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Z-MODEL. ANALYSIS OF CALCULATED IMPACT CRATERING FLOW FIELDS IN
GABBROIC ANORTHOSITE, M.G. Austin, J.M. Thomsen, S.F. Ruhl, Physics
International Co., San Leandro, CA 94577; D.L. Orphal, California Research
and Technology, Inc., Livermore, CA 94550 and P.H. Schultz, The Lunar and
Planetary Institute, Houston, TX 77058.

A continuum mechanics computer calculation of the impact of a 62 m

diameter i1 into a gabbroic anorthosite half-space at 5 km/sec
has been ar terms of Maxwell's Z-Model. The method of analysis
is that reg ustin et al. (1) where it was applied to the laboratory-
scale impau uminum projectile into a plasticene clay half-space at
6 km/sec. conclusions of (1) hold here also. At specific times
the Z-Mode: in many ways a good description and analysis of the
cratering | but the Z parameter which characterizes the shape of
the flow f: ie dependent. Time dependence of Z means that the flow
occurs alol endent streamlines so that much of the predictive simpli-
city of the .ow version of the Z-Model is destroyed.

The Maxwell Z-Model has been described previously in detail (1,2,4,5).
An essenti. ~ " of the Z-Model is the regular power law decay of the flow
field part: loci . 1In a spherical polar coordinate system centered
at a flow : enter beneath the point of impact and on the axis of cylindri-
cal symmet: s the radial distance from this center to a given point in the

cratering flow field and © is the angle measured from the vertically downward
direction. The flow field can be described by:

%(e,t) =a (8,nHR 20

[
where R is tal --mponent of the flow field velocity,ais a time-depend-
ent couplii les. ibing the flow field strength; and Z defines the rate
of velocit: vith range, R, Time from impact is t.

The c: m analyzed here was performed by D.L. Orphal =t al.(3)
and is ref: here as the GAl alculation. Previous detailed Z-Model
analysis (. performed for an impact into plasticene clay. This calcu-
lation is 1 to here as the PL1l calculation. Z and a values determined
from least squares fits to the flow fields in the GAl calculation are shown in
Figs. 1 anc 50 msec energy partitioning is complete and the flow
field is we lished and at 400 msec the crater is almost bottomed out.
In the sig fraction of crater formation time in between, Z and « are
very time t.

The f{ lues are within 10 % of the calculation's flow field
velocities flow field center chosen for this analysis to be at a depth
of 60 m o1 ne projectile diameter deep. Other possible flow field
centers we zed every 10 m from O m deep to 200 m deep. Other centers
within ab¢ of the chosen depth gave almost as good fits. Z and «

calculate¢ weew .cSpect to these other coordinate centers show similar degrees
of time d¢ nce.

A con m of average flow field Z values for the PL1 and GAl calcula-
tions is g..... in Fig. 3. The time scales are of course different for these
very differert sized cratering events. Both calculations exhibit Z values
less than : very early times when the cratering flow field is being

established and the presence of the projectile has a significant effect
on it (2). Z increases with time in both calculations. The Z values are

eventually higher for the GAl calculation.
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Figure 3. Comparison of the PL1 and GAl calculated flow fields in terms
of average Z values for the part of the flow field between
® = 0 and 8 = 60 degrees. Time from impact is in microseconds
for the PL1 calculation and in milliseconds for the GAl
calculation.

Applications of Z-Model ideas such as (6) can use the descriptive power
of the Z-Model without assuming that Z, in particular, is time independent.
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THE EXCAVATION STAGE OF BASIN FORMATION, S. K. Croft, Lunar and
Planetary Institute, 3303 NASA Road 1, Houston, TX 77058.

The complex morphological structures of multiringed basins are the result
of a cratering process that may be divided into three stages: 1) a short,
high-pressure stage of initial contact between projectile and the planetary
crust, 2) a longer excavation stage culminating in the formation of the tran-
sient crater, and 3) a still longer (?) modification stage during which the
transient crater is transformed into the observed final geologic form. This
paper considers the natures of the excavation stage and the resultant transient
crater. The high-pressure and excavation stage have been analyzed both empir-
ically (1) and by computer simulation (e.g., 2,3). These analyses indicate
that during the excavation stage, material previously processed by the primary
shock moves in an orderly cratering flow field. The formation of the transient
crater is primarily governed by the nature of the cratering flow field and by
the planet's gravitational field.

THE CRATERING FLOW FIELD: A modification of Maxwell's (4) simple Z-model
appears to provide a reasonable first-order quantitative description of crater-
ing flows generated by impacts of individual, »Jw-porosity projectiles (5).

The simplified model provides insight into both the physics and spatial prop-
erties of the excavating flow. Physically, the flow approximates that of an
incompressible fluid. Streamline shapes are geometrically proportional
throughout the flow and appear to pass without discontinuities through ruptured,
plastic, and elastic portions of the target (2,6). The flow forms in response
to the primary shock and subsequent rarefactions generated at free surfaces,
thereby implying that radical changes in the flow field can only result at
interfaces between zones of sharply differing shock impedences (e.g., at a
solid-1iquid interface). This suggests that a large scale cratering flow field
in a lithosphere-aesthenosphere planetary crust, such as the early lunar crust
(7), would not be greatly different from a flow field completely within the
lithosphere. Significantly different flow fields may occur on planets with
thin, solid crusts overlying liquid mantles. Spatially, the cratering flow is
divided by the streamline passing through the hinge of the ejecta flap into two
portions: an excavated portion that defines an excavation cavity, and a down-
driven portion that forms the walls and floor of the transient crater (5). The
excavation cavity and transient crater resulting from the division of the flow
field are not identical: they have the same apparent diameter (=Dy) but the
excavation cavity is not bowl-shaped, and has a depth of only ~0.1 Dz, signifi-
cantly shallower than the inferred depth of ~0.3 Dy for the transient crater.
The volume difference between the excavation cavity and the transient crater is
driven along streamlines downward and outward, displacing an equivalent volume
of surface material around the transient crater into a structurally uplifted
rim. The heights of rim uplift attained durin the excavation stage are tran-
sient and subsequently collapse — even during the formation of simple craters
(8). Apparently, the rims have dynamically "overshot” any gravitationally
stable configuration.

THE ROLE OF GRAVITY: Streamline shapes, derived from the assumption of
incompressibility and the role of decay of particle velocities behind the
primary shock, are independent of gravity (4). Gravity, however, determines
which streamline will pass through the hinge of the ejecta flap, and thereby
determine the size of the transient crater relative to the flow field (5).

This is the physical basis for gravitational scaling of large craters (9,10).
For every given combination of impact velocity, projectile and target proper-
ties, a strength crater, or zone of destruction, can be defined whose diameter
(= Ds) scales directly with the projectile diameter and consequently, as the
cube root of the impact energy. Similarly for each impact, a gravity-controlled
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diameter may be defined (Dg) that scales according to gravity and to the 1/
power of the impact energy, where o is defined or the gravitational scaling
coefficient (11). Where D, is smaller than D, Dg is equivalent to the tran-
sient crater diameter. It’can be shown that %he ratio of DS/Dg may be given

by : /31

g

where K is a function of o and the transition diameter between strength-scaled
and gravity-scaled craters. Suggested values of o vary between ~3.4 and 3.6.
This implies, as might be expected, that the diameter of the gavity crater
becomes progressively smaller relative to the strength crater with increasing
diameter (11,12,16). Therefore, with increasing gravity and/or increasing
diameter, the streamline passing through the hinge is Tocated relatively closer
to the point of impact. This implies that with increasing diameter, material
comprising the floor and walls of the transient crater experience increasingly
higher levels of shock, and are consequently more highly heated and comminuted,
and possess higher particle velocities than wall materials in smaller craters
(11,12). For strength-gravity transition diameters of a few tens to a few
hundreds of meters appropriate to the Earth and Moon, respectively (13), values
of Dg/Dqg range from ~2 to ~6 for basin transient craters 100 to 1,000 km in
diameter. Thus, at basin dimensions, the transient crater is relatively small
cavity at the center of a much larger zone of destruction whose material the
properties change drastically with increasing range from the point of impact,
and for which the fluid approximation inherent in the Z-model is suggested to
become more appropriate. The geometric similarity of streamlines throughout
the entire flow field (except very near the point of impact), and the indepen-
dence of their shape on gravity imply that no matter which streamline is
determined by gravity to bound the excavation cavity, its geometric cross-
section remains proportionally the same. Consequently, the excavation cavaties
of basins are inferred to exhibit proportional growth.

A depth of excavation of ~0.1 the transient crater diameter inferred from
model cratering flow fields and Timited field observations (5) suggest a
possible constraint on the relation of the transient crater to the observed
multiringed structures: the paucity of recognized samples of the lunar mantle
on the surface around the Imbrium basin sets an upper 1imit on the diameter of
the transient crater of the basin to ~10 x the thickness of the local Tunar
crust, or about 600 to 700 Km. If, however, the ultramafic spinel cataclasite
clast in 15445,177 is indeed a sample of the lunar mantle (ref. 14 suggests it
is a Togical candidate) excavated by the Imbrium impact, then its existence,
plus the Tack of similar samples suggest that excavation extended a very short
distance into the mantle, setting the transient crater diameter near 700 Km.
This diameter is approximately equivalent to the diameter of the innermost
Imbrium basin ring remnants (the peak ring, 11). The peak ring itself is not
considered to be a remnant of the transient crater rim because the highly
fractured rim would probably be lost as a distinct structure during modifica-
tion, but has been proposed as a rebound structure just inside the transient
crater rim (11,15).

In summary, the nature of excavation flow fields and the consequences of
gravity vs strength scaling imply that basin transient craters 1) exhibit
proportional growth; 2) have depths of excavation equal to ~0.1 Dz; 3) are
about 3 to 6 times smaller than their respective strength craters; hence, they
are relatively small cavities inside a much Targer zone of destruction and are
Tined with highly comminuted, high velocity particles; and 4) are surrounded
by a large volume of fractured material whose strength properties increase
significantly with increasing range. In addition, this volume of highly

Ds/Dg =KD
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fractured material is dynamically thrust a significant height above its
original equilibrium position and represents a significant potential source of
energy for driving the modification phase. The nature of the transient crater
and its surroundings at basin scales should not be neglected in construction
of models of ring formation and basin modification because they represent the
boundary conditions from which the final basin structures are derived.
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THE MODIFICATION STAGE OF BASIN FORMATION: CONDITIONS OF RING
FORMATION, S. K. Croft, Lunar and Planetary Institute, 3303 NASA Road 1,
Houston, TX 77058.

Multiring basin structures are the result of a complex cratering process
that may be divided into (a) a high-pressure stage of initial contact between
the projectile and planetary surface, (b) a low-pressure excavation stage
culminating in the formation of the transient crater, and (c) a modification
stage during which the transient crater is transformed into the final observed
form (1). Although later volcano-tectonic modification may be important (2),
the basic structures and morphologies of basin rings are thought to be estab-
lTished during the modification stage. Physical models of particle flow and
ring formation during the modification stage are critically dependent on the
nature of the transient crater, which represents the initial conditions of the
modification stage. Several different states of the transient craters of
basins have been suggested (e.g., 3, 4, 5). However, the following new model
of the transient crater is proposed on the basis of recent analyses of the
cratering flow field (6, 7) and the consequence of gravity scaling and strength
scaling for crater formation (8). At basin dimensions the transient crater is
a deep, proportionally grown cavity at the center of a zone of fractured
material (the strength crater) about three to six times larger than the tran-
sient crater in all dimensions. Strength properties of material in the frac-
tured zone increase strongly with increasing range from the point of impact
because of the decreasing levels of shock experienced by material at increasing
range. Material in the entire fracture zone is in motion and, at the end of
the excavation stage, it is dynamically uplifted.

Forces operating to modify the dynamic material in the fracture zone
around the transient crater include gravity and possibly elastic forces.
Elastic forces may have operated early in the cratering event during pressure
release and generation of volumetric bulking by shock induced fracturing to
produce a "spring action" during dynamic rebound of the crater floor (9).
Elastic forces also may have operated late in the cratering event producing
recoil of material strained along streamlines in the elastic zone surrounding
the fracture zone. Elastic strains are small (on the order of a few percent),
but the volume throughout which such strains apparently occur is an order of
magnitude or two larger than the volume of the transient crater, implying a
potentially significant effect upon release. Gravity pulls fragmented material
downward and subsequently inward toward the transient crater. Because the
fragmented material is significantly uplifted above its initial configuration,
individual particles will collapse in free-fall through a large vertical drop,
gaining considerable kinetic energy before interacting again as a continuous
medium. Such large gains in kinetic energy due to extensive free-fall in a
gravitational field appear to generate the conditions necessary to fluidize
dry, long run-out landslides on the Earth (10). Consequently, it is postulated
that at least the inner portions of the fracture zone fluidize (8). Gravita-
tionally driven collapse of craters in a fluid medium also produces a dynamic
floor rebound that begins before the end of the excavation stage at small
scales (11). The postulated fluidized state of the inner fracture zones of
basins suggests that a similar mechanism can produce rebounds at large diameters.

The evidence for rebound and uplift supplied by terrestrial explosive and
impact craters (which may be the mechanistic result of either elastic or gravi-
tational force) implies a division of the modification flow field into two
zones: an inner zone associated with the gravity-scaled transient crater where
motion is down-up-down, and an outer zone associated with the strength-scaled
fracture zone where motion is simply uplift, then collapse. Both particle
velocities and the extent of fracturing diminish with increasing range, thereby
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implying dominance of fluid or plastic deformation in the center that grades
to dynamic brittle failure farther out.

Another initial condition that has been suggested to be important in
basin ring formation is the thermal structure of the planet at the time of
impact: i.e., an elastic lithosphere overlying a plastic aesthenosphere (12).
This suggestion was motivated in part by an analytic model of ring formation
employing an elastic slab over a liquid or plastic layer (5). Material in the
plastic Tayer is allowed to flow into the transient crater, and failure is
assumed to occur in the elastic slab where stresses are greatest. If the
transient crater model proposed here is correct, the fractured and dynamic
state of material within the fracture zone may raise difficulties with the
elastic-plate model for all rings in this zone, including (see below) the
Orientale Cordillera equivalent rings (though the elastic model may apply in
the elastic zone outside the fracture zone). Conceivably, the location of
failure scarp rings (of which the Cordillera is an example, 8) would be more
influenced by the change of strength properties with increasing range from the
point of impact than by fluid stresses accumulating at depth. Further, the
brittle/ductile transition marking the 1ithosphere/aesthenosphere boundary is
not only temperature dependent, but also rate dependent (13), hence fragmenta-
tion mechanics may dominate over plastic deformation on the short time scale
of shock passage and material failure.

An empirical model of basin formation described previously (8, 14), based
on 1) ring morphology, 2) ring morphometry, 3) volumetric modification
models, 4) gravity anomaly signatures, 5) mass deficiency analyses, and 6)
geology of terrestrial impact craters, interprets origins of specific ring
structures that correlate with the proposed transient crater. Specifically,
the peak rings of basins appear to scale gravitationally and correlate with
the dynamic rebound inside the transient crater, and the Cordillera equivalent
rings appear to be inward facing failure scarps that exhibit strength scaling.
The occurrence and appearance of other rings also fit into the framework
supplied by the proposed transient crater. Although this model of basin ring
formation is still very primitive, it illustrates how initial conditions may
influence the interpretation of ring structures. Clearly, much work remains
to be done in evaluating mechanisms of ring formation, not the least of which
is the determination of the material conditions under which ring structures
originate.
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THE IMBRIUM BASIN: A STRUCTURAL MODEL, R. A. De Hon,
Department of Geosciences, Northeast Louisiana University,
Monroe, LA 71209.

A long history of geologic observation and speculation has
not produced a fully comprehensive and acceptable model for the
origin of the Imbrium Basin (l1-4). While an impact origin for
the basin is universally accepted, controversy still exists
concerning the detailed structure and the origin of some of the
most prominent features. The Imbrium Basin is flooded by mare
basalts and its configuration and structure are known only in
part, yet it served as the type example of a multi-ringed basin
prior to acquisition of Orbiter images of the Orientale Basin.
Orientale, which is less flooded, now serves as a type for multi-
ringed basins studies. Unfortunately, baseline data for the
Orientale Basin is incomplete; hence, Imbrium remains an impor-
tant example in the formulation of basin theory.

An isopach map of the mare basalt within the Imbrium Basin
provides improved understanding of the location and configuration
of the salient buried topography. However, a map based entirely
on estimates of basalt thickness at partially buried craters (5)
is not fully satisfactory due to the small number of clustered
data points. As with any major circular basin, the depth of the
basin precludes preservation of a significant population of
buried craters due to the low crater density and inherent depth
of burial. Thus, the isopach map constructed for Mare Imbrium
involves interpretation of sparse crater data and correlation
of other observations to establish trends and overall thickness
distributions. Data and observations which restrict the model
consist of the following: 1) basalt thickness derived from
partially buried craters; 2) location of the mare contact with
terra materials; 3) location of crest line of the outer mountain
ring; and 4) location of massifs and mare ridges marking the
inner basin rim.

The isopach map (Fig. 1) is characterized by a thick
central lens of basalt surrounded by a ring of moderately thick
basalt. A model of the subsurface topography (Fig. 2) is
constructed by subtracting the basalt thickness from a 12th
degree harmonic model of the surface topography (6). The
resulting paleomorphologic map exhibits a deep central basin
surrounded by a wide shelf. An inner raised ring, approximately
650 km in diameter, separates the central basin from the shelf.
The outer raised rim of the basin is approximately 1350 km in
diameter. The southeast rim of the basin (Montes Apenninus)
averages 9700 m in elevation. The surface outside the basin
averages 6000 m in elevation. The total thickness of the mare
basalt is not measured directly, but it is estimated to be
1500-2500 m thick (7). Hence, the inner basin floor may be
estimated at 2700-3200 m in elevation. The total relief of the
basin before flooding is on the order of 6500-7000 m.
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Figure 1. Isopach map of Mare Imbrium basalt. Isopach interval
is 0.5 km. Crosses mark the location of measured basalt
thickness. Diagonal lines indicate region of unknown values.
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Figure 2. Paleotopography of the Imbrium Basin, Contour inter-
val is 0.5 km, Datum is 1730 km radius vector. Dots mark
crests of inferred rings., Dashed lines are "tear faults" in
rim flap.
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BASIN FORMATION: A MODEL
R. A. F. Grieve and M. R. Dence

(crystalline, sedimentary, volatile-rich?) and there is evidence for erosion
and deposition. If the classification of terrestrial structures was also
based solely on remote imagery of surface characteristics, a similar uncertain-
ty between the presence of a peak and/or ring at given diameters would occur.

THE MODEL: Uncertainties exists in virtually all aspects of basin form—
ation and it is apparent from terrestrial, experimental and model studies that
more than one process can produce ring forms. It is important therefore to
discriminate between general processes and those requiring specific conditionms,
e.g. layered targets or cometary impacts (12, 8). The following model has as
its principal constraint terrestrial data and its major thesis is that basin
(ring) formation is an extension of central peak formation.

The least controversial feature of a basin is the outer rim or main outer
ring (11). Morphological data on lunar MRB's suggest it is a fault scarp
(11, 14). A similar conclusion is reached at terrestrial structures with the
occurrence of a peripheral fault system or graben (8, 15). Remnants of post-
cratonic sedimentary cover occur within this peripheral graben at some complex
structures in shield areas and can be found as close to the center as 0.5
final radius (15). This suggests either the rim of the excavated cavity (EQC)
was < 0.5 final radius or EC was shallow in this outer region. The latter
is favoured in some interpretations of structures in sedimentary targets (8).
The excavated cavity depth (de) is a source of controversy, with arguments
centering on whether or not depth increases proportionally with diameter. It
is our contention that the rocks stratigraphically above the uplifted and
now exposed material at the center of large terrestrial structures were re-
moved by excavation and thus the amount of uplift is a measure of d, (3, 4).
Structural uplift (SU) can be described by SU = 0.06 D%~1, which is approx-
imately equivalent to the de relationship for simple craters, do = 0.15 Dg'gz,
after account is taken of ~ 1007 enlargement in D, in going from simple to
complex forms. This suggests proportional growth for ds, to at least D = 140
km on earth (4).

