = 4-6, and therefore the near-field attenuation is proportional to R~>%°-R~* and the far-
field attenuation is proportional to R—3. The calculations show that the volume of material shocked to
pressures sufficient for melting should not be significantly different in sedimentary and crystalline rocks.
Hence we conclude that shock melt is formed in the early stages of the cratering process by impacts into
rocks rich in volatiles but is destroyed by the cratering process. We propose that the melt is finely dis-
persed by the great expansion of shocked volatiles upon release from high pressure and that suevite units
are the product of this process. The fragmented silicates produced by this process may react pene-
contemporaneously with the hot volatiles to produce hydrated minerals such as clays. This process may
produce hydrothermally altered minerals in planetary regoliths, such as the Martian regolith. The dis-
persion of shock melt by volatile expansion may also account for the apparent lack of lunarlike melt
sheets on the surface of Mars. Because large amounts of volatiles vaporize during impact and are trans-
ferred from depth either into space, into the atmosphere, or onto near-surface ejecta by condensation, re-
peated impact degasses a planet, depleting some layers in volatiles and, unless the volatiles escape the

planet, enriching others.
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INTRODUCTION

Although sediments, sedimentary rocks (including carbon-
ates), water, and ice are major constituents of the outer crust
of the earth, most theoretical cratering studies have been di-
rected toward volatile-free rocks [Gault and Heitowit, 1963;
Shoemaker, 1963; O’Keefe and Ahrens, 1975, 1976] and have
not focused on the role of different rock types in the cratering
process or their influence on the properties of the ejecta pro-
duced. In fact, major differences in the cratering process are
produced by lithologic differences in either projectile or tar-
get, and particularly, the volume fraction of sedimentary com-
ponents in the target has a major effect on the amount and
distribution of impact melt in terrestrial craters. We present a
model which accounts semiquantitatively for the effects of
porosity and water and volatile content on the cratering proc-
ess. Although the model was formulated for the purpose of
synthesizing a wide variety of field observations at terrestrial
craters and not for analytical rigor, it incorporates in a general
way (1) the effects of the difference in compression and release
adiabat properties between wet and dry and porous and non-
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TABLE 1. Description of
Diameter, Radiometric Youngest Cratered Structural
km Date, m.y. Oldest Cover Material Type Erosion

Puchezh-Katunki, 80 183 +3 Middle Silurian Early Triassic ring ejecta gone
USSR 57°06'N,
43°35'E

Popigai, USSR 72 30 Quarternary Triassic ring minor distal ejecta
71°30'N, 111°30'N preserved

Manicouagan, Canada 65 214+5 Pleistocene Ordovician ring into basal melt
51°30'N, 68°30'W

Kara, USSR 69°10'N, 50 57 Quarternary Late Cretaceous central peak
65°00'E

West Clearwater, 38 266 + 15 Pleistocene Middle-Upper central peak deep into fill
Canada 56°13'N, Ordovician or ring
T4°30W /

Charlevoix, Canada 34 360 £ 25 Pleistocene Middle Ordovician central peak only a trace of fill
47°32'N, left
70°18'W

Mistastin, Canada 25 38 +4 none 1345 m.y. central peak only a small amount
55°53'N, of fill left
63°10'E

Boltysh, USSR 25 70 Cretaceous Precambrian central peak below rim
48°45'N,
32°10E

Kamenska, USSR 25 Upper Danian Upper Cretaceous central peak ?
48°20'N, Cretaceous
40°15'E

Ries, West Germany 24 14.8 £0.7 mid-Miocene Tertiary central peak minor ejecta
48°53'N, preserved
10°37’E

Strangways, Australia 24 Cretaceous, Cam- Proterozoic central peak? little crater fill
15°12°S, brian? preserved
133°35'E

East Clearwater, 23 266 + 15 Pleistocene Ordovician central peak into crater fill below
Canada 56°05’N, top of uplift
74°0TW

Rochechouart, France 23 150-170 Hercynian (275- central peak only trace of fill
45°49'N, 300 m.y.) left
87°40'W

Gosses Bluff, Australia 22 130+ 6 Quarternary Carboniferous central peak almost all fill gone
23°48'S,
132°18'E

Lake St. Martin, 22 200-250 Jurassic Devonian central peak central peak
Canada 51°48'N,
98°30'W

Steen River, Canada, 22 957 Lower Cretaceous Precambrian central peak ?
57°3I'N,
117°38'W

Jinis’jirvi, USSR 15 700 Pleistocene Proterozoic bowl on almost to crater
61°58'N, central peak floor
20°55'E

Kaluga, USSR 15 415+ 15 Upper Devonian Middle Devonian ? some of rim left
54°30'N,

36°10E
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Craters Used in This Study
Cover Drilling Target Rocks Deposits Reference
400 m sediment in 5 holes 2 km of sediment, sandstone, no melt sheet, no impactites, authigenic =~ Masaitis [1975], Firsov
crater carbonate, sulphate, and breccia of gneisses; some glass clasts [1965]
shale over granite gneiss are found, rocks resemble suevites
discontinuous Quart- 1 km of sediment, 300 m of melt sheets interbedded with suevites Masaitis et al.{1975],
ernary alluvium sandstone, 50 m of shale, and in center suevites with interbedded Masaitis [1975]
600 m of limestone over gneisses >20 m thick tagamite sheets rings of
uplifted gneisses overlain directly by
tagamite sheets beyond rim; breccias
with substantial sediment component
have little glass
thin, Pleistocene none thin limestone over 4.5% anor- melt sheet composition matches gneissic =~ Currie [1972], Floran
thosite, 40.0% granitic, and basement, melt sheet <200 m thick, et al. [1978],
55.5% mafic gneisses amphi- discontinuous glass clast-bearing Simonds et al. [1978a]
bolite facies breccias, melt volume = 200-600 km?
(2-4% of volume excavated)
100 m, Quarternary folded terrigenous and carbon-  suevites, transitional to allogenic breccia ~ Masaitis [1975]
ates of Paleozoic age with small bodies of massive impactite
(bombs?); compositionally massive
impactites match clay shales
thin, Pleistocene 4 gneiss of quartz diorite, quartz >130-m-thick melt sheet on ring Bostock [1969], Simonds
monzonite and diorite com- of islands overlying ~10 m of glass- et al. [1978b]
position covered by thin bearing fragmental breccia; estimated
Ordovician limestone melt volume ~24 km?, 4-5% of volume
excavated
nil none gneisses of granite, charnockitic  ~2 of clast-laden melt left possibly in Rondot [1971]
and quartzdiorite composi- form of dikes
tion covered by limestone
nil none anorthosite, quartz diorite and 80-m-thick melt sheet over discontinuous  Grieve [1975]
mangerite crystalline rocks breccias; estimated volume of melt, 8
km?. 3-5% of volume excavated
70-100 m at edge many potassic granites multiple melt sheets up to 200 m thick, Yurk et al. [1975), Masaitis
variety of allogenic and authogenic [1975]
breccias; melt composition matches
granites
200-300 m of sedi-  yes folded sediments, sandstones, 500-650 m of breccia with arenaceous- Masaitis [1975]
ments limestones, shales and marls, argillaceous cement, central peak of
largely limestone brecciated Carboniferous strata
lake sediments + 13 for 600 m of sediments, approxi- melt only in suevites as glass clasts, bombs, Pohl et al. [1977]
Pleistocene research mately equal portions of car- and possibly matrix; glass clast com-
bonate, shale, and sandstone position matches crystalline basement,
melt volume = 0.1-0.5 km? 0.05-0.25%
of volume excavated; very little erosion
of suevite-chilled top suevite preserved
in places
50% by Cretaceous  none Precambrian crystalline covered ~15 m of clast-laden melt Guppy et al. [1971]
by sandstone, siltstone, minor
shale, and limestone of un-
known thickness
limestone 2 thin limestone over quartz mon- fragmental rocks with igneous matrix, Dence [1964]
zonite, granodiorite, diorite, clast content decreases down from top
and gabbro, ranging from of hole; bottom of sheet not penetrated
massive to gneissic by drilling
thin no granites, gneisses, and schists impact melt (up to 3 m), red melt-rich Kraut and French [1971],
breccia (0-10 m) non-glass-bearing Lambert [1977]
polymict breccia (>>30 m), glass
bearing polymict breccia (>20 m)
alluvium 2 >3000 m of sandstone, siltstone, single outcrop grading from breccia with  Milton et al. [1972]
and conglomerate; total depth planar elements in quartz clasts to a
to basement >8 km flowed zone, only uppermost target
units involved
~100 m 10 220 m of sediments, mostly car-  melt sheet 65 m thick in one locality; McCabe and Bannatyne
bonates, over massive granites abundant carbonate, breccia and glass- [1970] Simonds and
and minor amphibolites bearing polymict breccia McGee [1979]
1400 m, Cretaceous 6 Precambrian crystallines 25 m melt, about 220 m of suevite and Winzer [1972]

and younger
Pleistocene, thin no
800 m yes

Proterozoic crystalline schists

sandstones, clay, siltstone, and
marl over crystalline rocks

intensely fractured basement

sheet of melt over breccia

suevite and allogenic breccia, glass
in allogenic breccia

Masaitis [1975], Eskola
[1921]

Masaitis [1975]
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TABLE 1.

Diameter, Radiometric

km Date, m.y. Oldest Cover

Structural
Type

Youngest Cratered

Material Erosion

Wells Creek, United 14 mid-Cretaceous
States 36°23'N,
87°40'W

Lappajarvi, Finland
63°09'N,
23°42’E

Sierra Madera, United
States 30°36'N,
102°55'W

Decaturville, United
States 37°54'N,
92°42'W

Il’inets, USSR 5
48°45'N,
28°00'E

Lake Mien, Sweden 5
56°25'N,
14°22’E

Mishingorsk, USSR
58°40'N,
28°15’E

Brent, Canada
46°05’'N,
78°29'W

13 Pleistocene

13 Pleistocene

5.5 nil

495+ 5 Devonian

1182 Pleistocene

4.5

3.8 414 +£ 20 Ordovician

Flynn Creek, United 3.6 Upper Devonian
States 36°16'N,
85°37'W

Steinheim, West
Germany 48°02'N,
10°4’E

Gusev, USSR 3
48°20'N,
40°00'E

West Hawk Lake,
Canada 49°46'N,
95°11'W

35

Danian

27 Pleistocene

Lonar, India Pleistocene
19°58'N,
76°31'E

Meteor, United States
35°02'N,
111°01'W

1.83

1.2 mid-Wisconsin

Upper Mid-Jurassic

Upper Mississippian  central peak at base of excavation

Precambrian ? deep into fill

Lower Cretaceous central peak rim gone, erosion

into central peak
<47m

Ordovician central peak

early Paleozoic bowl? deeply

bow]? into fill, some melt

preserved

Precambrian

Middle Devonian bowl?

Cambrian dikes bowl below rim, fill left

Upper Ordovician central peak ejecta gone

Upper Jurassic central peak

Upper Cretaceous bowl ?

Keewatin bowl below rim

Cretaceous-Eocene bowl a few tens of meters

Triassic bowl a few tens of meters

porous sediments (including carbonates), (2) the effects of
composition and lithology on the impact melting properties of
the rocks, and (3) the effects of the varying heat capacities of
the rocks on late-stage digestion and melting of included
clasts.

Some of the interesting, and potentially predictable, proper-
ties of an impact crater are its size and shape, the distribution
of shock effects, and the amount and distribution of melt; the
relation of these properties to the mass, velocity, and composi-
tion of the meteorite and the composition and thermody-
namic and mechanical properties of the target. In order to
evaluate these various dependences we have developed the
model which follows. Although we cannot assign numerical
uncertainties to our conclusions, we have tried to indicate the
strengths and weaknesses of the model and to distinguish
those conclusions that are relatively independent of the as-
sumptions and those that are strongly dependent on them.

Qur considerations are focused primarily on the volume of
impact melt generated as a function of target lithology be-
cause this is a quantity which can be documented by field
study. Prediction of the amount of impact melt generated is
not only important in the study of terrestrial craters but is nec-

essary to compare the amount of melt generated under other
planetary environments: in the anhydrous lunar crust [Lunar
Sample Preliminary Examination Team, 1969); in the presum-
ably anhydrous crust of Mercury [4dams and McCord, 1977];
in the crust of Mars, possibly rich in carbonate or clay [Toul-
min et al., 1977] or permafrost [Carr and Schaber, 1977, Lam-
bert and Chamberlain, 1978; Soderblom and Wenner, 1978];
and, perhaps, in the volatile-rich crusts of the satellites of the
outer planets [Ostro and Pettengill, 1978, Consolmagno and
Lewis, 1978]. As a specific example of large-scale effects which
may be lithology-dependent we note that Carr et al. [1976,
1977, Head and Roth [1976), and Gault and Greeley [1978]
have suggested that the distinctive lobate features on the con-
tinuous ejecta blankets of Martian rampart craters arise from
fluidization of permafrost during the impact and transport
processes.

FIELD OBSERVATIONS OF THE OCCURRENCE
OF IMPACT MELT

In the attempt to determine the extent to which target rock
types determine the nature of the impact-produced deposits it
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(Continued)
Cover Drilling Target Rocks Deposits Reference
? 432 m of sediments, ~75% brecciated county rocks, without wolla- Stearns et al. [1968]
carbonate and ~25% shale stonite or high-pressure silicate
polymorphs
glacial no Precambrian melt sheet
nil 16 >10 km of sediments (~3.6 km  polymict and monomict breccias; poly- Wilshire et al. [1972]
of carbonates), >2.0 km of mict breccias lack melt or glass and
shales >0.5 km sandstone occur in dikes or shear zones
nil yes 540 m of sediments (mostly car-  polymict breccias lacking indiction of Offield and Pohn
bonate) over crystalline shock pressures >100 kbar [1977]
basement
thin no granites, gneisses covered by 200-250 m of suevite with glasses and Masaitis [1975]
some lower Paleozoic sands impactites
3-5 mof fill 2 granitic gneiss 20-25 m of clast-laden melt over ~2 m of  Stanfors [1969]
glass clast-laden polymict breccia,
suevite in glacial fill but not in place
>500 m of sediments, extensive  breccia (>700 m) of sediments diaplectic = Masaitis [1975]
carbonates over crystalline minerals of crystalline rocks, some
rocks (gneisses and schists)
Ordovician sediments 12 quartz feldspar gneisses of 35-m melt zone, coarsest at center before  Hartung et al. [1971],
granodiorite composition finer and more clast-rich to top and Grieve [1978]
bottom >600 m of melt-bearing breccias
(suevite)
>100 m of Devonian- yes >450 m of sediments dominantly 40 m of polymict carbonate breccia, Roddy [1968]
Mississippian carbonate nothing melted
sediments in de- 25 540 m of Jurassic carbonates brecciated limestones, shock pressure Reiff [1977]
pression over Triassic sandstones =100 kbar
Pleistocene
200-300 m of yes sediments largely limestone breccia with sedimentary (sand-clay) Masaitis [1975]
sediments matrix
thin Pleistocene 4 micaschists, to granitic gneisses 329 m of breccia, >200 m of Short [1970]
of andesitic and sandstone ruptured rock, zones with abundant
composition glass fragments in center of structure,
with isotopic material in the matrix
100 m of lake >3 Deccan basalt flows, each 10-30  upper unit with variably shocked well- Fredriksson et al. [1973]
fill m thick, top of flows, vesicular mixed ejecta with a few percent of melt;
and weathered flow tops lower unit of unshocked, unmixed debris
~3 m of lake >5 9-15 m of red sandstone, 80 165 m of polymict breccia including Shoemaker [1963];
sediments m of carbonate, 210-240 of some glass Shoemaker and Kieffer
quartzite sandstone [1974]

is, in principle, necessary to separate the effects of target prop-
erties (particularly the porosity and the volatile content) from
those of the impacting body. The wide range of impact veloci-
ties, shapes, and trajectories and the narrower, but still signifi-
cant, range of compositions and densities (1-8 g/cm®) of mete-
orites could have a significant effect on the cratering process.
Because, in practice, these variables cannot be specified for
most structures, we have considered a large number of struc-
tures, believing that thereby the effects of variation in the
properties of the meteorites will be averaged out.

General properties of 32 terrestrial impact structures are
summarized in Table 1. These 32 structures were selected
from a total of 65 that have diameters greater than 1 km and
for which diagnostic shock features have been observed (list
provided by M. R. Dence (personal communication, 1978)).
The 32 structures are the least eroded ones for which descrip-
tions of the structure of the crater, the target rocks, and ejecta
are available. The following properties are listed in the table:

1. Diameters of the outer edge of the topographic depres-
sion for simple bowl-shaped structures and of the outer edge
of the primary structural depression for ring and central peak
structures. These dimensions are larger than the initial or

transient cavity before slumping or other modification. The
diameter of the initial excavation is poorly defined for the cra-
ters in crystalline rocks because structural relations are gener-
ally not clear enough for the transient cavity to be defined.
Published estimates of the diameter of the initial or transient
cavity are available for only a few craters: Manicouagan, 22
km [Floran and Dence, 1976], West Clearwater Lake, 17 km
[Grieve et al., 1977), Ries, 12 km [Pohl et al., 1977], Mistastin,
12 km [Grieve et al., 1977], and Brent, 3.8 km [Grieve et al.,
1977].

2. Radiometric ages, typically derived from an impact
melt unit, quoted only with the analytical error limits. Many
of the published ages are whole-rock K-Ar ages which are sus-
pect because of incomplete degassing, as was discussed by
Jessberger et al. [1974].

