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Abstract 

During the initial explosive phase of the eruption of Arenal volcano small 
projectiles were thrown a maximum distance of 5 kin. Considering the effect 
of atmospheric drag these projectiles must  have had initial velocities of at 
least 600 m/sec. For this velocity, the gas pressure in the magma chamber  
must  have reached at least 4700 bars and the kinetic energy of the initial 
explosion is est imated as 2.4 _+ 1.2 x 10 :~ ergs. 

Had the effect of aerodynamic braking been ignored in making these calcu- 
lations, as has always been done in the past, the calculated initial  velocity 
would have been 220 m/sec;  chamber  pressure and kinetic energy estimates 
would thus be substantial ly lower. Clearly, velocities of ejecta, chamber  pres- 
sures and kinetic energies for many explosive volcanic events have been seri- 
ously underest imated in the recent past, as has been the abili ty of overlying 
materials to contain, in certain cases, t remendous overpressures for short 
periods of time. 

A projectile with an initial velocity of 600 m/sec veould have a maximum 
range of more than 200 km on the moon. Thus, the presence of far-reaching 
secondary crater fields on the moon cannot, at this time, be considered evidence 
for an impact origin of the parent crater. 600 m/see is not the upper  limit 
for initial velocities of volcanic ejecta. There is some indication that such 
velocities could reach values greater than 2 km/sec, suggesting that  volcanic 
as well as impact mechanisms may be able to impar t  escape velocity to lunar  
materials. 

Introduction 

A r e n a l  v o l c a n o ,  s i t u a t e d  i n  n o r t h w e s t e r n  C o s t a  R ica  ( 10" 28' N lat . ,  

84" 4 2 ' W  l o n g . )  is a s y m m e t r i c a l  s t r a t o  v o l c a n o ,  1600 m e t e r s  i n  h e i g h t ,  
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which was until recently considered extinct. Dormant  for more than 
500 years, Arenal came to life almost wi thout  warning on July 29, 
1968, extracting a heavy toll in human life. A comprehensive account 
of the geology, petrology and the eruptive activity up to the summer  
of 1970 is given by MELSOR (in press). This paper  is concerned solely 

Ft6. 1 -  Aerial pho tog raph  of an intensely cra tered area approximate ly  2.5 k m  west  
of  the  explosion crater.  Craters  have been modified by rainfall and  mos t  
are part ly filled wi th  water .  

with the energetics of the violently explosive phase which initiated 
the eruptive sequence. 

One result of the initial explosive phase was the creation of an 
extensive field of secondary craters (Fig. 1), the largest of which 
was 30 meters in diameter. These craters were excavated by the im- 
pacts of ejected blocks derived from the material  overlying an explo- 
sion crater opened on the west flank of the volcano. They were dis- 
t r ibuted asymmetrically around the explosion vent, reaching their 
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maximum extension to the WSW. In this direction craters can be 
documented to a distance of approximately 5 km (Fig. 2). Isolated 
craters probably occur at somewhat greater distances, into a region 
of lush tropical ~,egetation which precluded any serious effort to 
search for them. 

FIG. 2 -  Maximum documented  extent of the secondary cra ter  field, approximate ly  5 
km WSW of the explosion crater.  Smal les t  c ra ters  in this photograph  arc 
approximate ly  two meters  in diameter .  

From the size of these craters, and their maximum extent, it is 
possible to deduce minimum ejection velocities for the impacting 
projectiles and a minimum figure for the gas pressure in the magma 
chamber just prior to eruption. With somewhat less assurance, these 
deduced parameters may be used to estimate the kinetic energy 
expended in the explosive phase of the eruption. These values have 
significant implications for both terrestrial and l'unar volcanology. 
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Ejection Velocity 

The distance an ejected block is thrown on a ballistic trajectory, 
in an atmosphere,  is a function of: 1) ejection velocity; 2) ejection 
angle; 3) mass of the  projectile; 4) projected cross-sectional area of 
the projectile, and 5 ) t h e  drag coefficient (which is in turn dependent  
upon the density of the atmosphere,  the shape and surface roughness 
of the projectile and its velocity). Distances are known from the field 
mapping and the latter four parameters  may be est imated in such a 
way that  it is possible to calculate the minimum velocity a given 
particle mus t  have had at the instant  it was ejected from the volcanic 
vent to travel a given distance. 