The question remains whether it is wvalid to extrapolate to structures the
size of Imbrium, where changes in the physical properties of the crust with
depth might play a role in cratering mechanics (23). At face value, the
terrestrial d, relationship, corrected for the effects of gravity (16), sug-
gests an event energetic enough to form Imbrium may have excavated to a depth
of ~ 120 km. This depth is not equivalent to transient cavity depth or depth
of sampling (17). Transient cavity depth has both excavation and displacement
components (4, 15). Sampling depth is based on material that travels beyond
the final rim. However, much of the excavated material will not be ejected
beyond ~ 2r (~ final diameter) and is simply redistributed within the final
crater (18).

Given erosional uncertainties, it appears that the physical height of
terrestrial central peaks and/or rings does not exceed final crater depth (3).
A similar relation occurs on the moon, where it is also apparent that peak
height (and diameter) increases with final diameter (19, 20) and reaches a
maximum at the transition from CPB to PRB (3). These various observations
suggest a casual link between peaks and rings. A central peak is the topo-
graphic expression of structurally uplifted material and the amount of uplift
and the height of the peak increases with increasing diameter (impact energy).
Maximum peak height is restricted to some physical equilibrium value deter-
mined by rock properties and planetary gravity. There is, however, no similar
restriction on the amount of structural uplift (3). With increasing crater
size the amount of uplift increases until the central peak becomes over-
heightened with respect to its final equilibrium height. As a result it col-
lapses back on itself, with the excess uplifted volume being manifested in the
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topographic form of a ring. Terrestrial examples suggest the position of this
initial ring corresponds approximately to the rim of the original deep EC
(ring spacing ~ 2). With continued uplift, the additional excess volume,
which can not be accomodated in the inner ring, goes to form a second ring
approximately half-way between the inner ring and D, (ring spacing v2). This
second ring may form by interaction with the inwards collapse of the outer
main ring (rim). If the inner rings are produced by peak collapse, the model
requires that the uplifted materials have low strengths. It is not clear how
this is achieved, although it has been suggested that these conditions may
exist during the early stages of impact (21). Hypotheses as to how EC modifies
can be separated into "push'" and "pull". The push mechanism calls for
collapse following excavation, with deep centripetal sliding forcing up of the
cavity floor (15). The pull mechanism considers volumetric rebound of the
cavity floor following compression, possibly while excavation is still pro-
ceeding at the outer edges of the cavity (4, 22). These two mechanisms are
not mutually exclusive and terrestrial data can be cited in favour of both.
Shock studies indicate some volumetric reduction and minor rebound below
simple craters (15). Volumetric reduction is accomplished principally by dis-
placement and the rocks are no longer in a compressed state. However, as

the cavity deepens with increasing energy, lithostatic load may increase to the
point where it retards outward displacements, thus reducing compactibility and
increasing the probability of significant volumetric rebound (22). Other

data favour gravitational collapse, where rock strength is an important para-
meter (23). The smaller onset D for complex structures in sedimentary targets
is more consistent with collapse, particularly as sediments may be more com-
pactible and less liable to undergo rebound. The observation that, with the
exception of the uplifted central area, the strata below the floor of complex
structures are remarkably undeformed, has also been cited in favour in rebound
(8, 24). However, gravity and seismic data suggest considerable fracturing
within the final crater and some seismic data are interpreted as indicating
inward-dipping planes of slip (25). It appears that there is evidence for
both modification processes and the general case may be a competition between
collapse and rebound, with each promoting the other. The problem then be-
comes one of relative timing.

REFERENCES: (1) Wood, C.A. and Head, J.W. (1976) PLSC 7th, 3629-3651;

(2) Grieve, R.A.F. and Robertson, P.B. (1979) Icarus 38, 212-229; (3) Dence,
M.R. and Grieve, R.A.F. (1979) I1PS X, 292-294; (4) Grieve et al. (1980) this
vol.; (5) Pike, R.J. (1980) PLSC 11lth (in press); (6) Kieffer, S.W. and
Simonds, C.H. (1980) Rev. Geoph. Space Phys. 18, 143-182; (7) 0'Keefe, J.D.
and Ahrens, T.J. (1980) LPS XI, 830-832; (8) Roddy, D.J. (1979) PLSC 10th,
2519-2534; (9) Wolf et al. (1980) GCA 44, 1015-1022; (10) Masaitis, V.L. and
Sysoev, A. (1975) Lett. Astrn. Jour. 1, 43-47; (11) Croft, S.K. (1980) LPS XI,
183-185; (12) Wood, C.A. (1980) LPS XI, 1271-1273; (13) Hodges, C.A. and
Wilhelms, D.E. (1978) Icarus 34, 294-323; (14) Head, J.W. (1977) IEC*, 563-573;
(15) Dence, M.R. et al. (1977) IEC, 247-275; (16) Grieve, R.A.F. and Dence,
M.R. (1979) TIcarus 38, 230-242; (17) Head, J.W. et al. (1975) PLSC 6th, 2805-
2829; (18) Stoffler D. et al. (1975) JGR 80, 4062-4077; (19) Pike, R.J. (1977)
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to TC than EC (10). The Brent structure (Da = 3.8 km) is the largest known
simple crater and it is estimated that 50% of d; is due to displacement (8).
On this basis, we suggest that d,, the depth of EC in a simple crater, can be
described by dg = 0.298/2 D0-92,7i e. d, ~ 0.15 DJ-?? compared with SU = 0.06
Di-l, for complex structures. Furthermore, it is apparent that D, # D; in
complex structures, where Dy is EC diameter. For complex structures formed in
shield areas with a thin cover of platform sediments at the time of impact, it
is a common observation that remmants of post-cratonic cover are preserved in
the outer 50% of D, (8). This suggests that the excavated cavity either lay
within ~ 0.5 Dz or only minor near surface excavation occurred in the outer

~ 0.5 Dy (2, 8). A similar conclusion can be reached in structures totally

in sediments, where reconstruction of the excavated strata indicates a 'deep"
central EC with none or only very minor excavation in the outer portions of

Dy (4, 11). The outer rim at a complex structure, i.e. Dy, is determined by

a fault scarp equivalent to an enlargement of the "deep" portion of EC by
approximately 100%. Thus SU becomes ~ 0.13 Dé'l in complex structures, which
is very similar to the previously derived relationship from simple craters of
de ~ 0.15 p9:92, Given the uncertainties in the data, we believe that this
near identity in the two relationships argues strongly in favour of proportion-
al growth for the depth of EC over at least nine orders of magnitude in energy,
in the case of terrestrial impact structures. We note that the largest multi-
ring basins on the terrestrial planets are only 2 - 4 orders of magnitude
greater in energy than the largest impact structures on earth.

SHOCK STUDIES: These are most relevant in crystalline targets, where
there is no stratigraphic control on SU but where quartz and feldspar are
present. Peak pressures recorded at the base of the cavity at simple craters
(Brent, > 23 GPa (12)) and at the surface in the center of complex structures
(Manicouagan, W. Clearwater, L. St-Martin, ~ 25 GPa (13)) are essentially
equivalent. If shock attenuation does not vary with energy, then this simple
observation supports the previous conclusion that SU (complex) is equivalent
to extrapolated values of d, (simple). It has been suggested that attenuation
rate does vary, specifically PaR2-R™3 at simple (Brent) whereas PaR™4:5-g~2+2
at complex structures (Charlevoix), where R is radial distance normalized to
TC radius (12). There is, however, an error in this suggestion. The rate for
Brent was corrected for an estimated 600 m of displacement between the EC
depth and the present depth, d. (8). The Charlevoix rate was calculated by
restoring the rocks of the central uplift along trajectories derived from
Gosses Bluff and fitting them to a TC extrapolated from Brent (Fig. 6 in (12)),
i.e. no account was made for displacements in going from EC to TC. As dis-
placement trajectories under the center are near vertical, no anomaly was
apparent in the restoration procedure. If the Charlevoix data are recalculated
accounting for Brent-like displacements, then the attenuation rates for simple
and complex craters converge. The recalculated attenuation rates, normalized
to estimated projectile radius, and corrected for displacements are Par ~°
and Par 19 for Brent and Charlevoix, respectively. (Charlevoix is also
assumed to have been produced by a stone). These similar natural rates are
close to calculated values (14) and those measured in experimental craters of
Par2 (15) and offer additional support for proportional growth of d,.

Characteristic shock features are not present in the rim rocks of simple
craters. Rim pressures were thus below the Hugoniot elastic limit, with esti-
mates for natural and experimental craters generally < 2 GPa (8, 15). At com-
plex structures, shock features are confined to the central uplifted area and
generally lie closer to the center than the remnants of cratonic cover. Their

position is thus consistent with the suggestion that there was little or no

25
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deep excavation beyond 0.5 Dj.

GEOPHYSICAL STUDIES: These contribute only indirectly to our knowledge
of the EC but in general are consistent with models based on geologic data.
Reflection seismic data have contributed to determining SU, in particular the
pre-impact position of marker horizons, and indicate that the major structural
disturbance is confined to within 0.5 D5 of the center in complex structures.
This central area is often surrounded by a peripheral ring depression and Dj,
is defined by a fault scarp (8, 11). TUnless there are major density contrasts
within the target rocks, terrestrial craters are gravity lows. Simple craters
have negative anomalies which mirror their bowl-shaped form and result from
reduced density due to fracturing around the cavity and filling by breccias.
Complex craters are also lows but generally have a relative central positive
axisymmetric with the overall anomaly. This positive does not rise above the
regional level. A gravity signature of this type can be modelled as a central
block of target material of relatively reduced fracture porosity compared to a
surrounding annulus of more extensively fractured material. This is consist-
ent with the rocks of the central uplift being relatively compressed (seen as
bed shortening, reverse faulting (11)). The compression arises from the
geometries of a deep EC and final crater form. There is a relative volume
reduction in uplifting the base of the EC to its position at the surface, with
the amount of volume reduction being greatest at the center. Although gener-
ally less constrained, gravity models of specific impact structures give dg
values in the same range as those derived from geologic and shock studies (16).
The terrestrial gravity data also suggest that the massive positives over
large lunar basins, such as Orientale, are not a function of the cratering
process itself but are due to a density contrast within the basin, possibly
produced by the uplift of relatively dense sub-crustal or mantle material.

CONCLUSION: We believe that the above data are inconsistent with a
shallow depth of burst and shallow EC as the general process leading to the
formation of complex crater forms. We do not disagree that low density pro-
jectiles will have shallow penetration depths and may produce shallow EC's.
However, there is now sufficient evidence to demonstrate that complex crater
forms also result from the impact of various types of stony and iron project-
iles (5, 17). We consider that the terrestrial data are more consistent
with models that call for some form of proportional growth to the excavated
cavity, up to and including impact energies sufficient to form multi-ring
basins, and its subsequent modification to the final crater form (2, 7).
REFERENCES: (1) Dence, M.R. (1973) Meteoritics, 8, 343-344, (2) Dence, M.R.
and Grieve, R.A.F. (1979) LPS X, 292-294, (3) Settle, M. and Head, J.W. (1979)
J.G.R., 84, 3081-3096, (4) Roddy, D.J. (1979) PLSC 10th, 2519-2534, (5) Grieve,
R.A.F. and Robertson, P.B. (1979) Icarus, 38, 212-229, (6) Pike, R.J. (1980)
Icarus (in press), (7) Grieve, R.A.F. and Dence, M.R. (1980) this vol.,
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(12) Robertson, P.B. and Grieve, R.A.F. (1977) IEC, 687-702, (13) Simonds et
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A MODEL FOR IMPACT BASIN EVOLUTION. Jack B. Hartung, Planetary and
Earth Sciences Division, NASA Johnson Space Center, Houston, TX 77058.

The Targest impacts on terrestrial planets form multiring impact basins.
Essential characteristics of this process are (1) excavation of material at the
impact site, (2) deposition of that material over an area surrounding the im-
pact site, (3) filling of the short-lived, or transient, crater mainly by
material which originally was located below the transient crater and radially
outward from its axis, and (4) downward motion or collapse of surroundingareas
which received ejecta deposits. Part of the crater may be expected to be
filled by material moving downward and inward fr« the crater walls. Thus, a
material transport cycle is initiated by a large impact, outward above the
surface, upward along the crater axis, inward below the surface, and downward
in surrounding areas. Considerable experimental, field, and theoretical work
supports this general picture of basin formation. The details of how transient
craters are filled are subject to controversy, as is the mechanism for con-
centric ring formation. However, how these contr-~versies are resolved does
not affect the following discussion of the subsec ent evolution of impact
basins.

After the formation of an impact basin is cc »>lete, probably hours to days
after the impact, topographically it may be described as low in the middle
surrounded by a concentric high. Another important characteristic, which is
less easily established, is the distribution of + s below the surface or the
extent to which isostatic equilibrium or disequiiiprium prevails. First, the
process of filling the transient crater during the formation of the basin is a
process which seeks to restore equilibrium. Secondly, to establish and main-
tain a disequilibrium configuration requires either material strong enough to
withstand the attendant stresses or a continuous ~iving mechanism and a
corresponding source of energy. Rocks are strong enough to withstand stresses
due to several kilometers of topographic relief, but they are not strongenough
to withstand stresses associated with several tens of kilometers of topograpnic
relief, which would be typical of transient craters leading to basins. Finally,
no driving nechanism is known which would maintain a disequilibrium configura-
tion following a large impact. Therefore, we are led to the view that during
the formation of large impact basins the affected region achieves or approaches
a State of isostatic equilibrium. This is equivalent to saying that a column
of material of a given cross-sectional area to a ven depth taken at the
center of the basin contains very nearly the same amount of mass as a similar
column taken outside the basin rim,

Basin evolution on a planet begins with a topographic low at the center,
a surrounding topographic high, and both areas approximately in isostatic
equilibrium with respect to each other. This configuration requires only that
the mass defficiency corresponding to the central topograpnic low be compensat-
ed for by more dense material uplifted beneath the basin floor. In the
absence of any subsequent mass transport processes this configuration, being
in equilibrium, is a stable one. No further motions would be expected; the
basin would remain unchanged indefinitely. An ex ple of this type of basin
is Mare Orientale on the Moon, if the minor amounts of basalt within the basin
are ignored.

If significant lateral transport of material occurs, such as basalt flows,
wind-bTown deposits, or water-borne sediments, th 2 will be a strong tendency
for material to accumulate in topographically low reas, that is, in impact
basins. Such an accumulation represents a mass a ition at the center of the
basin. If the deposited material is derived from surrounding topographically
higher areas, a mass loss occurs from these areas These processes act so as
to disturb the initial state of isostatic equilibi um. If the materials
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involved are not strong enough to withstand the newly introduced stresses, the
system will react in a way to move the system back toward equilibrium. The
central part of the basin will sink while the surrounding area undergoes uplift.
The mass addition at the basin center due to deposition is compensated for by
the sinking of once-uplifted more dense material, so that the total mass in a
column at the center remains essentially the same. During basin evolution a
reverse material transport cycle develops; inward at or above the surface,
downward at the basin center, outward below the basin, and upward in surround-
ing areas.

If we assume that the time scale on which the system is capable of sinking,
that is, the time scale for isostatic response, is short compared to the time
scale for material accumulation on the basin floor, then the rate of sinking
will be controlled by the rate deposition. If deposition is very slow or even
stops, then sinking will be slow or will stop. Examples illustrating this
characteristic are the Argyre and Hellas basins on Mars, which may be described
as partially submerged as a result of apparently very slow accumulation of dust
and possibly basalt flows or other sediments. Basalt-filled basins on the
Earth-facing side of the Moon, such as Nectaris and Crisium,are also only
partially submerged.

A natural Timit to basin subsidence will be reached when both isostatic
and topographic equilibrium are established in the region of the impact. The
center of the basin will continue to receive material and the basin floor will
continue to subside until the uplifted more dense material below the basin is
"pushed" back down to the approximate level it maintained before the impact
occurred., Correspondingly, the surrounding area will rise until the down-
dropped more dense material reaches approximately the position it occupied
before the impact. If the density of the material filling the basin is
different from that of the surrounding rocks, then the pre-impact configura-
tion of the underlying rocks may not be recovered exactly.

Although no example of an impact basin representing this final state has
been positively identified, we may use this model in the search for evolved
impact basins on the Earth, where sedimentation rates are much higher than on
the loon or Mars. What we should expect to find to mark the site of a basin-
forming impact on the Earth is a circular sedimentary basin. The rim and ejecta
material would be expected to have been lost to erosion; and the impact basin
floor may have sunk, essentially, "out of signt."

A candidate structure which displays these characteristics and deserves
further investigation is the Michigan Basin. Interestingly, relatively
shallow-water sediments up to a thickness of about 4000 meters were being
deposited in the Michigan Basin throughout most of the Paleozoic era and as
recently as the upper Jurassic period, a time interval of about 400 million
years from about 550 to 150 million years ago. Such a long period of sedi-
mentation and associated subsidence is not readily explained in terms of plate
tectonic processes but is consistent with subsidence controlled by the
sedimentation rate.

Shown in Figure 1 are schematic drawings which represent cross-sections
through the region of an impact basin at different times during its evolution-
ary history. At each stage and from one stage to the next the drawings are
consistent with a state of continued isostatic equilibrium. Uncertainty in
the behavior of material in the vicinity of the basin rim is indicated by
dashed lines.

The author is a National Research Council Senior Postdoctoral Research
Associate at the NASA Johnson Space Center.
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region. A thin blanket of Orientale ejecta in the central highlands appears to
be ruled out by systematic east to west changes in the composition of the cen-
tral highlands as revealed by the Apollo orbital geochemistry datal’,25

The Descartes region was affected by the formation of Imbrium basin. The
region is surrounded by a variety of features radial to Imbrium. Imbrium
sculpture interpreted to be the product of the impact of Imbrium secondary-
forming projectiles, is particularly well-developed NW of the landing site
where these radial structures cut the rims of Dollond B and C. More clearly
defined Imbrium secondary chains are superposed on Descartes Mts. material
north and south of the site. Major quantities of local, non-Imbrium ejecta
must have been incorporated into the deposits of these Imbrium secondaries.
Morrison and Oberbeckl3 presented the results of calculations based on the
measured diameters of Imbrium secondaries in the Descartes region which indi-
cated that deposits emplaced by Imbrium secondary craters at the Apollo 16 site
could contain only 13-187% primary Imbrium ejecta. These estimates may over-
estimate the actual percentages because of effects of surface scour by the sub-
sequent debris surge and the dilution of surface material by material from
post-Imbrium impact events. Debris surges resulting from the formation of
Imbrium secondaries in the region may have played an important role in the
emplacement of Cayley plains material.

The origin the Descartes Mts. material has been the source of considerable
controversy. The bulk of the evidence favors an origin as hummocky Nectaris
basin deposits which were later furrowed by Imbrium secondaries®-&- 18,26, 1t
has been suggested that the Descartes Mt. material represents Imbrium primary
ejecta emplaced by surface flow down a long Imbrium-radial trough 3. As noted
above, Imbrium secondaries are superposed on the unit. For reasonable ejection
angles (e.g. 15°-30°), the secondary-forming projectiles would have impacted in
the Apollo 16 region about 7-13 minutes after ejection. It seems unreasonable
that the Descartes Mt. material was emplaced in its final form prior to the
arrival of the Imbrium secondary projectiles. An extremely rapid mode of sur-
face transport would be required.

In conclusion, the bulk of the currently available evidence supports the
origin of most Apollo 16 material as Nectaris basin ejecta and the products of
large craters in the Descartes region.
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A COMPARISON OF MARTIAN CRATER AND BASIN DEPOSITS: PRELIMINARY
RESULTS. B. Ray Hawke, Hawaii Inst. of Geophysics, Univ. of Hawaii, Hon., HI
96822; P.J. Mouginis-Mark, Dept. of Geological Sciences, Brown Univ., Prov.,
RI 02912,

Introduction: In recent years, considerable attention has been focused on
martian crater deposits both because of the unique and enigmatic nature of the
deposits themselves and because of the possible information these deposits may
provide concerning the existence, thickness, and extent of a proposed subsur-
face volatile layer. With few exceptions+, studies have concentrated on
craters less than 55 km in diameter. An effort is underway to investigate the
distribution, nature, origin, and mode of emplacement of the exterior and
interior deposits associated with large martian craters and small martian
basins in the diameter range of 50 to 250 km. This paper presents the initial
results of this project. Emphasis is placed on studies of Lyot and Lowell
basins and a comparison of the deposits of these basins with those associated
with Curiel (D=119 km) and Bamburg]-’2 (D=55 km) craters.