3. Stratigraphic ages of the youngest material cratered and
of the oldest covering material.

4. Crater type: simple bowl shaped, central peak, or ring
structure.

5. Degree of erosion.

6. Degree of cover.

7. Number of drill holes. (Note that properties 5, 6, and 7
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indicate in a general way the quality of information available rence and nature of melt deposits. Small outcrops of igneous

on the crater.) rocks within the craters are considered to be indicative of melt
8. Target rocks: thickness of sedimentary rocks, lithology sheets that have not been totally removed by erosion.

of sediments, and lithology of crystalline rocks. A detailed reading of Table 1 shows that all of the craters
9. Description of ejecta deposits, particularly the occur- that formed primarily in crystalline rocks have melt sheets as-

Fig. 1b

Fig. 1. (a) Exposure of impact melt sheet (cliff unit) at West Clearwater, Quebec, impact structure overlying melt-bear-
ing polymict breccia and brecciated basement. CIiff of melt unit is 15 m high. (b) Exposure of suevite in Otting quarry, the
Ries crater, Germany (hammer head in upper right corner for scale).
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Fig. 2. Summary of the occurrence of impact melt in terrestrial
craters. Note that melt sheets occur only at craters with little or no
sedimentary cover and that they occur in craters of differing diame-
ters.

sociated with them, except the two smallest, West Hawk Lake
and Lonar. A typical melt sheet exposure is shown in Figure
la. In contrast, no craters formed primarily within sedimen-
tary rocks have melt sheets associated with them. Further-
more, the melt found at craters in sedimentary rocks (e.g.,
Ries and Popigai) has been shown generally to have the com-
position of the crystalline basement rocks, not of the sedimen-
tary cover [Pohl et al., 1977; Stihle, 1972; von Engelhardt,
1972; Masaitis et al., 1975]. These observations are summa-
rized in Figure 2. The field evidence is compelling that melt
sheets are generally not present at craters in carbonate rocks,
shale, or sandstone, but only at craters in crystalline rocks. In
view of the large amount of compression and shock heating of
porous rocks [Anderson et al., 1966; Kieffer, 1971; Ahrens and
Cole, 1974] and the relatively low pressures required for melt-
ing of wet porous rocks (e.g., 300 kbar for nearly total melting
of wet Coconino sandstone [Kieffer et al., 1976a]) in com-
parison with dry crystalline rocks (e.g., 800-1000 kbar for
nearly total melting of basalt [Kieffer et al., 1976b]) the ab-
sence of melt sheets around craters in sedimentary rocks is un-
expected in terms of current models of cratering. The problem
addressed in this paper is whether the variation in abundance
and form of impact melt reflects the melting behavior of the
various target rock types or differing fates of the melt.
Observations at a few of the better studied structures allow
an estimate to be made of the degree to which melt appears to
be lacking at the craters in sedimentary rocks. Grieve et al.
[1977] estimated the following volume percentages of melt at
craters in crystalline rocks: 1-2% of the volume excavated at
the 4-km-diameter Brent structure, 3-5% at the 28-km Mis-
tastin, 4-5% at the 38-km West Clearwater, and 2-4% at the
65-km Manicouagan. These estimates are based on the vol-
ume of the transient cavity, not the diameter of the larger
modified structure. Grieve et al. [1977] noted and discussed the
possibility that errors in the estimates of initial cavity volumes
cause significant error in estimated melt fraction. Although er-
rors of perhaps a factor of 2 are possible in estimates of the
transient cavity volume, errors of this magnitude do not sig-
nificantly affect our conclusions below. Grieve et al. used
maximum volumes for their transient cavities, and therefore
the above percentages represent minimum melt fractions (if
the volume of melt in the field has been estimated correctly).
In contrast to the presence of a few percent melt in the crys-
talline rock craters, Pohl et al. [1977] report 0.05-0.4% melt at
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the 24-km Ries Crater (which had a sedimentary cover about
0.65 km thick overlying crystalline rocks). This melt is not in
the form of a melt sheet but in the form of bombs and drops
(closely similar to the basement rock in composition) included
in the suevite; one possible exception in melt composition at
the Ries is discussed below.

Thus we conclude that the proportion of melt present at the
craters in sedimentary rocks is at least 2 orders of magnitude
less than that in similar-sized craters in crystalline rocks.
Grieve et al. [1977, p. 809] suggested that some differences in
melt abundance are associated with crater size and arise from
differing attenuation rates. However, plausible ranges of at-
tenuation models (P oc ¥ to P oc r*°, where P is pressure and
r is radius) give variations of only a factor of 2 in melt abun-
dance when they are applied to their crystalline crater models;
similar results would be expected for craters in sedimentary
rocks.

Limited data on siderophile and volatile trace elements in
larger craters reveal that impacts of both stony and iron mete-
orites formed melt. Janssens et al. [1977] inferred an iron me-
teorite for Rochechouart, a 23-km crater with a melt sheet.
Palme et al. [1978] suggested a chondritic meteorite for the 23-
km East Clearwater crater but were unable to identify any
projectile-induced contamination at West Clearwater, Mis-
tastin, or Manicouagan. Morgan et al. [1979] reported modest
enrichments at the Ries which could be ascribed to an achon-
drite. Therefore the limited evidence available suggests that
meteorite lithology alone does not account for the variation in
melt abundance.

Although a number of factors other than lithology could af-
fect the amount of melt formed at impact sites (e.g., meteorite
shape, angle of incidence, and, of course, impact velocity), we
can think of none that would produce the consistent differ-
ence that we observe in the terrestrial craters, and we have
therefore assumed that these other possible effects have been
averaged out in our overview of many different craters. We
examine here simply the roles of meteorite and target lith-
ology and volatile content.

A critical point discussed later in the paper is the mode of
transport of melt during the cratering of different rock types.
A significant difference between craters in sedimentary rocks
and craters in crystalline rocks is the occurrence of suevite
units at craters in sediments or with thick sections of sediment
overlying crystalline basement (e.g., Puchezh-Katunki, Po-
pigai, Kara, Ries, Steen River, Jinis’jarvi, and II'inets). A no-
table exception is the bowl-shaped, 1.3-km Meteor (Barringer)
Crater. We utilize as the definition of suevite, ‘a grayish or

0r

w
T

log 10[Displaced mass, gl

Sand
%rmafrost

/L—Alumlnum

) ]

0 5 10 15

log 10[Kinetic energy, ergs]

Fig. 3. Energy-mass relations for craters formed in targets of dif-
fering strengths and materials. Data are modified from Gault and
Moore [1965] and, for ice and permafrost, from Croft et al. [1979].
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TABLE 2a. Impact Parameters: v, = 6.25 km/s

Meteorite
Iron Aluminum Diabase Basalt Permafrost Ice
Iron
P 2150 1230 1170 1130 780 440
u, 31 22 2.1 2.0 1.6 1.0
f 0.50 0.46 045 0.44 0.38 0.27
P/Tom 1.42 0.82 0.90 0.84 0.76 0.42
o/ Tom 1.00 0.87 (1.10) 0.91 (1.15) 0.92 (1.16) 0.90 (1.13) 0.85 (1.08)
ro/Tom 1.26 1.12 (1.41) 1.19 (1.50) 1.21 (1.52) 1.24 (1.56) 1.31 (1.65)
Aluminum
P 1230 820 795 750 580 350
u, 4.1 3.1 3.0 29 24 1.7
f 0.45 0.50 0.50 0.50 0.47 0.40
P/Tom 2.28 1.30 1.44 1.44 1.28 0.82
roi/ Tom 1.14 1.00 1.06 1.06 1.04 (1.31) 0.96 (1.21)
ro/Tom 1.49 1.26 1.33 1.34 1.34 (1.69) 1.31 (1.65)
Diabase
P 1170 800 770 730 550 340
u, 4.1 32 3.1 3.0 2.5 1.7
f 0.45 0.50 0.50 0.50 0.48 0.40
P/Tom 2.28 1.36 1.52 1.52 1.36 0.82
o/ Tom 1.11 0.95 1.00 1.00 1.00 (1.25) 0.94 (1.18)
ro/Tom 1.45 1.20 1.26 1.26 1.26 (1.60) 1.26 (1.60)
Basalt
P 1130 750 730 680 510 310
u, 42 33 32 3.1 2.6 1.9
f 0.44 0.50 0.50 0.50 0.49 0.42
P/Tom 2.38 1.42 1.58 1.64 1.44 0.94
roi/ Tom 1.10 0.95 1.00 1.00 1.00 (1.25) 0.90 (1.13)
ro/Tom 1.45 1.20 1.26 1.26 1.26 (1.58) 1.20 (1.20)
Carbonate
P 1120 750 730 680 520 320
u, 4.2 33 32 3.1 2.6 1.9
¥ 044 0.50 0.50 0.50 0.49 0.42
P/Tom 2.38 1.42 1.62 1.60 1.44 0.94
ro/ Tom 1.13 0.98 1.02 1.03 1.02 092 (1.16)
ro/Tom 1.48 1.23 1.28 1.29 1.28 1.22 (1.59)
Granite
P 1040 720 690 650 500 310
u, 43 34 i3 32 2.7 20
VA 043 0.50 0.50 0.50 049 043
P/Tom 2.50 1.48 1.66 1.70 1.52 1.00
Yo/ Tom 1.10 0.96 1.01 1.02 0.99 0.90 (1.13)
ro/Tom 1.47 1.21 1.27 1.28 1.26 1.19 (1.50
Permafrost
P 770 580 550 510 400 260
u, 4.7 39 38 3.6 3.1 24
¥ 0.37 0.47 0.48 0.49 0.50 047
P/Tom 3.00 1.84 2.06 2.08 1.92 1.32
roi/ Tom 1.10 0.94 1.00 1.02 1.00 0.90
ro/Tom 1.52 1.21 1.28 1.30 1.26 1.17
Dry Coconino Sandstone
P 770 550 530 500 390 250
u, 4.7 39 38 3.7 3.2 25
f 0.37 047 0.48 0.48 0.50 0.48
P/Tom 3.00 1.84 2.06 2.20 1.98 1.40
o/ Tom 1.09 0.94 0.99 0.99 0.98 0.88
ro/Tom 1.52 1.21 1.26 1.27 1.23 1.13
Dry Sand
P 630 480 550 430 340 220
u, 49 4.1 4.1 39 34 2.7
¥ 0.34 0.45 0.45 047 0.50 0.49
P/Tom 2.30 1.98 232 2.44 2.20 1.58
Foi/ Tom L1l 0.97 0.99 1.02 1.01 0.90

ro/Tom 1.59 1:26 1.29 1.32 1.28 L.15
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TABLE 2a. (continued)

Meteorite
Iron Aluminum Diabase Basalt Permafrost Ice
Ice

P 440 350 340 310 260 180
u, 5.2 4.6 45 43 39 3.1
f 0.28 0.39 0.40 043 047 0.50
P/Tom 3.80 244 2.74 2.98 2.80 2.02
roi/ Tom 1.21 1.03 1.09 1.13 1.09 1.00
ro/Tom 1.84 1.40 1.47 1.49 1.40 1.26

P is the initial pressure (one-dimensional approximation) in kilobars, given to two or three significant
figures. Parameter y, is the initial particle velocity in the ground, relative to a stationary coordinate sys-
tem, in kilometers per second. The projectile particle velocity, relative to the ground, is u, = v, — m,
where v; is the impact velocity. Velocities are given only to the nearest 0.1 km/s. Parameter fis the frac-
tion of the initial meteorite energy transferred to the ground during the time taken by the shock to tra-
verse from the front to the back of the meteorite; p/r,, is the penetration of the interface during stage 2,
relative to the initial meteorite radius; ro,/ro,, is the radius of a target sphere into which f of the initial
energy is deposited, relative to the initial meteorite radius, at initial pressure P; and ry/rq,, is the radius of
a target sphere into which 100% of the initial energy is deposited, relative to the initial radius, at initial

pressure P.

yellowish fragmental rock (depositional breccia) that 1s associ-
ated with meteoritic craters and that contains both shock
metamorphosed rock fragments and glassy inclusions that oc-
cur typically as aerodynamically shaped bombs’ [Gary et al.,
1974, p. 710]. Figure 15 shows an example from the Ries. In
the subsequent discussion we differentiate between suevites
and glass-bearing polymict breccias by using three features:
(1) their clay matrix, which gives them their distinctive color;
(2) the presence of aerodynamically shaped bombs; and (3)
their occurrence in positions stratigraphically equivalent to
the melt sheet, that is, overlying a mixed breccia unit. For ex-
ample, at the Ries, the suevite outside of the crystalline ring
(e.g., at Otting) lies on top of the Bunte breccia (a melt-free,
polymict breccia); the suevite inside the crater (e.g., in the
Nordlingen drill core) is on top of a polymict crystalline
breccia that contains melt. The exterior and interior suevites
of the Ries differ somewhat in their characteristics. Two im-
portant differences noted by Stjffler [1977] are that melt parti-
cles included in the interior suevite are very small in com-
parison to those in the exterior suevite and they are extremely
vesiculated and hydrothermally altered. Whereas, as was
noted above, it is generally accepted that the glassy bombs
found in the suevite (generally in the exterior suevite) have
the same composition as the crystalline basement rocks and
are derived from them [von Engelhardt, 1972], Stiffler [1977]
suggested that the melt particles in the interior suevite might
be derived from the lowermost sedimentary Strata and that the
assumed high water content of these strata would account for
the small size of the melt inclusions and their extreme vesi-
cularity.

Suevite is present at craters formed largely in sedimentary
strata and at craters in mixed targets (at the 72-km Popigai
with its overburden (1 km) of sediments [Masaitis et al., 1975}
and perhaps at the 22-km Lake St. Martin, which had 220 m
of carbonate overlying the basement [McCabe and Bannatyne,
1970]; in this case the unit that may be suevite is a nearly clay-
free breccia resembling the interior suevite of the Ries as ob-
served in the 1973 Noérdlingen core). It is not possible to dem-
onstrate the presence or absence of suevite at craters wholly in
crystalline rocks because these craters are all too deeply
eroded for such deposits to have been preserved outside the
structural rim. We do not consider the polymict breccias un-
derlying melt sheets or occurring as dikes penetrating the

basement to be suevites: they have less clay than, for example,
the Ries suevite and lack aerodynamically shaped glass
bombs [Floran et al., 1978; Grieve, 1975; Simonds, et al.,
1978b].

Because of the depth of excavation at the craters, we as-
sume that to a large extent any sediments present were satu-
rated with groundwater. (Although crystalline rocks may also
have been saturated, they hold only a few percent water,
whereas porous sediments may contain 20% water in their
pores.) This assumption is supported by evidence (even at the
relatively small Meteor Crater) that many craters were filled
with lakes shortly after the impact event. Thus in considering
the role of target lithology we are confronted with the prob-
lem of comparing crystalline rocks not only with their porous
equivalents but also with porous sediments rich in volatile
phases, either water or carbon dioxide produced at high pres-
sure by decarbonation of carbonates.

In addition to the field observations at naturally formed im-
pact craters, data from explosion craters [Cooper, 1977], mis-
sile impact craters [Moore, 1976], and laboratory cratering
events [Gault and Moore, 1965] demonstrate that target lith-
ology is important in determining crater properties (Figure 3).
These data suggest that even in relatively small craters the
role of lithology is important. As a rule, craters in soils are
larger than energy-equivalent craters in crystalline rocks, and
craters in water-saturated sediments are typically 20-50%
larger in diameter (1.5-6 times larger in volume) than their
energy equivalents in dry soils (see, for example, Moore [1976,
Figure 53]). However, even if we assume that the volume of
melt produced is comparable in craters in sedimentary and
crystalline rocks, the percentage of melt produced in craters in
sedimentary rocks would be reduced only by a factor of 1.5-6
because of the larger crater volume. Therefore the effect of
lithology on crater size alone cannot explain the 2 orders of
magnitude difference in melt fraction observed.

A MODEL FOR THE CRATERING PROCESS

We present below a model for the vertical impact of a
roughly spherical meteorite 1 km in diameter. A meteorite of
this size, of density 3.0 g/cm?, and of velocity 24.6 km/s has a
kinetic energy of 4.75 X 10 ergs and will produce a transient
(premodified) crater about 15-20 km in diameter, depending
on the target lithology and scaling laws used (the above values



TABLE 2b. Impact Parameters: v, = 17 km/s

Meteorite
Iron Aluminum Diabase Basalt Permafrost Ice
Iron
P 11,500 6200 5980 6340 4370 2690
u, 8.5 6.0 59 6.0 49 3.6
f 0.50 045 045 0.46 041 0.33
P/Tom 1.98 1.16 1.34 1.18 1.08 0.64
Yoi/Tom 1.00 0.87 0.90 0.87 0.85 (1.07) 0.75 (0.95)
ro/Tom 1.26 1.13 1.17 1.13 1.14 (1.44) 1.09 (1.37)
Aluminum
P 6200 3960 3840 3970 2950 1970
u, 1L.0 8.5 8.4 8.5 72 55
f 0.46 0.50 0.50 0.50 049 0.44
P/Tom 332 2.00 224 2,02 1.86 1.14
rou/Tom 1.17 1.00 1.04 1.02 1.00 0.88
ro/Tom 1.51 1.26 1.31 1.29 1.26 1.17
Diabase
P 5980 3840 3780 3840 2870 1940
u, 11.1 8.6 8.5 8.6 713 5.8
f 0.45 0.50 0.50 0.50 0.49 0.44
P/Tom 3.38 204 232 2.12 1.90 1.22
70t/ Tom 111 0.96 1.00 0.97 0.95 0.83
ro/Tom 1.45 1.21 1.26 1.22 1.22 1.10
Basalt
P 6340 3970 3840 3980 2920 1940
u, 11.0 8.5 8.4 8.5 7.2 58
f 0.46 0.50 0.50 0.50 0.49 044
P/Tom 3.38 2.00 2.24 2.08 1.86 1.20
rou/Tom 1.15 0.98 1.04 1.00 0.99 0.86
ro/Yom 1.48 1.25 1.31 1.26 1.26 1.12
Carbonate
P 5940 3770 3660 3770 2810 1880
u, 11.1 8.7 85 8.7 73 5.8
¥ 0.45 0.50 0.50 0.50 049 045
P/Tom 3.38 2.08 232 2.16 1.94 1.24
rou/Tom 1.16 1.00 1.04 1.00 0.99 0.87
ro/Tom 1.52 1.25 1.31 1.26 1.26 1.14
Granite
P 5450 3540 3430 3540 2650 1790
u, 11.4 9.0 8.8 9.0 7.6 6.0
¥a 0.49 0.50 0.50 0.50 0.49 0.46
P/Tom 3.60 2.20 248 232 2.08 1.30
Fou/ Tom 1.17 0.98 1.02 0.99 0.97 0.87
ro/Tom 1.49 1.23 1.28 1.25 1.22 1.12
Permafrost
P 4370 2950 2870 2920 2180 1550
u, 12.1 9.8 9.7 9.8 8.5 7.0
f 041 0.49 0.49 0.49 0.50 0.48
P/Tom 4.20 2.58 2.88 2.74 252 1.62
7o/ Tom 1.18 1.02 1.06 1.03 1.00 0.87
ro/Tom 1.59 1.29 1.34 1.31 1.26 L.11
Dry Coconino Sandstone
P 4546 3030 2920 2990 2280 1550
u, 12.0 9.7 9.5 9.7 8.4 6.8
f 041 0.49 0.49 0.49 0.50 0.48
P/Tom 4.10 2.54 2.84 2.68 246 1.58
roi/ Tom 1.18 1.02 1.06 1.03 1.00 0.87
ro/Tom 1.59 1.29 1.34 1.31 1.26 111
Dry Sand
P 3690 2570 2510 2530 1970 1390
u, 12.6 104 10.2 10.3 9.0 7.5
¥ 0.38 048 0.48 0.48 0.50 0.49
P/Yom 4.68 2.90 3.24 3.06 2.80 1.86
7o/ Tom 1.19 1.05 1.09 1.06 1.02 0.90
ro/Yom 1.66 1.33 1.39 1.35 1.29 1.13
Ice
P 2690 1970 1940 1940 1550 1125
u, 13.4 11.5 11.2 11.2 10.0 8.5
f 0.33 0.44 045 045 0.48 0.50
P/Tom 5.64 3.58 3.96 3.74 346 2.34
rod/ Tom 1.32 1.13 1.21 1.18 1.14 1.00
ro/Tom 1.90 1.49 1.57 1.54 1.46 1.26