In any given explosive event particles will be ejected at velocities 
ranging from slightly greater than zero to some max imum value 
dependent  upon the magni tude of the explosion. Only the maximum 
ejection velocity associated with the initial explosive event is herein 
calculated. More precisely a minimum value for the maximum ejection 
velocity is calculated. By themselves, lesser velocities do not  truly 
reflect the chamber  pressure and energetics of the explosion. Collec- 
tively, of course, it is necessary to estimate an average velocity for 
the entire ejected mass  if the total kinetic energy of the explosion is 
to be estimated. 

The equat ion of a particle moving along a ballistic trajectory, 
in a vacuum, is: 

R =  V°2" sin 20 [1] 
g 

where R is the range, Vo is the initial velocity, 0 is the ejection angle 
and g is the gravity constant  (1). Use of this equation for flight thru  
an a tmosphere  leads to gross errors but  the equation does illustrate 
that  the most  efficient ejection angle angle 0 is 45 °. A particle of given 
velocity will travel farthest  if ejected at a 45 ° angle, or put  another  
way, calculations based on a 45 ° ejection angle will yield the min imum 
ejection velocity for a given range. For this reason an ejection angle 
of 45 ~ has been arbitrarily adopted in the following calculations. 

(I) The equat ion  ignores the curva ture  of the  ear th  bu t  the  er ror  so in t roduced  
is negligible. 
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The calculations become complicated upon introduction of  an 
appropriate atmosphere but they can be handled by computer tech- 
niques. The results of  a computer program (2) for a 45 ° ejection angle 
are plotted in Fig. 3 and 4. These plots relate range, ejection velocity, 
impact velocity, mass, drag coefficient and projected cross-sectional 
area. The computations assume that both mass and drag coefficient 
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Fro.  3 - Maximum range o1' a proiectile, in the earth's atmosphere, a s  a f u n c t i o n  ol  
size, mass, and initial velocity. 

(Co) remain constant throughout the [light. In reality C~ varies as the 
projectile decelerates so some average value for Co must be used. 
First a projectile shape must be assumed: spherical geometry is used 
herein. This again minimizes the ejection velocity since a sphere is the 
most efficient shape for a non-stabilized projectile (departures from 
sphericity produce increases in both projected cross-sectional area and 
drag coefficient). For a sphere, Co varies from 1.0 for velocities in 
excess of 400 m/sec  to 0.5 for velocities below 200 m/sec .  These 
values are valid even for rough surfaced volcanic bombs provided the 

(2) Generated by Dr. Dean R. Chapman, Thernao- and Gas-Dynamics Division, N A S A  
Ames Research Center. 
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Reynolds number  p,VD/~.~ is greater  than about  10 ~ (KOELLE, 1961)(3). 
At these higher  Reynolds number s  pressure  forces on the body are 
large compared  to viscous forces, thus minimizing drag due to surface 
effects. For calculations involving spheres between 0.5 and 1.0 meters  
in d iameter  an average Co of 0.8 was used; for calculations involving 
spheres of 1.5 meter  d iameter  an average Co of 0.7 was used. 

1,0 

.8 

o 

.4 

.2 

0 

~KmY~c~. 5 

]0 I00 I000 I0,000 

M/CoA (cJm/cm z) 

Fro. 4 -  I m p a c t  ve loc i ty  o f  a p ro jec t i l e ,  in  t h e  e a r t h ' s  a t m o s p h e r e ,  as  a f u n c t i o n  of  
size, m a s s ,  a n d  ini t ia l  ve loc i ty  (45 ° e jec t ion  angle) .  