Lyot basin - Lyot is a relatively unmodified 200 km central peak basin
located at 50°N, 330.5°W’/. From Mariner 9 images, the feature was interpreted
to be excavated in cratered plains material”, The structure exhibits a central
peak and a well-developed peak ring approximately 100 km in diameter. The
inner basin floor is relatively flat in contrast to the more rugged outer basin
floor. Major portions of the basin interior appear subdued, perhaps by rela-
tively thin eolian debris deposits.

Extremely rugged hummocky rim material completely surrounds the outer ring
and 1s particularly well-developed NE of the basinwhere it extends almost 40
km from the ring crest. A major expanse of smooth material appears to have
ponded to a level surface adjacent to a ring crest low north of the basin. Two
dominant continuous ejecta facies were identified. An inner deposit of rough
radial material occurs generally within 70 km of the outer ring. This unit
exhibits a rough irregular surface texture and is, in part, arranged in large
ridges crudely radial to the basin. The distal portion of the continuous
deposit is characterized by a smooth though often undulatory surface. 1In
places, distinct flow lobes and distal ridges can be identified. This smooth
continuous ejecta unit has overridden and subdued secondary craters and crater
chains associated with Lyot. The maximum extent of the smooth continuous
ejecta is 187 km (0.94D) but the mean radial extent is approximately 125 km
(0.63D). Lyot exhibits a well-developed field of secondary craters. While
unmantled secondary craters can be identified within 103 km (0.52D) of the
outer ring crest, features interpreted as partly buried secondaries can be
identified as close to the basin as 48 km (0.24D).

Evidence was found that both ballistic flight and surface flow were sig-
nificant processes in the emplacement of Lyot ejecta. Evidence for ballistic
transport includes the following: (1) ‘the presence of secondary craters and
crater chains demonstrates ballistic transport at large radial distances, (2)
the identification of subdued basin secondaries in areas now covered by contin-
uous ejecta and in areas relatively protected from surface flow by obstructions
suggests the importance of ballistic flight nearer the basin, (3) textured
ejecta deposits have been located on pre-existing topographic highs where it
could have only been emplaced im ballistic trajectories, and (4) the more
restricted extent of the continuous ejecta deposits (v0.63D) compared to those
of Bamburg (2.1D)2 and the much smaller rampart craters (v2D)2 suggests a rela-
tively more important role for ballistic as opposed to surface flow processes.

Still, abundant evidence exists for radial flow of material after initial
deposition: (1) surface flows appear to have been obstructed in places by
large pre-impact topographic highs, (2) what appears to be shadow zones exist
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LUNAR BASIN EJECTA DEPOSITS COMPOSITIONS: A SUMMARY OF CHEMICAL
MIXING MODEL STUDIES. B.R. Hawke, Hawaii Inst. of Geophy., Univ. of Hawaii,
Hon., HI 96822, P.D. Spudis, Dept. of Geology, Arizona State Univ., Tempe, AZ
85281, A.E. Metzger, Jet Propulsion Lab., Calif. Inst. of Technology, Pasadena,
CA 91103

Introduction: Valuable insight concerning lateral and vertical changes in
the chemical composition of the lunar crust can be provided by studies of
material ejected by the lunar basins. These impact structures have excavated
material from a variety of depths and deposited this ejecta in a systematic
manner. Studies of lunar samples thought to have been derived by basins, nota-
bly Imbrium and Serenitatis, have yielded important information but there is a
need to extrapolate the detailed chamical information for the individual land-
ing sites to much larger regions of the lunar surface. This has been made pos-
sible largely through the use of the Apollo orbital geochemistry datal™4 plus
some geochemical informatiogn provided by other remote sensing techniques (i.e.
reflectance spectroscopy”®”). Geochemical data are currently available for
portions of the highlands surrounding several large multi-ring basins, inter-
preted as ejecta deposits of the impact structures. Chemical mixing model cal-
culations have been performed on the remotely sensed chemical compositions of
the deposits related to Crisium, Nectaris, Orientale, and Imbrium basins in
order to establish which chemically~-defined rock types are likely to be present
and to make quantitative estimates of their relative abundances’»8. The pur-
pose of this paper is to summarize the results of these calculations and dis-
cuss their significance for the solution of problems concerning the lunar
basins.

A least-squares mixing model program was used to translate the chemical
composition of each region into the best mixture of given endmembers?. Up to
six elements (Mg, Th, Fe, X, Al, Ti) were used. The chemical data for the
regions under study are those presented by Adler and Trombka O, Bielefeld et
al.2,3,11  and Metzger et al.”. Endmember selection was guided by lunar sample
chemistry, regional geolo§ical considerations, and previous analyses of the
orbital geochemistry data »12 Endmember compositions were selected from Tay-
lorl3 and Ridleyl4. The best solutions obtained for the various regions are
presented in Table 1.

Crisium Basin Ejecta: Crisium predates Imbrium and Orientale and is
younger than Fecunditatis, Nectaris, and possibly Serenitatisl®., The circum-
Crisium highlands might be expected to contain significant amounts of Crisium
ejecta and variations in the composition of this highland region may reflect
the pre-impact chemical variations in the crust of the Crisium target site. A
recent study by Bielefeld et al.ll correlated chemistry and albedo in the Cri-
sium area and several data clusters were identified in the highlands S and SW
of Crisium. Al and Mg data for these clusters were used along with regional
chemical data to perform mixing model calculations (Table 1). Units C and D
are the most extensive and generally ring !Mare Crisium separating it from
neighboring maria. The mixing model results show that both regions are domi-
nated by anorthositic gabbro and contain lesser amounts of LKFMB. These compo-
nents comprise the same relative proportions of the highland material present
in both units. The units differ mainly in the amounts of mare basalt calcu-
lated to be present (v19% in D vs. 3% in C). This difference can be under-
stood in terms of the distribution of units in relation to the nearby mare
surfaces. Unit D commonly separates C from nearby basalt deposits and probably
represents a zone of small scale lateral mixing from the nearby mare deposits.
The much smaller mare component in unit C is consistent with its occurrence at
generally greater distances from the maria. Mixing model solutions for unit B,
which is generally even more distant from mare surfaces, suggest that










BULK MAGNETIZATION PROPERTIES OF THE FRA MAURO FORMATION. L.L. Hood,
Lunar and Planetary Laboratory, The University of Arizona, Tucson, AZ 85721.

A resolution of the problem of Tunar crustal magnetization is an obvious
prerequisite for reliably interpreting the permanent magnetic properties of
podies in the solar system with cratered or partially cratered surfaces.
Studies of the magnetic properties of returned samples, surface magnetic field
investigations, and analyses of orbital magnetometer and electron-reflectance
data strongly suggest that ejecta materials produced during large meteoroid
impacts are among the more strongly magnetized materials on the Tunar surface
(1-4). One approach toward discriminating between a local, small-scale
magnetizing field such as may have been produced by the impact (5) and a field
of global or larger scale (6) is by studying the bulk magnetization properties
(direction and intensity per unit area) of these surface geologic units. Pri-
mary ejecta such as the Fra Mauro Formation peripheral to the Imbrium basin
are well-suited for this purpose because each unit has a relatively wide
distribution and was formed at essentially the same time. Here we report a
modeling analysis of Apollo 16 subsatellite magnetometer data in which the bulk
magnetization properties of two separate exposures of Fra Mauro terrain are
inferred.

Low-altitude, direct measurements of the crustal magnetic field across a
narrow equatorial section of the lunar near side were obtained during crbits
180 to 270 of the Apollo 16 subsatellite mission. General associations of
medium-amplitude anomalies with areas dominated by the Fra Mauro and Cayley
Formations were reported (3) and contour maps of the vector components of the
crustal magnetic field in these areas have been constructed (7,8). In one
region, extending from 31° to 41° ¥. longitude and from 3° to 8° N. latitude,
minimal fields were detected over the craters Encke and Kepler (mare-aged and
Copernican, respectively) while two separate anomalies with radial-component
amplitudes of +2 and -5 garmas were detected over remnants of the Fra Mauro
that nave escaped mare flooding. Elsewhere, areas dominated by mare basalt
were characterizea by minimal magnetic fields.

Assuming that surficial layers of Fra Mauro material are the sources of the
observed magnetic anomalies, an iterative procedure was used to find a distri-
bution of uniformly magnetized circular plates separated by unmagnetized mater-
ial wnich yielded a minimum variance between the calculated field values and
the data (9). The method of Talwani (10) was used to calculate the model mag-
netic field at individual points along available orbit tracks. Final model
parameters are listed in Table 1. Fig. 1 contains contour maps of the model
field magnitude, the three vector components, and a pictorial representation
of the plate locations and radii listed in Table 1. Plates 1-3 represent the
source of the largest observed anomaly maximum (radial component -5 gammas)
and plates 4-7 represent the source of the smaller 2-gamma radial-component
maximum. The locations of these surface plates closely correspond to separate
exposures of the Fra Mauro Formation shown on standard geologic maps (11).

As seen in Table 1, each of the Fra Mauro sources are magnetized nearly
yuniformly on scales up to 100 km. However, the two separate exposures,
separated by a mean distance greater than 100 km, are magnetized in very dif-
ferent directions. Since the maximum thickness of the Fra Mauro layer in the
Kepler region is about 1 km, the dipole moments per unit area given in the
last column imply a lower bound on the mean intensity of magnetization within
this unit in the range 18 to 82 gammas. Assuming a_mass density of 3 g/cm?,
these values correspond to a range of 6 to 27 x 1072 e.m.u./g and are not
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Magnetization of the Fra Mauro Formation

L.L. Hood
TABLE 1
s N. Rad. 0 ) G-
Long Lat. (km) cm
1. 35.1° 5.2° 20 160° 298° 38
2. 35.9° 6.0° 20 160° 298° 22
3. 35.7° 4.4° 10 160° 298° 82
4. 38.4° 5.9° 13 27° 123° 18
5. 38.8° 5.2° 13 27° 123° 34
6. 39.1° 4.8° 13 27° 123° 20
7. 38.0° 6.3° 8 27° 123° 25
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inconsistent with laboratory data for the returned breccias and soils.

It is Tikely that the several exposures of the Fra Mauro Formation
formed within a very brief interval following the Imbrium impact. Bulk
magnetization characteristics were probably acquired during roughly the same
interval although exact simultaneity in the acquisition of these properties
may have been prevented by different cooling rates, etc. The inferred proper-
ties of the present magnetization of this unit suggest the absence of direc-
tional coherence and also possibly of intensity coherence on horizontal scales
greater than 100 km. This result is most easily understood if relatively
local processes, such as those associated with the impact, either greatly
distorted any existing large-scale magnetizing field or themselves generated
short-Tived magnetic fields of the required intensities. Further work to
confirm the inferred large-scale inhomogeneity of magnetization for the
Fra Mauro Formation is needed.

Acknowledgments. Computational assistance by T. Trebisky is appreciated.
Supported by NASA under grant 7020.
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THE "BUNTE BRECCIA" OF THE RIES: TERRESTRIAL ANALOGUE OF BASIN

EJECTA. Friedrich HOrz, SH6/NASA Johnson Space Center, Houston, TX 77058

INTRODUCTION: The 26 km diameter Ries Crater is the largest terrestrial
impact structure with substantial parts of the continuous ejecta deposits still
preserved. The "Bunte Breccia" (BB) formation comprises >>90% of all materials
displaced beyond the crater rim. The original target stratigraphy is well
documented and consists of a crystalline basement overlain by a variety of
Triassic, Jurassic and Tertiary sediments of such distinct 1ithologies and/or
colors that they are easily identified in the field. We obtained drill cores
for 9 different BB locations at radial ranges of 16 to 37 km from the crater
center. Following are some of the major findings.

GRAIN SIZE DISTRIBUTION: A1l clasts >1 cm were measured individually; the
"matrix" (<1 cm) was wet sieved; the results are illustrated in Fig. 1A.
Accordingly, overall grain size distribution is highlyheterogeneous and ranges
from um to >10 m diameter components. The >1 cm clasts comprise 30-90% of the
total core. The <1 cm fraction ("matrix") consists predominantly of Tertiary
sands, silts and clays, thus the proponderance of relatively small grain sizes.
The most distal cores appear also to be the most fine grained ones. The
relative coarse grain sizes observed in cores D, E and F are largely due to
Tertiary clasts from the local substrate. Although not illustrated, deep-
seated target materials are more comminuted than shallow target horizons.
Furthermore, there is no systematic trend regarding grain size in vertical
profile. "Primary" crater and locally derived clasts have similar grain size
distributions. No evidence for aerodynamic sorting was observed.

TARGET STRATIGRAPHY AND CRATER EJECTA: Al1 clasts >1 cm were categorized
into their respective target horizons: crystalline (<600 m deep), Triassic
(600-400 m), Lower and Middle Jurassic (400-250 m) and Upper Jurassic
(250-0 m). Figure 1B illustrates the results: the primary ejecta are
completely dominated by Upper Jurassic limestones which occupy approximately
the uppermost 10-15% of the overall stratigraphic section for a crater =2 km
deep. The total of all cores averages at .16% crystalline, 2.15% Triassic,
6.67% Lower and Middle Jurassic and 91.02% Upper Jurassic. We thus conclude
that large scale continuous deposits at any radial range are dominated by
relatively shallow target stratigraphies. Note also that all target lithol-
ogies are represented in each individual core, even in grossly similar
proportions. Importantly the distribution of primary ejecta in vertical
profile is chaotic; no systematic trends were recognized. Therefore the
concept of inverted target stratigraphy appears to have limited utility for
large scale continuous deposits.

LOCAL COMPONENTS: Tertiary sands, silts and clays dominate the BB cores,
either in the form of discrete clasts or as intimately mixed matrix. Most of
these Tertiary components are demonstrably of "local" origin, dislodged from
the crater environs, rather than from the crater cavity. As illustrated in
Figure 1C, Tertiary clasts alone mostly outweigh the total crater ejecta; if
clasts and matrix are combined, the locally derived components make up
typically some 70-90% of the total deposits. A weak trend towards increased
incorporation of local materials with increasing range exists.

SHOCK METAMORPHISM: The entire resolvable shock history of BB resides in
the rare crystalline clasts; none of the sediments display shock effects
resolvable by standard optical microscopy. As illustrated in Figure 1D, the
maximum shock level in the crystalline materials is ~40 GPa; specifically no
impact melts occur; many crystalline clasts appear unshocked. These observa-
tions - coupled with the paucity of crystalline clasts - lead to the important
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conclusion that large scale continuous deposits are emplaced at essentially
ambient temperatures.

SUMMARY: The above findings are consistent with - if not predicted for -
a ballistic ejection of primary crater ejecta followed by a secondary crater-
ing regime and its ensuing debris surge. Excavation and intimate mixing of
local materials occurs during secondary cratering as well as during the highly
turbulent surge. Turbulence is created by secondary ejecta fragments collid-
ing with ejecta from neighboring events, which may have vastly different
azimuthal velocity vectors; but the overall momentum is radially away from the
primary crater because more secondary ejecta mass is launched downrange than
tangential or even uprange. Average, radial surge velocities are on the order
of 100 m/sec for the BB deposit; radial ranges travelled by locally derived
components are demonstrably on the order of a crater radius. These processes
combine to yield highly chaotic deposits that thoroughly mask and destroy most
systematic trends predicted for the purely ballistic phase, e.g., inverted
target stratigraphy or annular distribution of various shock levels.

Importantly the BB was deposited at ambient temperatures; by analogy we
postulate other large scale continuous deposits to be also emplaced as
relatively cool masses. Flow features observed in distal lunar basin deposits
and traditionally interpreted as "hot" impact melts, may merely represent flow
phenomena associated with a relatively cold, albeit fast moving, debris surge.
Even if such "pools" were indeed impact melts, it does not follow that they
are of considerable vertical extent (of massive volume) and especially it does
not follow that the surrounding, clastic material was of comparable, hot
temperature. The structural relationship of "hot" suevite and "cold" BB in
the Ries Crater argue very strongly that "hot" and "cold" ejecta have different
ejection histories (angles; velocities; launch times) and generally do not mix
in the continuous deposits. The majority of thermal energy partitioned during
cratering resides within the crater cavity (impact melts, fallback ejecta) and
very little is deposited into the continuous deposits.

FIGURE CAF™™IN- Grain size distribution, modes and shock metamorphic
effects as a funccivn Of radial range in the continuous deposits of the Ries
crater. Thickness of Bunte Breccia is >80, 34, 76, 52, 84, 47, 21 and 17 m,
respectively, for cores A through I. Figure A is based on 18,000 individually
measured clasts and 220 sieve analyses, originally separated into 16 grain
size categories; Figure B and C depict subsets of these data, with each clast
catego' zed into its appropriate stratigraphic horizon; next to grain size
analyses, heavy mineral population studies verified the "local" derivation of
the matrix. Figure D, unfortunately, is statistically limited: the total
crystalline clast population amounted to 98 specimen; the figure includes data
of only 84 clasts, because 12 samples were badly weathered.
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Figure 1. Peak ring, ridge ring and outer basin ring diameters.
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in the western half of the basin. (3) There is a suggestion of an innermost
ring of ridges within Poincaré. (4) No distinct inmer ring structure; only
suggested by ridges oblique to Prandtl and two other craters within Planck.
(5) Topographic bench and mare ridges visibie in the western half of the in-

terior of the basin. (6) Additional outer rings have been mapped by Wilhelms
and McCauley (1971). (7) See reference (9) for details of Orientale ring
structure. (8) See reference (10) for details of Serenitatis outer ring struc-
ture,

the inner ring of Moscoviense, a topographic bench and associated ridge sys-
tem occur around the northern and western edges of the basin, similar to those
of lunar multi-ring basins. The inner basin of Grimaldi is bordered by ridges
in the southeast and southwest, and even within Compton, two arcs of mare
arches and ridges occur inside peak ring segments. In both Poincare and
Korolev, a ridge ring is suggested, although not confirmed with existing
images.

Consequently, evidence from both ring spacing and ring morphology con-
tradict the previously-held notion that ridge rings in multi-ring basins
represent the location of a buried peak ring. Although the influence of pre-
mare structure is visible around the edges of basins and in areas of shallow
fill, the relationship of inner ring ridge systems to buried peak rings is
more complex than a simple overlying model.

(1) D. E. Wilhelms and J. F. McCauley (1971) USGS Map 1-703. (2) J. W. Head
(1977) in Impact and Explosion Cratering, 563-573. (3) W. K. Hartmann and
C. A. Wood (1971) The Moon, 3, 2-78. (4) W. J. Brennan (1976) Proc. 7th,
2833-2843. (5) S. K. Croft (1980) LPS XI, 180-182. (6) T. A. Maxwell and
A. W. Gifford (1980) Proc. 11lth, in press. (7) S. C. Solomon and J. W. Head
(1980) RGSP, 18, 107-141. (8) C. A. Wood and J. W. Head (1976) Proc. 7th,
3629-3651. (9) C. A. Hodges and D. E. Wilhelms (1978) Icarus, 34, 294-323.
(10) J. W. Head (1979) Moon and Planets, 21, 439-462.

. . 80~ — T T T T . T . T T
Fig. 2. Peak ring and
. . [ ]
ridge ring vs. next outer ® BASIN RING
basin ring for double- [ - RESTORED BASIN RING y
. . . ]
and multi-ring basins. 60 A RIDGE RING
——RIDGE RINGS
PEAK
RING o o
(RIDGE - o
RING) ]

DIAMETER ////////4
‘ e

0 200 400 600 800 1000
BASIN DIAMETER

55









58

RINT TECTONICS

McKinnon, W.B.

FIGURE 4.

Again, formation mechanisms are not
expected to be similar, and temperature
effects on the generation of peak rings
may not be expected in this case.

The ring ratios of Caloris and
Tolstoj (<1.4) are such that the litho-
sphere must be considered as thin. The
limited development of the rings may be
related to the greater strength of the
mercurian lithosphere (7,8) and/or
viscosity structure in the asthenosphere.
The inter-ring distance serves as an
upper limit for the lithosphere thick-
ness, H. Thus H < 50 km for Tolstoj.

As Tolstoj is N300 km in diameter, a
non-proportional excavation depth can
serve as a lower limit. For Caloris
(fig. 4) this upper limit varies from
N120 km in the NE (arrow A) to V75 km

in the SE (arrow C). These limits are
consistent with both the expected
equator-to-pole thermal variation and
with the relative ages of the two basins.

