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Abstracl 

A base surge, first identified at the Bikini thermonuclear  undersea ex- 
plosion, is a ring-shaped basal cloud that sweeps outward  as a density llow 
Irom the base of a vertical explosion column. Base surges arc also common 
in shallow underground lest explosions and are formed by expanding gases 
which first vent vertically and lhen with continucd expansion rush over  the 
cra ter  lip (represented by a large soli tary wave in an underwate r  explosion). 
tear ejecta from it, and feed a gas-charged density [low. which is the surge 
cloud. This horizontally moving cloud commonly  has an initial velocity ol more 
than 50 meters per second and can carry clastic material  many kilometers.  

Base surges are a common feature of many recent shallow, submarine  and 
phreatic volcanic eruptions. They transport  ash. mud. lapilli, and blocks with 
great velocity and commonly  sandblasl and knock down trees and houses, coat 
the blast side with mud. and deposit e jecla  at distances bewmd lhe limils ot 
throw-out trajectories.  Close to the eruplion center, the base surge can erode 
radial channels  and deposit material  with dune-type bedding. 

Inwoduction 

During lhe 1965 phrca tomagmat ic  erupt ion of Taal Volcano, 
Philippines, a series of debris-laden erupt ion clouds moved out ra- 
dially frorn the base of tlle main explosion column (Moore e, at., 1966). 
These clouds carr ied blocks, lapilli, and ash suspended in water  
vapor and gases and moved ou tward  with t remendous  velocity. They 
shat tered and obli terated all trees within one km of the explosion 
center  and sandblasted objects  up lo 8 km distant.  

A review o1- other  volcanic erupt ions  of recent date shows that 
such clouds are common,  part icularly during erupt ions  where  ocean 
water', lake water,  or copious ground water  has access to the volcanic 
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conduit.  The resultant  steam explosions commonly  produce a vertical, 
cylindrical eruption column hundreds  to thousands of meters  high, 
with a collar-like, flat, horizontally-moving cloud at its base. 

Very similar horizontally-moving clouds also occur at the base of 
shallow thermonuclear  explosions both  on land and sea, and have 
been called the base surge (GLASSTONE, 1950, p. 41). The term base 
surge is reserved in this paper  for this characteristic, ring-shaped basal 
cloud which sweeps outward as a density flow f rom the base of the 
vertical explosion column. They are formed in both natural  (volcanic) 
and artificial ( thermonuclear  and chemical) explosions. A base surge 
probably can be produced by supersonic impact  explosions also. 
Depending on the nature of the explosion and the material  available, 
the base surge may carry nothing but  water  and gases (as in a sub- 
marine thermonuclear  blast) and consequently produce no permanent  
deposit. On the other  hand, it may carry fragmental  volcanic ejecta 
and deposit either welded or nonwelded ash layers. 

Base Surge in .Artificial Explosions 

On July 25, 1946, a 20-kiloton nuclear device was exploded in 
Bikini Lagoon in the south Pacific at a water depth of 27 meters. This 
explosion produced a dense ring-shaped cloud which emerged from 
the base of the cylindrical column of spray ejected vertically f rom 
the explosion center (Fig. 1). This basal cloud or base surge was first 
believed to be an example of bulk subsidence in which a falling suspen- 
sion of water drops in air behaved like a homogeneous fluid with a 
density greater than that of the surrounding atmosphere (GLAsSTONE, 
I950). 

However, detailed mathematical  analysis and study of the Bikini 
photographs led YouNc (1965 b) to the conclusion that the base surge 
formed at the crest of a large solitary wave around the edge of the 
~ crater ,, formed in the sea by expanding gases at the explosion center. 
Outward directed water  jets f rom the top of this wave broke into 
spray and fed the base surge. This main base surge appeared before 
the outside of the main column had started to fall, and hence could 
not have been formed by bulk subsidence (YouNG, 1965 b, p. 98). Only 
later did a second, smaller base surge develop inside the first by sub- 
sidence of the main  column (Fig. 1). 