The volume and mass  of a sphere increase as the cube of its 
radius while the cross-sectional area  increases only as the square of 
its radius. Thus, there  must  obviously be a point where  a given mass 
will no longer be affected by aerodynamic  braking.  This is reflected in 
Fig. 3 by the flattening of the constant  velocity curves such that  
greater  masses do not  travel grea ter  distances beyond a certain M/CoA 
value. Prior to this point  a larger  project i le  travels fa r ther  than a 
smaller  projecti le  wi th  the same initial velocity. Put another  way, 
a large projecti le can travel the same distance as a smaller  one, 
given a lower initial velocity. Thus, to calculate a max imum velocity, 

(~) o = a i r  d e n s i t y ;  I~ = coefficient  o f  v i scos i ty  of  a i r ;  D = s p h e r e  d i a m e t e r ;  
V = f l ight  veloci ty.  A 10 cl:n s p h e r e  m o v i n g  at  100 m / s e c  is  c h a r a c t e r i z e d  by  a R e y n o l d s  
n u m b e r  o f  eo 7 × l0 s. 
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only the smaller projectiles which reach the maximum range should 
be considered, bearing in mind that the very smallest particles can 
be helped (wind dispersion) rather than hindered by the atmosphere. 
The cut-off between particles which are helped and those that are 
hindered is probably less than 10 cm in diameter. 
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F l a .  5 - Kinetic energy required for impact cratering i n  a o n e  ,< g ,  g r a v i t a t i o n a l  t i c l d .  
Rock and sand data from GAt'LT (unpublished); soil data from M0om! (1966). 

The size of the smallest projectiles reaching the maximum range 
on a ballistic trajectory is the source of some uncertainty. Projectile 
sizes could not be directly observed since the projectiles were broken 
and scattered upon impact. Additionally, the crater field was sub- 
sequently modified by the deposition of a thick ash blanket and 
several heavy rainfalls. Using Fig. 3 and 4 it is possible to uniquely 
determine the size, final velocity and initial velocity of an impacting 
object, if the impact energy is known. The impact energy may be at 
least crudely estimated from the crater size since there is a direct 
relation between the excavated mass and the projectile energy. In 
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Fig. 5 some empirical ly observed relations between displaced (cra- 
tered)  mass  and projecti le  kinetic energy are plot ted for several differ- 
ent  target  materials.  

The only reliable c ra te r  p a r a m e t e r  which could be measured  at 
Arenal (in the area of interest)  was c ra te r  diameter .  Craters as small  
as two meters  in d iameter  were  found at the m a x i m u m  range (Fig. 2). 
The displaced mass  was calculated using an assumed soil density of 
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FIG. 6 -  Crater ing efficiency for  oblique impac t  in non-cohesive quartz  sand, 1 ,, g 
field (GAuLT, unpubl ished) .  

1.5 g m / c c  and an assumed cra te r  depth-diameter  ratio of 1:4 - -  a 
commonly  observed geometry  for small  impact  cra ters  (MOORE, 1966). 
The depth-diameter  ratios of 15 small, approximate ly  equant  craters  
were  directly measured  in an area  NE of the m a x i m u m  extent  of the 
cra ter  field. These craters  were  not  modified prior  to the field inves- 
tigation. The craters  displayed depth-diameter  ratios ranging f rom 
1 : 2.1 to 1 : 6.0, with an average value of 1 : 3.8. 

The calculated displaced mass of a 1:4 cra ter  of 2 meters  d iameter  
is approximately  1.2 x 106 grams (Appendix 1). This requires a crater- 
ing energy of ~ 10 TM ergs (Fig. 5). Uncertainties in the displaced mass 
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estimate and the substantial  empirical data scatter preclude a more  
precise energy estimate. 

I t  should be noted that, at this energy level, large differences 
in target characteristics do not have much  effect on displaced mass. 
Further ,  all the data shown in Fig. 5 are for impact  angles greater  
than 45 °. This is undoubtedly true also for the Arenal impacts.  Since 
cratering efficiency varies as the sine of the impact  angle measured 
from the horizontal, fairly large differences in impact angle above 45" 

T~BI.E 1 -  Velocities and Impac t  Energies  of Volcanic Blocks ( spheres )  t h r o w n  a 
dis tance of  5 km - -  for  an Eject ion Angle of  45 ° . 