The missing section of the Caloris
Montes formation (B) is not readily ex-
plained, unless this section of the ring
system sank into the mercurian mantle.
This leaves open the possibility that
the main Caloris scarp lies outside the
original rim, and that all interior ring
blocks were subducted. The necessary
density inversion is plausible but
speculative.

It is hoped that the ring tectonic
theory will increase in refinement and
application to solar system basins.
Voyager 1 will encounter Saturn during
this conference, and return images of
the surfaces of many of its relatively
small satellites. Both accelerated
thermal evolution and weaker gravity
Caloris. will diminish the likelihood of observ-
ing multiringed structures. Of these,
thermal effects are more severe, and may
lead to a situation similar to fig. 1d.

Thus outer rings may not form at all. However, the non-observation of peak
rings is considered unlikely.
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A MECHANICAL ANALYSIS OF THE VALHALLA BASIN, CALLISTO

* + * ok
H. J. Melosh, N. B. McKinnon, and Anne Remsberg ( Dept. Earth and Space
Sciences, SUNY Stony Brook, Stony Brook, N. Y. 11794, +Lunar and
Planetary Laboratory, Univ. of Arizona, Tucson, Ariz. 85721).

The Valhalla basin on Callisto (JIV) is the largest and most complex
multiring basin yet discovered. The outer rings of this basin are located
some 2,000 km from the basin center -- a distance nearly equal to the 2420
km radius of the satellite. The basin's interior is occupied by a roughly
circular patch of high albedo material 600 to 800 km in diameter. This is
surrounded by darker terrain which is traversed by bright, roughly con-
centric ridges. These ridges have an irreqular "ropy" appearance similar to
mare ridges. They occupy an annulus surrounding the basin center, extending
from the edge of the bright interior to 200-300 km outward. Beyond the zone
of concentric ridges there is a region of dominantly outward-facing concen-
tric scarps. These scarps are best developed in an annulus about 600 km
wide, but individual scarps (especially to the NE of the basin center) can
be seen as far as 2,000 km from the center. Near the inner edge of this
zone a few inward-facing scarps and graben occur. A light-colored hummocky
plains unit appears to have been extruded at the foot of many of these
escarpments. The crater density is relatively low on the dark terrain
within about 300 km of the edge of the bright basin center, suggesting
obliteration of the original crater population by ejecta from the basin-
forming impact. Farther away from the basin center the escarpments cut
older heavily cratered terrain. Numerous examples of craters cut by the
escarpments may be observed. The down dropped portion of several such
craters appears to have been innundated by the light hummocky plains unit.

It has been proposed (1) that asymmetric multiple rings are caused by
the fracture of the lithosphere as the underlying fluid asthenosphere flows

toward the transient crater cavity. When the lithosphere is relatively
thick (or strong) compared to the transient cavity depth (or overburden
pressure relief), then only one or two inward-facing ring scarps develop.
When, as appears to be the case for Callisto, the lithosphere is thin com-
pared to the transient crater depth, it suffers multiple fragmentation

(2) In this case the elastic analysis of (1) is no longer appropriate. A
plastic analysis, in which general yielding is assumed to have occured in a
large region, is a better approximation.

We have performed a preliminary plastic analysis of the situation
shown in Fig. 1. A thin elastic-plastic lithosphere of thickness t overlies
a fluid asthenosphere. The lithosphere is punctured by a crater of radius
R and depth d. The asthenosphere then flows inward toward the crater,
exerting a shear stress oy = -S (Bg on the base of the lithosphere. Stresses

r

orr and 0¢¢ are thus induced in the lithosphere. For low values of %
these stresses do not cause general yielding. At most, an extensional
failure occurs where S reaches its maximum value (at roax - 1.5R).
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ATMOSPHERIC BREAKUP OF TERRESTRIAL IMPACTORS H. J. Melosh, Dept.

Earth & Space Science, SUNY Stony Brook, Stony Brook, NY 11794 and Q. Passey,
Div. Geol. & Planetary Sci., Caltech, Pasadena, CA 91125

A number of terrestrial impact craters in the size range 3-50 km have
frequently been used as analogues of multiring basins (1,2). Furthermore,
Roddy (2) has demonstrated a similarity between these craters and the craters
produced by near and above surface explosion tests. In previous work we have
shown that the impactors which produce Targe craters on the earth are almost
invariably fragmented by kilobar level aerodynamic stresses before they
strike the surface (3). The mean density and depth of penetration of such
impactors is less than that of unfragmented bodies. Although it is difficult
to say precisely what effect fragmentation has on the final crater, numerical
studies of low density impactors (4) have shown that they produce shallow,
broad basins rather than a crater with the usual deep transient cavity. The
low depth of penetration of a dispersed “pancake"-shaped mass of fragments
as compared to that of a solid body may also explain the apparently success-
ful comparison of such terrestrial craters as Flynn Creek and Ries (2) with
craters produced by surface explosions. In view of these considerations, the
comparison of terrestrial impact craters with craters on airless bodies (or
even on Mars) must be approached with extreme caution. It seems possible that
large terrestrail impact structures may have little to tell us about Tlarge
craters on other planets, since they were formed by a very special {(aerodynam-
ically fragmented) type of projectile. Further investigation of the effects
of fragmentation upon final crater form is thus necessary in interpreting
terrestrial craters.

REFERENCES
(1) Dence, M.R., Grieve, R.A.F., Robertson, P.B. (1977) Impact and Explosion
Cratering, Pergamon, p. 247-275.
(2) Roddy, D.J. (1977) Impact and Explosion Cratering, Pergamon, p. 185-246.
(3) Passey, Q. and Melosh, H.J. (1980) Icarus 42, 211-233.
(4) 0'Keefe, D.J. and Ahrens, T. (1980) Lunar and Planetary Science XI,
p. 830-832.
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EXPLOSION CRATERING AND THE FORMATION OF CENTRAL UPLIFTS AND MULTI-RINGS
David J. Roddy, U.S. Geological Survey, Flagstaff, Arizona 86001

G.H.S. Jones, Scientific Adviser, Emergency Planning Canada, Ottawa,
Ontario, Canada.

Three explosion experiments, called Snowball, Prairie Flat, and Dial
Pack, formed large flat-floorec ratt with both central uplifts and multi-
ring structures. The surface morpho..,ies of the craters also displayed
either prominent central 1ounds multirings. In all three cratering
trials, the charge tvre c(harge ..ergy, and target media were the same.

However, the use of hemispherical and spherical explosion charges and
the natLt @ ~€ their erent .ergy coupling to the target had a noticeable
ef fect on L. specift orphoiogy and structural deformation developed at

each crater. These explosion data imply that a comparable set of morpho-

logical and structural effects may occur in large-scale impact events when
projectile and target nditions are varied in a scaled manner similar to

the changes in explosion conditions.

The three explosion trials were conducted within a kilometer of one
another on the Watching Hill Test Site at the Defense Research Establishment
Suffield, Alberta, Canada (1,2). Each cratering event was completed in the
same stratigraphic units of interbedded clays, silts and sands overlying
saturated clay; the water table was ~ 7 m depth. The Snowball Crater,
formed by a 500-ton TNT hemisphere Tying on the ground, is a flat-floored
crater, ~ 83 m in apparent diameter, with a large central mound (Figs. la,
b, 4). The Prairie Flat and Dial Pack Craters were both formed by 500-ton
TNT spheres lying tangential on the ground, and are flat-floored craters,
~ 60 m in apparent diameter, with Tow central mounds surrounded by radial
ridges and troughs and multirings (Figs. 2a,b; 3a,b; 5, 6). The remarkable
topographic and structural similarities between the Prairie Flat and Dial
- uniquely demonstrate that large-scale cratering events do yield

results when the initial conditions are well matched.

ost general sense, both the hemispherical and spherical charges

or near the ground surface formed broad flat-floored craters

* Tow rims and continuous ejecta blankets. Both types of

formed craters with major subsurface uplift and inward movement

.er-saturated clay under the entire floor of each crater. The
Snowball charge formed the largest crater because it was

the center of the charge on the ground surface, i.e., zero

st. It coupled a high-pressure shockwave directly into the
beneath the entire TNT charge. The spherical Prairie Flat and

irges formed smaller craters, in part because the detonation
center of the charge was above ground. Consequently, the

‘essure was transferred to the ground only along the contact at

:he sphere. Beyond the contact area, shock pressures were

ed because of attenuation of the TNT gas pressures prior to

1ith the ground. Therefore, less total energy was coupled

to the shape of the spherical charge and the small contact area

ind.  (S. Schuster, CRT, personal comm., 1980).

1g induced by the hemispherical charge with zero height-of-burst

ictural uplift beneath the entire crater floor and the most pro-

11 mound. Concentric and radial anticlinal/synclinal folds were

» flanks of the uplifted clay, but were not uplifted enough to

ypography of the crater floor. Cratering induced by the spheri-

vith a raised height-of-burst also produced uplift beneath the

ar floor. The uplift, however, contained prominent
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anticlinal/synclinal folds that formed both radial ridges and troughs and
multiring topography surrounding a very low, flat, central mound. These
structural and topographic features are a direct consequence of the charge
yield, charge configuration, height-of-burst, nature of energy coupling, and
highly compressible target soils over less compressible, mobile, water-
saturated clay.

Qualitative application of the explosion analog data suggests that
energy coupled by impacting bodies at or near the target surface should be
effective in forming central uplift and multiring craters. Furthermore, a
narrow range in the height-of-burst appears critical to the development of
central peaks versus multiring structure and topography. These explosion
analog conditio could be met, in part, by extensive vaporization of the
projectile upon 1mpact, thereby insuring maximum surface transfer of energy
with minimum target penetration. Such impact conditions are plausible with
Tow-density bodies, such as comets, as suggested in recent calculations by
(3) and (4). In addition, layered targets with fluid-like properties, such
as those of shallow, hot, mantle rocks, should greatly enhance uplift and
multiring structure and topography. The complexity of these conditions, as
well as the specific roles of impact energy, impacting body type, layering,
target material responses, gravity, and other initial cratering parameters,
suggest that numerical code work is essential to studies of the formation of
the largest impact craters and basins.

(1) Jones, G.H.S., 1977, Complex craters in alluvium, in Roddy, D.J., and others, eds., Impact and Explosion Cratering,
Pergamon, N.Y., 162-184.

2} Roddy, D. J., 1977, Large-scale impact and explosion craters: Comparisons of morphological and structural analogs,
in Roddy, D.J., and others, eds., Impact and Explosion Cratering, Pergamon, N.Y., 185-246.

(3) 0'keefe, J.D., and Anhrens, T.J., 1980, Cometary impact calculations: Flat floors, multiring and central peaks:
Proc. Lunar Planetary Sci. Conf. llth, Abstracts, P. 3, 830-832.

(4) Roddy, D. J., Kreyenhagen, K., Schuster, S., and Orphal, D., 1980, Theoretical and observational support for
formation of flat-floored central uplift craters by low-density impacting bodies: Proc. Lunar Planetary Sci. Conf.
11th, Abstracts, P. 3, 943-945,
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CENTRIFUGE SIMULATION STUDY OF THE PRAIRIE FLAT MULTI-RING CRATER*

R. M. Schmidt, Shock Physics Lab, M/S 42-37,
Boeing Aerospace Co., Seattle, WA 98124

K. A. Holsapple, Dept. of Aeronautics and Astronautics,
University of Washington, Seattle, WA 98195

A. J. Piekutowski, University of Dayton Research Institute,
Dayton, OH 45469
A model of the PRAIRIE FLAT site stratigraphy was devised to
investigate the feasibility of reproducing the morphology of a multi-ring
crater at subscale on a centrifuge. This in turn would allow a method to
systematically determine which features of the stratigraphy model Tlead to a
particular morphology.

A first-order soil model of the PRAIRIE FLAT stratigraphy was used
for the subscale centrifuge simulation. Two important elements were tested:
the depth to the water table and the depth to the competent sublayer. A
12.8-gram PETN spherical explosive charge was used dictating a linear scale
factor of 1/395 with corresponding increased gravity equal to 395 G. The
choice of scale for the test was influenced by both the charge size as well
as the soil container size. The finite depth of the soil container to the
thick aluminum baseplate was used to approximate the depth to the sandstone
bedrock, 13.0 cm x 395 = 51 m. (For purposes of comparison each centrifuge
subscale test dimension is multiplied by 395, thereby giving an equivalent
prototype dimension.) An unconsolidated Ottawa "BANDING" sand medium was
used for the initial testing. The sample was centrifuged at 395G to achieve
equilibrium before the explosive was detonated.

*This work supported by NASA Planetary Geophysics and Geochemistry, Contract
No. NASW-3291,
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PRAIRIE FLAT CENTRIFUGE STUDY
Schmidt, R. M. et al.

The simulated depth to the water table on the first shot was 8.1 m.
The resulting crater showed no rings and was of a characteristically
different shape than that produced in the PRAIRIE FLAT event. The crater
was too deep and the flat floor appeared to coincide with the water table
depth. For the second shot, the water table was located at 5.1 m. The
charge was detonated and the resulting crater showed better agreement with
the bulk dimensions of the PRAIRIE FLAT crater, (see Table 1). In addition,
three discernable discontinuous concentric rings were observed. The
approximate radii were 0.2 R, 0.4 R and 0.7 R (where R is the apparent

crater radius).

Table 1. Comparisons between centrifuge-scaled prototype
and PRAIRIE FLAT event.

395G Prototype PRAIRIE FLAT

Water table depth (m) 5.1 6.7
Depth to "bedrock" (m) 51 60
Diameter (m) 71 61
Depth (m) 6.7 5
Volume (md) 13,800 13,000 (est.)
Radius/depth 5.3 6.1
Ring locations
1st 0.2 R 0.28 R
2nd 0.4 R 0.52 R
3rd 0.7 R 0.61 R

4th -- 0.71 R



PRAIRIE FLAT CENTRIFUGE STUDY

Schmidt, R. M. et al.

The fact that the geometries only approximately correspond to the
field event can be attributed to numerous approximations in the centrifuge
model. What is important, however, is that multi-ring features as well as
the approximate crater bulk dimensions were reproduced in this very
simplified stratigraphy model. Further sensitivity studies are anticipated
to refine the technique, and then to evaluate the importance of water table
depth, soil type, bedrock type and depth, charge size, and gravity.

The relative success of this experiment indicates that the centri-
fuge dynamic scaling which has.been proven valid for dry and moist soils may
also be applicable for saturated soil. Elevated gravity subscale tests
appear promising to determine, at least qualitatively, the role of the site
stratigraphy on complex morphology.
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MULTI-RING BASIN FORMATION: POSSIBLE CLUES FROM IMPACT CRATERING
CALCULATIONS, P. H. Schultz!, D. Orphal?, B. Miller!, W. F. Borden? and S. A.
Larson®. ‘!Lunar & Plan. Inst., 3303 NASA Road 1, Houston, TX 77058, and
ZCaiif. Res. and Techn., Inc., 4049 First St., Suite 135, Livermore, CA 94550.

Continuum mechanics computer code calculations of relatively low energy
impacts (10%%, 10%"* ergs) have been carried to late times and permit evaluat-
ing the generation and distribution of impact melt at different impact
velocities.

The approach and imputs for the calculations are reported in detail by
Orphal et. al. (1). Two calculations were performed for identical impactors
(spherical iron, 10'% g) into identical targets (gabbroic anorthosite) but at
different velocities, 5 km/s (NASA-1) and 15.8 km/s (NASA-2) producing craters
about 900 m and 2000 m in diameter, respectively, as determined from ballistic-
ally extrapolating the cratering flow field at about one second. Although
additional calculations are needed before extrapolations can be made to other
energy and momentum ranges, these two exa iles reveal aspects of crater growth
and ejecta distribution that may be signiticant for understanding impact
phenomenology associated with basin formation.

CALCULATIONAL RESULTS

Crater Growth. Transient crater growth is discussed in detail by Orphal in
ref. (1). Figure 1 shows the volume of material ejected (Vo) relative to the
total ejected volume (Vg) for the two calculations. During most of crater
growth, material is ejected as a function of (X/R)®, which may be idealized as
hemispherical growth, where X is the radius of the growing crater and R is the
final transient crater radius. After reaching maximum penetration, d, crater
growth approaches a cylindrical approximation or (X/R)%. About 80% of the total
ejected mass leaves the cavity prior to the cylindrical growth stage although
the crater has reached nearly 75% of its final radius. Figure 1 shows that
NASA-T and NASA-2 are slightly displaced. This reflects the larger size of
NASA-2 and the effects of gravity.

The amount of material ejected from a crater is significantly less than
the amount defined by the transient crater (2,3,4). The present calculations
indicate that only 57% and 43% of the "missing" mass defined by the transient
cavity is actually ejected for NASA-1 and NASA-2, respectively. Figure 2
reveals that most of this "missing" mass represents material displaced downward
and outward, a phenomenon described in impact experiments (2,5), explosion-
cratering theory (4,6), and other impact-cratering calculations (7). Tracing
selected particle paths suggests that material about 200 m (NASA-1) and 300 m
(NASA-2) below the original ground surface are not ejected from the crater.
These values correspond to approximately 60% of the maximum crater depth.
Ejecta Distribution. Figure 3 shows the distribution of ejecta around NASA-2;
results from NASA-1 are similar. Thicknesses represent the mass per unit area
arriving at a given range and no correction has been introduced for secondary
cratering processes. The results are referenced to the thickness value at 1.5
Rc (Rc=radius of crater at the original ground surface) in order to minimize
effects of rim uplift. The data have been smoothed by a running mean (window
of r/R.=0.1). The relative thickness decreases with relative range as (r/R)™"
near the rim but approaches (r/R)%:° at airger distances. This ejecta decay
approximates the -3 slope suggested by McGetchin et aZ. (8), but results in
significantly more ejecta at larger ranges. The change in the power-law decay
reflects the effect of ejection position within the cavity (9). For comparison,
an analytical prediction of ejecta decay used in (9) is shown for terrestrial
gravity. \

The calculations were designed to permit analyzing the distribution of
shocked materials. Figure 4 reveals that materials arriving at any range
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display a wide range in peak shock pressures experienced prior to ejection.
Impact melt occurs within a crater radius of the crater rim (NASA-2) but is
mixed with ejecta having very low peak pressures. As discussed in (1), 47% of
the melt is actually retained in the final NASA-2 crater, in contrast with no
retained impact melt in NASA-1.

POSSIBLE IMPLICATIONS FOR BASIN FORMATION

The extrapolation of these calculations to basin size is clearly a pre-
carious game; nevertheless, there are several notable trends. If it is asswmed
that the transient crater of a basin impact resembles the calculated transient
craters, then the amount of material ejected from an impact cavity is less
than half of the voTume represented by the transient cavity and is derived
from depths nearly half of the transient cavity depth. This result and its
implications have been discussed by Croft (4,10). (It should be noted, how-
ever, that unusually low density projectiles may produce much shallower trans-
ient crater cavities.) Under lunar gravity, ejecta are more widely dispersed
(Fig. 3), thereby reducing the power-law decay of ejecta thickness from a near-
rim relation of (r/R)~? approaching (r/R)-2 at large distances. As the limit
of gravity-controlled excavation reduces relative to the limit of strength-
controlled disruption, the total arrival of mass/unit-area reduces but the
rapid fall-off implied by previous models reduces significantly. For a
spherical body, ejecta thicknesses at large distances (>5R) exhibit an even
slower decay, (r/R)-!. Consequently, the effects of near-rim ejecta charac-
terizing 50 km-diameter craters may be extended to larger distances around
major basins.

Extrapolating the results of Fig. 4 suggests that a wide range of shock
levels can be anticipated at a given range. The specific values depend on
both impact velocity and impact energy,and on the average increase with
increasing range. The minimum peak shock pressures for both NASA-1 and NASA-2
are similar at a given range, but the typical and maximum values are signifi-
cantly greater. Owing to re-zoning and averaging during the calculations,
however, specific shock-pressure histories (with the exception of the melted
and partially melted materials) must be treated with caution. The observed
trends also must be considered in the context of gravity-limited growth for
basin-size events where only the higher velocity materials with higher peak
shock pressures can escape the transient cavity (11).

Further calculations bracketing different combinations of impact velocity
and impact energy are necessary to resolve some of the trends inferred from
NASA-1 and NASA-2. Nevertheless, current trends suggest (a) relatively shal-
low excavation depths; (b) ejecta volumes that are nearly one-half of the
transient-crater volume; (c) cylindrical crater growth at later stages; (d)
less rapid thinning of ejecta mass with distance and (e) a wide range in peak
shock pressures at a given range but much higher typical pressures than might
be inferred directly from the current calculations.