The base surge cont inued outwards  more  than 4 km. Its initial 
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velocity was more than 53 meters per second (118 miles per hour), 
and it moved at 20 meters per second (45 miles per hour) 1.4 km 
from the explosion center (Fig. 2). 

The Bikini test was relatively shallow, but base surges have 
formed from an underwater test at a depth of 152 meters (1958). 

Considerable study has also been directed on base surges formed 
during explosions of underground thermonuclear tests (ROBERTS and 
CARLSON, 1962, and ROHRER, 1965). The Sedan test of  July 6, 1962, 
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FIG. 2 -  Radial distance Of travel of base surge vs, time for 2 test explosions and 2 
explosive volcanic eruptions. Circles, Sedan thermonuclear test in alluvium, 
100 kilotons, (Robert ROItRER, written communication,  1965); dots, Bikini thermo- 
nuclear test in ocean, 20 kilotons (YouNc, 1965 b, p. 274); crosses, Myojin Reef 
eruption of 13:12, September 23, 1952, assuming first photograph was taken 6 
seconds after burst (MonlMO~O, 1960, pl. l);  plus signs, Anak Krakatau eruption 
of January 24, 1928, assuming first photograph was taken 6 seconds after burst 
and eruption column height is 1000 m in sixth photograph {STraIN, 1929, 
photo 16). 

involved a thermonuclear device of 100-kiloton yield detonated at a 
depth of 194 meters in desert alluvium. This blast produced a crater 
370 meters in diameter and 98 meters deep. An excellent base surge 
developed (Fig. 3) with an initial velocity in excess of 50 meters per 
second (Fig. 2). Debris carried by the base surge can be identified 
out to 3 km from ground zero in the upwind direction, twice the radial 
distance attained by ballistic debris (ROBERTS and CARLSON, 1962, p. 27). 
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An interest ing feature  of the Sedan test  is that  a series of ejecta  dunes 
were  fo rmed  concentric to the explosion crater.  These are best  de- 
veloped outs ide low por t ions  of the cra ter  rim, and closely resemble  
the dunes fo rmed  at TaM Volcano, bu t  are much smaller, having a 
wave length of 3 to 4 meters.  

Fro. 3 -  Sedan thermonuclear  test explosion taken 39 seconds after burst.  Height 
of the explosion column is 1.5 kin, and diameter  of emerging base surge is 
2,7 kin. Bar is approximately 300 meters long. After NormYK~ and WlI_I_IAMSON, 
1965, fig, 1.2. 

An interesting effect of topography on the movement  of the base  
surge was noted by KNOX and RompEr (1963, p. 18) when studying the 
results of a shallow underground  220-kilogram chemical explosion. 
In this test, a subradia] trench was present  in the area covered by 
the explosion-induced base surge. "They note that . When the surge 
cloud intercepted the trench a por t ion  of the surge cloud aerosol 
moved down and ou twards  in the trench at a mean speed of about  
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30.5 m/sec,  as determined by time lapse photographs. This down- 
trench mean speed exceeds the maximum radial speed acquired by 
the surge cloud of about 9 m/sec.  The physical interpretation of this 
reported phenomena is that the dust aerosol, with a density exceeding 
atmospheric density, will move as a turbidity current over or down 
topographic features with the change in potential energy accounting 
for changes in the kinetic energy of the aerosol ,,. 
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FJ6. 4 - Scaled radius of base surge (r,) in meters vs. scaled depth of burst (d~) in 
meters for explosions in alluvium and basalt (after POURER, 1965). r ,  = r / ( Y )  0.3 
and de = d / ( Y )  °'~ w h e r e  r is actual radius of base surge in meters, d is actual 
depth of burst in meters, and Y is yield of explosion in kilotons of chemical 
explosives. 