TABLE 2¢. Impact Parameters: v;= 24.6 km/s
Meteorite
Iron Aluminum Diabase Basalt Permafrost Ice
Iron
P 22,500 12,000 11,500 12,800 8600 5500
u, 12.3 8.7 8.5 8.8 7.1 54
f 0.50 0.45 0.5 0.46 041 0.34
P/Tom 212 1.26 1.44 1.24 1.14 0.70
o/ Tom 1.00 0.87 0.93 0.87 0.85 0.74 (0.93)
ro/Tom 1.26 113 1.17 1.12 1.14 1.06 (1.33)
Aluminum
P 12,000 7500 7300 7800 5800 4000
u, 15.9 12.3 12.1 124 104 83
0.46 0.50 0.50 0.50 0.49 0.45
P/Tom 3.62 222 2.50 222 2.00 1.24
Toi/Tom 1.17 1.00 1.04 1.00 0.99 0.86
ro/Tom 1.51 1.26 1.31 1.27 1.26 1.13
Diabase
P 11,500 7300 7100 7500 5600 3900
u, 16.1 125 123 12.7 10.6 85
045 0.50 0.5 0.50 0.49 0.45
P/Tom 3.76 2.28 2.58 2.28 206 1.28
To/ Tom 1.11 0.96 1.00 0.97 0.95 0.83
ro/Tom 1.45 1.21 1.26 1.22 1.21 1.09
Basalt
P 12,800 7800 7500 7900 5900 4000
u, 15.8 12.2 11.9 12.3 104 84
f 046 0.50 0.50 0.50 049 0.45
P/Tom 3.52 2.16 242 2.18 1.96 1.24
rod/ Tom 1.16 1.00 1.04 1.00 0.99 0.86
ro/Tom 1.50 1.26 1.31 1.26 1.26 .12
Carbonate
P 11,500 7300 7100 7600 5600 3800
u, 16.1 12.5 12.3 12.6 10.7 8.6
f 045 0.5 0.50 0.50 0.49 045
P/Tom 3.74 2.28 2.58 228 2.10 1.32
1o/ Tom 1.16 1.00 1.04 1.00 0.99 0.86
ro/Tom 1.52 1.26 1.31 1.26 1.26 112
Granite
P 10,600 6800 6600 7100 5300 3600
u, 16.5 13.0 12.8 13.0 11.1 9.0
f 0.44 0.50 0.50 0.50 0.50 0.46
P/Tom 3.98 246 2.76 244 222 1.40
To/ Tom 1.13 0.98 1.02 0.99 0.97 0.84
ro/Tom 1.49 1.23 1.28 1.25 1.22 1.09
Permafrost
P 8600 5800 5600 5900 4400 3200
u, 17.5 14.2 14.0 14.2 12.3 10.2
f 0.41 0.49 0.49 0.49 0.50 048
P/Tom 4.58 2.86 3.24 2.88 2.68 1.70
Toi/ Tom 1.18 1.02 1.06 1.03 1.00 0.87
ro/Tom 1.59 1.29 1.34 1.31 1.26 1.11
Dry Coconino Sandstone
P 9000 6000 5800 6100 4600 3200
u, 17.2 13.8 13.6 139 12.0 9.9
f 0.42 0.49 0.49 0.49 0.50 0.48
P/Tom 4.44 274 3.10 278 2.66 1.62
Tou/ Tom 1.19 1.02 1.06 1.03 1.00 0.87
ro/Tom 1.59 1.30 1.35 1.31 1.27 1.11
Dry Sand
P 7400 5000 4900 5200 4000 2900
u, 18.0 14.8 14.6 14.8 12.9 10.8
0.39 048 048 0.48 0.50 0.49
P/Tom 5.06 3.16 3.56 320 292 1.90
To/ Tom 1.21 1.05 1.09 1.06 1.02 0.90
ro/Yom 1.66 1.34 1.39 1.35 1.29 1.13
Ice
P 5500 4000 3900 4000 3200 2300
u, 19.2 16.3 16.1 16.2 14.4 123
f 0.35 045 045 045 0.49 0.50
P/Tom 6.12 3.86 434 3.94 3.62 240
rod/ Tom 1.36 1.16 1.21 1.18 1.16 1.00
ro/Tom 1.93 1.52 1.57 1.59 1.47 1.26
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TABLE 3. Excavated Volume for 1-km-Diameter Diabase Meteorite and Various 'i'a.rgets
Scaled Excavated Volume, km?
Depth
Velocity, Voneit of 1/ 1/ 1/ 2/ 2/ 2/ 10/ 10/ 10/ 20/ 20/ 20/
km/s P, kbar km? Burst* 2507 200 100 250 200 100 250 200 100 250 200 100
Diabase
6.25 1000 0311 63 66 73 40 41 46 14% 14 16 9 9 10
17. total melting 2.7 0.244 204 211 235 128 133 148 43 46 51 28 29 32
24.6 41 0.211 308 317 356 193 199 223 60% 62 69 43 4“4 49
Dry Coconino Sandstone
6.25 600 0422 36% 36 39 23 23 25 9 9 9 6 6 6
17. total melting 3.7 0.307 128% 130 140 81 83 89 31 31 30 21 21 23
24.6 6.0 0.254 199 203 222 127 130 141 52 54 58 32 33 36
Permafrost
6.25 400 1.4 0.422 45 47 51 29% 30 32 10 10 12 7 7 8
17. total melting 49 0.302 158 162 176 108% 111 121 36 36 40 23 24 26
24.6 7.6 0.265 241 248 271 152¢ 157 171 54 56 61 36 37 40
Carbonate
6.25 750 0.332 59 61 67 37 38 42 13% 13 15 8 8 9
17. total 3.6 0.244 193 200 222 107 110 123 20% 21 23 27 28 31
24.6  vaporization 5.7 0.211 300 310 34 189 195 217 6631 68 76 42 44 48
Ice
6.25 100 3.8 0.561 39% 40 42 25 26 28 10 11 11 7 7 8
17. onset of 15.3 0.415 1461 149 159 926 97 104 39 40 43 27 28 30
24.6  vaporization 24.0 0.356 221 226 242 145 148 159 59 60 65 42 43 46
Granite

6.25 750 0.429 57 59 65 36 37 41 12% 13 14 8 8 9
17. total melting 32 0314 183 188 208 116 119 132 40} 41 46 26 26 29
24.6 5.0 0.273 281 289 315 177 182 198 61% 63 69 39 40 4

*Depth (m)/[yield (kg TNT)]'/? (1 kg TNT = 4.2 x 10'6 ergs).
1Pressure at rim/pressure at bottom.
$Preferred estimates.

are for scaling exponents between 3.4 and 3.6; see Pohl et al.
[1977, p. 396] for a discussion of scaling laws). The model that
we present here is a process description derived from both the-
oretical considerations and field observations and, as such, is
not comparable to more elegant computer models in current
use. In combining field observations relevant to late-stage
flow and modification processes with the theoretical calcu-
lations of early-stage flow we have used observations from the
larger terrestrial craters, including Popigai, Manicouagan,
Mistastin, West Clearwater, Lake St. Martin, and the Ries.
The theoretical parts of the model are given in a series of ta-
bles which list initial pressure, shock velocity in the target,
fraction of energy transmitted to the target by the shock, pen-
etration depth, and radius of initial energy deposition (Tables
2a-2c); volume of melt, scaled depth of burst, and excavated
volume (Table 3); and radius to selected isobars (Table 4).
The field inferences and late-stage flow fields are shown in a
series of figures.

The tables list the above parameters for impact velocities of
6.25, 17 and 24.6 km/s; the illustrations are for 24.6 km/s. The
velocity 24.6 km/s is the root-mean-square impact velocity of
known earth-crossing asteroids [Shoemaker, 1977] and is thus
of major planetary interest; however, it is so far beyond veloc-
ities currently attainable in the laboratory that considerable
extrapolation of measured thermodynamic properties is re-
quired. We have therefore also carried out calculations for
two lower velocities: 6.25 km/s, the velocity used by Gault and
Heitowit [1963] in laboratory experiments and potentially rele-
vant to low-speed impacts associated with accretional proc-
esses, and 17 km/s, a higher velocity derived from micro-

meteorite velocity data [Zook, 1975] which has been used for
other planetary problems and for which only modest extrapo-
lation of equation-of-state data is required.

We have arbitrarily divided the impact process into a series
of stages [after Shoemaker, 1963]: (1) initial contact, (2) com-
pression, (3) rarefaction and attenuation, (4) excavation and
interior flow, (5) fall back and external flow, (6) mechanical
modification, and (7) hydrothermal and/or chemical altera-
tion (penecontemporaneous). Stages 1-3 are treated theoreti-
cally, and stages 4-7 are largely inferred from field data.
Much of this work is based on earlier work as follows: stage 1,
Kieffer [1977]; stage 2, Shoemaker [1963]; stage 3, Charters and
Summers [1959] and Gault and Heitowir [1963]; stage 4, field
observations and numerical codes, particularly those of
O’Keefe and Ahrens [1975]; stage 5, field observations; stage 6,
field observations and theoretical studies of Melosh [1976,
1977]; and stage 7, field observations. We recognize that there
are internal inconsistencies in some of the above models (e.g.,
the original Charters-Summers model does not conserve mo-
mentum) and that consistency of assumptions among the
above models for the various stages is rare (e.g., jetting of
stage | depends on geometry, whereas the compression for
stage 2 is calculated from a one-dimensional model, yet all of
the flow fields depend on geometric assumptions, etc.), but we
have tried to extract the most relevant conclusions from the
various workers and to apply them to formulate a scenario for
the process. Detailed models which are internally consistent
geometrically and thermodynamically for the whole cratering
process are still beyond the state of the art [see Roddy et al.,
1977].
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TABLE 4. Radius to Various Isobars for Impact of 1-km-Diameter Diabase Meteorite and Various Targets
Depth to
Impact Isobar, km Radius to Isobar, km
Velocity,
km/s 250 200 1000 750 600 400 250 200 100 50 20 10 5 2 1
Diabase

6.25 1.60 1.66 064 0.67 0.74 0.84 0.90 1.09 1.36 1.80 2.27 2385 3.87 4.87
17. 2.40 248 0.86 0.93 0.99 1.09 1.24 1.32 1.61 1.99 2.65 332 417 5.66 7.13
24.6 272 280 099 1.07 1.13 1.26 1.43 1.51 1.85 229 3.06 3.63 384 653 8.24

Dry Coconino Sandstone

6.25 1.78 1.82 0.67 0.75 0.79 0.93 1.10 1.40 1.70  2.08 277 346
17. 2.61 2.67 0.85 091 0.96 1.05 1.17 1.23 1.45 1.72 2.18 2.65 3.25 4.32 5.41
24.6 293 3.00 1.00 1.07 1.13 1.24 1.38 1.45 1.72 2.02 2,57 319 3.82 5.09 6.37

Permafrost

6.25 1.77 1.82 0.69 0.77 0.81 0.97 1.17 1.51 1.86 2.32 3.12 3.92
17. 2.62 2.69 0.85 091 0.96 1.05 1.18 1.24 1.48 1.78 231 2.85 3.55 498 6.01
24.6 297 3.06 0.99 1.05 111 1.22 1.37 1.44 1.72 2.06 2.68 331 4.12 5.54 6.97

Carbonate

6.25 1.65 1.70 0.67 0.74 0.84 0.89 1.08 1.31 1.73 2.17 272 3.68 4.64
17. 241 249 0.88 0.95 1.00 1.11 1.25 1.33 1.61 1.96 260 225 408 5.15 6.93
24.6 2.75 284 1.03 111 1.16 1.29 1.46 1.55 1.87 229 3.03 3.79 474 6.42 8.08

Ice

6.25 2.16 2.20 0.79 0.83 0.97 1.19 1.43 1.70 2.04 2.66 3.29
17. 3.23 329 091 0.97 1.02 1.12 1.25 1.31 1.54 1.80 225 270 323 421 5.20
24.6 3.62 3.69 0.99 1.06 1.13 1.30 1.45 1.52 1.79 210 263 3.13 3.77 490 6.05

Granite

6.25 1.65 1.70 0.65 0.72 0.82 0.87 1.05 1.28 1.71 2.13 2.67 362 455
17. 2.44 2.51 0.85 0.91 097 1.07 1.20 1.27 1.54 1.89 251 3.14 3.93 5.33 6.70
24.6 2.78 2.86 0.99 1.06 1.12 1.24 1.40 1.47 1.74 2.19 291 364 457 6.17 7.78

Depth was calculated as penetration depth plus radius to isobar considered from spherical attenuation model. Iosbars are given as peak pres-

sure, in kilobars.

The model is presented for the most common meteorite-tar-
get lithologic combinations encountered in terrestrial and
planetary cratering problems: meteorites of iron, stone (diab-
ase, basalt), frozen stone, and ice and targets of dry crystalline
rock (dry in the sense that water is bound and does not cause
large-scale vesiculation), carbonate, dry porous (cohesionless
or weakly cohesive) rock or regolith, permafrost, and ice. For
purposes of discussion we will frequently cite the impact of a
diabase meteorite into various targets, and we will refer to this
as our ‘model meteorite.’

STAGE 1

B

Stage 1: Stage of Initial Contact (Figure 4)

Upon contact of a meteorite with the target, pressures in ex-
cess of those obtained by a one-dimensional model are gener-
ated if the meteorite is of irregular shape, if the target has an
irregular surface, or if the meteorite strikes at an oblique
angle, such as the most probable angle of impact of 45° (see,
for example, Kieffer [1975b, Figure 3] or Kieffer [1977, Figure
2] for schematics of the geometries). The pressures and tem-
peratures generated are sufficient to vaporize some material
and to form a molten ‘jet’ which is extruded from the meteor-
ite-target interface. This effect was first studied for oblique im-
pacts of metals [Birkhoff et al., 1948, Walsh et al., 1953; Allen
et al., 1959; Al’tshuler et al., 1962; Harlow and Pracht, 1966]
and was observed for hypervelocity impacts into basalt by

o, s“‘; P (::‘;'5':;‘:;)7 Gault et al. [1963]. A theoretical discussion of the conditions
%\ - e Soll - s of oblique impact for silicates is given by Kieffer [1977], but no
== =3 = SROUND "ZERO experimental data have been published to date. A few percent

t

of the mass of the meteorite and a mass of rock equal to per-

TARGET haps several meteorite masses are ejected at high velocities
POSSIBLE LITHOLOGIC from the interface. Although no data are available, we esti-
INTERFACES

AV e /1_//_/—__,

Fig. 4. Schematic diagram of impact conditions during stage 1,
initial contact. A mixture of melt and vapor is squirted at very high
velocity from the contact interface by jetting. This material could
form the tektite-strewn fields. Oblique impact would probably con-
centrate the jet on the leading side of the projectile and send a stream
of melt and vapor down-trajectory. A shock front S, has started for-
ward into the ground, and shock front S, has started back into the
meteorite. Several lithologic interfaces are shown schematically in the
target.

mate that a few percent of the kinetic energy of the meteorite
is transferred into the internal and kinetic energy of the jet.

The material in the jet may be the source of the various tek-
tite-strewn fields suggested to be associated with the impact
craters (e.g., the moldavites with the Ries [Gentner et al., 1963]
and Javan tektites with Zhamanshin [Taylor and McLennan,
1979]). We will return briefly to the question of the origin of
the tektites and their relationship to suevite in a discussion of
the Ries at the end of the paper.

The duration of the jetting stage is relatively brief. We take
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Stage 2
Diabase ~granite at 24.6 km/sec

Target surface

p {Rarefaction 1n meteorite}
1.38 km

St {compression in target}

Fig. 5a. Geometry of the shock waves and meteorite at the end of
stage 2, substage B, when the rarefaction wave reflected off the top of
the meteorite reaches the meteorite-ground interface at the front of
the projectile. In the time required for the shock wave to go from the
front of the meteorite to the back, be reflected off the back as a rare-
faction, and return to the front of the projectile the compressional
wave entering the target moves out to radius r,. In that time the pro-
jectile will penetrate depth p.

it as the time during which geometric irregularities in either
the meteorite or the target may influence the shock propaga-
tion. The duration of this stage is approximately Z/U,, where
Z is the scale of the irregularity and U, is the shock velocity in
the body containing the irregularity. For example, in the
model assumed here the meteorite is spherical, and the irregu-
larity might be taken as the sector making initial contact with
the target. Z is the characteristic height of this sector, and U,
is the shock velocity of the meteorite. Typically, Z nﬁght be 10
m, and U, about 10 km/s, so that the duration of this stage is
about | ms. (In the following sections we give only an order of
magnitude estimate of stage lengths so that'the reader can
have an idea of the length of time available for the processes
discussed, such as mixing, condensation or chemical altera-
tion; no attempt is made to calculate exact times from the pa-
rameters listed in the tables.)

Stage 2: Compression Stage (Figure 5a)

As the target and meteorite are compressed, energy (greater
by orders of magnitude than the energy released by large nu-
clear explosions) is transformed from kinetic energy of the
meteorite to kinetic and internal energy of both the target and
the meteorite. Shoemaker [1963] first described this stage in
detail for a one-dimensional impact. Gault and Heitowit [1963]

Ground surface

Fig. 5. Geometry considered in the attenuation calculations of
stage 3; r is the radius of the volume assumed uniformly shocked to
the peak shock pressure. For most impacts modeled the penetration
depth is greater than the meteorite radius, and r, defines a sphere cen-
tered at depth p.
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RAYLEIGH LINE

HUGONIOT

= RELEASE ADIABAT

Fig. 5c. Schematic representation of the method used to calculate
the pressure-volume work in the attenuation calculations. The waste
heat corresponds to the area between the Rayleigh line and the release
adiabat. For purposes of calculation the release adiabat is assumed to
be equivalent to the Hugoniot. .

generalized Shoemaker’s theory to a two-dimensional geome-
try, extended it to include attenuation in the target, and ap-
plied it to laboratory craters formed in basalt by aluminum
projectiles impacting at 6.25 km/s. In the description of stages
2 and 3 presented here we apply many of the ideas of these
authors; we have used different equations of state in order to
make comparisons easily between different rock types.

We take here the compression stage as extending from the
moment of contact of the main mass of the meteorite with the
target (i.e., when the shock geometry becomes approximately
one dimensional) to the moment when the head of the rare-
faction wave created by reflection of the shock from the back
surface of the meteorite reaches the meteorite-target interface.
This stage can be broken into two substages: for the first (sub-
stage A) the whole system is under compression, and the dura-
tion is approximately

h=4d/U,, (M

where d is the length (diameter) of the meteorite and U,,, is
the shock velocity in the meteorite; for the second (substage B)
the target is still under compression, but the meteorite is de-
compressing because the rarefaction wave is propagating
through the meteorite toward the interface. The duration of
this substage is approximately

tL=d/c 9]
where c is the sound speed in the compressed meteorite and 4’
represents the length of the compressed meteorite (d’ ~ d(V/
Vo)'%, where ¥V and ¥, are the specific volumes of the com-
pressed and uncompressed meteorites, respectively). For a
Murnaghan equation of state

5[

where K is the adiabatic bulk modulus at zero pressure and n
is the pressure derivative of the bulk modulus, the sound
speed at pressure P and volume V or density p is

(Ko nP)l/Z
c=|—+ —
p p

&)

@
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Therefore the time taken for the rarefaction to travel from the
back of the meteorite to the target-meteorite interface is

/3 —1/2
] (S
[ PP
Because ' < dand ¢ > U,,,
L,=d/U,, (55

i.e., 1, < t,. However, because d’ is of the order of d and c is of
the order of U,,,, we take the duration of stage 2 as 2 X ¢, =
2d/U,,,. For our 1-km diabase meteorite traveling at 24.6 km/
s an impact into crystalline rock generates a shock wave trav-
eling at ~15 km/s, and so the compression stage lasts 100-200
ms.