References: 1. Orphal D. L. et al. (1980) Proc. Lunar and Planet. Sci. Conf.
XI (in press). 2. Stoffler D. et al. (1975) J. Geophys. Res. 80, 4062-4077.
3. Dence M. R. et al. (1977) IEC*, p. 247-275, Pergamon, NY, 1296 pp. 4.
Croft S. K. (1980) Proc. Lunar and Planet. Sei. Conf. XI (in press). 5. Gault
D. E. et al. (1968) In Shock Metamorphism of Natural Materials (B. M. French
and N. M. Short, eds.), p. 87-100, Mono, Baltimore. 6. Orphal D. L. (1977) In
IEC*, p. 907-917. 7. Austin M. G. et al. (1980) Proc. Lunar and Planet. Sci.
Conf. XI (in press). 8. McGetchin T. R. et al. (1973) Earth Planet. Sci. Lett.
84, 7669-7687. 10. Croft S. K. (1979) Impact Craters from Centimeters to
Decameters, Ph.D. Dissertation, UCLA, 264 pp. 11. Schultz P. H. and Mendell W.
(1978) Proc. Lunar and Planet. Sci. Conf. IX, 2857-2883.

*In Impact and Explosion Cratering (D. J. Roddy, R. 0. Pepin and R. B.
Merrill, eds.), Pergamon, NY. 1296 pp.

75



76

CRATERING CALCULATIONS

Schultz, P. H. et al.

0.5 1 U T T
o " TOTAL VOLUME EJECTED. '= 43%
= FINAL TRANSIENT CRATER VOLUME .
(¥ —
1.0 T T T T @ o4l P -
o 5 SPHERICAL GROWTH P ] w -
& | {+3 SLOPE) | ; -
= 303, , 1
oS h (o] H
w >° > %
Z=o01 1 = 02}Hs :
("] B o a
< n e Z o
53 _ )
z 5ol .
] NASA-2
(v} s g
0.01 1 L 1 i L | 1 u o o 1 J 1 ] 1 | 1 1
0.2 0.4 0.6 o8 10 0.0 0.2 0.4 0.6 0.8 10
TRANSIENT CAVITY SIZE (x/R) TRANSIENT CAVITY SIZE (x/R¢)

Fig. 1. Volume (mass fraction ejected Fig. 2. Volume (mass) frqct%on "
relative to the total volume ejected at ©Jeécted relative to transient cavity

curve is for large lunar basin
(300 km diameter) with a
spherical moon.

a given stage in crater growth. volume (mass) for NASA-2.

1.0
E'm Fig. 3. Distribution of mass/
z unit-area (thickness) refer-
O 01 F enced to value at 1.5 R¢ (R¢ =
I strength-controlled radius) for
« 9 NASA-2 under terrestrial and
O 001 lunar gravities. Upper broken
3"
(%)

RELATIVE RANGE (r/R¢)

= 1000 M COMPLETE MELTING ;
Fi 4. Distribution of peak § 100 . MAXIMUM YALUES e T
pressures at a given range 2 T s ==~
from the crater (Rc=gravity- & wof SRS S
controlled radius; R{ =strength < |7 L MmmURIERT
-controlled radius). Fig. 3a. s e T L
NASA-1 calculation for 5 km/s 1 2 4 6 810 20 40
iron impactor resulted in RELATIVE RANGE (r/R()
Re =450 m with all impact melt Nasa2 |l 1 T T — ]
egected from the cavity. Fig. §'°°°—I omp e -]
3b. NASA-2 calculation for a w / MAXIMUM VALUES
15.8 km/s iron impactor re- 2 0o AL VALES ]
sulted in Re =1000 m with 45% 2 A T T
of the melt retained in the ” ,O:/// . ramom vAWES =]
impact cavity and 55% ejected < e T T
throughout the ejecta deposit. & : Vs L L

1R, 2 4 6 810 20 40

RELATIVE RANGE (r/R¢)



77

ANCIENT IMPACT BASINS ON MARS, by P. H. Schultz and R. A. Schultz,
Lunar and Planetary Institute, 3303 NASA Road 1, Houston, TX 77058.

The record of impact basins on Mars generally appears to be deficient
relative to Mercury and the Moon (1, 2, 3, 4). This deficiency has been
attributed to a fundamental difference in the production rate of martian
impact basins (3, 4) or the additional process of planetary resurfacing,
thereby removing the early episodic/cataclysmic record (3). However, several
extremely subdued impact basins have been identified with multi-ringed
patterns resurrected by endogenic processes related to the chaotic and fretted
terrains (5). Five examples have been selected for detailed further
comparison (Table I).

Ladon basin was first recognized by earth-based radar profiling (6) but
its full dimensions and relation to the nearby chaotic terrains were not
recognized until later (5). Ladon displays three well-defined rings. The
innermost ring is poorly defined, but corresponds to a subtle scarp crossing
the interior plains. The second ring is expressed by massifs, scarps,
drainage channels, and concentration of floor-fractured craters. The massifs
form two closely spaced concentric rings, perhaps in analogy with the Inner
and OQuter Rook Mountains of the Orientale Basin. The third ring is less well
defined by massifs, but is clearly expressed by a discontinuous scarp and
control of drainage to the south. The southern boundary of Eos Chasma forms
an arc correlating with the extrapolated outer ring to the north. An
additional but very poorly defined fourth ring may be present: again
delineated by changes in drainage, a few scarps, further structural control of
Eos Chasma, and floor-fractured craters. A smal :r multi-ringed basin (600 km
diameter) overlaps Ladon to the southwest. Chaotic terrains and major
channel/valley source regions originate along the inner and outer rings of
both basins. Widespread erosion, however, is most pronounced outside the
third ring of Ladon. Ladon is the least endogenically modified basin of the
group, but has clearly undergone extensive erosion and infilling. Ejecta
scour and impact-related features other than the massifs are generally absent.

Aram Chaos is a well-known region of chaotic terrain, but is also a
multi-ringed basin (5) in a more degraded and more endogenically modified
state than Ladon. Three and possibly four concentric rings can be identified.
The circular region called Aram Chaos is bounded by an irregular rim/scarp
and narrow moat that marks the second and most prominent ring. Within this
boundary, a wide region of fractured plains partly encircles a complexly
modified crescent-shaped region at lower elevation. The inner boundary of the
fractured plains on the west also has small massifs and floor-fractured
craters delineating the innermost ring. The orderly concentric sequence
(proceeding inwards) of scarp, moat, fractured plains, massifs, and inner
chaotic zone is poorly expressed in the eastern sector where a breach in the
scarp links with Ares Valles.

Concentric with Aram Chaos are two other major regions of chaotic
terrains: lani Chaos to the southeast and Hydaspis Chaos to the west.

Between the boundary scarp of Aram Chaos and these peripheral chaotic regions,
the lightly cratered plains form a distinctive concentric zone of relatively
unmodified terrain. The chaotic terrains of lani and Hydaspis are the source
regions for major channels/valleys, Iani being the primary source for Ares
Valles. Both channels veer around Aram Chaos and merge to the north to form
a single major channel. As around Ladon, extensive erosion and ground
deterioration typically occurs along or outside the third ring.

It is proposed that the region of Aram Chaos represents the inner
modified zone of an "Aram Basin" controlling and contributing to the develop-
ment of chaotic terrains and major erosional channels. The regions of
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greatest modification are expressed as low-lying knobby and smooth terrains
concentric with the basin center and seemingly analogous to the regions of
mare flooding in the Orientale Basin on the Moon. Within the innermost ring,
modification is highly complex and exhibits evidence for multiple stages of
fracturing, erosion, and deposition; this region may correspond to the
central zone of basalt fill of Mare Orientale. Surrounding the central core
is a fractured but relatively intact zone, including the innermost massif
remnants, that indicates uplift/subsidence but comparative stability; the
proposed Orientale analog is the region between Mare Orientale and the arc of
mare ponds within the Outer Rook Mountains. The concentric moat of chaotic
terrain indicates the second zone of extensive modification bounded by the
basin scarp/rim, proposed to be analogous to the mare ponds at the interior
base of the Outer Rock Mountains. The wide zone of stable plains bordered by
regions of chaos to the southeast and southwest but controlling the paths of
Ares Valles and another channel most likely corresponds to the knobby terrains
of Orientale bounded by the Cordillera scarp. This Tatter analogy is
strengthened by the highly lTocalized occurrence of both chaos (Aram Basin) and
maria (Orientale Basin). An additional ring around Aram Basin is identified
on the basis of concentric fractures and floor-fractured craters -- perhaps
represented as a concentric pattern of mare and graben around Orientale.

The Tast three examples occur along the fretted terrain and exhibit
notable similarities and significant differences with Ladon and Aram. A 300
km-diameter circular structure was first mapped by Lucchitta (7), but also can
be interpreted as the interior remnant of a major 500 km-diameter basin that
has been buried, resurrected by differential erosion, and now half-destroyed
along the fretted terrain (5). Shadow measurements of remnant relief clearly
reveal the steplike profile of an impact basin including probable massif
remnants. The concentric zones of fracturing, stability, and scarps bear
close resemlance to the better preserved Aram Basin. Although chaotic
terrains are generally absent, regions of most extensive erosion again occur
exterior to the major rings. This is in direct contrast with the last two
examples 700 km to the west within Deuteronilus Mensae. Here, ground
deterioration has preferentially destroyed the basin interior leaving
concentric hills, mesas, and arcuate scarps encircling a small central
hummocky zone interpreted as exposures of the central uplift. These examples,
therefore, present an inverted topography with respect to Aram and Ladon.

Figure 2 permits direct comparison of the major terrains and processes
associated with the selected multi-ringed structures. Two important aspects
of basin structure emerge. First, the concentric rings are not simply
uplifted relief but correspond to Tong-lasting and deep-seated faults that
become progressively less well defined away from the basin center. Second,
localization of endogenic activity in these zones is not necessarily
associated with low-lying areas but occur where faults occur, as previously
stressed for the Moon (8). Results of detailed mapping of terrains and
processes for Ladon, Aram, and the unnamed basin along the fretted terrain has
four additional implications. First, the martian impact basin record may be
comparable to other planets but has been largely removed by erosion and
deposition. Second, the resurrection of ancient basins often occurs in a
systematic manner that can reveal fundamental clues for original basin
structure. Third, major outflow channels commonly originate in chaotic
terrains Tinked to basin structures and develop episodically rather than
continuously or in a single catastrophe. Fourth, the most extensive regions
of erosion occur along or outside the third ring where, it is proposed, that
the ejecta deposits are highly permeable (and therefore more saturated with
water/ice) and are easily eroded.
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LOCATION TABLE |
RING STRUCTURE | (DEGREES} RING DIAMETERS {km)* REGIONAL SETTING.
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INNER OUTER

ROOK pape ROOK  pape ORIENTALE

Arom 21.5W. 27N ({53-5). 140-S, 250-M, 440-M, 550-F
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Unname. d 322W, 41.6N |{60-5), 145-5, 260-F, 480-5M, S70-F

Deuteranilus (A} J42W, 44N |44-5, 80-5, (100-5, 170-5} 220-SM, 280
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Deuteronilus (B} | 338W, 42.5N| 55-M. 201-5M, (250-5) ;

*Notation: S=scarp, M=massil, F=major fracture
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Figure 1. An abridged terrain map RELATIVE POSITION
of Aram Chaos region. Aram Chaos is
the central region of a multi-ringed Figure 2. Stylistic comparison of
basin delineated by remnant massifs, profile and terrains associated with
arcuate scarps, and concentric ancient martian impact basins. Dis-
arrangements of chaotic terrain and tance is referenced to the major ring
floor-fractured craters. Igneous diameter underlined in Table I.

intrusions localized by long-Tasting
and deep-seated fractures resurrected
the largely erased multi-ringed basin
plan.
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DEPTH OF EXCAVATION OF BASIN-SIZED CRATERING EVENTS ON THE MOON:
A REVIEW OF CURRENT UNDERSTANDING. Mark Settle, Office of Space
and Terrestrial Applications, Code ERS-2, NASA Headquarters,
Washington, DC 20546 and James W. Head, Dept. of Geological
Sciences, Brown University, Providence, RI 02912

Definition of Terminology The term 'depth of excavation' has
been used in different contexts by various investigators to
generally describe the subsurface penetration of impact craters.
It is important to note that a crater's transient cavity expands
through the dual processes of excavation and plastic deformation,
which operate simulataneously during the so-called excavation
stage of crater formation. The maximum depth at which target
material is actually excavated may not necessarily correspond to
the maximum depth attained by the crater's transient cavity [1].
We have employed the term sampling depth to refer to the
maximum depth of crustal material ejected beyond the rim crest of
a crater's transient cavity (equivalent to maximum depth of
primary crater ejecta [2]). The term depth of excavation has
been used in a restricted sense to refer to the maximum depth at
which target material is forcibly dissociated and laterally
displaced during cratering event [3]. A zone of plastic
deformation extends beyond the maximum depth of excavation in
which material is permanently displaced but individual particles
have maintained their relative positions. Transient cavity depth
refers to the maximum depth attained by the transient cavity
prior to the modification stage of a cratering event. (All
depths are relative to the elevation of original (pre-crater)
ground surface.)
Excavation Depth Estimates Many earlier studies have failed to
specifically define whether 'depth of excavation' estimates
correspond to crater sampling depth, excavation depth, or
transient cavity depth, as defined above. These distinctions are
important. For example, transient cavity depth may significantly
exceed the depth of excavation due to compression and structural
displacement of target material. Similarly, the depth of

excavation may be significantly greater than the sampling depth
due to the excavation of large volumes of material which are not

transported beyond the cavity rim.

Several past studies have employed the apparent depths of
fresh lunar craters as direct estimates of depth o excavation
f4]. (Apparent crater depth is measured from the elevation of
the original (pre-crater) ground surface to the observed floor of
the crater.) Lun-- craters smaller than 15 km in diameter form
within the lunar .._jaregolith, which consists of highly
comminuted and brecciated material [5]. Compression and lateral
flow of megaregolith materials may play a major role in the
formation of small sized lunar craters. If this is the case, the
apparent depths of these craters would significantly overestimate
the crater's true depth of excavation. The apparent depths of
small craters may, however, provide a reasonable estimate of
transient cavity depth, provided that wall slumping during the
terminal stages of crater formation does not significantly alter
the morphometry of the transient cavity.

Lunar craters greater than 15 km in diameter exhibit
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pervasive morphologic evidence of modification during the latter
stages of crater formation. There is a general consensus that
large scale crater cavities are enlarged and infilled during the
terminal stages of the event through some combination of
processes. The principal modification processes are inferred to
be rim slumping, floor rebound, and ejecta fallback [6,7].

Past estimates of the depth of excavation of large scale
lunar cratering events have been obtained in two very different
ways. One method involves extrapolation of the observed
morphometry of small sized craters. This method generally
assumes that: (i) depth of excavation and transient cavity depth
are equivalent, (ii) the observed depth of small, fresh lunar
craters is approximately equal to transient cavity depth and
(iii) transient cavity shape (i.e. depth/diameter ratio) remains
constant over a wide range of cavity size. The latter assumption
implies that the observed decrease in the depth/diameter ratios
of large lunar craters is due solely to the increased efficacy of
cavity modification processes during large scale events. The
other method of estimation employs morphologic and morphometric
observations of large lunar craters to directly infer the
original size or shape of their transient cavities. This method
uses observational evidence and mechanistic models of cavity
modification processes to reconstruct the configuration of
transient crater cavities and ejecta source regions. This method
involves no a priori assumptions concerning the relative efficacy
of excavation and modification processes within craters of
different size.

Estimates of the depth of excavation of basin-sized cratering
events based upon the morphometric extrapolation method range up
to 80-120 km for Orientale and Imbrium, respectively [8,9]. The
sampling depths of these two cratering events have been inferred
on the basis of primary ejecta volume estimates [2]. Maximum
estimates of ejecta sampling depths for Orientale and Imbrium
range up to 20 and 27 km, respectively. No attempt has been made
to mechanistically reconstruct the transient cavities of
basin-sized craters. This is due primarily to our lack of
understanding of how wall failure and floor rebound processes
operate at basin-sized scales. Recent studies of rim slumping
and ejecta fallback [10] mechanisms have been conducted for
craters up to 140 km in diameter. These studies indicate that
rim slumping is a major agent of transient cavity modification,
whereas fallback plays a minor role in modifying lunar crater
cavities. Extrapolation of the results of the rim slumping study
to basin-sized structures suggests that transient cavity depth
for the Orientale and Imbrium events was on the order of 35 to 50
km, respectively.

In summary, morphometric extrapolation models indicate that
transient cavities formed by basin-sized cratering events
extended far below the 60 km seismically-defined lunar crust.
Estimates of depth of excavation based upon these models suggest
that significant volumes of subcrustal material were
disaggregated and presumably ejected from basin-sized cavities.
In contrast, cavity reconstruction models indicate that
basin-sized impacts produced initial cavities with depths on the
order of 50 km or less. Material ejected from these cavities is
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expected to originate from approximately the upper half of the
seismically-defined crust.

The single piece of 'ground truth' evidence which can be used
to identify a preferred range of excavation depth estimates is
the general lack of deep seated crustal rocks within the lunar
sample collection. A few select samples exhibit geochemical and
petrographic features which are indicative of in situ crustal
formation at depths ranging up to 20-30 km. However, there is no
widely recognized suite of samples which formed at depths greater
than 30 km. 1In fact, the number of samples inferred to originate
from depths of 10-30 km is quite limited. This evidence is
generally consistent with depth of excavation estimates based
upon cavity reconstruction methods.

Key Problems for Future Research
1) Compressional Effects in Small Lunar Craters

A critical assumption of the morphometric extrapolation model
concerns the equivalency between depth of excavation and
transient cavity depth. As mentioned above, small lunar craters
form within highly compressible materials. Laboratory cratering
experiments in quartz sand have shown that substrate compression
can account for up to one-half of apparent crater depth [11].

The ratio of excavation depth to transient cavity depth should
logically increase with increasing crater size due to the lower
compressibility of deeper crustal materials. If the fractional
volumes of excavated and plastically deformed target material
vary significantly as a function of cavity size, then small
crater depth/diameter ratios cannot be used to directly infer the
maximum depth of excavated material.

2) Rebound Effects in Large Lunar Craters

Cavity reconstruction models which can account for basement
rebound mechanics during the modification stage of crater
formation have not been developed to date. Cavity reconstruction
models have shown that rim slumping cannot be solely responsible
for the morphometric transition from small, bowl-shaped craters
to large, saucer-shaped craters greater than 100 km in diameter
[3]. However, cavity reconstruction methods have not yet
disproved the hypothesis that transient cavity shape remains
constant over a wide range of crater size. Models demonstrating
the combined effects of wall failure and basement rebound must be
constructed to determine whether the observed morphometry of
large lunar craters is due completely to the expanded role of
modification processes in large scale cratering events.
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PETROLOGY OF THE APENNINE FRONT, APOLLO 15: [IMPLICATIONS FOR THE
GEOLOGY OF THE IMBRIUM IMPACT BASIN. Paul D. Spudis, U.S. Geological
Survey, 2255 N. Gemini Dr., Flagstaff, AZ 86001 and Dept. of Geology,
Arizona State University, Tempe, AZ 85281

Introduction and Geologic Setting

The Apollo 15 mission was targeted for one of the most geologically
diverse of the Apollo landing sites, the Hadley-Apennine region (26°N,
4°E). The site is on a mare plain near the Montes Apenninus chain, which
marks the southeastern topographic rim of the Imbrium basin. The primary
highland sampling objectives of the Apollo 15 mission were to characterize
the nature of Imbrium _,2cta and to sample the pre-Imbrian section that may
be exposed in the Apennine scarp (1). Of principal scientific interest
were the petrology and chemistry of Imbrium ejecta in this region and
radiometric dating of Imbrium-related samples to help establish the abso-
lute age of the Imbrium impact. Results of these studies have significant
implications for the location and dimensions of the original Imbrium crater
and also help constrain theories of the origin of lunar multi-ringed
basins.