KNOX and ROHRER (1963) and ROHRER (1965) have related the 
radial distance attained by the base surge with yield and depth of 
shot and type of surrounding material (Fig. 4), They find that the 
maximum radial distance to which a surge will travel varies as the 
0.3 power of the yield of the burst. The optimum depth for production 
of the largest possible base surge is considerably shallower than that 
for production of the largest crater. For a 1-kiloton burst this depth 
would be 10 to 15 meters. Explosions from a greater depth would 
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dissipate more  energy in lifting the overburden, and shallower ex- 
plosions would dissipate more energy into the a tmosphere  without  
mixing ejecta and gases at the crater lip. 

They show fur ther  that base surges from explosions in alluvium 
travel roughly twice as far as those in basalt, other factors being 
equal. This is apparently due to the larger amount  of noncondensible 
gas produced f rom the moister  alluvium, the larger particle size of 
the basalt causing it to fall out of the dust-aerosol quicker, and the 
greater energy required to disaggregate the basalt. 

According to studies of the base surge at the Bikini test (YOUNG, 
1965 b), the base surge forms at the crest of a large solitary wave 
ringing the explosion-induced central cavity formed in the sea by 
expanding gases. Outward expansion of gases tears spray f rom the 
inner side and top of this wave, forming jets wh ich  feed the base 
surge. 

In an underground shot (Fig. 5) expanding gases at the explosion 
center first vent vertically, pushing up and out a ,, wall ,, of nearly 
coherent roof material.  This wall is pushed out and overturned to 
produce the over turned syncline described not only in large explosion 
tests (RICHARDS, 1964), but  also in impact  craters such as Meteor 
Crater, Arizona (SHOEMAKER, 1960). Only after the wall is broken and 
bent down and outward can expanding gases from the explosion 
center rush over it, erode it, and carry material  from it outwards  to 
feed the base surge. Trajectories of previously ejected material  are 
necessarily at a high angle because of the directing effect of the wall. 
The early falling, larger blocks may strike in front  of the base surge 
after it has begun to form. Such blocks are quickly overrun by the 
surge cloud and most  other throwout  material  comes down later and 
falls into the moving cloud. 

Base Surge in Recent Volcanic Eruptions 
Taal Volcano, Luzon, Philippines 

The eruption of Taal Volcano of September  28-30, 1965, produced 
a series of base surges which caused extensive damage and loss of 
life (MOORE et  at., 1966, and MOORE, 1966). The erupt ion began at 2:00 
A.M. on the 28th with explosive ejection of incandescent blocks and 
cinders f rom the area of the new explosion crater on the southwest  
side of Volcano Island in Lake Taal (Figs. 6 and 7). The major  ex- 
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plosive phase, apparently caused by lake water gaining access to the 
magma conduit, began at 3:25 A.M. and continued until 9:30 A.M. 
During this time enormous eruption clouds developed which were 
clearly visible from Manila, 60 kilometers to the north. These clouds 
reportedly rose to heights of 15 to 20 kilometers and were continually 
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n u m b e r s  are location ol ash sect ions  shown  in Figure 10. 

laced with lightning. At the base of the main cloud column, fiat tur- 
bulent  clouds spread out, radially t ransport ing ejected material  with 
hurricane velocity (Fig. 8). 

The explosion crater  formed during this period is 1.7 km long 
and 0.8 km wide. It is open to the lake on the sotl thwest and is now 
occupied bv an arm o1 Lake Taal. Cliff's on the northeast  side of the 
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crater are about 150 meters high. The volume of the explosion crater 
above lake level is estimated to be about 25 million cubic meters, and 
soundings show that the deepest part of the new bay is about 50 
meters deep. Hence, the total volume of material removed from the 
explosion crater is probably about 40 million cubic meters. 
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lZtG. 7 - Dis t r ibu t ion  of base  surge  deposi ts  at Taal Volcano. Dash-dot  line, ou te r  limit 
of base surge  as de te rmined  by fa int  sandblas t ing .  Solid lines, con toured  
m a x i m u m  th ickness  in cen t imete r s  of  m u d  coat ing on  vert ical  objects .  Dashed 
lines, m a x i m u m  d iamete r  of  lapilli in cent imeters .  