Projectile Ki~etic Energy 
Diameter M/CtjA Initial Velocity Final Velocity at Impact 

0.5 m 99 1200 m / s e c  84 m/ see  10 *'--7~ ergs  

0.8 m 173 600 m / s e e  144 m / s c c  10 ~'~ ergs  

1.0 m 216 500 m / s e c  160 m,/sec 10 ~4~ ergs 

1.5 rn 334 370 m/ see  178 m / s e e  10 ~ ergs 

only result in minor  differences in cratering efficiency (Fig. 6). For 
these reasons the Arenal data is directly comparable to that  shown 
in Fig. 5 without  correction for target characteristics or impact  angle. 

There is, however, a major  uncertainty involved in using this 
data. This uncertainty arises because the cratering energy relations 
shown in Fig. 5 are strictly applicable only to relatively light projec- 
tiles moving at high velocities (2-7 km/sec).  At Arenal the cratering 
was produced by massive projectiles impacting at much lower veloc- 
ities (<~ 0.2 km/sec) .  Now, even though the kinetic energies are iden- 
tical, there are signicant differences between large, slow projectiles 
and small, fast projectiles with respect to cratering mechanics and 
cratering efficiency. Fortunately the t rend is toward an increase in 
cratering efficiency with decreasing projectile velocity (Fig. 6). Assum- 
ing this trend continues to lower velocities, the use of Fig. 5 uncorrect- 
ed should give an overestimate of the impact energy and a conco- 
mitant  underest imate of the initial velocity of Arenal ejecta (Table l). 

Using Figures 3 and 4, initial and final velocities of various diam- 
eter spheres (4) can be determined for a range of 5 kin. The kinetic 
energies of the projectiles are readily calculated from their mass 

(') Mass is calculated using a m e a s u r e d  average densi ty  of 2.6 gm/cc  for  lhc ejecta. 

9 
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and final velocity. From this data, summarized in Table 1, it is clear 
that the most reasonable values for a projectile forming a 2 m impact 
crater at 5 km from its origin are a diameter of 0.8 m and an initial 
velocity of 600 m/sec. Bearing in mind the foregoing discussion of 
cratering efficiency, the Arenal projectiles responsible for the 2 m 
craters may have been somewhat smaller, with higher initial velocities, 
but were unlikely to have been larger. Given the other minimizing 
assumptions made (45 ° ejection angle, spherical geometry), 600 m/sec 
would appear to be truly a min imum estimate of the maximum 
ejection velocity. Use of equation 1, by contrast, would have given 
a value of 220 m/sec for the ejection velocity - -  35 % or less of the 
true value. 

M a g m a  C h a m b e r  P r e s s u r e s  

The most reasonable explanation for volcanic explosive activity 
involves the sudden release and expansion of volatile constituents 
- -  principally H20 and COz - -  f rom the predominantly silicate magma. 
If this is so there must  be a direct relation between the maximum 
initial velocity of the projectiles and the gas pressure within the 
chamber just prior to the explosion. The equation which is commonly 
used (MINAKAMI, 1950; GORSnKOV, 1959; RICnAROS, 1965) to express this 
relation is that form of the Bernoulli equation used to calculate gas 
velocities: 

P, -- Pz = 1/2 ~, V 2 [2] 

For our purposes, P1 becomes the gas pressure inside the magma 
chamber, P2 becomes the gas pressure outside the chamber, p is the 
density of the material lying between the magma chamber and the 
surface and V becomes the initial velocity of the ejecta. When P2 is 
small with respect to P1 (as it is in this case, being only one atmos- 
phere) the equation reduces to: 

PCh~mb~r = 1/2 ~ V 2 [3] 

Substituting 6 × 104 cm/sec for V and 2.6 gm/cc for ~ in equation 
3 yields a value for P of 4.7 × 109 dynes/cm 2 or 4700 bars. Since V 
is a minimum estimate, a gas chamber pressure of 4700 bars is also 
a minimum estimate. 