The Imbrium basin is one of the largest and youngest of the Targe
lunar basins and the geology of the Apollo 15 landing site has been
strongly influenced by its formation and that of two pre-Imbrian basins:
Serenitatis and an old degraded basin centered near Copernicus (2). The
Apennines are an arcuate chain of highlands that display chaotic dune-T1ike
topography in the south and massif/domical terrain in the north, near the
Tanding site (2,3). Extensive slump blocks occur along the basin-facing
scarp of the Apennines together with bright, fresh talus slopes around most
of the massifs. The highlands sampled by Apollo 15 are represented by the
Hadley Delta massif, an equant mountain block about 15 by 20 km in plan.
The relief, about 3400 m above the mare plain, well exceeds the thickness
of Imbrium ejecta (about 1 km) expected at the crest of the Apennine scarp
(4). The possibility that an extensive pre-Tmbrian section is exposed
within the massif enhances the probability t t ejecta from pre-Imbrian
basins, particularly that of Serenitatis, was sampled.

Petrology of the Apennine Front

The most abundant type of rock returned from Hadley Delta, collected
at all front stations, consists of vitric matrix breccias of varying
degrees of coherence. These rocks appear to be single-generation breccias
with clasts of local mare basalt, a non-mare basalt type with medium-K
KREEP composition, glass and mineral fragments of various types, and minor
amounts of granulated anorthositic clasts. The proportions of these com-
ponents vary widely: some samples consist entirely of mare basalt/KREEP
basalt clasts in a glassy matrix (e.g. 15205; 5) whereas in others the
clast population is almost entirely dominated by anorthositic rock types
(e.g. 15459; 6). The incorporation of Targe amounts of local, post-basin
debris, and the saturation of solar wind gases in the glassy matrices of
these breccias (7), strongly suggest that these rocks are lithified soils,
probably unrelated to the Imbrium ejecta component at the site (8). How-
ever, some vitric-matrix breccias with a high proportion of exotic lithic
clasts may represent Imbrium ejecta, although none have been identified to
date.

The other rocks collected at the front are microcrystalline matrix
breccias of two types. The station 6A boulder, represented by 15405, con-
sists of a KREEP-rich melt enclosing clasts of KREEP basalt, KREEP gran-
ites, and a unique quartz monzodiorite (9). The breccia assembly age for
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this rock is about 1.25 AE (10), which in addition to the unique petrology
of the rock suggests that 15405 is exotic and not related to the local
Apennine front composition. The other type is represented by 15445 and
15455, the "black and white" breccias, representative of the 1-m boulder on
the rim of Spur crater (1). These rocks consist of an aphanitic melt
matrix of Mg-rich, low-K Fra Mauro (LKFM) basalt composition that encloses
pristine noritic and troctolitic 1ithic clasts and abundant mineral debris
(8). The lithic clasts include a norite dated at 4.52 AE, one of the
oldest lunar rocks known (11), and unique spinel cataclasites that appear
to have equilibrated at great depths (>50 km) in the lunar crust (12?
These breccias apparently were assembled at about 3.92 AE (13). These
rocks have been interpreted as fragments of the Imbrium basin impact melt
sheet (8,14); if so, they are the best samples of primary Imbrium ejecta in
the Apollo collection.

Anorthosite is sparse at the Apennine front, and study of front soils
and glasses confirms that the dominant composition is LKFM basalt
(15,16). This dominance suggests that the Imbrium ejecta component at the
front is of LKFM composition, and the paucity of anorthosite in the Imbrium
component is confirmed by the clast population of the "black and white"
rocks, which contain norites and troctolites (mafic ANT) (8,17). The anor-
thosite 15415 may be a pre-Imbrian sample of Serenitatis or other basin
ejecta, an interpretation supported by its great age (+~ 4.2 AE; 18). Other
anorthosite fragments from the front may have a similar origin.

Agqlutinitic glasses of LKFM composition are abundant in soils from
the Apennine front (15). It might be expected that these glasses are the
products of regolith formation on the Imbrium ejecta component within the
massif. The chemistry of the Apollo 15 LKFM glasses more closely resembles
the Apollo 17 melt sheet than the Imbrium melt sheet ("black and white"
breccias), (Fig. 1). Moreover, the glasses cannot be produced by mixing of
the chemically distinct "black" and "white" portions of the Imbrium melt
rocks, because they do not fall on a mixing line between these
components. This suggests that the Apollo 15 LKFM glasses may be derived
from a unit exposed within the massif having bulk chemistry similar to the
Apollo 17 melt rocks. Geologic studies (3,4) have suggested that uplifted,
pre-basin rocks may be exposed within the Apennines; thus the Apollo 15
LKFM glasses may have been derived, t least in part, from a section of
Serenitatis ejecta exposed within the Apennine front. Although large rock
samples of probable Serenitatis origin have not yet been identified in the
Apollo 15 collection, some rake samples (e.g. 15359; 19) have bulk chemis-
try and petrology compatible with such an origin.

The LKFM glasses are probably polygenetic; at least some are generated
by mixing of components in Apennine front soils (20). Chemical variation
in these glasses (15) demonstrates some to be clearly related to the
Imbrium melt component (Mg0 14-16%), although the majority have Mg0 of
9-11% and are probably related to Serenitatis.

Other rock types in the Apennine front collection are volcanic KREEP
basalts (21), probably derived from the post-Imbrium Apennine Bench Forma-
tion (22,23), and numerous red, yellow and green glass spheres (24,25),
probably of post-basin volcanic origin (26,27).

Implications for Imbrium basin geology The probable geologic rela-
tions among Apollo 15 front samples are summarized in Fig. 2. A consider-
able section of pre-Imbrium basin rocks is apparently exposed within Hadley
Delta, an exposure consistent with ejecta thickness estimates based on
theoretical calculation (28) and photogeologic interpretation (3,4). In
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addition, Imbrium impact melt is present, probably as discontinuous patches
on the upper slopes of the massif. Purely clastic Imbrium ejecta has not
been identified but it probably exists within fines from the front. The
Imbrium ejecta at Apollo 15 is certainly of crustal origin (14), and no
evidence of lunar mantle materials is found in the Apollo samples (29).
These facts place a severe constraint on models that would equate the
Apennine ring with the rim of the Imbrium transient cavity (30,31); they
imply an extensively wide and shallow cavity. A more 1ikely explanation
involves smaller initial craters that excavate deeper (32), although not
necessarily proportionally so (33). 1In this interpretation, the Apennines
represent a basin structure outside the crater of excavation (3,4,32, and
others). It is possible that none of the present Imbrium rings reflect the
location of the initial cavity, particularly if considerable post-impact
structural modification has occurred (34). The considerable exposure of
pre-Imbrian material in the massif, relative thinness of Imbrium ejecta,
absence of deeply (> 50 km) derived ejecta, and preservation of pre-Imbrian
topography in the Apennines (3) all suggest a relatively small transient
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State University, Tempe, AZ 85281, 2. MNorthrop Services Inc., P.0.
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A melt sheet produced by the Serenitatis event is generally considered
to be represented by the poikilitic, impact-produced melt breccias that
dominate the highlands samples collected at Taurus-Littrow (1,2,3). These
poikilitic melts comprise Boulders 2 and 3 at Station 2; the Station 6
boulders; the Station 7 boulder; and several smaller rocks. Aphanitic melt
breccias, commonly lighter in color (Boulder 1, Station 2; 73215;73235;
73255) have also generally been considered samples of the melt sheet
(4,5,6,7) because of their "overall similarity" (4) to the poikilitic
breccias. However, as outlined below, the aphanitic breccias are actually
significantly different from the poikilitic breccias. We contend that
these differences indicate that the aphanitic breccias are not directly
related to the Serenitatis basin-forming event.

THE APOLLO 17 MELT ROCKS

Clast Populations: The aphanitic breccias contain a more varied and
distinct clast population than do the poikilitic breccias (6,8). Felsite
(granitic) clasts are common in the aphanitic breccias and absent in the
poikilitic breccias. Mare-1ike basalts and basaltic impact melt clasts,
abundant in the aphanitic breccias, are rare in the poikilitic breccias.
The latter contain mostly mafic plutonic and granoblastic clasts of lower
crustal origin.

Chemistry: Figure 1 demonstrates that the poikilitic melts form a
chemically homogeneous group, with a dispersion a 1ittle greater than that
of the terrestrial Manicouagan melt sheet (9). In contrast, the aphanites
as a group have considerable scatter. Samples 73215 and 73235 are similar,
and distinct from sample 73255. The Boulder 1, Station 2 aphanites show a
wider dispersion, though the extremes are all from one sample, 72275. All
are distinct from the poikilitic breccias.

Petrographic Features: The aphanitic breccias are mainly
accretionary; the Boulder 1, Station 2 aphanites are commonly rounded
inclusions or form rinds on lithic clasts around which they have been
wrapped (8,10). Similar structures form samples 73215 and sample 73235
(5,11) and 73255 is a single accretionary melt bomb (6). The poikilitic
breccias generally lack such accretionary characteristics.

Discussion: The aphanitic melts are not only distinct from the
poikilitic melts but are markedly distinct from one another. Meteoritic
signatures (12) also suggest that the Boulder 1, Station 2 aphanites and
one sample of 73215 are distinct from the others. Ar-Ar plateau ages for
poikilitic and aphanitic melt rocks are similar, but samples 73215 and
73255, at least, may be younger. (~ 3.88 AE) (13) than the poikilitic
rocks (~ 3.96 AE) (14), if the latter completely outgassed during formation
and their plateau ages accurately reflect crystallization ages.

Obviously, the aphanitic rocks had a cooling history distinct from the
poikilitic melts, but all of the differences cannot simply be a result of
cooling histories. The differences indicate a distinct, shallower source
for the aphanitic rocks. Wood (4) suggested that the Boulder 1, Station 2
aphanites formed from an early, high-angle ejection during the Serenitatis
event. However, this model requires that the entire crustal depth
penetrated by the event was roughly low-K Fra Mauro composition (5), an
unlikely proposition (15). The evidence is consistent with smaller-scale
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(compared to Serenitatis) impact events into shallow-level source materials
for the origin of the aphanitic breccia.

REGIONAL GEOLOGY

The Apollo 17 landing site was selected to provide access to both
young volcanics and ancient highlands (16). Numerous pre-mission geologic
studies showed that the Serenitatis basin would be a 1ikely source for many
terra rocks with an additional uncertain Imbrium contribution (16,17).
Post-mission studies have tended to emphasize similarities and correlation
with the better preserved Orientale basin (7,18,19), equating the Apollo 17
massifs with the OQuter Rook ring and the Sculptured Hills unit with the
knobby Montes Rock Formation (7). In these interpretations, all highland
samples from Apollo 17 are directly related to Serenitatis basin ejecta,
and the landing site is considered very near the rim of the Serenitatis
transient crater.

A major problem with these interpretations is illustrated in Fig. 2.
The Sculptured Hills unit displays varied morphology, with knobby (k),
smooth (s) and lineated (arrow) facies; the 1ineated terrain is probably
Imbrium related (20). If the Sculptured Hills is equivalent to the Montes
Rook Formation of Orientale, it should be contemporaneous with the
Serenitatis basin. As shown in fig. 2, however, the Sculptured Hills unit
overlies the rim of the crater Littrow (L). This crater postdates the
Serenitatis ring structure; therefore the Sculptured Hills may not be
anal ogous to the Montes Rook Fm. as defined (18). Either of two
possibilities may explain this relation: 1) the Sculptured Hills is a
facies of Serenitatis material, deposited on pre ~ renitatis craters; the
transient cavity of the Serenitatis crater would ...erefore lie well within
the presently defined topographic basin (see 2'‘; 2) The Sculptured Hills
is a post-Serenitatis terra unit, d-~osited or. _he massifs ard crat s of
the Serenitatis rim; a possible sou..a could be the Alpes fac 3 of Imbrium
basin ejecta (20,22).

These observations suggest that the Taurus-Littrow highlands may not
be dominated solely by Serenitat  material. A complex, multiple-impact
history involving basins and sme. er local imp=~ts seems required to
explain the regional geology. Particularly ir_ iguing are the craters
Littrow (30 km dia.; 50 km range to landing site) and Vitruvius (30 km
dia.; 80 km range to landing site); these craters probably contributed
ejecta to the Apollo 17 site (~ 4.7 and 1.1 m average ejecta thickness
respectively, from equations of Getchin et al. (23)). The imnact target
for these craters would be Sereniivi**s basin ejecta, with, in e case of
Vitruvius, some Imbrium basin mé 1 1 possibly admixed. Littrow's
irregular shape (Fig. 2) may indicate that it is an Imbrium secondary
crater, related to other Imbrium secondaries abundant in this region
(24). 1If so, Littrow probably resulted from a relatively low velocity
impact (25) that would not have generated m h melt, but would rather have
redistributed existing 1ocal materi-' The —-1t-bomb nature of sample

73255 (6) and its relatively young 13) e concistent w ' h its
generation as melt ejecta from Vitr i, which ¢ —ars to b_ an Imbrian-
age primary impact crater.

CONCLUSIONS

Geologic, chemical, petrographic, and age data indicate that the
Apollo 17 highlands have experienced a complex, multiple-impact history.
In contrast to prevailing opinion (6,7), we suggest that these highland
rocks are not all derived from the Serenitatis basin impact. Specifically,
the aphanitic breccias collected at Stations 2 and 3 appear to represent
distinct, non-Serenitatis impact events that may both predate (~ 4.0AE
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CRATERING EXPERIMENTS IN NONCOHESIVE AND WEAKLY COHESIVE SAND:
EXCAVATION MODE AND EJECTA CHARACTERISTICS Stoffler, D.*, Gault, D.E.T,
Reimold, W.U.* *Lunar and Planetary Institute, Houston, TX 77058 and
Institute of Mineralogy, University of Minster, D-44 Minster, Germany
tMurphys Center of Planetology, Murphys, CA 95247

Experiments. Aluminum spheres and Lexan (plastic) cylinders of 0.3 -

0.4 g were fired vertically into sand targets at 5.9 to 6.9 km/s in the Tight
gas .gun facility of NASA Ames Research Center. Two types of targets were
used: (1) loose, dry quartz sand, and (2) slightly cohesive sand of glass
beads. The target region to be cratered was marked by various geometries of
colored sand. In one type of target, 5 horizontal (9 mm thick) layers of
differently colored sand were on top of clear sand. In a second type of
target, a single 9 mm thick horizontal layer of sand of concentric annuli with
different colors was positioned at 0, 9, 18, and 27 mm depth in the target,
respectively. Details of the experimental conditions and the crater para-
meters are given in Table 1 and Fig. 1.

Ejecta were collected around the craters within at least two 45° sectors
on the reference ground plane and in vertical catchers at a radial distance
of about 7 crater radii following previous procedures (1). Mass; color of
sand grains; grain size-distribution; mass, types, and color of shock-meta-
morphosed grains; and presence of projectile material on grains were deter-
mined for each sample.

Results. Bowl-shaped craters with smooth rims, 30 to 33 cm in diameter
and 5.3 and 7.4 cm in depth, were produced in all experiments with loose, dry
sand targets (1). The rims and the continuous ejecta blankets form perfectly
developed overturned flaps with inverted target stratigraphy in all cases.

Craters with blocky rims and blocky ejecta blankets were formed in two
shots with sTightly cohesive sand of glass beads. The blocks, up to 6 cm in
size at the rim, gradually decrease in size with radial range. They extend to
about 7 crater radii. The blocks near the rim are either horizontally dis-
placed, tilted or overturned and consist of the upper two layers (18 mm thick)
of the target. With increasing range the blocks are primarily derived
from only the uppermost 9 mm target layer. Noncohesive ejecta from deeper
layers originating from as deep as 36 mm are discontinuously distributed be-
tween cohesive blocks in a zone of at least 2 crater radii. Results of
quantitative analyses of the ejecta collected quantitatively from inside and
outside the craters can be summarized as follows: (1) The average ejecta
thickness as a function of range can be expressed by the following decay
function for experiments in quartz sand:

t (ejecta thickness) = T (~§})'3'26

2

where T is the rim thickness corrected for uplifting, r is the range, and R

is the crater radius. The decay of ejecta thickness is actually steeper near
the rim. Separate regression analyses in the range from 1.0 to 1.6 crater
radii yield exponents of the decay function of -4.3 to -6.2. (2) The boundary
1ine (dashed line in Fig. 1) above which sand was excavated and ejected beyond
the crater rim is rather shallow. It deviates from a simple bowl-shaped
cavity, having a shoulder at about 0.3 crater radius. A Targer volume of the
final crater is produced by downward, lateral, and oblique upward flow and
compaction of sand. (3) The mass distribution of shock metamorphosed par-
ticles (melt particles, shock-lithified breccia particles and comminuted
quartz grains) which amount to about 4% of the total displaced mass, is dis-
tinctly different from the distribution of the total displaced mass. About






Al quartz sand 5.9 — 6.5 km/s
Point of
Boundary for sand impact
ejected beyond crater rim . o er
Zone of meltin Zone of shock lithification
0TS | 529
9 +:/530
18 531
27 g 532
36 - DLG
(mm) NUMBER
Crater profile
JR .25R .5R 75R R
V/‘ = Black HI[H]]] = Green E;]l T ] I II I | I I
(o] 15 3.5 55 8.5 ns 145 (cm)
= Red = Blue
% = Violet E = Orange
Fig. 1. Cross section through target and average crater profile for a series

of 4 experiments (DLG 529-531) in quartz sand with the layer of concentric annuli
of differently colored sand at variable depths. Two thin, solid lines indicate
excavation volumes ejected beyond 2 and 7 crater radii, respectively.

"le 39 tQ “48tHIMS

SOILSIYILIVYYHD ANV SINIWIY3IdX3T 9INIHILWYD

16



92

THE DETAILED APPLICATION OF MAXWELL'S Z-MODEL
TO LABORATORY-SCALE IMPACT CRATERING CALCULATIONS

Thomsen J.M., Austin M.G., and Ruhl S.F., Physics International

Co., San Leandro, CA 94577; Orphal D.L., California Research and
Technology, Inc., Livermore, CA 94550 and Schultz P.H., The Lunar
and Planetary Institute, Houston, TX 77058,

Finite-difference computer calculations can be used to
simulate target material motions which occur in realistic
hypervelocity impacts into homogeneous targets (1, 2, 3, 4) and
layered targets (5). Our effort (6, 7) concentrates on
laboratory-scale impact experiments and corresponding finite-
difference computer simulations in an attempt to understand the
basic dynamics of the impact process. Concurrent with these ef-
forts is an effort to apply Maxwell's Z-Model (8, 9) to impact
cratering. Because the experiments can confirm (or deny) the
results, thereby establishing the limits of credibility of the
theoretical efforts, the detailed application of this analytic
model should begin at the laboratory scale. Eventually, the
detailed model may be applicable to some specific features of the
process of basin formation, including (10) growth of the
transient cavity, origin of excavated material, and transient and

permanent rim uplift,

We previously found that the Z-Model characterizes the
cratering flow field at any one time in our calculation, but that
Z generaliy increases with time (7) from Z = 2.1 at early times
(18 usec) to 2 = 2.8 at intermediate times (600 usec). This
finding destroys the notion of a steady-state flow field as
previously applied to near-surface explosion cratering calcula-
tions. To assess the effect of Z(t) more quantitatively, we
plotted the paths of selected Lagrangian zones (streamlines) from
our two-dimensional calculational results. We then compared

these streamlines to those computed with Equations 1 and 2--the
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steady-state Z-Model streamline relations (8)--using the reported
early time (Fig. 1) and intermediate time (Fig. 2) values of Z(#9)
reported by Austin et al. (7). The flow-field strength param-
eter, a, and the flow-field center (6) were held constant at

0.1 cmZ+l/usec and 0.6 cm, respectively. Neither set of Z values

fits the streamlines generated by the calculation very well.

1/2+1
R(t) = [(Z+l)at + ROZ+1] (1)
7-2
6(t) = cos ~ |1 - (Rét)) (1-cos o_) (2)
(o]

Analyses to date suggest that zZ(6) derived at any single
time in the calculation will not well match the entire stream-
line pattern observed in the target material. The computed
streamline pattern (at least for material which is not ejected)
can be fit, however, with Equations 1 and 2 using constant (time-
independent) values of Z(6). This match is accomplished by cal-
culating various streamlines using Equations 1 and 2 with
different values of Z until a best-fit is achieved (Fig. 3).
Construction of a time-independent Z-flow flow field in this way
essentially averages the time dependence of Z, thereby providing

a reasonable--but not exact--overall fit.