Much of the finer ejected material was blasted to great heights 
and carried by the winds toward the southwest to be deposited as 
fine ash as much as 80 km distant. Some of this finer material, mois- 
tened by condensing steam and copious rain which accompanied the 
eruption, fell as accretionary lapilli (MOORE and PECK, 1962). Accre- 
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t ionary lapilli fell as far  as 9 km downwind  f rom the explosion center  
(Fig. 6). The airfall ash and admixed accret ionary lapilli make  up the 
dominant  part  of the ejecta  outs ide the zone of base surges. 

The large s team explosions which excavated the new explosion 
cra ter  early in the morning of Sep tember  28, 1965, p roduced  ash and 
debris-laden clouds which closely resemble the base  surges of thermo- 

Ft6. 9 - Cross-section of mud  coating about  16 cm thick on pa lm tree 1.5 km nor th  of 
Taal Volcano explosion crater .  Mud coat ing (now dry ash) has been sectioned 
with a knife back to the  shredded  ou te r  bark  of the tree at the top of the 
photograph.  General direction of movemen t  of the surge clouds is shown by 
arrow. About 7 main  layers are visible, generally beginning wi th  fine ash 
(light) and  ending with coarser  ash (darker).  Note unconformi t ies  caused by 
erosion of previous layer and by change in az imuth  of surge  cloud movement .  

nuclear  explosions. These clouds sandblas ted  objects  out  to 6 km 
f rom the explosion center, totally removing all trees f rom ½ to 1 km 
f rom the explosion center. For  about  ¼ km beyond  the ½ to 1-km- 
wide zone, the trees remain, bu t  are s trongly sandblas ted  and have 
little or  no coating of mud.  The sandblast ing has removed more  than 
15 cm of wood  f rom trees, bu t  only on the side facing the cra ter  - -  the 
o ther  side of many trees is still bark-covered.  In the next zone out- 
ward,  all the trees show the effects of  sandblast ing and are coated 
on the side toward  the cra ter  with mud  which forms  aerodynamic,  
parabol ic  coatings. Some coatings are as much  as 40 cm thick (Fig. 9). 
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The m u d  coating is 10 cm thick 2.5 km f rom the explosion center  
and 2 cm at 3 km (Fig. 7). 

When the mud coatings are carefully sect ioned they are found to 
consist  of several layers, each grading f rom fine silt-size ash closest  
to the tree out  to coarse sand-size material.  On some trees many such 
layers can be identified (Fig. 9), each part ly t runcat ing the one be low 
and swelling to greatest  thickness at slightly different places. Hence, 
the blasts  which deposi ted the mud coating had the ability to erode 
part of the previous layer and traveled slightly different paths  f rom 
the explosion center to the tree in question.  

Outward  from the crater  toward  the limit of blast  effects, the 
blast direction is recorded not only bv the mud coatings, but  succes- 
sively, by stripping of the bark of trees, the breakage direction of 
s tands ot: bamboo,  tilting and deroofing of houses, s tr ipping of palm- 
tree f ronds on the blast side, and faint scarring of the bark of small 
bushes.  

In the entire area afl'ected by the base surges, neither trees nor 
shredded wood in the ash are charred or burned.  In the zone of mud 
plastering, the t empera ture  of the debris-laden clouds would have 
been below 100"C, .judging by the viscosity of the mud, which must 
have been mixed with water,  not steam, to have been so sticky. The 
nar row inner zone ot trees not covered with mud may have been 
blasted by steam clouds slightly hot ter  than 100"C. 

