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A research program on the Manson impact structure has substantially improved our knowledge of the detailed 
features of this eroded crater [ I ] .  As part of our structural studies, we have derived a value of 21 km for the 
diameter of the final transient cavity formed during crater excavation. With this information, w e  can estimate the 
energy of formation of the Manson crater and the possible size of the impacting asteroid or comet. In addition, we 
have estimated the near- and far-field ejecta volumes and masses. 

High-speed impact produces a transient cavity that expands rapidly outward from the penetration path of the 
projectile. After the transient cavity has reached its maximum size, its uplifted rim begins to collapse inward, and the 
crater floor starts to rebound. In large craters, the rim collapses to  form a structurally complex set of down-dropped 
blocks (referred to as terrace terrane in [ I ] ) .  These blocks normally move downward and inward to produce a final 
collapsed crater substantially larger than the transient cavity. The contact between the down-dropped block nearest 
the crater center and the chaotic crater breccia on the crater floor marks the approximate final position of the wall of 
the transient cavity. The wall is transported slightly inward during collapse. 

Our estimate of the present position of the transient cavity wall at Manson is based on interpretation of a 
seismic reflection profile provided by Amoco. This interpretation is supported by new drill core data acquired along 
this east-west radial. Drill holes in adjacent blocks in the terrace terrane penetrated down-dropped Upper Cretaceous 
strata and crater ejecta stacked in inverted stratigraphic sequence. The distance from the west edge of the 
westernmost downdropped block that is recognizable along the seismic profile is about 10.5 km 2 1 km east of the 
center of the crater. The center refers to the 35-km-diameter crater formed by collapse; the position of the lip of the 
collapsed crater has been established by study of cuttings from numerous water wells supplemented by t w o  seismic 
reflection profiles. 

Analysis of fault displacements recognized in the Amoco seismic reflection profile suggests that inward 
migration of the transient cavity wall during collapse was negligible. In estimating the energy of formation of the 
crater, we adopt 21 km as the maximum diameter of the transient cavity. This value implies enlargement of the 
crater during collapse by a factor of - 1.7, substantially larger than the collapse factor of 1.3 adopted as an average 
value by 121 but smaller than the factor suggested by formulas given in [31. 

The energy of formation of the Manson crater was calculated from energy scaling by using two  different 
approaches. In the first approach, w e  utilized a numerical computer simulation of the vertical impact of a 10-km- 
diameter asteroid into continental crust [4]. The kinetic energy of the projectile (density = 2.5 gm ~ m ' ~ ,  velocity = 
2 0  km sec-') in this calculation was 6.2x107 Mt, and the resulting transient cavity was estimated to  be - 9 0  km 
(Table 1). To obtain the energy of formation of the much smaller Manson crater, the following energy scaling relation 
was used, 

where EM = energy of formation of the Manson crater, E, = kinetic energy of the 10-km asteroid in the numerical 
simulation, Dm, = diameter of the Manson transient cavity, and Dm, = diameter of the transient cavity resulting from 
the 10-km asteroid impact. The energy estimated for the special case of vertical impact at Manson is 4.4x106 Mt. In 
the general case, the impact will not be vertical, and a correction should be made for an elevation angle of impact 
less than 90°. This correction, given our present understanding of impact mechanics, is uncertain; moreover, the 
actual impact angle is unknown. For small-scale laboratory experiments, Gault [5] found the following empirical 
relationship, 

where Di is the diameter of a crater formed by impact at elevation angle i, and D is the diameter of a crater formed by 
a projectile of the same kinetic energy impacting at vertical incidence. Gault later suggested that the exponent in 
equation (2) should be reduced to 113 for large craters [61, but no formal treatment has been given for this 
relationship. As an upper bound for the most likely energy for oblique impact at Manson, we adopt equation (2) and i 
= 45O, the most probable impact angle for an isotropic flux of impactors. The energy estimated for oblique impact is 
10x105 M t  (Table I ) ,  about twice as high as for vertical impact. 
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I n  the second energy scaling approach, w e  used the formula 