10 
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Kinetic Energy of the Explosive Activity 

In theory, if the total  mass  of  e jected mater ia l  and the eject ion 
velocity are known,  then the total kinetic energy of the e jected projec-  
tiles can be  calculated f rom the simple formula:  

E = i / 2 M V  2 [4] 

where E is the kinetic energy, M is the ejected mass  and V is the 
ejection velocity. One can equate this total project i le  energy to the 
total energy of the explosion only by ignorhlg the amount  of energy 
dissipated in the accompanying seismic wave and air blast and the 
arnount of energy necessary to fracture and crush the caprock pr ior  to 
its expulsion. But, since both  velocity and ejected mass  are extremely 
difficult to determine accurately, the probable  error  associated with the 
energy est imate is already much larger than any error  a t t r ibutable  
to these simplifications. 

The kinetic energy es t imated here is applicable only to the first, 
and by far the most  violent, of the explosions which occurred inter- 
mit tent ly over a three day period. This explosion resulted in the 
formation of the lowermost  and largest of the three new [lank cra~ters 
which developcd. The ejected mass is assumed to be equal to this 
crater  volume. The crater  was approximate ly  equidimensional ,  with 
an est imated diameter  of ~ 2 5 0  meters  and an est imated maximum 
depth of - - 4 0  meters.  Si tuated on a slope, the crater  was tilted 
toward the west,  its eastern (up-slope) wall being dispropor t ional ly  
steep. There was no raised rim. Surveying equipment  was not  used 
in making these est imates and the crater  has subsequent ly  been part ly  
filled by lava tlows issuing from within. The crater  dimensions are 
assumed to be  accurate  to within 10-15 % of the true values. No 
est imates are possible for the amount  of material  e rupted  from this 
crater  subsequent  to the initial explosion but  field observat ions  and 
eyewitness interviews indicate this amount  would  be small rclativc 
to the total excavated mass. Any error  so in t roduced would  also be  
at least part ly offset by the fact that neither can est imates  be made 
of the amount  of material  which, al though ejected,  fell back into 
the crater.  

The calculated volume of a cra ter  with the above geometry  is 
2 ~ 1 × 10' nq ~ (Appendix 1). 

11 
25 
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To calculate the kinetic energy involved it is necessary to estimate 
the average velocity of the projectiles. The projectile ejection velocities 
are known to range from slightly greater than zero up to a maximum 
of at least 600 m/sec.  If the mass-velocity distribution is normal 
(gaussian) then both the mean and the average velocity will be 300 
m/sec. This result is valid no matter  what the shape of the distri- 
bution curve as long as it is symmetrical. Actually, the distribution 
curve is almost certainly skewed toward higher or lower velocities but 
in the absence of other evidence 300 m/sec is herein assumed for 
purposes of the energy calculation. 

The kinetic energy of the initial explosion immediately follows as: 

E = 1/2 X 2.6 gm/cm s × 2_4- 1 × 10 ~2 cm 3 X (3 X l& cm/sec) 2 

---- 2.4 ± 1.2 X 10 2~ ergs 

This compares to an estimated 10 TM ergs released by pre-eruption earth- 
quakes (MELSON, in press). Obviously, pre-emption earthquakes were 
not very effective in relieving the stress build-up, being only able to 
harmlessly dissipate, at best, 1/1,000 of the pre-eruption stress. This 
is consistant with the conclusion, discussed fur ther  in a later section, 
that the over-lying rock unit was able to sustain the entire energy 
build-up until it failed catastrophically in the explosive eruption. 