Measured sections of the basaltic ejecta from TaM Volcano 
(Fig. 10) include material that was (1) thrown out directly from the 
explosion center, (2) t ranspor ted  by the surge clouds, and (3) blasted 
to high elevations, blown by the winds, and carried to earth commonly  
by mud rains. The first, which is restricted to a zone close to the 
explosion crater, is made up largely of blocks with intermixed ash 
and lapilli including small juvenile bombs  at the base of the section 
at localities 1 and 2 (Fig. 6). The third type of material ,  which is most 
easily recognizable several ki lometers from the crater,  is fine, con> 
monly well-sorted and well-bedded ash which is dis t r ibuted as much 
as 80 km downwind from the vent. Many ash layers contain abundant  
accret ionary lapilli. At the bo t tom of a bed the accret ionary lapilli 
generally arc smaller and more  broken than those higher in lhe bed. 

The second type ot: material,  the base-surge deposits,  are inter- 
mediate  in geographic dis tr ibut ion and grain size as compared  with 
the th rowout  and air-fall ejecta. Base-surge deposits  have lithic and 
glassy fragments  up to nearly a meter  in diameter  mixed in a poorly 
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Section n u m b e r  1: 
a. Coarse,  a n g u l a r  u n s o r t e d  b locks  c o m m o n l y  up  to 8 cm,  s o m e  blocks up  to 

20 cm in size. Shredded  wood.  Matr ix poor ly  sor ted  lapilli and  ash.  
b. Fine ash,  no  lapilli. 
c. Coarser  ash  with  lapilli up  to 0.5 cm.  
d. Fine ash  w i t h  smal l ,  rare,  a c c r e t i o n a r y  lapil l i .  
e. Coarser  ash ,  m a n y  f r a g m e n t s  about  0.3 cm.  
f. Fine ash w i t h  scat tered  lapi l l i  up to 0.5 cm.  Scat tered  a c c r e t i o n a r y  lapilli. 
g. Fine ash  wi th  sca t tered  accre t ionary  lapilli. 
h. Coarser  ash with  lapilli up  to 0.5 cm.  
i. Fine ash  w i th  l enses  o f  coarse  sand-size ash, including one on b o t t o m  

with  many  lapilli 0.5 cm. 
j. Fine ash.  
k. Thin, poorly-bedded {beds about  I cm thick) a l te rna t ing  beds  of  lapilli 

(average d iamete r  0.5 cm) and fine ash, 
I. Coarse lapilli (max ima  3 cm). 
m. Alternating beds of  lapilli up to I or  1.5 cm ariel f iner ash beds. 
n. Coarse unso r t ed  lapilli, blocks, and some juvenile b o m b s  in ash matr ix.  

Overlain by r a the r  firie-bedded ash with some lapilli tip to 0.3 cm. 

Section number  2: 

a. Rather  coarse lapilli tuff with c o m m o n  vesicular,  vitric f ragments .  
b. Accrct ionarv lapilli in line ash.  
c. Coarse ash with angular  l 'ragmerits up to 0.5 cm. 
d. Fine ash with some  delicate bedding. Finer layers contain accrctioriar> 

lapilli. 
c. Coarse ash with lapilli tip to 0.6 cm. 
/. Fine ash,  no accre t ionaiy  lapilli. 
g. Coarse asia, man?'- lapilli over  0.4 cm, some f r agmen t s  up lo 2 cm. Beds 

about  6 cm thick. 
h. Coarse unsur l ed  explosion bl'eccia, some blocks tip to 3.5 cm, many Irag- 

men t s  2-3 cm. Finer at top with dune-type bedding. Contains  shrctldcd 
"~%,ood. 

i. Coarse ash and [apilli. Many liLhic anti vilric f r agmen i s  up to 0.5 t in,  
SOII1L.' l c m .  

j. Thir'l-bedded sill. ;and sand-sizu ash ,}verlying small purificeous juvenile 
bombs .  