Stage 2, Substage A: During t,, as the Shock Propagates
to the Back Surface of the Meteorite

After the irregularities of shock structure associated with
stage 1 have decayed, two shock waves propagate away from
the meteorite-target interface: one moves forward into the tar-
get, and one moves backward into the central section of the
meteorite. These two shocks are denoted as S, and S,,, respec-
tively, in Figure 4. To a first approximation the shock configu-
ration in the center part of the collision region can be taken as
being one dimensional [e.g., Gault and Heitowit, 1963; Bjork et
al., 1967]. The shock states in both the meteorite and the tar-
get are specified by the Rankine-Hugoniot jump conditions
across the shock fronts:

Conservation of Momentum

P—Py=pUu, ©)
Conservation of mass
poU; = p(U, — u)) ™
Conservation of energy
E—Ey= (P~ P)(Vo— V)/2 ®

In these equations, P is the pressure, p is the density, U, is
the shock velocity, u, is the particle velocity, E is the internal
energy, V is the volume, the subscript zero indicates the pa-
rameter in the original, uncompressed state, and the variables
without the subscript zero are the parameters in the shocked
state. These conservation equations must be supplemented by
an equation of state, such as a pressure-volume relation, a
shock velocity-particle velocity relation, or a pressure—particle
velocity relation. The equations of state used in this paper are
discussed in Appendix A and Appendix B.

Consider now a vertical impact such as that shown in Fig-
ure 4. The incident velocity of the meteorite is given by v; the
particle velocities in the meteorite and target will be denoted
by u, when the velocity is meant in a general sense and by u,,
and u, for the meteorite and target, respectively, when one of
the bodies is being referred to in particular. The initial condi-
tions generated by the impact are determined by the require-
ment that the pressure and particle velocity be the same in the
shocked regions of the two bodies. The pressure and particle
velocity can be obtained graphically from the intersection of
the pressure—particle velocity Hugoniot of the target material
centered at zero velocity and zero pressure with the reflected
(‘decelerating’) Hugoniot of the meteorite centered at the im-
pact velocity and zero pressure. If a linear shock velocity—par-
ticle velocity Hugoniot of the form
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is assumed for both the meteorite and the target (see Appen-
dix B), these quantities can also be obtained by solving for the
particle velocity from the following quadratic equation [Gault
and Heitowit, 1963]:

U=cy+su,

(10

In (9), ¢, and s are the coefficients of the Hugoniot, and in (10)
the subscripts 7 and ¢ refer to the meteorite and target, respec-
tively. The equation is derived by requiring u,, = v, — u,. The
value of particle velocity thus obtained can be substituted into
(6) to obtain the initial pressure; values obtained for the vari-
ous meteorite-target combinations and impact velocities are
given in Table 2 and Figure 6. The pressures lie in the follow-
ing ranges: for the 6.25-km/s impact, 1200-175 kbar; for the
17-km/s impact; 6000-1125 kbar; and for the 24.6-km/s im-
pact, 11,500-2300 kbar. The highest pressures are for iron me-
teorites striking diabase; the lowest pressures are for ice mete-
orites striking ice targets. The extent into the range of
pressures for which material properties are little known is
demonstrated by the fact that the pressures attained are as
much as 100-350 times the bulk moduli, whereas equation-of-
state data generally extend only to 5-10 times the bulk mod-
uli.

We now try to estimate the amount of rock shocked to the
initial pressure P during substages A and B by considering the
partitioning of energy between the meteorite and the target. A
fraction f; of the initial kinetic energy of the meteorite resides
in the jetted material and is lost from the meteorite-target sys-
tem considered at this stage. At the end of substage A, when
the shock front hits the back side of the meteorite, the remain-
ing meteorite and an adjacent plug of target rock are both
compressed to the initial pressure P. At this time the initial ki-
netic energy resides in the jet and in both the meteorite (as ki-
netic and internal energy) and a plug of target rock adjacent
to the interface (also as both kinetic and internal energy). The
amount of the initial kinetic energy which has been trans-
mitted to the target by the end of substage A varies with the
compositions of the meteorite and target. The total energy per
unit mass retained by the meteorite is

PomlCom + Sm(Vi = ul(vi — u) = po. (o, + SU)1,

(v, — u)*/2 + u?/2] (D
and, with the original kinetic energy of
v2/2 (12)

the fraction of the total energy retained by the meteorite is

(Vn — ut)2 + u12
2 - f.l

vy

fm= 13)
Therefore the fraction transferred to the target during sub-
stage A is

f,=l—fm=l_(l-ur/vl)z_ul/vlz_fj (14)

For simplicity of presentation we assumed that f, = 0, and the
values of f, for such impacts are given in Table 2. The reader
can apply a small correction if desired. Note that f, depends
slightly, but not strongly, on v, This is because the ratio u,/v,
in the (14) is relatively independent of v, (for identical target
and meteorite it is 1/2, independent of v,). For the 24.6-km/s
impact the fraction of meteorite kinetic energy transmitted to
the target, f,, ranges from 50% for identical target and projec-
tile to 35% for the most different shock materials, iron into ice.
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Fig. 6. Peak shock pressure (plotted on logarithmic scale) for impacts of iron, stony (diabase), and ice meteorites into
targets of iron, diabase, granite, permafrost, dry sand, and ice.

During the compression stage the shock wave in the target
is propagating away from the meteorite-target interface, ap-
proximately parallel to it under the center of the impact, but
diverging at the edges [e.g., Bjork, 1961; Bjork et al., 1967; Ah-
rens and O’Keefe, 1977]. The shock travels with velocity U,,
and covers a distance U,, » ¢, during substage A; energy is
transferred from the meteorite into this region traversed by
the shock. The energy is deposited equally into kinetic energy
E and internal energy E [Shoemaker, 1963] and is given by

E=Ex=PAV/2=u?/2 (15)
Because we are not concerned here with details of the geome-
try in the vicinity of the shock and because we will assume a
spherical attenuation model in stage 3, we calculate here the
radius of a sphere of target rock which would contain the en-
ergy transferred during the various substages, recognizing that
this is a geometry assumed for simplicity rather than accuracy.
It aids in both formulation of the attenuation model and com-
parison with explosion experiments centered at different
depths. If the initial density of the target rock into which the
energy is deposited is denoted as p,, and its initial radius as r,,,
its mass would be 47, po,/3. With the radius of the meteorite
denoted as r,,, and its density as p,, its mass is given by
4716, °pom/ 3. Therefore by equating the energy transferred
from the meteorite to the sum of the kinetic and internal
energies deposited in the target we have

J r(vnz/ 2)Aqr 0m3p0m/ 3 = uldar 0¢3p01/ 3 (16)

Solving this for 7, gives a relation between the radius of the
meteorite and the radius of the target which contains the
transferred energy at an average pressure P:

ro’ _ fof% ) (Pom’
’Oma_ 2(“1) (Po, (17)

The dimensions thus obtained are in fact similar to the dimen-
sion obtained merely by considering the linear distance that
the shock travels during substage A, that is,

To: ~ U.Y.l ~
U

Cos + S,

Tom Com + Sm(V, — 4,)

For the case of identical projectile and target composition, p,,
= po» and v, = 2u,, so that

(18)

The values of r,,/7,,, thus obtained are given in Table 2. They
are of the order of or less than 1; therefore we repeat that
while r,, represents roughly the volume into which energy is
placed during substage A, the spherical geometry assumed in
the immediate vicinity of the meteorite is not meaningful.

One important result evident from the tables is that r,, is not
a very strong function of the impact velocity v; this is because
it depends on the ratio v,/u,, which is relatively independent of
the magnitude of v,.

Poi/Tom =1

Stage 2, Substage B: During t,, as the Rarefaction
Propagates Back Through the Meteorite

Transfer of energy from the meteorite into the ground con-
tinues approximately until the rarefaction reaches the meteor-
ite-ground interface. Assume that the initial energy density is
maintained in the target as the meteorite energy is transferred
to the rock, and denote by f, (for ‘final fraction’) the amount
of the original kinetic energy transferred. Then the radius of
rock containing the transferred energy, r,, is

ro=ro ({/f)"? 19)

We assume that this energy is transmitted into a sphere of
ground surrounding the buried meteorite-target interface. Be-
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cause 7,, the radius of this sphere, is proportional to the cube
root of the fraction of energy transferred, the error in the esti-
mate of r, will be proportional to the cube root of the error in
the estimate of the fraction transferred. Therefore in the tables
we give values of r, under the assumption that all of the mete-
orite energy is transferred, f, = 1, and

ro=ro(f)” 73 (20

because even if the fraction of energy transmitted to the rock
were as low at 0.70, r, is within 90% of the value obtained un-
der the assumption that all of the energy is transferred. For
example, Shoemaker [1963] calculated that for an iron mete-
orite striking a dry sedimentary target, about 12% of the origi-
nal energy will be retained by the meteorite at the end of sub-
stage B. Allowance for this 12% plus a few percent lost from
the jetting process changes the scale of the drawings and con-
clusions by less than 10%; again, the reader can scale the val-
ues in Table 2 by a factor if desired.

The radius 7, calculated here, then, is taken as the radius of
ground initially shocked to pressure P and provides the initial
condition for the attenuation model developed in the next sec-
tion.

During the compression stage 2 the meteorite-ground inter-
face penetrates a distance p into the ground, given approxi-

mately by
(e (2o

(¢, is the sound speed in the meteorite given by (9)).

The first term on the right-hand side is the distance that the
interface travels during substage A; the second term is the dis-
tance that the interface travels during substage B. As was dis-
cussed previously at (5), to the accuracy of this model it is suf-
ficient to approximate this penetration depth as

@n
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P~ z(%n)u, ~ 2( %;0: u, 22
These penetration depths normalized to the initial meteorite
radius are given in Table 2, and in Figure 7 for our 1-km me-
teorite.

The reader should note from the tables that under certain
conditions of velocity and for certain combinations of meteor-
ite and ground materials the penetration distance p is less than
the radius 7, of the sphere within which the initial energy is
assumed to be deposited. This is true for almost all projectiles
striking an iron target at low velocities, but the only geologi-
cally interesting situations for which this occurs are the cases
of ice or permafrost meteorites striking the harder target
rocks. Physically, the interface penetration is so shallow (i.e.,
particle velocities are very low) that energy is deposited near
the ground surface rather than in a deep region below a rap-
idly penetrating interface. We suggest that for these cases a
model of energy deposition into a surface hemisphere (in the
manner of Charters and Summers [1959] and Gault and Heito-
wit [1963]) is a relatively good approximation. Mathemati-
cally, the criterion for such a ‘surface hemispherical bufst’
model is

P<r

2/3 1/3
Vem sl 2= 1)t {2 (2] 1 >
5] u, u, U, Por

This inequality (and the results shown in the tables) brings out
the important fact that the criterion for whether a meteorite
impact should be considered a ‘surface burst’ or a ‘deep burst’
depends not only on the materials involved (through pq,,./po
and through the ratio v,/u,, which we have shown in Table 2

23)
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Fig. 7. Penetration of 1-km-diameter meteorites. Shallow penetration (less than the radius of the projectile) occurs
only for impacts of ice into iron and for the slower impacts of ice into diabase and the geologically unlikely event of a

diabase meteorite hitting an iron target.
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Fig. 8. Normalized pressure (X = P/K,) versus normalized radius (R = r/r;). Attenuation curves are shown for initial
pressure ratios ranging from 1 to 500. The curves are for n = 5, with ranges for n = 4 and n = 6 shown at the right. The
dashed curve is approximately the result of Gault and Heitowit [1963]. The dash-dotted curves are fitted to the form X oc R*
for three proposed values of a: —2 as suggested by Cooper [1973]; —3.6, the intermediate value preferred by Dence et al.

[1977] and the nearest to fitting our model; and —4.5, a very
trial craters [Dence et al., 1977].

to be relatively independent of v, but which does depend
strongly on the lithologies) but also on the impact velocity
(through the term c,,/u, in the above equation, but since u, is
proportional to v, the dependence is really through v; in this
term). Thus although the common assumption is that icy bod-
ies (comets) will give surface bursts, we see that at the root-
mean-square approach velocity of 24.6 km/s the penetration
depth for icy bodies, though shallow by comparison with that
of iron meteorites, is sufficiently great to allow a subsurface
burst model to be used.

Table 3 shows scaled depths of burst p (derived from the ex-
pression p/[E]", where Ej is the meteorite kinetic energy) for
our standard impacts of a diabase meteorite. The values range
from about 0.21 to 0.56 m (kg TNT)” and are somewhat
deeper than the value of 0.10 (converted to metric units) used
by Oberbeck [1977] to yield the best morphologic similarity of
impact and explosion craters. The value of p obtained is also
deeper by about 60% than depths calculated by Trulio [1977]
using a considerably different model.

Stage 3: Rarefaction and Attenuation
(Figures 5b and 8)

The rarefaction and attenuation stage is taken from the end
of stage 2 until the shock has decayed below a few kilobars
(the stress at the crater rim). The duration of this stage is ap-
proximately r/c,, where r is the final crater radius and c, is the
velocity of sound in the compressed target. For our 1-km me-
teorite this phase lasts approximately 1 s.

A modified Charters-Summers, Gault-Heitowit model is

steep attenuation also compatible with observations of terres-

proposed for calculation of attenuation of the shock wave
with distance from the center of the impact. The model is
shown schematically in Figure 5b. Spherical divergence of the
shock wave is assumed for deep-centered impacts, and hemi-
spherical divergence for shallow-centered impacts. Because of
the spherical symmetry assumed in this model the same atten-
uation model applies to either spherical or hemispherical ex-
pansion.

Assume that the energy which has been delivered to the tar-
get during stage 2 of the impact is distributed at all times uni-
formly in a compressed sphere behind the shock wave, S (this
is the basic assumption introduced by Charters and Summers
[1959] and used by Gault and Heitowit [1963]). Then the total
energy in the system, E, is the sum of the (equal) kinetic and
internal energies:

4 4 |4
ET=?1Tp013P(Vo—V)=§'mJP(l—70) (25)

where V, = 1/p,. Here all properties refer to target properties,
so the subscript ¢, as in p,,, is dropped.
For a Murnaghan equation of state

K[(Vo)
-5 ( V) 1] (264)
or
V (Pn ~t/n
70 = (Fo l) (26b)
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the total energy becomes
—1/i
Eem S eor[i- (0]

As this energy spreads over a larger volume as the shock di-
verges, the differential energy dE for a small radius change dr
is

—1/
ddET—4m2l1—(—+1) ][P+5d—P
P [(Pn - dP
_PKo'[(FoH) ]?

The internal energy added to a mass of material is given by
the area under the Rayleigh line (the straight line connecting
the initial state at (P,, V,) with the final state at (P, V) (see
Figure 5¢)). The internal energy regained during isentropic
expansion is given by the area under the release adiabat. As is
discussed in Appendix B, we now assume that the Hugoniot is
an adequate approximation to the release adiabat. The spe-
cific waste heat AE,, is the area between the Rayleigh line and
the release adiabat:

@

28)

AE, = %P(Vo— V) —/VPdV (29)
Now
1=(1/n)’
[rar-Ratmle -
Vo -n
+ V1l —n) (%"—+ 1)-”" - —n)Vo] (30)
Therefore
1 2K, V, Pn —1/
AE, = 5[”’“ Kolo ]["(K* 1) "]
KOVO Pn 1—(1/n
—n(l—n) 1- Fo+l) ] @31)

Therefore the waste heat deposited in a shell of thickness dr is

dE,, 2K, —1/
ar { [PV0 . VO] 1—(—+l) ,.]
KOVO —(1/n
Ya-nl' Tk ) 1} 2
Equating (28) and (32),
Pn 1/ r dP
4’"“‘2,“) "][ Pz

4 , Pl(Pn U™ gp
K'WJEO[(FO+1) 1*;
1 1/
=—4'rrr2{5l ol [y _ (2= ) "]
—(1/n
* i (_“) 1

It is convenient to normalize the pressure to P/K, = X and the
radius r/r, = R. Then, from the above equations, dX/dR is

(33)

ﬁ_ _ 1 1 —1/n l_ l —1/n
dR..[ 5 X+ 3 XXn+ 177+ — = —(Xn+1)

+ n(l l_n) [(nX + 1)'-0/» — 1]]

-1
. [? [l—@X+ 1)+ X(nX + 1)““‘/"’]} (34
If an initial value of X, denoted by X,, is specified at any ini-
tial value of R, denoted by R,, this equation can be numeri-
cally integrated to give the shock attenuation (Figure 8). Note
that the bulk modulus appears only in the nondimensional
pressure X, so that different values of X, can correspond either
to high initial pressures due to high impact velocities or to low
bulk moduli for soft targets. The effects on the attenuation
rate of altering the parameters X = P/K, and n are shown in
Figure 8. Variation of n over the range 4-6, which spans the
parameter for most materials, has negligible effect. Therefore
in terms of the nondimensional pressure and nondimensional
radius the attenuation curves for high-velocity impacts pro-
ducing a given value of X in a soft target and a low-velocity
impact producing the same value of X in a hard target are
nearly identical; however, the value of r, (defining the volume
in which the initial energy is placed) is different in the two
cases.
A near-field approximation can be obtained for X > 1, not-
ing that for n = 4-6(5), nX is also greater than 1:
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. Fig. 9. Geometries of calculated peak shock pressures for impacts

into three targets. Note the relative penetration depths, initial peak
pressures, relative positions of the 2-kbar isobars, and the nearly
equal sizes of the melt zones (indicated by the patterned zones).
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Figs. 10, 11.  Cross sections of model impacts into a hard rock and volatile-rich target. These figures are a composite of
inferences from field observations and the calculations discussed in the text. The shape of the contours is estimated from
various detailed computer models mentioned in the text, but their radial position is based on the one-dimensional calcu-
lations described. Stage 4 (excavation and ejection is shown in Figures 10a-10c and 11a-11c; stage 5 (ejection and external
flow) is shown in Figures 10b-10d and 115-114; stage 6 (modification) is shown in Figures 10d and 114; and the final
configuration of the craters prior to erosion is shown in Figures 10e and 11e. (a) Note the extensive fracturing of the rock
which probably occurs as the shock propagates. Note also that permafrost is accelerated to higher velocities than granite.
(b) As ejection proceeds, the higher velocities and lower viscosities of the more intensely shocked debris result in separate
flows of gas, melt, and fractured debris. These units become extensively mixed on a scale of millimeters by intrusion of the
gas and melt into less shocked materials and by turbulence in the flows. The large volume of steam greatly enlarges the
screen of ejected debris from the permafrost impact. (¢) As flow proceeds, it becomes bounded by a parabolic cavity which
is assumed to be defined by a 2-kbar isobar at the margin and the 250-kbar isobar at the base. Slightly deeper excavation
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would probably take place in the volatile-rich target owing to steam formation below the 200-kbar isobar. The granite cra-
ter probably would be excavated to a high-pressure surface less deep than the permafrost target owing to the higher
strength of the granite and the higher postshock velocities of the permafrost; thus the 2-kbar isobar is arbitrary. Mixing of
gas with melt and melt with less shocked debris is probably very effective by this point in the cratering process, much of
the melt may begin to cool and resorb fragmented rock, and the silicate vapor will begin to condense on the melt and frag-
mented rock with which it is mixed. (d) Toward the end of the process the moving ejecta consists of the materials on ballis-
tic trajectories. This material will strike and excavate ejecta on a small scale, further mixing constituents derived initialty
from a range of shock pressures. (¢) A composite of the final stratigraphy of the craters. Because erosion has removed the
uppermost deposits in all terrestrial craters, the top of the ejecta and fallback is not well characterized petrologically. The
reader may compare the generalized sketches here with the more detailed model of Stiffler [1977, p. 453] to visualize the
resulting stratigraphy for the Ries.
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For example, at R= 1, for X=4and n=5, dX/dR = —15.)
A far-field approximation can be obtained for X <« 1:

(36)

(For example, at R = 5, for X = 0.016, dX/dR = —0.0096.)
Integration of (35) shows that in the near-field region the
normalized pressure decays as
X oc R+3n/(l—n; (37)
For the most common value of n = 5 the pressure decays as
R in the near field, and the dependence will be between

R73%% and R~* for materials with normal bulk modulus behav-
ior. The dependence changes to

X o< R (38)

in the far field and is, to first order, independent of n.