It is interesting to compare the Arenal explosion with a cratering 
event of known magnitude. Project Sedan, a nominal 100 kiloton 
nuclear device detonated in desert alluvium at a depth of 635 feet, 
produced a crater with an estimated volume of 5.1 X 106 cubic meters 
(No~vr, E and WILLIAMSON, 1962). It has been shown empirically that 
linear crater dimensions in basalt are predictable when E 1/3"4 scaling 
is used (NORDVKE and WRAV, 1964). Volumes therefore scale as approxi- 
mately the first power of the cratering energy, all else being equal. 
In Table 2 the Arenal explosion is scaled up to the energy level of the 
Sedan event so that crater volumes can be directly compared. The 
scaled crater volume at Arenal is somewhat smaller than the Sedan 
crater volume but still the agreement is very good. This indicates that 
the estimate of 300 m/sec for the average ejecta velocity is approxi- 
mately correct (the scaling is insensitive to errors in estimated ejected 
mass since the calculated energy varies linearly with estimated mass 
in equation 4). 

The smaller size of the scaled crater at Arenal may be attributed 
to: 1) The greater density of the andesite caprock at Arenal compared 

12 
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to desert alluvium; and 2) a smaller scaled depth of burst (s) and 
therefore a lesser cratering efficiency relative to Sedan. This is con- 
sistent with the smaller depth/diameter  ratio of the Arenal crater 
(1:6) as compared to the Sedan crater  ratio of 1"4 (BALDWIN, 1963). 

TABLE 2 

Arenal Explosion Crater Proiect Sedan 
Arenal Explosion Crater 
(Scaled to Sedan energy) 

E n e r g y  ( e r g s )  2.4 +_ 1.2 x 10 ar 4.1 x I0 :~ 4.1 x 10 2' 

C r a t e r  v o l u m e  (m "~) 2 +_ 1 × 10 e 5.1 x 10 ~ 3.4 × 10 ~' 

It can therefore be said, with some assurance, that the Arenal explo- 
sion behaved as if it originated at a depth significantly less than 200 
meters. 

D i s c u s s i o n  a n d  C o n c l u s i o n s  

Previous pressure-energy estimates. 

Previous workers have attempted to compute chamber pressures 
and kinetic energies of explosive events, based on calculated ejection 
velocities, using equation 1 (M~NAKAMI, 1950; GORSHKOV, 1959; HEDER- 
VARI, 1968) - -  i.e. by ignoring atmospheric drag effects. Further, 
RmrmRDS (1965) has used such estimates to construct a graph purport- 
ing to generally relate the total kinetic energy of explosive events to 
the chamber pressures attained just prior to the explosions (Fig. 7). 

As is evident from Fig. 3, the only cases where atmospheric drag 
can be ignored without introducing serious errors involve very short 
ranges or very large values of M/CoA. Very short ranges are useless 
for calculating maximum or even average velocities and large M/Cz,A 
values for volcanic ejecta are the exception rather than the rule. 
Concerning the explosive eruptions of Asama (see Fig. 7) MINAKAMI' S 
(1950) calculations were based, at least in part, on volcanic ejecta of 

(s) S c a l e d  d e p t h  o f  b u r s t  h a s  b e e n  d e f i n e d  a s  H/'W "~4 w h e r e  H = d e p t h  a n d  
W = e q u i v a l e n t  w e i g h t  o f  T N T .  

13 
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one me te r  d iameter  and smaller. His calculated initial velocities and 
gas pressures  mus t  therefore  be too low - -  by a sustantial  factor.  
For the Bezymianny erupt ion GORSnKOV (1959) does not  discuss the 
sizes of ejecta th row~ to the distance he used for his initial velocity 
calculation. However,  he calculates an <, average velocity ,, ra ther  than  
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FI6. 7 -  , ,  Relation of the  logar i thm of kinetic energy of volcanic explosions to the 
logar i thm of the gas p ressure  at the t ime of the explosion ,, (after R[C~ARDS, 
1965). 

a max imum velocity, by arbi t rar i ly  chosing a range much  smaller  than 
the max imum range to which ejecta has been thrown.  As has been 
discussed above, the use of an <, average velocity ,, gives a valid esti- 
mate  of the collective kinetic energy of the ejected particles but  gives 
a serious underes t imate  of the magma  chamber  pressure.  Therefore,  
even allowing for the remote  possibility that large M/CoA values char- 
acterized the ejecta in the Bezymianny event, Gorshkov's es t imated 
pressure  mus t  still be  low. If there is a simple relat ionship between 
kinetic energy and gas chamber  pressure,  it is definitely not  the one 
depicted in Fig. 7. What  Fig. 7 does il lustrate is the ease with which 
spurious straight-line relat ionships may be drawn using log-log coordi- 

14 
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nates. The true pressure-energy curve must lie far to the right of the 
straight-line drawn in Fig. 7. 