Section m i m b e r  3: 

a. Uniform silt-size ash.  
h. Silt-size ash containing aburidani  accrc t ionary  lapilli, more  brokerl ones 

and smal le r  ones  near  bo t tom.  
c. Uniform silt-size ash with one thin bed conta in ing accrc l ionary  lapilli. 
d. Silt-size ash containing acc ,e t ionary  lapilli. 
u. Coarse ash wiih angula r  f r agmen t s  tip to 0.3 cm. 
I'. Sill-size and sarid-size ash.  Somc angula r  fl-agmcnts tip to 0.4 cm. 
g. Uniform silt-size ash conta in ing abundan t  accre t ionary  lapil[i tip to 0.6 ~.111 

in diameter .  
h. Sand-size asia with layer c~l lithic and pumice  f rag lnents  tsonle rotnaded) 

up to 0.4 cm. 

;~eclion tot . thor 4; 

a. Sill-size ash with sornc I:ine bedding conta in ing a bundan t  accre t ionary  
lapi[li. Accretionai;y lapilli are be l ier  developed and larger  near  top. 

h. Coarse ash with many angula r  lithic and vesicular,  vitric I r agment  0.2 ItJ 
0.4 cnl, some up to 1 cm. 

c. Silt-size asia with accre t iunary  lapilli. 

,gcc'tioH nt tmber 5: 

a. Silt-size asia with abundan t ,  large accre t ionary  lapilli. 
b. Coal..>e explosion tuff-breccia. Man?,' angula r  lithic and vesicular,  vitric 

bh~cks arid lapilli. Many I ' ragments  4-5 cm, somu up to 18 t in.  
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sorted matrix of ash and Iapilli. Commonly the layers are poorly bed- 
ded, the result  of slightly different average size or degree of sorting 
of fragments  in the beds. Shredded wood and twigs f rom the sand- 
blasted trees are c o m m o n  const i tuents  in the base-surge deposits. 

The m u d  coating on trees relatively close to the explosion center 
is much  finer-grained than the main par t  of the base-surge deposit  
at that  point. Apparently only the finer wet ash was able to stick on 
the trees. Since each m u d  layer is finer at its base, perhaps the surge 
cloud is graded so that  fine material  is first to reach a given point,  
then coarser material,  and finally material  so coarse that  it cannot 
adhere to vertical objects as a m u d  coat, but  ra ther  erodes the pre- 
viously deposited plaster. 

Within 3 km of the explosion center the base-surge deposits are 
characterized by crude dune-type bedding (MOORE et  al., 1966, Fig. 8). 
The dunes are oriented roughly at right angles to the direction of 
movement  of the base surges (Figs. 11 and 12). They are steeper on 
the blast side and are eroded and scoured on that  side. The dune 
crests in each overlying bed are slightly displaced away from the 
explosion center as the deposit was built up by deposition from suc- 
cessive base surges. 

The dunes are largest adjacent  to the explosion crater (Fig. 12) 
where they attain wave lengths up to 19 meters.  They systematically 
decrease in wave length away f rom the crater and are about 4 meters  
in wave length 2.5 km distant. Northeast  of the crater where the 
terrain slopes up to 300 meters elevation, the dunes are poorly de- 
veloped and decrease in wave length more rapidly with distance. Here 
the surge clouds were no doubt  slowed down by this uphill gradient 
and could not  carry enough suspended material  to produce the 
larger dunes. 