It should be emphasized that at some point the spherical (or
hemispherical) symmetry assumed fails to represent realisti-
cally the near-surface conditions because the effect of rarefac-
tions from the free surface is not accounted for. Therefore our
model cannot predict the differing rates of attenuation along
the axis of symmetry and the free surface obtained in two-di-
mensional models, such as those of Orphal [1977]. Our calcu-
lated attenuation rates should most closely match those ob-
tained along the axis of symmetry or, generally, away from
the free surface, although at high pressures for deeply buried
meteorites (say, about 500 kbar in the examples shown in Fig-
ure 9) the influence of the free surface on the shapes of the
isobars may be small.

In comparing these calculated attenuation rates with field
and laboratory work and with other theoretical models we
note that there are large variations in published values. Data
cited by Cooper [1973] and Ahrens and O’Keefe [1977] on the
rate of attenuation around contained and surface nuclear ex-
plosions suggests that P < R~2 Field observations at impact
craters give a wide range of attenuation rates. Robertson and
Grieve [1977] in discussing the attenuation based on observa-
tions of deformation features, particularly in quartz at Charle-
voix and Slate Islands, argue for P oc R>-R~>%. Data for sam-
ples at the base of Brent call for an uncorrected P o< R~
curve. Attenuation rates are inferred from field observations
of samples around large craters by restoring the samples to
their position at the time of passage of the shock wave, and
because the bottoms of large craters have all been displaced
owing to extensive collapse or other modifications late in the
cratering process, the derived attenuation rates depend criti-
cally on the model used to restore the crater geometry. For ex-
ample, Dence et al. [1977], using the same data as Robertson
and Grieve [1977], concluded that rates of R~>-R~** are most
reasonable by using a slightly different restoration model;
rates as low as R~ can be derived for Brent [Robertson and
Grieve, 1977]. Stdffler [1977, p. 454] believes that the near-field
attenuation [for P > 100 kbar] was at least as rapid as R~2".

Attenuation rates derived from theoretical models span
nearly as broad a range as the field estimates, although the ab-
solute values tend to be lower. Purely geometrical attenuation
of au elastic (for example, acoustic) wave without absorption
results in P oc R™', If the energy is evenly deposited through-
out a sphere which continuously expands, the attenuation
would be P oc R>2, The Gault and Heitowit [1963] model for
low-speed impact (6.25 km/s) of aluminum into basalt yielded
the values shown in Figure 6. This model, derived, as is ours,

KIEFFER AND SIMONDS: ROLE OF VOLATILES IN IMPACT CRATERING

by using a Charters-Summers approach, matches ours for
R/R, = 1-2 but falls off to about R~? in the far field. For a
very high velocity impact, Ahrens and O’Keefe [1977] calculate
very low rates (P oc R~°?) of attenuation in the near field and
rates increasing to about R~ faither out. We note in passing
that field and theoretical models give attenuation rates span-
ning 2 orders of magnitude in the exponent of the radius.

Table 4 lists the distances from the center of the crater to se-
lected peak pressure isobars for the impact of our standard 1-
km diabase meteorite on the various targets. Table 3 lists esti-
mates of the volume of rock melted or vaporized for the same
impacts and estimates of the total size of the crater produced.
The melt and vaporized volumes are minimum estimates, as
they are based on peak pressure isobars that are at the upper
end of proposed melting ranges for each target material. The
melting of diabase was taken to occur at 1000 kbar, the value
for total melting of Lonar Crater, India, Deccan Trap basalt
[Kieffer et al., 1976b]. We take 750 kbar as the limit of total
melting for granite (Stdffler [1972] suggests 600 kbar for in-
cipient melting). Melting of dry porous quartzite or quartz
sand was estimated to be at about 600 kbar and is estimated
for permafrost at about 400 kbar. A range of peak isobars for
the bottom and sides of craters is given in Table 3, with pre-
ferred values (marked with double daggers) selected accord-
ing to the criteria discussed in Appendix C. The volumes ex-
cavated were calculated from the volume of a paraboloid
[after Dence, 1973] formed by rotating a function of the form
Y = aH? + b about a vertical axis, where Y is the distance
from the center line to a point on the outside of the excava-
tion, H is the depth, and a and b are constants. The volume of
the craters is 1.67r,2H,,, where H,, is the depth and r,, is the
radius. We give volume estimates for a range of plausible bot-
tom and rim pressures (see Appendix C). We note that an un-
certainty of 150 kbar [Dence et al., 1977; Grieve et al., 1977; Si-
monds et al., 1978b] in bottom limiting peak pressure (100-250
kbar) has a small effect on the excavated volume. However,
variation in limiting rim pressure from a value of 2 kbar to the
20-kbar level preferred by Dence et al. [1977] greatly reduces
the volume excavated, because the volume varies as R?> and
the difference in distance between the 2- and 20-kbar isobars
is large. For crystalline rocks the percentage melt calculated
for a crater based on a 250-kbar bottom isobar and a 2- or 1-
kbar rim isobar approximately matches the percentage melts
calculated by Grieve et al. [1977] from studies of large craters
in crystalline rocks. Use of the 10- or 20-kbar isobar for the
rim diameter results in calculated melt fractions being much
higher than field estimates, suggesting that even a 10-kbar
peak pressure for the rim of hard-rock craters may be too
high. The relative positions of various key isobars are shown
in Figure 9 for the standard impact into diabase, dry Coco-
nino sandstone, and permafrost. The comparable sizes of the
melt zones in all three cases are easily seen, as well as the
rather large differences in position of the low-pressure, crater-
bounding isobars.

Examination of Table 3 and Figure 9 provides an answer to
the first part of our basic question: Are the differences ob-
served in melt abundance at craters in crystalline and sedi-
mentary rocks due to differences in the melting behavior of
the rocks or to the fate of the melt? In terms of volume of melt
produced (rather than percentages) the calculations show that
the wet and dry sedimentary rocks yield more melt on impact
than the crystalline targets; for example, a diabase meteorite
striking diabase or granite at 24.6 km/s yields 4-5 km® of
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melt, whereas in dry Coconino sandstone or permafrost the
yield is 6-8 km® of melt. We state this conclusion in terms of
actual melt volume rather than percentages so that it is inde-
pendent of model values for crater volume, which are subject
to much more uncertainty than the model volumes for melt.
Nevertheless, there are no field or theoretical data to suggest
that craters in sedimentary rocks are more than 1 order of
magnitude larger than their energy-equivalent counterparts in
crystalline rocks; thus even in terms of melt fraction the sedi-
mentary targets should have approximately (within 1 order of
magnitude) the same fraction of excavated volume melted.

There remains the paradox that impacts into sedimentary
rocks should produce as much or more melt than impacts into
crystalline rocks, yet there is a virtual absence of melt in the
sedimentary target craters or melted sediments at the targets
with thick sediments overlying crystalline rocks. We conclude
that processes going on after passage of the rarefaction (stages
. 4-7) must disperse the melted and decarbonated sediments
and render them unrecognizable or deposit them as a thin su-
perficial layer which has been eroded from even the freshest
terrestrial structures.

Stage 4: Excavation and Flm;’ Within the Crater
(Figures 10a-10c and 11a-11c)

As the rarefaction passes through the target during stage 3,
it decompresses the shocked material, rotates the direction of
particle motion from radially away from the meteorite and
into the ground to tangentially outward (parallel to the crater
floors and walls), and accelerates the particles into ballistic
trajectories (Figures 10 and 11). For very simple substances,
such as aluminum, the velocity obtained in the rarefaction
(denoted as u, ) is twice the shock particle velocity [ Walsh and
Christian, 1955]:

U, = 2u,

This approximation can be applied to some dense crystalline
rocks and even to dry porous rocks at pressures of a few hun-
dred kilobars [e.g., Ahrens and Gregson, 1964], but important
departures occur for wet soils [Anderson et al., 1966; Anderson,
1967]. In particular, materials containing water undergo large
expansions accompanied by high velocities due to vapor ex-
pansion when they are shocked to pressures above 100 kbar.
For example, dry soil shocked to 300 kbar has a particle veloc-
ity of 3 km/s in the shock state and releases with a velocity of
approximately 5.7 km/s, whereas wet soil shocked to the same
pressure has the same particle velocity in the shock state but
releases with a particle velocity of approximately 7.3 km/s
[Anderson et al., 1966, Figures 3-10 and 3-11].

The duration of this stage is approximately &'/2u,, where &’
is the slope distance rock must travel to leave the crater and
2u, is the approximate particle velocity in the rarefaction. For
our standard impact, &’ ~ 7 km, and u, = 10'-10* m/s, so the
stage lasts a few minutes. During this time the major processes
which must be considered are (1) movement and internal mix-
ing of rock, melt, and gas and (2) heat transport by radiation,
conduction, and mass transport.

By this time the flow fields are no longer well described by
the spherically symmetric model, and we have modeled our
flow fields (shown in Figures 10a-10c and 11a-1lc) in part af-
ter the numerical models for flow within impact craters
[Bjork, 1961; O’Keefe and Ahrens, 1975, 1976] and shallow
buried explosion craters [e.g., Oberbeck, 1977; Orphal, 1977,
Maxwell, 1977] and in part on field observations which reveal
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complexities superimposed on the basic flow pattern predicted
by the numerical models. The basic flow pattern is outward
movement of a series of concentric shells of progressively less
shocked and slower moving rock. Through the rarefaction
wave and reflection of the flow field from the rigid bottom of
the cavity the motion of most material is upward and out-
ward. Thus the basic flow patterns predicted by computer
models would give a series of stratified ejecta shells in which
material initially separated by great distances remains rela-
tively separated in the flow.

However, significant deviations from this simple pattern are
implied by (1) the observed microscale chemical homogeneity
of impact melts from large craters, such as Manicouagan [Flo-
ran et al., 1978], West Clearwater [Simonds et al., 1978b], Po-
pigai [Masaitis et al, 1975], and the Ries [von Engelhardi,
1972], where large-scale lithologic differences present in the
target rocks are not apparent in the melt sheet; (2) the admix-
ing of relatively unshocked and cold crystalline debris into the
melt sheet; and (3) the presence of mixed debris units contain-
ing unshocked and shocked crystalline rocks, melt fragments,
and pieces of meteorite [Shoemaker, 1963]. All of these obser-
vations imply that material initially at different horizontal and
vertical distances from the center of the impact is mixed to-
gether. Although some of this mixing undoubtedly takes place
after the ejection of the material from the crater into different
ballistic .trajectories, some must also take place during flow
within the crater because the material is flowing along the
transient cavity boundary, which is not at a specific isobar but
cuts across isobars (see Figures 10c and 1lc). Grieve et al.
[1977] and Phinney et al. [1978] argue that the mixing takes
place largely at the boundary of the transient cavity and that
the Reynolds number is likely to be quite high there.

The mixing of the relatively cold unshocked fragments into
the melt rapidly decreases the temperature of the melt and
causes local to total quenching. Simonds [1975], Simonds et al.
[1978a), and Onorato et al. [1976, 1978] estimate that this
quenching can occur in less than 100 s. In the case of Ma-
nicouagan, at least 40% of the mass of the final melt sheet con-
sists of clasts of (anhydrous) crystalline rocks admixed during
the flow. This admixing, with partial digestion of the cold de-
bris, changes the shock-produced melt unit from a relatively
homogeneously shock-melted unit to a clast-laden melt sheet
and increases the volume of the sheet over the volume of
shock-melted rock by the amount of clasts added. The phys-
ical effect of the admixing of clasts is to raise the viscosity of
the melt by both rapid cooling and mechanical interactions
between the clasts and the clasts and melt. However, even
with the admixture of 40% by weight clasts the melt sheet at
Manicouagan still flowed and formed a sheet with an igneous
texture. The chemical effect of admixture of this large number
of clasts is also significant. It might be expected that because
of admixing, melt composition would not exactly match base-
ment rock composition (depending on the relative sources of
the melt and clasts) and that the modes of mineral clasts in the
melt or even in glass bombs would be different from those of
the crystalline basement modes. D. Stoffler (personal commu-
nication, 1979) has called our attention to these effects in the
Ries melt and glass bombs [Stoffler, 1977, pp. 183, 184; Pohl et
al., 1977].

The effects of admixing relatively dry crystalline rocks and
wet sediments or carbonates into the melt will be quite differ-
ent, as can be seen by considering Figure 12. The proportion
of inclusions required to cause quenching of the melt depends
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Fig. 12. Enthalpy versus temperature for crystalline rocks. Solid
silicates plot along the line shown. Melting adds a significant amount
of latent heat shown, but far less than that required for vaporization
of water or carbonates.

on the enthalpy of the resulting mixture. (It also depends on
the relative sizes of the clasts, but this mainly affects the rate
of quenching; we consider here only the limiting case of total
heat transfer during mixing.) Consider in Figure 12 the en-
thalpy-temperature relations for anhydrous silicates, carbon-
ates, pure water, and a hypothetical water-saturated sediment
containing 10% water by mass. The following calculations ap-
ply to sediments containing unbound water, i.c., pore water.
The heat content of typical anhydrous silicates rises smoothly
to the melting point; the latent heat of melting is typically
about 25% of the heat required to reach the melting point
from ambient conditions. Thus if anhydrous rocks are mixed
into melt, equilibration of the hot melt with the cold in-
clusions occurs solely by increasing the temperature of the in-
cluded fragments. In contrast, water, wet sediments, or car-
bonates have low-temperature phase changes with large latent
heats of vaporization, and equilibration of the cold clasts with
the melt sheet will cause vaporization as well as heating. The
enthalpy of pure water rises smoothly to 100°C, where there is
a large increase of heat content because of the large latent
heat of vaporization. Thus the addition of, say, 10% water to a
dry rock appreciably increases the heat content of the system
at a given temperature (Figure 12). An appreciable fraction of
the heat in the system is stored in the volatile phase. Similarly,
for carbonates, e.g., calcite, an appreciable fraction of the heat
content is stored in the gas phase at temperatures above the
decarbonation temperature. Consideration of ice in per-
mafrost would make only a small change in the graphs be-
cause the latent heat of fusion is small in comparison to the la-
tent heat of vaporization.

The enthalpies of the water-bearing and carbonate systems
are so high that a much smaller proportion of admixed sedi-
mentary rock than of anhydrous crystalline rock is required
to quench the melt to subsolidus temperatures. Thus the proc-
ess of admixing superheated melt with sedimentary rocks will
not result in as large an increase of melt sheet volume as the
admixing of superheated melt with crystalline rocks. How-
ever, because we estimate that the increase of melt volume by
admixture of crystalline rocks is about 40%, this process could
account for only a difference of about 50% in the comparative

volumes of melt sheets from crystalline versus sedimentary
craters. This is not nearly sufficient to account for the 1-2 or-
ders of magnitude difference observed in the field. In neither
case does this process directly destroy the melt produced by
the shock; that is, at stage 4 in the cratering process there are
still several cubic kilometers of melt flowing out of the crater
of our model impact. However, in the case of a crater in crys-
talline rock this volume is being augmented by about 50% by
crystalline rock inclusions, but in the case of a crater in sedi-
mentary rock this much rock cannot be included before the
melt unit is quenched. If more inclusions are picked up, they
are admixed into a quenched, relatively solid unit rather than
a fluid melt unit. We will propose below that during stage 5
the admixing of melt with sediments is accompanied by the
production of vast amounts of gas (both from the included
sediments and from sediments shocked to high pressure) and
that the volume expansion of these gases upon release to low
pressures is the mechanism by which the shock-produced melt
unit is dispersed around craters in sedimentary rocks and is
one mechanism by which suevite is formed.

The apparent facility with which melt mixes with less
shocked fragmented cold rock suggests that the vaporized
rock subjected to peak shock pressures over 2000 kbar may
also become mixed with cooler material surrounding it. The
higher postshock particle velocities and lower viscosity of
gases than melt implies vastly higher Reynolds numbers and
more turbulent flow. Such mixing would probably condense
the vaporized silicates (if not H,O and CO,) and may virtually
eliminate the effects of an expanding cloud of rock vapor, as
was discussed by Rehfuss et al. [1977]. Mixing of the vaporized
rock and meteorite back into the solid debris which lands
back in and around the crater might also increase the overall
fraction of the projectile’s kinetic energy which goes into heat
within the crater.

Stage 5: Ejecta and Fallback
(Figures 10b-10d and 11b-114d)

The ejection of material from the crater and the fall of rock
back into the cavity begin during the excavation stage and
then continue for several minutes after the excavation is com-
plete for an impact on the scale of our model event (Figures
10 and 11). Most of the experimental data on hypervelocity
impact ejecta paths are derived from photographs of ejection
of debris after impact of small projectiles traveling at less than
10 km/s at the Ames Research Center’s vertical gun range
[Gault et al., 1968; Oberbeck, 1977, Oberbeck and Morrison,
1976]. In these events, ejecta is thrown out through a restricted
range.of angles from the vertical (36°—44° in the experiments
illustrated by Oberbeck and Morrison [1976]). The material
derived from the center of the crater is ejected at higher veloc-
ities and slightly lower angles than the material from nearer
the rim. The ejecta expands outward during and after the for-
mation of the crater. On a larger scale, Shoemaker [1963]
demonstrated that the ejecta first laid down on the rim is that
from the top of the target stratigraphy and that it is progres-
sively overlain by brecciated material from the lower units. By
this process an overturned flap and rim deposit sequence are
laid down.