as modified f rom [21 where E = energy of crater formation, K = 0.56 km (Mt)- '04,  p a  = 1.8 gm cm3 ,  p, = 2.4 gm 
~ m ' ~ .  The constant K in equation (3) is based on the 78-m diameter Jangle U nuclear crater [21; i t yields the same 
estimate of energy of formation for Meteor Crater, Arizona (1.2 km in diameter) as obtained by  numerical computer 
simulations for  vertical impact (i.e., - 15Mt)  171. Solution of equation (3) for Manson gives an energy of 2 .9x lO5 M t  
for vertical impact (Table I), about 35% less than that obtained from equation (1) in the first approach. This 
difference is indicative of the likely errors of the estimates. Correcting for oblique impact, w e  find a maximum likely 
energy of 6.4x105 M t  using equation (3) in the second approach. 

The size of an  asteroid or comet that could have formed Manson can be estimated from the formula for kinetic 
energy, w i t h  various assumptions about densities and velocities of the impacting body (Table 1). For the asteroid w e  
used a density of 2.5 g m  cm-3 and a velocity of 17.8 km sec ' ; for the comet w e  used a density of 1.0 gm c m  and a 
velocity of 57.7 k m  sec". The velocities are the respective rms impact velocities weighted by probability of collision 
for Earth-crossing asteroids and for long-period comets [a]. 

Also listed in Table 1 are estimates of the masses and volumes of the near-field and far-field ejecta f rom 
Manson. These estimates have been derived by scaling of results from the numerical simulation of the 10-km- 
diameter asteroid impact. Materials ejected above the tropopause are taken to  be "far-field" ejecta. 

For purposes of comparison, w e  have also calculated energies, projectile sizes, and masses and volumes of 
ejecta for the 180-km diameter Chicxulub crater in Yucatan, by  using the same scaling techniques applied here to  the 
Manson crater (Table 1). A crater collapse factor similar t o  that observed at  Manson was assumed for the Chicxulub 
crater. The far-field ejecta f rom Chicxulub are about 1 5 0  times greater in  volume and mass than f rom Manson. 
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Table 1. Measured and estimated cra ter  diameters and estimated energies o f  c ra te r  formation, as te ro id  and 
comet p r o j e c t i l e  diameters, and e jec ta  v o l w s  and masses f o r  the Manson and Chicxulub cra ters .  Values (-1 
are ca lcu la ted estimates. A l l  values L is ted i n  the  as te ro id  impact nuner ical  s imula t ion  are  ca lcu la ted 
except f o r  the  as te ro id  diameter ( i n i t i a l  parameter). 

occ Dtc E, E, Astero id  Comet E jec ta  
km km ~t M t  Diameter Diameter Nea r - f l d  F a r - f l d  

(ergs) (ergs) Vert. Oblq. Vert. Oblq. km' km3 
km km km km (tons) ( tons) 

Manson 35 21 -4.4x105 -10x10~ -2.0 -2.7 -1.3 -1.7 -1040 -166 
-(I .9x102') -(4.2x102') -(2.5x10m) -(4.Ox1O1') 
-2.9x105 -6.4x105 -1.8 -2.4 -1.1 -1.5 
- (1 .2~10~*)  -(2.7xio2*) 

Chicxulub 180 -110 -12x10' -27x1 0' -13.6 -17.4 -8.4 -10.8 -150,000 -24,000 
-(5.2x10') '(1 .1x10") -(3.6x101') -(5.7x10n) 
-8.1x107 -18x10' -11.8 -15.4 '7.3 "9.6 
-(3.4x10m) " ( 7 . 6 ~ 1 0 ~ )  

Astero id  -150 -90 -6.2~10'  - - 10.0 - -  - - - - -85,000 -13,500 

Imoact -(2.6x10m) -(2.OxlO") -(3.2x10n) 
~ & r i c a l  
Simulat ion 

D,, = diameter o f  col lapsed c ra te r  
D,, = diameter o f  t r ans ien t  c a v i t y  
E, = energy of c ra te r  formation u i t h  v e r t i c a l  impact, g iven i n  megatons TNT equivalent ( M t )  and (ergs) 
E, = energy o f  c ra te r  format ion u i t h  45O obl ique inpact, given i n  megatons TNT equivalent (Mt) and (ergs) 
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