Although velocity estimates of 2 km/sec or more for volcanic 
ejecta have been made in the past, these estimates were essentially 
unsubstantiated (e.g. WRIGHT, 1935) and volcanologists today com- 
monly consider a velocity of 600-700 m/sec to be the upper limit for 
volcanic ejecta (e.g. G R ~ ,  1970). However, the magnitude of the 
Arenal eruption was not large when compared to several other explo- 
sive eruptions which have been well-documented (e.g. Bezymianny in 
1956; Krakatoa in 1883; Tambora in 1815; Santorini in 1400 BE), 
yet the minimum estimate made herein for Arenal ejecta is 600 m/sec. 
It would appear that the ejecta velocities, pressures and perhaps ener- 
gies associated with explosive volcanic activities have been consistently 
underestimated, by a large factor, in the recent past. 

Chamber overpressures and rock strength. 

The minimum cstimate of gas chamber pressure at Arenal just 
prior to the initial explosion is a very substantial 4700 bars. If this 
pressure were contained, prior to the explosion, solely by the weight 
of the overlying rocks, the overburden thickness (d = 2.6 gm/cm-') 
would have been about 18 kilometers. There is, however, good evi- 
dence that the explosion originated at a point not much deeper than 
the present crater tloor (40 m ,< d < 200 m). What this means is that 
the rock unit capping the magma chamber must have exhibited a 
substantial structural strength to contain on overpressure of this 
magnitude for a short period of time. This rock unit, now well-exposed 
in the inner walls of the explosion vent, consists of a series of tough, 
dense andesite flows emplaced during some previous eruptive episode. 

The ability of the overlyi~ng rock to contain the gas pressure 
build-up for a short time was clearly necessary to promote the kind 
of explosive activity observed here. Indeed, wherever explosive vol- 
canic activity of comparable violence is observed, the strength and 
coherence of the ,, caprock ,, is likely to be a primary factor. 

Implications for Lunar Studies. 

In the absence of direct data, many of our speculations concerning 
the evolution of the lunar surface have relied on what are presumed 
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to be terrestrial analogues of lunar phenomena. Such arguments are 
particularly favored when discussing the nature of the craters, large 
and small, which populate the lunar landscape. One aspect of these 
arguments concerns the origin of the parent craters which are sur- 
rounded by an inner region of hummocky terrain (so-called base surge 
deposits) and an outer region of satellite craters which may extend 
for tens or hundreds of kilometers. Hypervelocity impact experiments 
and subsurface atomic explosions strongly suggest that meteorite 
and/or  cometary impacts on the lunar surface can be expected to 
produce such a configuration. Proponents of an impact origin for 
these craters have further stated that volcanic processes are incapable 
of producing a similar configuration and that therefore such a config- 
uration is absolutely diagnostic of an impact origin for the parent 
crater (e.g. SHOEMAKER, 1961; Pm~tNEY et al., 1969). Concerning the 
extent of secondary cratering there is ample evidence to the contrary 
- -  Arenal being a case in point. Had Arenal erupted on the moon 
(g = 167 cm/sec 2, no atmosphere), ejecta with an initial velocity of 
600 m/see would have had a maximum range of more than 200 kilo- 
meters. This is quite ample to account for most of the secondary 
crater fields observed on the moon and suggests that the e x t e n t  of 
secondary cratering is of little value for distinguishing between impact 
and volcanic craters, at least until we have more direct information 
from the lunar surface. Although the lunar rocks examined so far have 
undoubtedly crystallized in an environment characterized by remark- 
ably low partial pressures of 02 and H20 it is premature to therefore 
conclude that lunar magma chamber pressures could never have 
reached high values in the past. Considerations of sample inadequacy 
aside, it is possible that the lunar rocks examined to date merely 
reflect a much more efficient outgassing of surface or near-surface 
magmas in the hard vacuum of space. 