We wish to discuss here particularly the role of the volatiles
at this stage of the cratering process, referring the reader to
the papers mentioned above as well as numerous others for
discussions of the rock behavior. Volatiles can be produced
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from at least three sources during an impact: (1) vaporization
of silicates at pressures in excess of 1000 kbar, (2) decarbona-
tion of limestones at pressures in exesss of ~400 kbar, and (3)
vaporization of H,O at pressures in excess of 100 kbar. Before
proceeding further with a discussion of stage 5 we discuss
briefly the behavior of bound and unbound water and carbon-
ate.

The behaviors of bound and unbound or ‘free’ pore water
during shock compression and release are strikingly different.
The decomposition of hydrous minerals and, presumably, the
release of the water bound in these minerals occur at pressures
only slightly below those required for the onset of melting of
rocks. Biotite, which shows signs of shock deformation, in-
cluding kink bands, at only a few tens of kilobars, does not
decompose until about 450 kbar [Stdffler, 1972]. Amphiboles
(at least in the presence of melted feldspar or quartz) show
shock-induced twinning at 50 kbar, but decomposition does
not take place until about 450 kbar [Stiffler, 1972]. Thus the
range between decomposition of the common hydrous sili-
cates and onset of single-crystal or whole-rock melting is
fairly small. Data on the pressure required to fuse granite to-
tally do not exist at present; however, data for melting of ba-
salt from the Lonar, India, impact crater suggest that melting
begins at 600 kbar and is not complete until over 1000 kbar
[Kieffer et al., 1976b; Schaal and Hérz, 1977]. We assume that
the pressures are somewhat (perhaps 100-200 kbar) lower for
melting of granites because the constituent minerals are more
compressible and therefore are subjected to higher internal
energies and temperatures at a given shock pressure.

Melt rocks from craters in quartzofeldspathic gneisses at
Manicouagan and West Clearwater are rarely vesicular and
typically yield analyses of about 2% water [Floran et al., 1978,
Bostock, 1969; Simonds et al.,, 1978b). These low water con-
tents are less than those required to saturate totally fused
magmas at pressures over 1 kbar [Carmichael et al., 1974]. Al-
though the load pressures on the melts are probably less than
1 kbar, the melt may not vesiculate if it is only slightly over-
saturated. At Manicouagan the melt did reach saturation and
formed micropegmatite patches and quartz veins when the
melt was about two-thirds crystallized [Simonds et al., 19784].
The West Clearwater melt may also have formed a free vapor
phase slightly later in the crystallization sequence [Simonds et
al., 1978b]. We conclude that crystallographically bound wa-
ter is (1) generally released only from rocks shocked to high
pressures, comparable to those required for partial melting of
the rock containing the minerals, and (2) generally not an im-
portant component of the active volatiles in the impact proc-
ess. We therefore need only consider pore water and CO,
from the decomposition of carbonates as mechanically ‘active’
volatiles.

Because typical porosities are 10-20% in the rocks consid-
ered, ‘free’ water is much more abundant than crystallo-
graphically bound water. Petrographic observations and high-
resolution transmission electron microscope observations on
weakly, moderately, and strongly shocked Coconino sand-
stone from Meteor Crater, Arizona, have demonstrated that
such free water interacts with both the shocked minerals and
the shock-produced melt [Kieffer et al., 1976a]. The observa-
tions are restricted to the system quartz-water, but similar
phenomena should be expected for any system in which hot
water reacts with the crystalline material or dissolves in melt.
Rock-water interactions are apparently negligible below ~100

167

kbar in weakly shocked Coconino sandstone. However, in
rocks shocked to pressures above 100 kbar but below those re-
quired for melting (~250 kbar), hot water vapor reacts with
quartz, coesite, and stishovite crystals to form an amorphous
froth which occurs near or within regions that were the sites of
pore water in the unshocked rock. The froth occurs in cracks
within the quartz grains and around grain boundaries of coes-
ite and stishovite. The froth must have formed late in the
shock event because it occurs in and around grains of the
high-pressure phases and because the delicate vesicles could
not have withstood high pressure. The cryptovesicularity of
the froth and the irregularity of the vesicle shapes suggest that
it was produced by the violent separation of a gas phase (wa-
ter vapor) from a liquid phase (water with dissolved silica) by
“fritting.’

Observations show that at pressures where melt is produced
(>250 kbar for Coconino sandstone) the water and SiO, melt
formed a supercritical fluid phase at high pressures [Kieffer et
al., 1976a]. Upon decompression, water exsolved from this
mixture, resulting in the formation of spherical vesicles which
pervade the lechatelierite. It should be emphasized that these
vesicular areas encompass areas which originally contained
many (dry) quartz grains and (wet) pores. Therefore the water
was absorbed and mixed into silica melt over distances of a
few millimeters. Simultaneously with vesicle formation, coes-
ite crystals nucleated and grew in the glass.

The conclusions from this petrographic evidence are (1)
that H,O is an important volatile phase that influences the
chemical and thermodynamic behavior of a rock-water system
at all pressures above 100 kbar and (2) that water and rock
(i.e., at least quartz and probably rocks in general) interact by
a solution mechanism in the 100- to 250-kbar range and by
supercritical fluid formation at pressures above 250 kbar.
These latter mechanisms tend to reduce the expansion of the
volatile phase from that expected from shocking an isolated
pore water phase.

Decarbonation of limestone, dolomite, or marl should also
produce a free volatile phase. Calculations of waste heat sug-
gest that calcite begins to break down to CaO and CO, at
about 450 kbar and completely decomposes at about 700 kbar.
Shocking of pure carbonates might be expected to result in
the formation of highly reactive oxides, which then recombine
with CO, into carbonates. Decarbonation of impure carbon-
ates should result in the formation of rocks containing natural
‘concrete,’” wollastonite, diopside, tremolite, or other calcium
magnesium silicates. Documentation of such a process is diffi-
cult, and to our knowledge, reports of such materials at terres-
trial craters do not exist except for a report of wollastonite for-
mation around a limestone block at the Ries [von Engelhardt
et al, 1969] where the block reacted with surrounding hot
glass. We suggest that a study of the fate of carbonates during
impact, particularly of the fate of the high-pressure products,
is needed.

Returning now to the discussion of stage 5, consider first the
silicate vapor produced in the very high pressure region close
to the meteorite. Our calculations, as well as calculations for
the flow fields in craters of much larger events, indicate that
large amounts of vaporized silicates are produced. O’Keefe
and Ahrens [1976] suggest that one of the effects of this vast
amount of gas is to accelerate the ejecta out of the crater over
a broad range of angles with no pronounced preferential angle
of ejection. Similarly, the calculations of Trulio [1977] suggest
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that the gas pressure due to vaporized rock can deepen the ex-
cavation of an explosion and can accelerate the ejecta out of
the crater early in the crater-forming process, before the
bounding of the flow by the walls of the transient cavity.
Trulio also emphasizes that the Reynolds numbers in the
ejecta are very large and that all flow will be extremely turbu-
lent. Rehfuss et al. [1977] suggested that great outward di-
rected winds arise from the vaporized silicates and continue to
accelerate the ejecta well after the mechanical formation of the
crater is complete. Jones and Sandford [1977] suggested that
large impacts are accompanied by a fireball which can rise ad-
iabatically at tremendous speed, actually accelerating material
above the earth’s escape velocity. They calculate that inward
directed winds of as much as 300 m/s several kilometers from
the center are required to feed the rising fireball. Such winds
presumably would have some effect on the terminal phases of
the ejection process. Thus a variety of mechanisms related to
the presence of silicate vapor have been postulated for ex-
cavating material out of the crater; existing experimental and
field data only broadly constrain the possible mechanisms.

All of the above mentioned calculations and theories are for
dry crystalline rock targets, which will yield rock vapor only
from regions subjected to peak pressures well in excess of 1000
kbar. The calculations all assume that the silicate vapor does
not interact with or condense on the less intensely shocked,
comminuted material in the crater. Although the existence of
such interactions is hypothetical, the field evidence discussed
above for intermixing of liquid and solid phases strongly sug-
gests that similar mixing of vapor, liquid and solid phases
must also occur. The effect of mixing any of the vapors into
the less shocked material would be to condense some of it and
thus to reduce the expansion that it is able to produce. Thus
the amount of expandable vapor produced and its effects may
be overestimated in models that do not account for such inter-
mixing (this effect is in addition to actual vapor-silicate chem-
ical interactions under stage 4). However, impacts into water-
saturated targets or into carbonates will produce many orders
of magnitude more vapor than impacts into dry crystalline
targets because H,O and CO, vapor are produced throughout
a volume of rock subjected to a much broader range of pres-
sures than can produce silicate vapor (e.g., at all pressures
above 100 kbar for H,O and above 400 kbar for CO, in com-
parison to 800-1000 kbar for silicate vapor production). For
example, the impact of the diabase meteorite at 24.6 km/s
into permafrost, containing 22% by weight of water, will pro-
duce more than 1.75 km? of condensed water inside the 400-
kbar isobar, equivalent to 2100 km? of vapor at standard tem-
perature and pressure. If even only a fraction of that water es-
capes the crater, a massive cloud would be formed. For a simi-
lar impact into carbonate the volume of gaseous CO,
produced at standard pressure and temperature would be 670
km®. Thus although recondensation of the silicate vapor might
preclude the above models from applying quantitatively to
craters in crystalline rock, gas-driven effects as proposed
might still take place during cratering events in <~diments or
limestone.

Although we believe that mixing of rock types and frag-
ments of differing degrees of shock is extensive, the actions of
the vapors produced, at least on the high-pressure zone near
the meteorite, would probably be the most effective on the
materials immediately adjacent to the sites of vapor produc-
tion; that is, CO, gas would accelerate and interact most vio-
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lently with the decarbonated carbonate from which it origi-
nated rather than, say, underlying or overlying bedrock: the
silicate vapor would interact with and accelerate most in-
tensely the melted silicate near it; and the H,O vapor would
interact with and accelerate most efficiently the sediments of
its source region. It is therefore possible that the lack of ob-
served melt or products of decarbonated limestone around the
sediment target craters may occur because these fragments
were blown away with the vapor and could not follow ballistic
trajectories. This is plausible because sediments and carbon-
ates shocked to sufficient pressures for the volatile com-
ponents to be vaporized are usually vesicular, of very low den-
sity (viz., the highly shocked Kaibab limestone fragments or
class 4 Coconino sandstone fragments and lechatelierite at
Meteor Crater, Arizona), and rather small. It is only a slight
extension to note that if such glass fragments were to become
slightly more expanded, they would resemble vesicular vol-
canic ash. Part of such ash would undoubtedly fall back and
be mixed into the ballistically ejected material, but because it
is fine grained and volatile-rich, chemical alteration might
quickly render it unrecognizable. Alternatively, if the material
were to follow the ejection path of the vapors, it might be de-
posited on top of other debris or at the distal edges (particu-
larly downwind) of the event. If this were the case, the missing
6-8 km” of ‘melt’ from the typical crater in sedimentary rocks
would typically form a layer 5 m thick over an area of 20-km
radius. Because all of the known terrestrial craters have un-
dergone much more than 5 m of erosion, there is little chance
of testing this hypothesis. However, an interesting possibility
is that there are enigmatic deposits of bentonite and glass tuff
layers thought to be the remnants of decomposed and fused
sediments about 70 km southeast of the Ries within a se-
quence of Tertiary sediments [Pohl et al., 1977]. They are of
rhyolitic composition (glass recrystallized to montmorillonite)
and are believed by most to be of volcanic origin. However,
the facts that source areas for these volcanic beds are not
known and that their fission-track age corresponds with the
Ries event are suggestive of an association with the Ries. Pohl et
al. [1977] have suggested that they might have formed during
the jetting stage of impact. Under this hypothesis they might
be expected to coincide geographically with the moldavite
tektites, also attributed to the Ries impact. This presents a
problem in that the bentonites occur to the south and east of
the crater and the moldavites occur to the east. An alternative
explanation might be that the bentonite and glass tuff beds
represent some of the highly shocked and fused sediments
from the sedimentary beds at the Ries, transformed to a ve-
sicular, ashy melt, not during the jetting stage of the impact
but in the region between approximately the 500- and 1000-
kbar isobars, and subsequently transported with the ex-
panding volatiles released.

In addition to this postulated glassy ash (which would prob-
ably originate from the vicinity of the 500-kbar isobar) we
postulate that the suevite forms as a result of the interaction of
melted and shocked sediments with large volumes of vapor
derived from them, that is, from any sediments shocked to
pressures above approximately 100 kbar. At the Ries the suev-
ite is in the same stratigraphic position that clast-laden melt
occupies at the crystalline target craters; that is, in both cases
the melt equivalent unit lies on top of a less melt-rich poly-
mict fragmental breccia. In the case of the Ries, outside of the
crystalline ring the breccia is the Bunte breccia, and inside of



KIEFFER AND SIMONDS: ROLE OF VOLATILES IN IMPACT CRATERING

the crystalline ring it is on top of a polymict crystalline
breccia; at Manicouagan and West Clearwater the melt sheet
overlies a discontinuous melt-bearing fragmental breccia.

We suggest that the suevite formed as the original shock-
melted sediments and other sediments shocked to over 100
kbar were dispersed as small fragments owing to the forma-
tion of vast quantities of sediment-derived gas. These frag-
ments were probably transported in a volatile-lubricated flow,
continually fed by expanding gases. Less shocked sediments,
crystalline rocks, and melt bombs derived from the underlying
crystalline basement rocks or from material thrown out on
earlier, but higher, trajectories were continuously included in
the flow. Some of the unique properties of the suevite at the
Ries that suggest involvement of large volumes of volatiles
during transport include (1) the high porosity of the suevite,
(2) the occurrence of degassing vents, (3) an abundance of
clays apparently formed while the suevite was still hot, and (4)
evidence for CO, depletion in reaction rims around limestone
inclusions. D. Stoffler (personal communication, 1979) has
also called attention to the fact that the low melt content of
the fallback suevite (4-6% by volume) cannot be the reason
for the high ‘equilibration’ temperature derived from fission
track studies of various minerals in the suevite and from the
remanent magnetization [Stdffler, 1977]; these high temper-
atures may indicate the involvement of hot gases. We are
greatly oversimplifying the concept of a suevite unit here in
an effort to formulate a generalized process description. As
was demonstrated by Stéffler [1977], the units generally de-
scribed compositely as ‘suevite’ may, in fact, consist of several
units of different melt contents and modes of deposition (e.g.,
suevite inside and outside of the crystalline ring at the Ries).
Our model may apply most specifically to the lower melt-poor
layers of the Ries suevite, described by Stdffler [1977, p. 443]
as being deposited by a ‘ground surge.’

We suggest that the aerodynamically shaped bombs which
are found in most suevites (and, indeed, are included in the
definition of suevite) are incidental inclusions and that these
bombs originate from the nearly anhydrous crystalline base-
ment rocks underlying the sedimentary strata. We envision
that they were thrown up on high-angle trajectories and
landed relatively late in the impact process, to be included in
the flowing and settling suevite, which is also emplaced rela-
tively late because it can originate from sediments shocked to
pressures as low as 100 kbar. Thus in our model for the forma-
tion of suevite the glass bombs are not related to the early-
stage history of suevite formation. Any volatile-containing
target rock that is shocked to pressures sufficient for melting
ends up as a suite of hydrated minerals in the suevite rather
than as an anhydrous glass fragment as a result of either
shock-rarefaction-associated heating or penecontempora-
neous hydrothermal alteration. The glass bombs must have
originated from (nearly) anhydrous rocks external to the rocks
that formed the suevite.

We should reemphasize that whereas we consider suevite to
be stratigraphically equivalent to a melt sheet in that (1) it
originates at comparable pressures and initial distances from
the meteorite and (2) the sequence of ejection of materials
shocked to various pressures is more or less preserved until re-
lease to quite low pressures so that the relative order of ejecta
is preserved, the suevite is quite different from a melt unit in
that (1) it includes material shocked to pressures as low as the
limiting pressure for H,O vaporization, approximately 100
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kbar, and (2) its mode of transport may be greatly altered at
low pressures by volatile expansion.

Stage 6: Mechanical Modification
(Figures 10d and 11d)

Mechanical and chemical modification of the crater prob-
ably takes place while the excavation and movement of melt
are still in progress. Penecontemporaneous slumping and wall
collapse are common at all terrestrial craters, and central up-
lifts are present in craters in crystalline rock greater than 5 km
in diameter and in craters in sedimentary rock greater than 2-
3 km in diameter. Impact melt begins to crystallize immedi-
ately because of quenching by the finely subdivided clastic de-
bris which it contains. Such crystallization can be initiated in
10-100 s in craters such as Manicouagan [Onorato et al.,
1978], thus rapidly resulting in a large increase in the melt vis-
cosity. The melt does, however, appear to retain sufficient
fluidity to flow around irregularities associated with the
slumping and rebound (e.g., at Manicouagan and West Clear-
water [Simonds et al., 1978a, b]). Our sketches (Figures 10 and
11) show modifications which we believe occur within a few
minutes, but we do not know the extent to which the various
processes are completed.

Melosh [1976] pointed out that the collapse of the relatively
modest slopes associated with a transient crater requires fail-
ure of rock as if it had a coefficient of internal friction of only
a few degrees instead of the 30°-40° characteristic of a wide
range of granular and solid natural materials. Hughes et al.
[1977] suggested that there is extensive seismic shaking after a
cratering event, and this may be a mechanism for producing
the required physical properties. This hypothesized behavior
of the crater walls is inconsistent with the static mechanics of
any known type of rock or ground that is not saturated with
fluids. Thus if the effect of the seismic activity were to set up
vertical accelerations which may be of the order of the accel-
eration of gravity or more, downward accelerations might ef-
fectively relieve the gravitational compressive stresses and al-
low the material to fail. Such a mechanism would be
insensitive to the type of target rock or the presence of vola-
tiles, a fact required by the solar-system-wide occurrence of
crater modifications.

There is no doubt that the presence of pore fluid enhances
slumping and collapse, just as high pore pressures promote
landslide and slumps on a smaller scale [van Terzaghi, 1945].
Moore [1976, p. B34] showed that pore pressures only slightly
exceeding the lithostatic load have an appreciable effect in
wall modifications of missile impact in sediments containing
water.

Stage 7: Hydrothermal and Chemical Alteration

Most terrestrial craters show the effect of the movement of
groundwater into the impact breccias. Many of the less eroded
craters, such as Meteor, Ries, East Clearwater, Brent, and
Boltysh (see Table 1 for references), have lake or marine sedi-
ments filling part of the cavity. Studies of the melt sheets at
Manicouagan and West Clearwater [Simonds et al., 1978a, b}
demonstrate that some water does move into the impact-
formed melt sheet, oxidizing and hydrating the more reactive
minerals and glass. At the Ries, degassing vents (Figure 1b)
indicate that hot vapors, presumably steam, escaped from the
suevite. The timing of these alterations and influx of water is
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not well established in most cases. However, at the Ries the
rapid activity of hydrothermal water during cooling of the
suevite is also indicated by the characteristic way of alteration
of melt products and by the typical paragenesis of montmo-
rillonite, analcime, and certain zeolites [Stdhle and Otte-
mann, 1977; Stiffler et al., 1977]. In the case of West Clear-
water, Phinney et al. [1978] also established that the
hydrothermal alterations took place at a temperature of sev-
eral hundred degrees Celsius, implying that the groundwater
influx took place before the rocks could cool.