Investigation of the detailed application of the Z-Model
has, at this time, yielded the following results: the steady-
state Z-Model appears to be able only to describe the time-
integrated cratering flow field in an average sense, and Z(0)
must be chosen by a tedious process of fitting streamlines
derived from a complete finite-difference calculation. These
results apply only to one set of impact conditions and may be
different if the momentum of the impacting projectile were varied

over reasonable limits.
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"BP" STRUCTURE, SOUTHEAST LIBYA:

A TERRESTRIA  ULTI-RING BASIN.

James R. Underwood, Jr., Department of Geology, Kansas Scaie University,

Manhattan, KS 66506

The "BP" meteor1te 1mpact structure which 1ies some 165 km northeast of

Kufra Oasis at lat 25°19' N and long 24°20' E (Fig.
block 0.6 km in diameter surrounded by two

2 km and 2.8 km in diameter (Fig. 2).

1), consists of a central
continuous rings of low hills,

Approximately 80 km almost due south

of the "BP" structure is the ”Oas1s" structure, 11.5 km in diameter and cen-

tered at lat 24°35' N and long 24°24" E.

The multi-ring character of this
structure is not as clearly expressed as is that of the "BP" structure.

The

Structures lie in the Kufra structural basin; they and the country rock are
composed of Nubia Sandstone, which in L1bya has been considered - be part of
the Lower Cretaceous Series (2) but whick in southern Egypt has __en deter-

mined by Klitsch et al.
The concentric rings of disturbed

striking contrast with the typical landrorms of the region, i.e.

mesas, and northwest trend1ng r1dges

(3) to be part o.

the Upper Cretaceous Series.

"rata of the "BP" structure are in

buttes,

The beds in the outer r1ng dip 1nward

at angles ranging from 3° to 15°, and the beds of the inner ring dip genera1—
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Figure 1. Generalized geologic map
of Kufra region, showing Tocalities
of impact structures northeast of
Kufra oasis. Modified from Conant
and Goudarzi (1964)(1).

ly outward at angles of 20° to 40°
thus creating a rim syncline. The
outer ring rises as much as 20 m
above the surrounding desert plain,
the inner ring extends some 30 m
above the plain, and the central
block has a maximum height above

the surface of about 38 m. The
inner ring structurally is more
complex than the outer and contains
numerous gently plunging folds

whose axes are tangent to the struc-
ture and whose 1imbs dip as much as
70°. The south half of the central
b]ock is deeply eroded, complexley
folded, and composed of light-color-
ed sandstone, probably the oldest
rock exposed in the structure. The
folds there are gently plunging,
3-15m from 1imb to Timb at the sur-
face, and randomly oriented. The
high standing north half of the cen-
tral block is intensely jointed and
neavily impregnated with iron oxide.
Although not chaotic, bedding of the
rock there is d1ff1cu]t to discern;
measured dips of 45° - 70° may not
be valid. Faults in the "BP" struc-
ture are inconspicuous (4).

Kohman et al. (5) first report-
ed the circular structures, having
noticed them on air photographs;
the Targer "0Oasis" structure they
also recognized on Gemini orbital
photographs. The low albedo of the
rocks, both of the structures and
of the surrounding buttes, mesas,
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structures, below the level, for example, where shock pressure would have
been sufficiently intense to produce shatter cones.

Recent intensive core drilling by Roddy at Flynn Creek and the study of
large-scale, man-made explosion structures at various test sites has indica-
ted, however, that multi-ring basins may be formed initially and are not nec-
essarily the result of prolonged erosion that eliminates a broad and deep
cavity. The key requirement is that, with only shallow penetration, the
kinetic energy of the bolide be transformed into shock-wave energy that af-
fect§ the surface and near-surface rocks (D.J. Roddy, personal communication,
1980).

The origin of multi-ring basins on planets other than Earth has been
considered by many investigators, most of whom favor a magaterrace model that
involves vertical or rotational slumping along concentric faults. An oppos-
ing view has been put forward by Hodges and Wilhelms who argued for a nested-
craters model wherein the outermost ring represents the rim crest of the
transient cavity and the concentric rings may result from "... differential
excavation of lithologically diverse layers (13, 14)." A critical question
to ask about the "BP" structure is: "Are the strata that compose the outer
ring also the strata that compose the inner ring?" Although the question
cannot be answered with certainty, the impression is that they are the same.
[f, in fact, this is true, the geology of the "BP" structure seems to contra-
dict the nested-craters model of Hodges and Wilhelms and support the mega-
terrace model of many other investigators.

REFERENCES: (1) Conant, L.C. and Goudarzi, G.H. (1964) U.S. Geol. Survey
Misc. Inv. Map, MI-350A, 1:2,000,000. (2) Goudarzi, G.H. (1970) U.S. Geol.
Survey Prof. Paper 660. (3) Klitzch, E., Harms, J.C., Lejal-Nicol, A., and
List, F.K. (1979) AAPG Bull. 63(6), 967-974. (4) Underwood, J.R., Jr., and
Fisk, E.P. (1978) Abs. Second Symp. on Geol. of Libya, Tripoli, 61-62.

(5) Kohman, T.P., Lowman, P.D., Jr., and Abdelkhalek, M.L. (1967) Abs. 30th
Ann. Meteorit. Soc. Meeting, Moffett Field, CA. (6) Martin, A.J. (1969)
Nature 223, 940-941. (7) Clayton, P.A. and Spencer, L.J. (1934) Mineral.
Mag. 23(144), 501-508. (8) Barnes, V.E. and Underwood, J.R., Jr. (1976)
Earth and Planet. Sci. Letters, 30(1), 117-122. (9) Underwood, J.R., Jr.
(1979) NASA Tech. Memo. 80339, 87-90. (10) French, B.M., Underwood, J.R.,
Jr., and Fisk, E.P. (1972) Geol. Soc. America Abs. 4(7), 510-511.

(11) French, B.M., Underwood, J.R., Jr. (1974) Geol. Soc. America Bull.
85(9), 1425-1428. (12) Storzer, D. and Wagner, G.A. (1971) Earth and Planet.
Sci. Letters 10, 435-440. (13) Hodges, C.A. and Wilhelms, D.E. (1976) Abs.
25th Int. Geol. Congress, Sydney, 2, 612-613. (14) Hodges, C.A. and Wilhelms,
D.E. (1978) Icarus 34, 294-323.
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NATURE AND ORIGIN OF BASIN-FORMING PROJECTILES G.W. Wetherill,
Dept. of Terrestrial Magnetism, Carnegie Institution of Washington, Washington,
DC 20015

The formation of multi-ringed basins can be considered from two points of
view: as the result of physical processes and as historical events. In this
presentation a summary will be given of our understanding of how these histor-
ical events fit into the general picture of the evolution of the solar system.
This is of interest as a scientific problem in its own right, and also pro-
vides the context in which hypothesized physical processes occurred and may
even provide some constraints on these processes.

Lunar exploration, photogeology, and radiometric dating have provided a
good understanding of the principal features of the bombardment history of the
moon. These are: (1) A period of heavy bombardment, extending from the time
of lunar formation until 3.9 + .1 b.y. ago. At the end of this period, the
Tunar mass flux was ~10° to 104 times the present lunar and terrestrial value.
Most of this mass was represented by the basin-forming projectiles. A1l the
major lunar basins were formed during this period, which ended quite suddenly
after the formation of the Imbrium and Orientale basins. (2) A transitional
period between 3.9 and 3.2 b.y. ago during which the mass flux declined from
~10 times the present value to a flux within a factor of 2 of the present
impact rate. (3) The period subsequent to 3.2 b.y. ago characterized by an
average flux similar to the present lunar and terrestrial value.

In a sufficiently general way this history can be understood in terms of
theories for the evolution of the small body population of the solar system
(1-5). At the present time and for the last 3 b.y. the projectiles have come
from sources with dynamic Tlifetimes comparable to or greater than the age of
the solar system: the asteriod belt and the Oort cloud of comets in the
outermost solar system. The earliest period represents the depletion of re-
sidual planetesimals from dynamically shorter-lived (~108 yr) regions of the
solar system. These regions can be plausibly identified with the zone of the
terrestrial planets and that of Uranus and Neptune. The transitionally
cratered surfaces may represent the observable record of transfer of residual
small bodies from the early short-lived regions to the present long-1lived
source regions.

A fairly quantitative discussion has been given of the evolution of the
~10%0 gram planetesimal swarm that remained after the growth of the Earth and
Venus was 99% complete (2). At first the near-Earth corcentration of this
material declined rapidly (~30 m.y. half-life). At later times this decline
was dominated by a long-lived "tail", representing bodies that were transferred
to purely Mars-crossing orbits by Mars perturbations and secular resonances.
These objects slowly diffused back into Earth-crossing orbits by the inverse
of these processes, resulting in the ~150 m.y. decay period observed at 3.9
b.y. This population would be depleted in small bodies relative to large
(100-500km) projectiles by collisional events. Termination of basin formation
at ~3.9 b.y. would then be a consequence of the loss of the last of a small
and discrete number of large projectiles. Some of this loss may represent
transfer of this material to the Flora region of the innermost asteroid belt,
which is consistent with the unusual size distribution observed in that
region (6).

Quantitative agreement of this chain of events with the observed record
of basin formation requires the occurrence of several phenomena described
below. Although there is nothing particularly unnatural about these, our
present level of understanding is insufficient to guarantee that they actually

took place: ] . .
(1) In order that the abrupt nature of the termination of basin formation
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be statistically probable, it is necessary that ~50 m.y. Tong episodes of
basin formation resulted from the breakup of 200-500km diameter bodies by
tidal disruption following encounters within ~3 planetary radii of Earth and
Venus. Such encounters are themselves inevitable. However, it has not been
demonstrated that tidal disruption will actually occur during <1 hr. interval
during which the projectile was within the tidally unstable zone. Generation
of bursts of ~50km diameter basin-forming projectiles in heliocentric orbits
by this process would also result in simultaneous ~50 m.y. long basin-form-
ation episodes on all the terrestrial planets and would be consistent with
radiometric chronology indicating near-simultaneity of formation of many near-
side basins (7). This process would result in the final ~3.9 b.y. episode
being a "marker horizon" throughout the terrestrial planet region.

(2) Data from terrestrial craters show that only a small fraction of the
ejecta is metamorphosed sufficiently to clearly reset radiometric ages. Ftor
this reason it is leficult to understand quantitatively the high frequency
of 3.9 b.y. 39ar - 40pp ages in the Tunar highlands. It is likely that this
will require derivation of much basin material from depths sufficiently great
to exceed the ~350°C isotherm (8).

(3) The high concentration of siderophile elements found in highland
breccias is not consistent with their being derived from single impacts of
bodies in heliocentric orbit (9). If the chain of events described here
actually occurred,it appears necessary that these concentrations resulted
from multiple additions of this material to a megaregolith. It is necessary
to reconcile this requirement with evidence for heterogeneity in the spatial
distribution of these elements.

(4) A number of authors have suggested that water, inert gases, organic
matter, and other volatile materials were added to the Earth by bombardment
of the terrestrial planets by projectiles chemically similar to comets
during the basin-forming period prior to 3.9 b.y. In a general way, this
would be expected if the Qort cloud was populated by transfer of bodies from
the region of Uranus and Neptune (1). However it must be remembered that
we have insufficient knowledge of the size distribution and dynamics associ-
ated with this process to argue very persuasively that it agrees with the
observed basin formation record, particularly its abrupt termination. When
this question is considered quantitatively, it does not appear Tikely that
more than a few percent of the Earth's water was added subsequent to 4.3 b.y.,
although the contribution of more depleted elements, e.g., the inert gases,
could be much more significant.
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THE LUNAR PROCELLARUM BASIN
E. A. Whitaker, Lunar and Planetary Lab., Univ. of Arizona, Tucson, AZ 85721

On the basis of the distribution of net radioactivity on the lunar
surface (1), Cadogan postulated the existence of a large, ancient basin
(the "Gargantuan Basin'') whose boundaries coincided with the shoreline of
Oceanus Procellarum on the west, the N. shoreline of M. Frigoris on the
north, the S. shoreline of M. Nubium on the south, and the E. shore of
M. Vaporum on the east (2). Using a suitable lunar frontside map (3), |
found that Cadogan's circular boundary id not fit the shoreline arcs at all
closely; they all tended to make small angles with the supposed boundary.

It is known from the other circular maria, and especia y M. Imbrium,
that the major ridge systems closely follow the locations ~“ buried ring
The mare ridge systems for the entire lunar nearside were _.2refore traced
onto an overlay, together with the relevant shorelines and a few scarp-like
features that appeared to be related. This procedure revealed the
existence of not one, but three discrete, concentric rings, ne of wk 1
was complete even though the separate arcs were clear enough.

The innermost ring is marked mainly by a definite shoreline arc
running from Lalande to Menelaus; this arc is one of topography rather an
an albedo boundary. The arc continues N and W across M. Serenitatis as
ridges. The middle ring is marked by the system of very strong ridges
that run westwards from Opelt, around the Flamsteed ring, past Reiner to

the N. shore of M. Frigoris, where the arc continues as a ¢« reline to a
point near Protagoras. Other arcs of this ring are marked - “f
strong ridge system running through Lamont and Jansen in V r is,
and weaker systems in both Lacus Mortis and Lacus Somnioru

The outer ring is marked by the western shoreline of ____. L

Procellarum from a point near Xenophanes almost to the crater Billy, with
a ""bay'' occuring at Struve. It continues as a weak scarp ¢--2ss the M.
Humorum ejecta ring, is lost under that mare, but becomes v ible again at
Hippalus as a scarp, proceeds through Campanus and Mercator, continuing

as the S. shoreline of M. Nubium. Weaker segments can be traced across
eastern M. Tranquillitatis and elsewhere.

All three rings are centered within a degree or two of lat. 26°N,
long. 15°W, closely west of Timocharis, and have surface diameters of
1700, 2400 and 3200 km respectively. The event that produced this basin
may have been largely responsible for the generally greater thickness of
crustal deposits on the farside. Presumably it occurred about 4.2 - 4.3
BY ago, at which epoch the transient crater would have been relatively
rapidly replaced by asthenospheric materials through isostatic adjustment.
Since the Imbrium impact occurred in these materials rather than in
“"average'' lunar surface, any discussions of the Imbrium event and its
effects, including sample and surface compositions, should allow for this
modifying factor.
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INBRIUN: THE RING UNBRCKEN., J,.L.Whitford-Stark,
501 Turner #5, Columbia, kissouri 65201.

Various authors (1-4) have attempted to construct rings

for the Imbrium basin which either become grossly distorted to
the north or connect through areas which only become correlatable
in that they fall along the line of a presupposed ring rather
than possessing equatable morphologic characteristics. Within
and around the Imbrium basin there is extensive evidence for
post-impact, vertical crustal motion; a few examples include the
abrupt linear termination of the southwestern end of the Apennine
Bench, the Alpine Valley (5), and the Sirsalis E - Tobias Mayer
W lineament (6). Furthermore, Mason et al (7) hypothesized that
many lunar linear rilles had directions inherited from fractures
induced by the Imbrium impact.

The concept of a horizontal component of lunar crustal motion
has been invoked predominantly to account for the construction
of specific rings (e.g,8). It is here proposed that horizontal
crustal motion can also result in the destruction of previously-
formed rings. Several years ago it was hypothesized (9) that the
two sides of NMare Frigoris were originally contiguous and that
movements of massive crustal blocks resulted in the formation of
the western Frigoris cavity. Several possible mechanisms to
account for this were proposed. In the light of more recent work
(10), the most probable scenario for the peculier ring develop-
ment in northern Imbrium appears to have resulted from the trans-
lational motion of large crustal blocks into the Imbrium impact
cavity after ejecta emplacement. Figure 1a. shows the geologic
units,mapped by the U.S5.Geological Survey (%1;12),that were the
product of the Imbrium impact. Figure 1b, shows these same units
in their hypothesized pre-movement positions. The locations of
the rings have been omitted for the purposes of clarity but it
can be seen that the mountain chains in northeast Imbrium
become continuous and align with the northern boundary of hare
Frigoris, The advantages of such a reconstruction are that a)
the Imbrium basin becomes more nearly regular, b) there is no
radial repetition of units in northeast Imbrium, c) the Alpes
and Fra Mauro Formations no longer occur inside of the third ring
and d) linear trends on each side of Frigoris become aligned.
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LUNAR BASIN FORKATICH AND SUBSEQUERT CRUSTAL MCGDIFIC-
ATION, J.L.,Whitford-Stark, 501 Turner #5, Columbia, 10.65201.

llost current models for the impact formation of large
craters and basins envisage the production of a transient cavity
and its subsequent, almost instantaneous modification by coll-
apse, rebound, and infilling. The only geometric parameters of
basins that can be directly measured are the dimensions as they
apprear at present. Some estimates of the original volumes of
transient cavities of _basins have been attempted and range from
about 0.2 to 2.0 x 107 km 2 (1 - 5) for Crientale and Imbrium-
sized basins, implying excavation depths of from 6 to about 120
km depending on the assumed crater shape and transient cavity
diameter., Petrological arguments for excavation depths appear
to be somewhat inconclusive, though it has been proposed (6)
that fragments produced during the Serenitatis impact event were
derived from depths of approximately 60 km. Assuming this value
to be the maximum excavation depth for Serenitatis and scaling
to the Imbrium cavity, results in a 100 km deep and 480 km
radivs excavation for the latter transient cavity. Approximating
the dimensions of this cavity w: a parabaloid shape (which
probably better approximates the .riginal cavity shape than a
spherical c§p geometry) indicates its volume to be of the order
of 3.5 x 107 km3.

The present height diff__ential between the Imbrium mountain
ring and the mare center is about 7 km, while reasonable estim=~
ates of the fill depth at the center of Imbrium fall in the
range of 3 to 8 km 7 - 10). In the present model, the post
transient cavity modification of Imbrium led to a multi-ring
basin with a radius of about 670 km and a depth of about 15 km.
Again, assuming a parabaloid shape, the voluyme Qf this multi-
ring basin cavity is approximately 1.0 x 10/ km-’, Neglecting
the effects of eject: allback, lunar curvature, and appreciat-
ing that these are oruer of magnitude estimates, the volume
difference between the Imbrium transient _cavity and multi-ring
basin cavity is of the order of 2.5 x 107 kxm3. This enourmous
volume corresponds to a circular plate with a radius of 1000 km
and thickness of 8 km or a cylindrical plug with a 480 km radius
and 38 km height. A substantial quantity of subsurface material
would therefore have been required to facilitate the transition
from the transient cavity to the multi-ring basin morphology.
This material could have been derived from directly beneath the
basin and by horizontal transport of sublithospheric material
from surrounding areas (11). Phase changes producing materials
of lower density accompanying the change in depth of this sub-
lithospheric material would, however, lessen the total amount
required to infill the transient cavity. Even reducing the
volume estimates by an order of magnitude requires that a sub-
stantial volume of endogenous material is associated with the
transient cavity- multi-ring basin transition.

It is here proposed that the motion of this sublithospheric
material was a major factor in the horizontal (12) and vertical
(13) modification of the upper lunar crust around the Imbrium
basin. The relative importance of the impact event and the pre-



BASIN FCRMATICN AND CRUST MODIFICATICN
whitford-Stark,J.L.

impact crustal structure in determining the resulting basin and
circum-basin topography is difficult to judge. The fact that
Imbrium is not a perfect, circular multi-ring basin has been
noted by many authors (see 14). For example, the Caucuses do not
align with the Alps and there are gaps in the outer ring in the
western,southern, and eastern sectors. Cne problem is, do these
anomalies result from such factors as an original variable rim
height as is observed at smaller lunar craters (15) or have, as
is here proposed, the local lithospheric conditions played an
important role indetermining the Imbrium multi-ring basin morph-
ology 7

Cne such influence might be the prior existence of other
multi-ring basins within the Imbrium area. To the east of Imbri-
um lies the Serenitatis basin and to the south the proposed (16)
south Imbrium basin. To the west there is little evidence for
any large pre-Imbrium basins though one such has been proposed
(17) on the basis of six basalt thickness data points. There are
no large basins to the immediate north of Imbrium(18), however,
it i1s in this region that the basin structure has suffered the
most intensive post-formational impact modification (Iridum and
Plato). In general terms, these pre-existing basins appear to
have been only a minor influence on the Imbrium ring structure.
For example, only about 70 km of the Imbrium ring is missing
where it intersects the Serenitatis basin and only about 100 km
missing where it intersects the south Imbrium basin. The effects
of the proposed basin to the west of Imbrium appear to have been
more pronounced, however the reality of such a basin can be
called to question. The prior existence of the extremely large
"Gargantuan Basin" (19) with a proposed diameter of 2400 km
could have exerted a profound effect on the Imbrium ring struct-
ure but, again, the evidence for such a basin can be explained
by other processes(13).