It is beyond the scope of this paper to discuss base surge deposits 
but there is good evidence that these too cannot be used as an absolute 
indicator of crater origin (MOORE, 1967; FISHER and WATERS, 1969), 

Finally, as discussed above, the eruption of Arenal was not 
unusually energetic. It may be instructive to consider a truly 
catastrophic eruption. HEOERVARX (1968) mentions the presence of 
large volcanic blocks at Zakro, Crete, which he relates to the eruption 
of Santorini in I400 BC. The distance between Santorini and Zakro 
is 160 kilometers and Hedervari therefore doubts that these blocks 
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arrived on ballistic trajectories because of the excessive pressures 
necessary to propel them this distance. But other possible transport 
mechanisms seem, at this time even more implausible - -  and there 
is little doubt about the awesome nature of the explosion, which has 
been credited with effectively destroying the Minoan civilization on 
the island of Crete. Additional information is necessary to resolve the 
problem, but assuming for the sake of argument that the 160 kilo- 
meter range is valid it is interesting to estimate the necessary initial 
velocity. Although the data in Fig. 3 does not extend beyond initial 
velocities of 1 km/sec, it is possible to crudely estimate the positions 
of higher velocity curves. Bearing in mind that the projectiles would 
have to be small enough to be appreciably slowed by the atmosphere 
(i.e. their M/CoA values would have to intersect the steep slope portion 
of the x/elocity curve)("), it would appear that initial velocities well 
in excess of 2 km/sec would be required. This is approaching lunar 
escape velocity and raises the intriguing possibility that volcanic, as 
well as impact, processes are, or have been, capable of ejecting 
material from the moon. While in no sense endorsing the idea, it is 
interesting to note that, because of the large chemical disparity be- 
tween the lunar rocks returned so far and tektites, O' Kr'.EFE (1970) 
has invoked such a volcanic mechanism for the production of tektites 
and their transport to the earth. 
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Appendix 1 

The  v o l u m e  of a c r a t e r  w i th  a d e p t h / d i a m e t e r  r a t i o  less  t h a n  1:2 (hemi -  
s p h e r e )  is m o s t  r e a d i l y  c o m p u t e d  by  d e t e r m i n i n g  t he  r a t i o  b e t w e e n  such  a geom-  
e t r y  a n d  a h e m i s p h e r e  of the  s a m e  d i a m e t e r .  

("1 To remain intact  or a lmost  intact  upon impact.  
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A r e g u l a r  v o l u m e  w i t h  a d e p t h / d i a m e t e r  r a t i o  of  1:4 is g e n e r a t e d  b y  
r e v o l v i n g  a p l a n e  r e g i o n  b o t m d e d  b y  t h e  p a r a b o l a  y2 = 8x, b e t w e e n  x = 0 a n d  
x = 2, a b o u t  t h e  x axis :  

V, = = f S x d x  = 16 
j 0  

The  v o l u m e  V, of a h e m i s p h e r e  of  r a d i u s  4 is" 

2 
V~ - r ~ r  ~ = 42.6 

3 

V,/V~ = 1/2.65 

A r e g u l a r  v o l u m e  w i t h  a d e p t h / d i a m e t e r  r a t i o  of  1:6 is g e n e r a t e d  b y  revolv-  
ing a p l a n e  r e g i o n  b o u n d e d  by  t h e  p a r a b o l a  y2 = 18x, b e t w e e n  x = 0 a n d  x = 2, 
a b o u t  t h e  x axis :  

V~ = ~ 8x dx  = 36 

The  v o l u m e  V, of  a h e m i s p h e r e  of r a d i u s  6 is: 

V4 - 2 ~ r 3 = 144n  
3 

VJV,  = 1/4 
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