CONCLUSIONS ON PLANETARY CRATERING

The generalized model for the cratering process developed
above can be used to discuss impact craters not only on the
earth and the moon but on the other planets and their satel-
lites, providing one can specify the projectile type, target type,
impact velocity, and whether or not the planet in question had
an atmosphere. We believe that the calculations of attenua-
tion, peak shock pressure, and penetration can be used with
some confidence in predicting the distribution of peak shock
pressure in the target, impact melt volumes, and the volume of
impact-produced gas. We place less confidence in calculations
of crater volume, because, as is discussed in Appendix B, the
criteria that determine the size of the excavation are not well
understood and selection of peak shock pressures character-
istic of the bottom and rim of craters on the earth is difficult.

Radius to the 100-kbar isobar for the impact of a 1-km-diameter meteorite at velocities from 6.25 to 24.6 km/s.

These criteria may change with gravity on other planets.
However, we do have a qualitative understanding of differ-
ences in the mechanics of excavation and melt transport as a
function of target type. The major parameter appears to be
the target’s ability to yield H,0, CO,, or other relatively vola-
tile species (e.g., SO,). Impacts yielding these gases are likely
to induce gas-driven transport of impact melt and other in-
tensely shocked materials, dispersing the highly shocked ma-
terials over a wide area. In contrast, targets such as terrestrial
crystalline rocks, which yield gas only from materials shocked
to pressures well over 1000 kbar, will show a much more re-
stricted distribution of the intensely shocked materials. In cra-
ters in the crystalline targets much of the melt is confined to
sheets not extending much beyond the crater rim in its modi-
fied form.

Effects of Projectile Type

Peak shock pressures (Figure 9), calculated by using the
simplified representation of the Hugoniot, show substantial
variation with meteorite type. Stony meteorites produce pres-
sures between those induced by iron and ice meteorites. Cal-
culation of the position of a selected isobar (for example 100
kbar in Figure 134a) reveals that the radius to that isobar is
greater for a 1-km-diameter iron object than for a 1-km stone
or ice object. However, if the calculation is done for meteor-
ites of the same mass, hence the same kinetic energy at a given
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Fig. 135. Radius to the 100-kbar isobar for the impact of iron, diabase, and ice meteorites of mass equivalent to a I-
km-diameter diabase meteorite. The increased diameter of the ice meteorite has a greater influence than the lower peak
pressure that its impact induces, compared to the denser meteorite types.
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Fig. 14a. Volume of impact melt produced by the impact of 1-km
ice, diabase, and iron meteorites at 6.25, 17, and 24.6 km/s. Volumes
are calculated from the radii to the following isobars: permafrost, 400
kbar; dry Coconino sandstone, 600 kbar; granite, 750 kbar; and diab-
ase, 1000 kbar. The volume of melt produced by each projectile is
dominated by the minimum pressure required to induce melting; i.e.,
the lower the melting pressure, the larger the volume of melt. Thus
the sedimentary targets yield more melt.

velocity, the pattern is reversed (Figure 135): the impact of an
ice meteorite produces a larger volume shocked to 100 kbar
than that of an equally massive nonice meteorite. Thus for
events of equal energy the increased volume of the low-den-
sity meteorite results in better coupling with the ground,
which overrides the effect of the greater peak shock pressure
induced by the denser objects. A similar dependence of im-
pact melt volume on projectile type is shown in Figures 144
and 14b.

Encounter velocities for objects with orbits similar to earth-
crossing asteroids are over 19 km/s for all planets in the inner
solar system. Shoemaker [1977] calculates impact velocities of
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34.2 km/s with Mercury, 27.3 km/s with Venus, 24.6 km/s
with the earth, 21.7 km/s with the moon and 19.0 km/s with
Mars. Peak pressures of at least 4000 kbar are generated by
stony (diabase) objects striking even low-density, low-bulk-
modulus targets, such as sand, at 19 km/s. Thus for the terres-
trial planets, impact-induced peak shock pressures are more
than adequate for melting substantial quantities of any target.
Low-density objects such as comets, which are typically in
more eccentric orbits than stony asteroids and which would
have even higher encounter velocities, should be particularly
effective in producing impact melt.

Penetration Mechanics

The calculations of penetration depths presented in Table 2
and Figure 7 indicate that at 24.6 km/s, even ice meteorites
penetrate substantial distances and that all impacts can be ap-
proximated by a subsurface burst model. Surface bursts are
appropriate, however, for slower impacts of ice and per-
mafrost meteorites into rock. In the former (subsurface) case,
spherical expansion of a shock from the apparent ‘depth of
energy deposition’ is an appropriate model; in the latter (shal-
low) case, hemispherical expansion of a shock is more appro-
priate. However, the very eccentric orbits of most comets
would result in higher encounter velocities than those for
earth-crossing asteroids. Since the rms impact velocities for all
the inner solar system exceed 19 km/s, the subsurface burst
model should be usable for the terrestrial planets and their
satellites (Figure 7).

The model calculations place the center of the melted zone
well below the surface of the ground (see Figure 9, for ex-
ample). (Although in our idealized model the melt zone does
not extend all the way to the surface rocks, in a real impact,
rock would be melted and vaporized along the whole pene-
tration path of the meteorite.) Field evidence supports the
model idea that the melt zone is centered at some depth be-
cause in craters such as the Ries, Popigai, and Lake St. Mar-
tin, which involved both a thick sedimentary cover and under-
lying crystalline basement, the recognizable melt
geochemically matches the underlying bedrock and not the
sediments.

The plug-shaped mass of sediments which must be pushed
ahead of the penetrating projectile is not apparent geochemi-
cally either intermixed with the melt or as a separate debris
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unit. However, the sedimentary plug in front of the meteorite
should not form more than a few percent of the total volume
melted. Such low percentages of sediments are difficult to de-
tect geochemically and may be present in the melts from the
craters but at very low concentrations. The plug may be partly
volatilized in high-velocity impacts and partly dispersed dur-
ing ejection, further hindering its detection.

Finally, the agreement of our calculated crater depths
(which are quite dependent on the model used for penetration
depth) with observed estimates of depths of transient cavities
based on field observations is surprisingly good, given the sim-
plicity of the model. The depths are compatible with pub-
lished estimates for the Ries [Pohl et al., 1977] and Manicoua-
gan [Sweeney, 1978]; however, when we scale our model down
to the size of Meteor Crater, Arizona, the estimated depth is
shallower than the measured depth [Shoemaker, 1963].

Volume and Form of Melt Deposits

The variations in mode of occurrence of melt in various
types of terrestrial targets can be used to predict modes of
melt occurrence on other planets. We conclude from study of
published work on 32 terrestrial craters that melt sheets occur
only in craters penetrating crystalline rocks with little or no
sedimentary cover compared to the depth excavated. We fur-
ther conclude that the fraction of the excavated volume which
is recognizable melt in the terrestrial sedimentary craters is far
less (as much as 2 orders of magnitude) than the 1-5% of melt
that is characteristic of craters in crystalline rock. However,
our modeling indicates that sediments should be melted to a
greater extent than crystalline rocks. We propose that the res-
olution of this apparent paradox lies in the hypothesis that
sediments are in fact melted to the same or greater degree as
crystalline targets but that the resulting melt is no longer rec-
ognizable in the sedimentary craters. We conclude from this
study that melt sheets are not found around craters in volatile-
rich sedimentary rocks because steam from pore water and
CO, from the breakdown of carbonates expand enormously
and widely disperse the melted silicates, thus preventing for-
mation of a melt sheet. Much of the melt and decarbonized
limestone from the sediments may become fine ash which
could be easily dispersed over a wide area. If such a material
forms the upper deposits of a crater, it could have been eroded
from all the terrestrial structures, since all have been subjected
to at least several tens of meters of erosion. The melt found
around craters in sedimentary rocks occurs as glass or crystal-
line lumps encased in less shocked debris and fine, often clay-
rich matrix. Such breccias are often termed suevites in the lit-
erature. We suggest that these units are the stratigraphic
equivalent of the melt sheets found in the crystalline target
craters, although their mechanism of deposition is almost cer-
tainly quite different from that of the melt sheets owing to the
large amount of gas evolved and the probably much lower
temperature of the unit at the time of emplacement.

Crater Size and Impact Melt

The simplest and most direct application of our work to the
study of the planets is to compare the range of rock types
which we have studied with the surfaces of the various plan-
ets. Studies by Cintala et al. [1977] suggest that both the
smooth plains and the cratered plains of Mercury are covered
with a hard coherent rock much like the mare surfaces of the
moon or the terrestrial crystalline targets. Samples of the
moon have demonstrated, and infrared data and cosmic con-
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densation modeling of Mercury suggest, that these planets are
effectively volatile-free. Thus we would infer that both planets
would contain craters with melt sheets and that the craters
would be a bit smaller than those in highly fractured debris,
although the magnitude of the effect is only a few percent in
crater radius. The large craters in the dry, poorly consolidated
lunar highlands should also yield melt sheets in accord with
orbital observations and observations of the high abundance
of melt in the Apollo 14, 16, and 17 collections [Simonds,
1975; Simonds et al., 1977, Warner et al., 1973].

On the other hand, Viking observations of Mars have sug-
gested that volatiles are present on or near the Martian sur-
face. Carbonates, water ice, CO, ice, and H,0- or CO,-satu-
rated soils would all have a strong effect on Martian cratering
mechanics. For all of these cases we would expect (1) a gen-
eral absence of lunarlike melt sheets on Mars, (2) a cratering
process quite different from lunar impact processes, and (3)
where H,O occurs in the surface soil [Biemann et al., 1977],
the possibility that the claylike soil of Mars [Toulmin et al.,
1977] may be in part the result of hydration of our hypothe-
sized impact ash, perhaps made extremely reactive chemically
by the effects of ultraviolet radiation [Soderblom and Wenner,
1978].

For the case of H,O in the Martian soil or on the Jovian sat-
ellites we can speculate somewhat more quantitatively about
the behavior of the water during impact. In Figure 15 we
show an inferred Hugoniot for Martian conditions on an en-
tropy-density graph for water (see Kieffer and Delany [1979]
for details of entropy-density representations of Hugoniots
and Appendix A of this paper for a discussion of the Hugoniot
and release adiabats). The Martian Hugoniot, on the left of
this figure, was obtained by taking the STP Hugoniot of liquid
water, shown on the right, subtracting the entropy required to
center the Hugoniot as ice at 0°C and then subtracting the en-
tropy required to center the Hugoniot at the Martian surface
temperature of 220°K. It is assumed that all shock states differ
by the same entropy. On this graph, release adiabats are as-
sumed to be isentropes and therefore vertical lines. The Mar-
tian surface pressure is about 6 mbar; thus a Hugoniot cen-
tered at 1-bar pressure corresponds to ice initially under about
20 m of overburden (at density 1.5 g/cm?), not surface ice.
However, for discussion of large impacts, the 1-bar Hugoniot
is probably representative of much of the ice phase in the
Martian soil.

Consider first ice which is released totally to Martian sur-
face pressure, 6 mbar. If the ice is shocked to less than about
30 kbar, it will decompress totally into the solid + vapor (S.
+V) field and therefore sublimate to form a gas phase (the fate
of all ice released to the surface pressure). This would perhaps
correspond to ice near the periphery of a crater shocked to
low pressures. Ice shocked to between 30 and about 100 kbar
will decompress into the three-phase solid + liquid + vapor (S
+ L + V) field and form a liquid as well as a vapor phase. Ice
shocked to pressures above 100 kbar will decompress through
the two-phase (L + V) field to give a liquid + vapor mixture,
which could begin evaporating as the pressure falls. Ice
shocked to more than 500 kbar may enter the two-phase (L +
V) field on the right-hand side of the critical point, with vapor
condensing to give a two-phase (L + V) mixture. Extrapola-
tion of the Martian Hugoniot suggests that only at pressures
well above 1000 kbar will the released gas remain entirely va-
por. Thus liquid water could be produced from any part of a
Martian impact where the shock pressure is greater than 30
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kbar, and vapor would be produced by any release to surface
pressure because the Martian surface pressure is so low. Note,
however, that if there is any overburden pressure on the
ejecta, vapor production will be suppressed. Current cratering
models are not detailed enough for us to specify the over-
pressure on various parts of the ejecta throughout the crater-
ing process. However, if the debris lobes which form the ram-
part craters are more than 20 m thick, the overpressure on the
volatile phase in those lobes is continuously 1 bar or more. In
this case, if the texture of the debris lobes indicates a liquid
component and if that liquid were H,0O, we might suggest, on
the basis of Figure 15, that the liquid came from that part of
the cratering event where shock pressures were greater than
100 kbar. Between 100 and 200 kbar, release to 1-bar pressure
would produce a liquid phase only; at higher pressures, liquid
and vapor are both produced. Although such an analysis is
necessarily somewhat speculative at the present time, as geo-
logic constraints on the impact units become available, such
analyses should provide reasonable constraints on the sources
of the units.

Cratering of the low-density icy satellites of Jupiter (Gany-
mede and Callisto) should produce vast quantities of melt
(water) and gas. Ice should be melted at about 100 kbar, and
impact into ice at high velocities yields approximately 5 times
more melt than would be produced from diabase or granite
targets (see Table 4). The abundant steam generated should
drive the water out of the crater and spread it over a wide area
in a manner similar to the transport mechanism that we pro-
pose for our instantly produced impact ash and clay in silicate
targets. (Impacts into ice would probably result in huge snow
or rain storms, depending on the ambient pressure and the
initial temperature of the ice.) Because we hypothesize wide-
spread dispersal of the melt derived from volatile-rich terres-
trial targets, we expect relatively little of the material shocked
to over 100 kbar to fall back into a large crater in ice.

Planetary Heating and Degassing

Kaula [1978] discussed the importance of the fraction of im-
pact energy retained during accretion in determining plan-
etary thermal evolution. Besides the normal energy partition-
ing during the compression and rarefaction stages of the
impact event, heat transfer during the excavation and ejection
stages is important in determining the fraction of meteorite ki-
petic energy that eventually resides in the target. Heat trans-
ferred into the volatile phases, for example, by ingestion of
wet sediments or carbonates into the melt, can potentially be
removed from the ground if the gas leaves the ground and es-
capes into the atmosphere or space. The magnitude of the en-
ergy transferred by gas escape cannot be predicted because we
have no model for how much of the gas produced will be im-
mediately recondensed on unshocked, essentially cold debris.
We would infer that remixing is rapid and that a substantial
fraction of the gas is recondensed by analogy with the rapid
mixing of melt with the cold clasts. It is even possible that car-
bon dioxide from the breakdown of carbonates may partially
recombine with CaO and MgO during the excavation process.
The processes of gas recondensation and clast admixture into
melt produced will both tend to confine the impact-induced
heating within the planet rather than in ejecta which can cool
by radiation. The relative importance of radiative heat loss
from gas and condensation and cooling of impact-produced
silicate vapor and melt by mixing with colder debris is not
easily evaluated.
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Fig. Ala. Pressure-volume Hugomot and calculated release adia-
bats (data from Riney et al. [1970]) of water. At shock pressures
greater than 50 kbar the release adiabats enter the two-phase field.
(Figure from Kieffer et al. [1976a], reprinted with permission of
Springer.)

Repeated impacts into targets with abundant H,0 and CO,
could substantially alter the radial distribution of these mate-
rials in a planet. Primitive planetary surfaces have been satu-
rated with impact craters which have reworked the planets to
an average depth of several kilometers [Horz et al., 1976;
Short and Foreman, 1972]. On volatile-rich planets, impact
fracturing and heating could assist in releasing a gas to form a
primitive atmosphere, although the efficiency of this process is
unknown. Even if the recondensation of released volatiles is
very efficient, the cumulative effect of repeated impacts on. ac-
creting planets would be to continually transfer volatiles to-
ward the outer surface because in each event volatiles are re-
leased from depths shocked to, say, 100 kbar and then either
released completely or redeposited near the surface with
ejecta. By this process, volatiles might be enriched toward the
outer layers of a growing planet.

APPENDIX A: BEHAVIOR OF VOLATILE-FREE AND
VOLATILE-CONTAINING ROCKS UNDER SHOCK

Hugoniot data on dry crystalline rocks are relatively abun-
dant [e.g., Ahrens and Gregson, 1964; McQueen et al., 1967].
The Hugoniots of most crystalline substances are charac-
terized by a low-pressure-phase regime (to a few hundred
kilobars), a mixed-phase regime (to about 500 kbar), and a
high-pressure-phase regime (at higher pressures). Through
compression and phase changes, the crystalline rocks are typi-
cally compressed to about 0.55 of their initial volume by 1
Mbar and to 0.35 or 0.40 of their initial volume by 5 Mbar
(Figure Ala). Release adiabat data are relatively scarce, but a
few generalities can be assumed from single-crystal data [Ah-
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rens and Rosenberg, 1968). Upon release from pressures in the
low-pressure-phase regime the decompression curves appear
to represent decompression of the low-pressure phase and fol-
low the shock Hugoniot quite closely. Upon release from the
mixed-phase regime the release adiabats apparently reflect de-
compression of a metastable mixed-phase assemblage, possi-
bly with some inversion to low-pressure phases. Upon release
from the high-pressure-phase regime the release adiabats usu-
ally show inversion of the high-pressure phase to a low-pres-
sure assemblage. In comparison to the behavior of the volatile
materials discussed in the next section the overall volume
changes and the volume changes across phase changes of the
dry crystalline rocks are relatively small.

The behavior of volatiles is much more complex, and exist-
ing equation-of-state data on volatile-rich materials are frag-
mentary and often do not cover the range of pressures or ma-
terials necessary for an adequate description of hypervelocity
impacts. However, enough data exist on various volatiles and
volatile-rich materials (air, water, wet porous playa, carbon-
ate) to allow some generalizations to be made. In this section
an attempt is made to synthesize the existing data into a con-
sistent model for volatile behavior under shock compression
and adiabatic release.

Both air and water in pores affect their behavior under
shock loading and release. Kieffer [19754] summarized exist-
ing laboratory and field data on the behavior of air in the
pores of terrestrial soils in an attempt to understand the for-
mation of ‘instant rock’ by shock compression. This model ac-
counts for (1) observed petrographic properties and densities
of shock-lithified material from missile impact craters at
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Fig. A1b. Hugoniot of water from 40 to 450 kbar un an entropy-
density graph. Release adiabats, if they are assumed to be isentropes,
are vertical lines on this graph. The saturation curve is the heavy
curve separating the one-phase field (liquid or vapor) from the two-
phase (liquid + vapor) field. Isobars (generally trending toward the
upper left) and isopleths of constant mass fraction (generally trending
toward the upper right, but bending over near the saturation curve)
are shown. From an expanded graph such as this it is possible to read
the mass fraction vaporized at any pressure on release. For a larger
graph, see Figure 15, and for further details, see Kieffer and Delany
[1979].
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Fig. A2. P-V Hugoniots (solid curves) and release adiabats (dot-
ted and dashed curves) for wet and dry Nevada test site (NTS) mate-
rial of initial density 1.55 g/cm? (data from Anderson et al. [1966]; fig-
ure from Kieffer [19754], reprinted with permission of D. Reidel).