A further control on basin morphology could have been the
variability of the elastic lithosphere thickness. Such thickness
variations appear to be independent of local basin history (20).
An anomalously thin elastic lithosphere has been proposed (21)
for the Procellarum area and this lithosphere apparently thick-
ens to the east of Imbrium (22). This appears to have been an
important influence on the morphology of the Imbrium basin
possibly by enhanced viscoelastic relaxation in areas of thin
lithosphere(21). The combined effects of the transient cavity -
multi-ring basin transition and variable lithosphere thickness
is believed to contribute in part to the asymmetry of multi-
ring basin morphology and may contribute to the formation of the
large-scale topographic lows now filled by basalts and grouped
collectively as the irregular maria,
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A SIMPLE GEGCMETRIC TEST CF THE KNESTED CRATER KCDEL CF
RING FCRMATION., J.L.Whitford-Stark, 501 Turner #5, Columbia,
Missouri, 65201,

Proposed models for the formation of rings in basins fall
into two basic categories. In the first the ring configuration
is dependent upon the characteristics of the impactor and
subsequent crustal modification (e.g.,1,2). In the second, the
nested crater model, the ring configuration is more dependent on
the target characteristics (3). A parameter often neglected in
studies of basins is that of planetary curvature. For structures
of multiple-ring basin size, the effects of planetary curvature
play as large a role as in much smaller impacts into small diam-
eter bodies (4). In effect, the larger the diameter of the basin,
the greater is the amount of material required to be removed
prior to the production of a cavity. In the present study a very
simple geometric model (fig.l) has been employed to test the
ability of the nested crater model topredict ring spacings. The
ring diameters calculated in this anafysis assumed (after 3)
that the pre-slumping topographic rim of the basin represented
the diameter of the transient cavity, that the depth/diameter
ratio of the transient cavity was 1/10, and that the depth to
subsurface layers were 20 and 55 km. It was furthermore assumed
that the shape of the cavity was that of a spherical cap. To
simplify calculation, the boundaries of the subsurface layers
were made linear instead of curving. This has the effect of
slightly underestimating the dimensions of the rings.

The results (Table 1) indicate that the post-excavation upper
boundaries of these two subsurface layers would have dimensions
comparable to those of basin rings. The least satisfactory
results were obtained for Imbrium. To a certain extent this
results from the variety of published values for the diameter of
specific rings and the uncertainty in the size of the transient
cavity. Difficulties are encountered with the nested crater mod-
el in that some basins of comparable size have rings of varying
diameter (basins 38,39, and 40 of 5, all 410 km in diameter,
have rings of diameter 135,205, and 220 km) and basins <200 km
in diameter would be incapable of penetrating the 20 km layer to
produce the peak ring basins, based on the assumed depth/diamet-
er relationship. Furthermore, applying the spherical cap geomet-
ry results in excavated volumes far in excess of those predicted
by various methods; the calculated volume excavated from Orien-
tale amounts to approximately 2 x 107 km3.

The first of these difficulties can be overcome by assuming
variable thicknesses of the subsurface layers both with time and
location. Such thickness variations of the lunar elastic litho-
sphere have been proposed (6). The second difficulty can be over
come if the depth/diameter relationship were not constant but
gradually decreased with increasing basin size. The relationship
depth = 0,196 diameterl.010 (7) for small craters does not seem
applicable for basins (8). Such a decrease in depth/diameter
would be commensurate with the increasing volume of material
needed to be ejected to produce a cavity as a result of planet-
ary curvature effects. The volume difficulty is largely a
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function of assuming the spherical cap geometry and can be
obviated by employing different geometries (3).

In conclusion, the nested crater model appears to be capable
of roughly approximating the dimensions of rings based on the
present oversimplified analysis. If correct, the nested crater
model implies that the central peak-peak ring-multi ring basin
transitions are in part functions of subsurface layer thickness-
es and that ring spacings can be employed to approximate the
thicknesses of upper layers on planetary bodies. As noted by
Boyce (9), however, the target characteristics may be but one of
several variable influences on ring spacing. Subsequent modific-
ation of the transient cavity by slumping and rebound processes
can account for part of the discrepency between the diameters
calculated in the present analysis and those observed. A combin-
ation of several models employing target characteristics,
impactor characteristics, and post~-formational modification
appears to be best capable of accounting for the morphology of
multi-ring basins.
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BASIN CRATER RIKG RING
DIAKETER DIAMETER DIAMETER
Imbrium(1) 1060 700 -
Calculated 1060 840 489
Orientale 850 570 330
Calculated 850 651 303
Schrodinger 320 160 -
Calculated 320 117 -
lVoscoviense 10 200 -
Calculated 10 208 -
Imbrium(2) 1250 700 -
Calculated 1250 1027 685

Table 1: Published(3) and calculated ring dimensions for lunar
basins,
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THE HICO STRUCTURE: A POSSIBLE ASTROBLEME IN NORTH-CENTRAL TEXAS, USA
Leanne Wiberg, Student (Texas Christian University, Ft. Worth, Texas) *

A possible astrobleme with a distinct core 3 km in diameter is centered
near latitude 32° N and 98° W in north-central Texas. On Landsat images, the
outer 1imit of the feature is a subtle circle 10 km in diameter which straddles
a ridge separating the Bosque River and Duffau Creek (Figure 1). The center of
the structure is approximately km north of the town of Hico, Texas. Locally,
Cretaceous sedimentary strata of the Glen Rose, Paluxy and Walnut Formations
(Figure 2) dip less than 1° southeast.

The core of the Hico Structure, a distinct photographic anomaly, consists
of an updifted central block surrounded by a series of concentric discontinuous
troughs and ridges emphasized by subtle tonal variations and arcuate tree lines.
Within the central "block" (a circular inlier 0.8 km in diameter) limestone of
the Glen Rose Formation is uplifted as much as 22 m and crops out in gently
plunging synclines and anticlines with radial axial traces (Figure 3).

Differential erosion of sandstone and limestone produces a distinctly con-
centric drainage pattern around the central inlier (Figure 4). Downdrop of as
much as 21 m along arcuate normal faults 1.5 km from the center of the feature
indicates that a circular graben surrounds the central inlier. In the eastern
section of the graben ( A-A' in Figure 4) a fault block is tilted outward
(Figure 5).

Significant erosion in southwestern and northeastern parts of the core
has altered a once symmetrical and concentric structural configuration
(Figure 6). The event causing the disturbance pre-dates the development of
joints that controlled the establishment (during the Pleistocene) of the course
of the Bosque River. On satellite images, joints cross-cutting the Hico
Structure are unaffected.

Gravity and magnetic profiles traversing the core of the feature reveal no
co-incident structure in the sub-surface. Correlated electric logs reveal an
underlying sequence of undisturbed Pennsylvanian shales. The sub-surface 1imit
of deformation is 200 m or less.

Several features diagnostic of impact, including shatter cones, high pres-
sure mineral polymorphs and petrographic shock metamorphic features are absent.
The feature may be in such an advanced state of erosion that evidence of an
impact origin has been obliterated. The Hico Structure may have been formed
under circumstances precluding the development of characteristics normally
associated with impact. Either the impact of a projectile of volatile material
or an impact into a Cretaceous tidal flat or both may have occurred. The high
degree of plastic deformation in the central circular inlier, the relatively
shallow disturbance,and the absence of explosive features must be accounted for
in any theory on the origin of the Hico Structure.

REFERENCES: Miller, V.C. and Miller, C.F. (1961) Photogeology, McGraw-

Hi11l Book Company, 248 pages
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FIGURE 1: Geologic map showing the
drainage courses of the Bosque River,
its major tributaries and the topo-
graphic ridges between them. The outer
1imit of the Hico Structure is marked
by arrowheads. The core of the Hico
Structure is within the hatchured
yarea. (After "Geologic Atlas of
- Texas" - Brownwond Sheet (1976),
Abilene Sheet (1972), Waco Sheet
(1970) and Dallas Sheet (1972); Bureau
of Economic Geology, Austin, Texas)
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FIGURE 5: Block diagram
and cross-section A-A' on
Figure 4. The dip of the
fault blocks and topographic
slopes are exaggerated.
Topography as shown in
Miller and Miller (1961,
Figure 7-15).
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FIGURE 4: Drainage map of the
core of the Hico Structure. Zones
of anomalous linear and arcuate
drainage associated with surface
faults are shaded. The trace of
the Walnut/Paluxy Formation contact
is shown with the heavy line. The
hatchured area represents the
central circular inlier of the
Hico Structure. Cross-section
A-A' is Figure 5.
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FIGURE 6: Differential degrada-
tion of the core of the

Hico Structure

TOP: postulated configuration
(near the time of its formation?)
after overburden (if any) has
eroded to the level of the

Walnut Formation

MIDDLE: before Pleistocene time,
the core of the Hico Structure
was likely to be symmetric in its
cross-section because drainage of
the Bosque River had not yet been
established to erode parts of its
circular graben. Structural
elements of the core are marked.
BOTTOM: the Hico Structure

at present.
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GEOLOGIC MAP OF LUNAR RINGED IMPACT BASINS Don E. Wilhelms, U. S.
Geological Survey, Menlo Park, CA. 94025

Thirty-two basins > 265 km across definitely exist on the Moon (table 1;
full names on fig. 1) and 11 probably or possibly exist (table 2; initials
only on fig. 1). Basin names are derived from superposed maria or from two
superposed, unrelated craters [1]. Some new names are suggested [1-5; table 2]
for previously unnamed or indefinitely named basins [6-11]. Ages reported on
some geologic maps [1-5, 11] are superseded by ages from recent studies of
superposition relations or crater densities [12; table 1].

Deposits and secondary craters have been identified around 18 basins
(names in capitals, fig. 1). Identification criteria include radial textures
and heavy obscuration of older craters near the basin and sparser, discontin-
uous gouging and pitting farther out. Young, large basins have very extensive
visible deposits and secondaries. Similar deposits and secondaries undoubt-
edly surround the other 14 definite basins (names in lower case, fig. 1), but
have been obscured by younger basins and craters. Only the two northern un-
patterned patches on the far side (fig. 1B), which are very heavily cratered,
are far enough from mapped rings to suggest absence of basin deposits.

Table 1 ranks the 32 definite basins in order of diameter where this is
clear ~r of increasing total complexity of the ring systems where the most
signi :ant ring diameter is uncertain. My proposed diameters refer to what
appears to be the highest encircling ring, the topographic basin rim. An
apparent correspondence of basin size with total ring complexity bears on the
subject of ring origin and will be discussed in the oral presentation.

TABLE T

Basin Diameter Refs. AgelBasin Diameter Refs. Age
Milne 265 [10,1] pN |Hertzsprung 570 [10,3] N
Bailly 300 [6,5] N? |Freundlich- 600 [3] pN
Schrodinger 320 [10,5] 1?7 Sharonov
Schiller- 325 "Near pN JHumboldtianum 600(dbl.) [6,4] N

Zucchius Schiller" [6,5] Mendel-Rydberg 630 "SE 1imb"[6,5] N?
Planck 325 [10,5]  pN {Nubium 690 [9,11] PN
Mendeleev 330 [1,3] N {Fecunditatis V690 [9,11] pN
Birkhoff 330 [10,4]  pN |Tranquillitatis~775(dbl?) [9,11] pN
Poincaré 340 [10,5] pN {Humorum 820(560?) [6,11] N
Lorentz 360 [10] pN {Smythii 840 [9,1] pN
Coulomb- 400(?) "Unnamed B" pN |[Nectaris 860 [6,11] N

Sarton [10,4] Australe 880 {9,1,5] pN

rimaldi 430 [6,10,11] pN?}Serenitatis ~880(db1?) [7,11] N

Korolev 440 [10,3] N {§Orientale 930 [6,2] I
Moscoviense 445 [10,3] N {Crisium 1060(6357) [6,1,11] N
Apollo 505 [10,3,5] pN jImbrium 1500 [6,7,11] I
Keeler- 540(800?7) [3] pN jSouth Pole- 2500 [3,5] pN

Heaviside Aitken
Ingenii 560(325?) [3] pN

FIGURE 1. Geologic map of ringed impact basins on the lunar near side (A)
and far side (B). Heavy lines, raised ring or partial ring; inferred
connections dotted. Deposits and secondary craters shown for basins named
in capitals; contact dashed wl ‘e approximate or buried. Equal-area
projection.
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ICE CAULDRONS AND BASINS IN ICELAND AND ON CALLISTO. Charles A.
Wood, Code SN-6, NASA Johnson Space Center, Houston, TX 77058.

One of the most unusual landforms in Jupiter's bizzare satellite system
is Valhalla, the ripple-ringed basin of Callisto. Unlike typical double and
triple ring basins on the terrestrial planets, Valhalla (and a smaller but
similar basin, Asgard) is surrounded by a complex wreath of tens of bright
rings. In this note I compare *hese bizzare basins to ice cauldrons in Ice-
land which appear to be terres..ial analogs for both th? pattern of Valhalla's
multiple rings and the icy material of Callisto's crust
Basins on Callisto.

Valhalla is a huge ringed structure with a briynt, apparently ringfree
center w850 km in diameter. The average diameter of the ring wreath is ~3000
km, but arcuate ridges, clearly concentric to Valhalla, extend hundreds of km
to the north and northeast. Asgard is less clearly depicted in Voyager images
but appears to also have a featureless center ~ 500 km wide and multiple rings
of ~ 1500 km diameter. The terminator cuts through Asgard in some Voyager I
images without embaymer  implying a shallow depth for the basin. Similarly,
there is no appreciable 1imb flattening in images where Valhalla is at the
limb. The shallowness o” “hese two large basins probably reflects complete
isostatic compensation.

Valhalla's rings a ear ) be bright ridges with scarps facing away from
the basin center. Most .idges have grey zones 2 - 4 times as wide as the
ridge itself, immediately behind the bright scarp. This may be material that
has ponded in depressions bounded by the scarp. In contrast to Valhalla, near
terminator images of Asgard suggest that that basin's scarps fac nward,
toward the basin center. Most of the concentric ridges around \...alla span
less than 60° of arc; there are no major bounding ridges/scarps s1m11ar to the
lunar Apennines or Altai Mountains. The concentration of ridges varies radial-
ly from the center of Valhalla. Between roughly 600 and 900 km the-~ are many
closely-spaced ridges, and ridges are also common (but widely space , at
ranges of 1200 to 1500 km, but they are infrequent between these two zones.
Ice Cauldrons i Iceland.

Multi-ring concentric structures with diame*-rs up to a few kilometers
have formed repeatedly in Icelandic glaciers in vulcanic zones. Figures 1 and
2 show two ice cau]drons that formed in the Myrgdalsjokull (glacier) by sub-
sidence on 25 June, 35 simultaneously w**h a flood of water from under the
glacier (a Jokulhlaup The Tlarger cau:dron (Fig. 2 middleground and Fig.
1) was 1050 m in diameter ang " 80 m deep, and the smaller (Fig. 2 foreground)
was 700 m wide and 15 m deep. The depressed but unfractured central zones
were surrounded by a wreath of concentric fractures. The fracture spacings
increased radially away from the centers. The characteristics of these
structures must be given in the past tense for both disappeared by 1960, pre-
sumably through viscous deformation and snow cover. The ice is about 250 m
thick in the area of the glacier that the cauldrons formed4,

Five additional ice cauldrons, ranging in diameter from 0.4 to 2 km, are
shown on g map of the western half of the Vatna36ku11 icecap of Ice]ands, and
Bjornsson® suggests that the 6 km wide Grimsvotn depression is also an ice
cauldron, Ee Vatnajokull ice cap is 400 to 600 m thick where these ice caul-
drons formed A complex pattern of concentric and eccentric fractures
defines another ice cag]dron (2.8 km wide and 150 m deep; Fig. 3) ~ 10 km
northwest of Grimsvotn Photographs (Fig. 4) by R.J. Williams, Jr. (pers.
comm.) of a smaller cau]dron in the same area show that some of the ice blocks
dip toward the cauldron center, and thus fracture plane scarps face away from
the center. There does not appear to have been any extrusion of ice or water












122

EVIDENCE FOR LUNAR BBB
Charles A. Wood and Ann W. Gifford

Lineament and Crater Counts. Counts of mapped craters >25 km in diameter
illustrated that although the northern portion of BBB is obscure, its existence
is clearly indicated by a lower than average crater frequencylo. New counts of
mapped craters >25 km for the entire southern hemisphere of the Moon confirm
the deficiency of craters within BBB (18 craters/320,000 km?) compared to other
highland areas (25/320,000 km2). This lack of craters is paralleled by a
noticeable paucity of lineaments within the basin (Fig. 1 of Scott et al.l2),

Volcanism. Hartmann and Kuiper? noted that the Leibnitz Mt. arc was a
"major peripheral system to Mare Ingenii," and indeed, most of the lunar
farside volcanism is concentrated within BBBll. This fact is apparent from
Figure 1 which includes nearly all southern hemisphere examples of likely mare
material as mapped by the UsGS1:2, scott et al.ll noted that small volcanic
features - cones, domes and rilles - were also concentrated within or near BBB.

Gravity and Magnetism. Although there are many difficulties in producing
reliable gravity maps for the farside of the Moonl, BBB is a region of negative
free air anomalies, and includes the largest negative anomaly known on the Moon
(centered at the Apollo basin)12, Thus, as expectable, the deep BBB is a region
of mass deficiency. The largest magnetic field known on the Moon is also found
within BBB, centered on the double crater Van de Graff, and a second large field
anomaly occurs on the basin rim to the eastl.

Geochemistry. In an otherwise Feochemically bland farside, most major
anomalies appear to occur within BBB.' The highest concentrations of iron and
radioactivity, as well as the lowest value for Ti, occur near Van de Graff
crater in northern BBBL3. These anomalies appear to be too large to simply be
due to the small patches of mare in the area. A rare type of albedo anomaly -
bright streaks and swirls on Mare Ingenii - occurs within BBB, but it is unknown
whether the swirls are related to geochemical, magnetic, or some other effects.

Conclusion. The existence of BBB is clearly indicated by a deep and wide
topographic low and a concentric alignment of isolated hills and scarps. The
deficiency of large craters and tectonic lineaments within the basin demon-
strates that although BBB is very ancient there has been insufficient cratering
and lineament formation to restore typical highland morphology. BBB has
clearly controlled the emplacement of most farside volcanism (Fig. 1), and each
of the major anomalies of geochemistry, radioactivity and magnetism are
centered within the basin. Formation of a 2600 km wide basin should have
excavated deeply into the lunar mantle, but later impacts and volcanic events
could have thoroughly mixed mantle and crustal materiall4, Finally, the
diameters of BBB and Gargantuan are each V75% of the Moon's diameter,
remarkably larger than the average crater-to-host ratio of ~1/3 found for
cratered objects with diameters ranging over 10 orders of magnitudelS. The
existence of BBB, Gargantuan and the Moon suggests that collisional fragmen-
tation of moon size bodies is difficult.

References: 1. D.E. Stuart-Alexander (1978) USGS Map I-1047. 2. D.E.
Wilhelms et al. (1979) USGS Map I-1162. 3. P.H. Cadogan (1974) Nature 250, 315.
4. E.A. Whitaker (1980) in "Lunar basin actually a meteor's footprint?" by C.E.
Emery, Providence Journal 6/23/80, C-15. 5. W.K. Hartmann and G.P. Kuiper
(1962) Comm. L.P.L. 1, 51. 6. D.E. Wilhelms et al. (1969) NASA SP-201, 16. 7.
™ » Rodionov et al. (1971, 1977) Cosmic Research 9, 410 and 14, 410. 8. W.R.

lenhaupt et al. (1973) NASA SP-330, 33-41. 9. B.G. Bills and A.J. Fer-

(1975) Proc LSC 6, Frontispiece, pl. 2. 10. C.A. Wood and A.W. Gif-

(1980) NASA T™ 81776, 111. 11. D.H. Scott et al. (1977) Proc. LSC 8, 1119.

A.J. Ferrari (1977) JGR 82, 3065. 13. A.E. Metzger et al. (1973) Proc. LSC
rontispiece, pl. 2, (1974) Proc. LSC 5, Frontispiece, pl. 2. 14. B.R. Hawke
J.W. Head (1977) Proc LPSC 8, 2750. 15. J.B. Hartung (1975) Lunar Sci. 6,
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