White Sands, New Mexico, and from Meteor Crater, Arizona;
(2) observed petrographic textures of lunar soil and lunar soil
analogs experimentally shocked to known pressures in labora-
tory experiments; (3) theoretical calculations of the behavior
of air and water under shock compression; and (4) measured
Hugoniot and release adiabat data on dry and wet terrestrial
soils and lunar regolith. Kieffer proposed that terrestrial soils
form shock-lithified breccias if shock pressures are below
about 50 kbar but are fragmented, rather than lithified, if
pressures are in the range 100-200 kbar (10-20 GPa) because
pore pressure due to shock heating of air and/or water in the
pores exceeds the strength of the lithification mechanisms
available in this range of pressures. At pressures above 200
kbar, lithification of porous samples can occur because the
formation of intergranular glass or high-pressure phases at
these pressures provides a lithification mechanism which has
sufficient strength to withstand the pore pressure generated by
shock heating. The same general sequence was found by
Stoffler et al. [1975], although they assigned higher pressures
to the range of lithification; this may have been because they
used dry sand, whereas the natural soils studied by Kieffer all
probably contained some H,0 which would affect the lithifi-
cation process.

The pressure-volume behavior of water under shock heat-
ing is summarized in Figure Ala. The Hugoniot data for wa-
ter were obtained by Rice and Walsh [1975]. Release adiabats
have not been measured, but those calculated by Riney et al.
[1970] from an assumed equation of state are shown. An alter-
native way of examining the shock equation of state of water
is shown in Figure 15, which is a plot of entropy versus den-
sity for water and for the Hugoniot states of water [Kieffer and
Delany, 1979]. An expanded version of this graph is shown in
Figure Alb. Release adiabats of a liquid or gas can be as-
sumed to be isentropes [Kieffer and Delany, 1979] and are
therefore vertical paths on such a plot. From this plot the
mass fraction vaporized upon release from any pressure can
be read from the isopleths plotted in the two-phase field. Hu-
goniot states less than 40 kbar are not shown on the plot be-
cause those states and their release adiabats lie entirely within
the single-phase liquid field. Incipient vaporization occurs
upon release from 50 kbar [Riney et al., 1970; Kieffer and De-
lany, 1979]. Upon release from pressures up to 275 kbar, par-
tial vaporization occurs (continuous equilibrium is implicitly
assumed). For example, using Figure 8 of Kieffer and Delany,
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[1979], one can see that upon isentropic release from 60 kbar,
vaporization begins at approximately 2 bars of pressure, and
about 6% of the liquid is vaporized by decompression to 1 bar;
upon release from 100 kbar, vaporization begins at 10 bars,
and about 20% of the liquid is vaporized by decompression to
1 bar. Similar behavior occurs to 275 kbar, from which de-
compression is through the critical point (221.29 bars, 4.47 X
107 ergs g~' K™') and 50% of the liquid is vaporized upon de-
compression.

Upon decompression from pressures greater than 275 kbar
the behavior differs. The compressed liquid expands isentropi-
cally around the critical point into the vapor phase, and as de-
compression brings the material to pressures lower than the
critical pressure, a part of the vapor condenses to give a liquid
fraction. For example, from 300 kbar, liquid begins con-
densing at about 220 bars, and nearly 50% of the vapor con-
denses. From 500 kbar, liquid begins condensing at 75 bars,
and approximately 20% of the vapor condenses. At shock
pressures of the order of 1 Mbar the unloading isentrope may
remain entirely in the vapor-alone region at all pressures
greater than 1 bar (entropies greater than 7.4 X 107 ergs g™'
K™"). At all pressures the formation of a two-phase fluid is ac-
companied by enormous expansion of the volatile phase upon
decompression.

The only shock and release data available for wet granular
materials over a wide range of pressures are the data on wet
Nevada test site playa material shown in Figure A2 [from An-
derson et al., 1966]. This playa material is a silica-rich deposit
and therefore shows some features in common with the sedi-
ments of interest at cratering locales. In Figure A2 the curves
on the left or bottom are for dry soils and exhibit the charac-
teristic behavior of dry, porous materials which, at high pres-
sure, undergo a phase change to a dense phase (generally be-
lieved to be one with silicon in six-fold coordination) and then
revert to an expanded phase upon release. This behavior
(shown on the release adiabat from ~270 kbar) has been in-
terpreted to reflect melting or inversion of the high-pressure
phase. The curves on the right or top are for wet playa. The
release adiabat from the 280-kbar state in the wet material
shows the initially steep decrease with pressure characteristic
of the high-pressure phase but then shows a large increase in
specific volume at low pressure; there is considerable experi-
mental uncertainty in the detailed form of this release curve.
Anderson et al. [1966] attributed the expansion to vaporization
of water, and this interpretation is consistent with the behav-
ior of water shown in Figure Ala. Our coiclusion then is that
the behavior of wet materials during release from shock com-
pression above about 100 kbar is dominated by the water, not
the rock, component. In an actual cratering event the effect of
water shows up as a change in the energy-diameter scaling
relations—craters in water-saturated sediments are typically
20-50% larger than their energy equivalents in dry soils (some
unknown part of this enlargement is due to differences in me-
chanical strength at low pressures). This effect was recognized
by Higgins and Butkovich [1967], and the influence of water in
rocks on the effects of underground nuclear explosions was
modeled reasonably successfully by Butkovich simply by
treating wet soil as a two-component system in which there
was no interaction between the rock and the water. This
model is called the water boost model. (Note that the pet-
rographic observations described in the text show that the as-
sumption of no water-rock interaction is not valid at pressures
above which water is vaporized.)
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The only equation-of-state data available on carbonates are
the data of Ahrens and Gregson [1964] on calcite, marble, and
limestones to pressures of about 300 kbar and the data of Ka-
lashnikov et al. [1973] on calcite, dolomite, magnesite, and wet
and dry chalk to pressures of about 1.2 Mbar. Release adia-
bats of these substances have not been measured, and there-
fore no information is available about decarbonation upon re-
lease. The Hugoniot data indicate that calcite is intermediate
between a granite and a diabase in its shock compression
characteristics, i.e., that carbonates resemble crystalline rocks
as far as shock compressibility. We estimated the pressures re-
quired to cause decarbonation as follows: We assumed that
decarbonation occurred if the release temperature at 1 bar ex-
ceeded 894°C, the temperature at which calcite breaks down
to CaO + CO,. We assumed that the release adiabat of calcite
was the same as the Hugoniot (only from pressures lower than
those at which decarbonation begins) and assumed that all
waste heat (given by the area between the Rayleigh line and
the Hugoniot) was retained in the calcite. An energy of 9 X
10% ergs/g is required to bring calcite to the temperature at
which breakdown begins; this is reached at about 450 kbar;
the latent heat of the breakdown is 16 x 10° ergs/g, and this
additional energy is supplied by shock to 700 kbar; therefore
we take 450-700 kbar as the range of pressures required for
partial to total decarbonation of calcite. This simple model ig-
nores phase transitions reported at 30, 45, and 95 kbar in cal-
cite [Ahrens and Gregson, 1964], but latent heat subtractions
arising from these phase changes would be approximately
compensated for by offset of the release adiabats to lower vol-
umes, and therefore to some degree, offsetting approximations
have been introduced.
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APPENDIX B: SIMPLIFIED REPRESENTATION OF
HUGONIOTS AND RELEASE ADIABATS

Because of the volume changes which occur across phase
changes it is not possible to represent accurately the shock
Hugoniots and release adiabats of all of the substances of in-
terest by the type of simple, universally applicable equation of
state required for a comparative study such as this. We have
therefore made two simplifying assumptions:

1. Shock velocity (U,)-particle velocity (u,) data (to as
high a pressure as data are available) can be fitted with a
straight line which will give an equation of state which repre-
sents first-order effects in compressibility adequately. A single
straight line is drawn through low- and high-pressure data.
This line is represented by

U,=co + su, (B1)

where ¢, is constant (not to be confused with the sound speed
of the low-pressure phase (see below)) and s is the slope of the

averaged U-u, curve. ‘Effective bulk moduli’ (K;) and ‘bulk

moduli pressure derivatives’ are obtained from
Ko = ci’po (B2)

(B3)
[after Ruoff, 1967], where p, is ambient density. Fitting of the
data in this way allows us to use a simple and convenient
Murnaghan equation for the Hugoniot and release adiabats:

(-1

In this equation, P is the pressure, V is the volume, and V; is
the volume at ambient pressure, assumed to be 1 bar.

n=4s—1

r=X
n

(B4
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Pressure-volume relations from (4) using the values of bulk modulus and derivative given in Table 2. For

most of the materials, measured data would lie on these lines; measured data points for the worst fit cases (Coconino sand-

stone, granite, and diabase) are shown.
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TABLE Bl. Parameters Used for Equation of State
Po, Co> KO’
Material g/cm km/s s kbar n Reference and Comments

Iron 7.86 3.80 1.58 1135 532 Altshuler et al. [1978]

Aluminum 2.75 5.30 1.37 772 4.48  Gault and Heitowit [1963]

Diabase 3.00 448 1.19 602 3.76  McQueen et al. [1967]

Basalt 2.86 2.60 1.62 193 5.5 Gault and Heitowit {1963]

Granite 2.63 3.68 1.24 357 394 McQueen et al. [1967]

Calcite (‘carbonate’) 2.67 3.80 1.42 385 4.68 Kalashnikov et al. [1973]

Permafrost (water saturated) 1.96 251 1.29 123 4.15  Anderson [1967] (100% saturated frozen sand)

Coconino sandstone 2.00 1.50 1.43 45 4.72  Shipman and Gregson [1971] (note Figure 4, which shows
that these parameters slightly overestimate compres-
sion at high pressure)

Dry sand (1) 1.60 1.70 1.31 46 4.24  Braslau [1970] (these values are used in the model)

Dry sand (2) 1.65 1.00 1.42 16.5 4.66  Anderson[1967] (for comparison with values of
Braslau [1970], above)

Ice 0.91 1.28 1.56 15.02 5.23  Anderson [1967]

Water 1.00 1.48 1.60 22.00 540 Rice and Walsh [1957] (for comparison with ice, above)

Parameters co, 5, Ko, and n represent ‘effective’ moduli representing behavior averaged by fitting linearly to U,-u, curves over a wide range of
pressures (see text). They do not represent the moduli of the low-pressure phases except in the accidental case where there are no phase changes

or the phase changes represent minor volume changes.

Although phase changes are approximately accounted for
in the overall compression, the parameters ¢,, bulk modulus
K, and pressure derivative n so obtained do not represent the
sound speed or bulk moduli of either the low-pressure initial
phases or the high-pressure shock state phases except in acci-
dental cases where there are no phase changes. Rather, they
represent average equation-of-state parameters which repro-
duce known pressure-particle velocity and pressure-volume
data to less than 10% and therefore allow calculation of bulk
thermodynamic properties and extrapolation of measured
data. The equations of state used and their relation to mea-
sured data are shown in Figure B1. Only in the cases of water,
ice, aluminum, iron, and perhaps calcite, for which either
there are no high-pressure transitions in the shock state or for
which the transitions have very small volume changes, do the
parameters obtained from equations (B1)-(B3) give the cor-
rect moduli of the low-pressure phases. The parameters and
moduli used for the representative substances are given in
Table Bl.

2. The release adiabats are adequately approximated by
the Hugoniot. The Hugoniot is a good approximation to re-
lease adiabats for metals or materials which do not undergo
phase changes characterized by large volume differences [e.g.,
Waish and Christian, 1955; McQueen et al., 1967]. On the
other hand, for high-velocity impacts such as those considered
here, silicate materials are generally shocked into high-pres-
sure phases. (Very complex release adiabats characteristic of
materials which can undergo both phase changes to denser
phases under shock compression and to highly expanded va-
por phases upon release are shown in Figure A2.) The release
from these states generally lies not along the Hugoniot but
along an adiabat characteristic of the high-pressure phase,
with reversion at 50-100 kbar to an expanded low-pressure
phase [Ahrens and O’Keefe, 1971]. The release from the high-
pressure phase will generally follow a P-V curve which lies be-
low the averaged Hugoniot derived above; the reversion to the
low-pressure phase will generally cross over the Hugoniot de-
rived above, to lie above it at low pressures. In a general way,
therefore, the averaged Hugoniot used in this model accounts
for an ‘averaged’ release behavior, and we do not believe that
serious error results from lack of detail in the release adiabat
descriptions of the solid phases. The processes least ade-
quately represented by this approximation are irreversible

compaction and low-pressure expansion of the volatile phases.
Both of these effects become very important at pressures of a
few to a few tens of kilobars, and therefore calculated attenua-
tion rates at low pressures have relatively large uncertainties,
as do the estimated crater volumes. However, at that point,
much of our process description is based on field results rather
than on theory.

As can be seen from Table Bl and as has been demon-
strated throughout the calculations in the discussion section,
the shock properties of the substances of interest allow them
to be grouped into four classes: (1) crystalline, nonporous
rocks, which, along with the metals, have real or ‘effective’
bulk moduli of the order of hundreds to 1000 kbar; (2) per-
mafrost and wet sands (data not given), which have effective
bulk moduli of the order of 100 kbar; (3) dry sands and sand-
stones with effective bulk moduli of the order of 50 kbar; and
(4) ice (and water) with actual bulk moduli of 15-25 kbar. The
effective bulk modulus derivatives n generally range from 4 to
6, and for many substances, n = 4.5 or 5 is a good approxima-
tion. The lowest value of n found for any substance examined
was n = 2.6 for dunite, and the highest values were n = 5.5 for
the Gault and Heitowit [1963] equation of state for basalt and
5.4 for water.

APPENDIX C: BOUNDARY CONDITIONS ON THE
CRATER FLOOR AND AT THE WALLS

The processes which determine the floor and wall isobars
are complex. Material properties, crater size, particle veloci-
ties (and therefore, ultimately, meteorite impact velocity), and
gravitational field are all important. The reader is referred to
Schock [1977] and Curran et al. [1977] for recent reviews and
syntheses of work pertaining to this subject.

The nature of the target material is important because the
microstructure of the material determines the mode of failure.
Brittle, ductile, and porous rocks all behave differently. Dry
porous rocks behave differently from water-saturated rocks
(and, by inference, from ice-saturated rocks) because in the
former case the failure of the rock is controlled by the strength
of the pore wall but in the latter the compressibility and ther-
modynamic state of the pore fill is also importasit.

In general, rocks are fragmented by stresses comparable to
or greater than the dynamic yield strength, which is a few
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TABLE Cl1. Peak Pressures at Bottoms and Rims of Craters
Peak Pressure, kbar
Bottom Rim Reference
Laboratory Impacts
Granite ~30
Loose sand ~5 Stoffler et al. [1975]
Explosion Craters
Shallow (~3 m) buried megaton 14 Cooper [1977]
event in ‘hard rock’
Shallow (3 m) buried megaton event ~0.5-2  Cooper[1977]
in unsaturated porous rock
Deep (200 m) events in ‘hard rock’ ~1 Cooper [1977]
Deep (100 m) events in unsaturated 0.1 Cooper [1977]

Meteorite Craters

porous rock
Brent (crystalline) >230
Ries (crystalline) >160
West Clearwater (crystalline) 200-250
Charlevoix (crystalline) >225
Lake St. Martin (crystalline) ~150
Gosses Bluff (sandstone) >140

Robertson and Grieve [1977]

von Engelhardt and Graup [1977]

Simonds et al. [1978b]

Robertson [1975]

Simonds and McGee [1979]

using data of Milton et al. [1972]
and Robertson and Grieve [1977]

kilobars. Yet field evidence clearly demonstrates that rocks
which have experienced pressures as high as 200 kbar (see dis-
cussion below) are still nearly in situ in the craters. A particle
is excavated from a crater only if it is accelerated to sufficient
velocity and at an appropriate angle to be ejected beyond the
crater rim. Thus the velocity obtained by the particle, the dis-
tance that it must travel (i.e., the size of the crater), and the
gravitational field that it must work against are all important.
Keeping the gravitational effect in mind for later discussion,
consider here only terrestrial craters.

We have found the data shown in Table C! for bottom and
rim isobars from field and laboratory data.

Although the compilation is by no means complete, it illus-
trates the complexity introduced by both scale and lithology.
Because we are concerned with modeling of large craters, we
have attempted to account for the effect of variation of target
strength on crater volume by using different rim and bottom
isobars based on the field evidence cited above: 10 kbar as the
rim pressure for craters in crystalline rock, 2 kbar for craters
in permafrost, and 1 kbar for craters in dry sand, Coconino
sandstone, or ice. We take 250 kbar as the isobar at the bot-
tom for all craters. We recognize that the data on Gosses
Bluff, Steinheim, and Flynn Creek suggest that this isobar
may be lower for the craters in sediments and discuss the ef-
fect of varying bottom and rim isobars in the text and in Table
3.

NOTATION

coeflicients of paraboloid ¥ = aH? + b fitted to cra-
ter shape.
¢ sound speed.

¢ ¢, sound speed in compressed meteorite and target, re-
spectively.
sound speed at zero pressure in meteorite and tar-
get, respectively.
diameter of uncompressed and compressed meteor-
ite, respectively.

E internal energy.

E, initial energy of meteorite.
E; total energy.
waste heat.

a b
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Y

fraction of the original kinetic energy of the mete-
orite transmitted to the target by the end of stage 2.
fraction of the original kinetic energy of the mete-
orite carried off during jetting.

fraction of the original kinetic energy of the mete-
orite retained by the meteorite during energy parti-
tioning during stage 2, substage A.

fraction of the original kinetic energy of the mete-
orite transferred to the target during stage 2, sub-
stage A.

depth of crater, assumed to be a paraboloid Y =
aH* + b.

adiabatic bulk modulus.

adiabatic bulk modulus derivative.

penetration depth.

ambient pressure and shock pressure, respectively.
radius.

radius of volume (assumed to be spherical or, in a
few cases, hemispherical) of target rock which
would contain all of the initial meteorite energy
partitioned equally into kinetic and internal energy
at pressure P.

original radius of meteorite.

radius of target rock containing energy deposited in
target during stage 2, substage A.

r/r,.

slope of the linear shock velocity—particle velocity
relation

duration of compression stage 2, substages A and B,
respectively.

particle velocity.

particle velocity in the meteorite and target, respec-
tively.

particle velocity attained in the rarefaction.

shock velocity.

shock velocity in meteorite.

impact velocity.

volume at ambient pressure and under compres-
sion, respectively.

'P/K,.

distance from center line of paraboloid ¥ = aH? +
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b fitted to crater shape to a point on the crater wall.
Z scale of irregularity on meteorite 6r ground.
Poms Por  OTiginal densities of meteorite and target, respec-
tively.
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