The experimental explosion data of ROHR~R (1965) on maximum 
base-surge radius permit  some rough approximations of energy release 
at the Taal Volcano erupt ion center. Such comparison of volcanic 
and thermonuclear-chemical test explosions can only be approximate 
because of the greatly different processes acting at the explosion 
center  and throughout  the history of the base surge. The test ex- 
plosions are conducted on level ground, from a point  source in a 
relatively homogeneous  medium. Volcanic explosions occur at an 
unknown depth and t ime span below a crater of complex topography 
and structure.  Once the surge cloud forms,  it may be strongly mod- 
ified by topography. 
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The maximum distance that the Taal Volcano base surges trav- 
eled, as indicated by damage to small bushes and trees, was 6 kin. 
By comparing with artificial explosion data (Fig. 4) and assuming 

F~u, 1I - Aerial  p h o t o g r a p h  t o w a r d  the  eas t  s h o w i n g  new exp los ion  c r a t e r  ol Taal  
Vo lcano  on the e x t r e m e  r ight .  Ash  d u n e s  c o n c e n t r i c  to exp los ion  c r a t e r  al'e 
vis ible  in t o r e g r o u n d .  P h o t o g r a p h  by R o b e r t  MoXlaAM, May 1966. 

that the loose ash making up Volcano island is comparable to 
alluvium and that the explosion was at the optimum depth to pro- 
duce the largest possible base surge, we read off of Figure 4 that the 

23 
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scaled radius equals 2400 m (for the largest possible base surge). Thus, 
the kiloton yield of the maximum base surge at Taal Volcano with 
radius of 6 km can be calculated from the expression r , -  r / ( Y )  °'3 

L A K E  

. . -  t o t  

LAKE 

TAAL 

L A K E  T A A  L 

D 1 Z K m  
I ,,, I .... I 

C o n t o u r  i n t e r v a l  I0 0  m 

Fro. 12- Map of the southwest  part  of Volcano Island, Taal volcano, showing the new 
explosion crater  and the t rend of dune crests  as mapped  f rom aerial photo- 
graphs.  Dotted contours  are wave length of dunes in meters .  Fine lines are  
topographic contours in meters.  Arrows show direction of ma jor  base surge 
movement  as measured in the field by direction of sandblasting, tilting, and 
mud coating of trees and houses.  

(ROHRER, 1965), where r, is the scaled radius of the base surge in m; 
r is the actual radius of the base surge in m; and Y is the yield of 
the explosion in kilotons of chemical explosives. The calculated yield 
is 21 kilotons. 
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Actually the mater ia l  of Volcano Is land was more  compac t  than 
alluvium, and the explosion center  undoub ted ly  was not  at the op- 
t imum depth  (the peak of the curve in Fig. 4). Therefore,  the explosion 
that p roduced  the mos t  far-reaching base  surge mus t  have been much  
larger than 21 kilotons. By compar ison,  the 100-kiloton Sedan ex- 
plosion, bur ied  deeper  than op t imum for base-surge development  
(scaled depth  of abouth  43 on Fig. 4), p roduced  a base  surge that  trav- 
eled 4.0 km (NoRDYKE and WILLIAMSON, 1965, p. 9). The Sedan test 
p roduced  a cra ter  0.37 km in diameter ,  whereas  the many  explosions 
at Taal Volcano produced a cra ter  1.7 km long and 0.8 km wide. 

The total kinetic energy released (in ergs) at Taal Volcano may 
be approximated  by the equat ion E = M V  2 when M is the mass of 
e jecta  in grams and V, its average velocity in cm/sec .  The measured  
densi ty of' the e jecta  (most  of which is old tuff b las ted f rom the ex- 
plosion crater  is about  1.3 g m / c m  ~, and volume of e jecta  is 90 × 10 ~ 
m 3 or  90 x 10 '2 cmL Hence, the mass  of ejecta  is 1.2 × 10" gin. 
Assuming an initial velocity of 100 m/sec  or  10 ~ cm/sec  the total 
kinetic energy wou ld  be 1.2 × 10'4x (10~) 2 or  1.2 x 102 ergs. Since 
1 kiloton equals  10 '2 calories or  4.2 x I0 ~9 ergs (NORDYKe and WIL- 
HAMSON, 1965, p. 4), then the one base surge calculated above (21 kil- 
o tons)  would  approximate  8.8 x 1@ "~ ergs. The total kinetic energy 
as calculated above could account  for (l.2 X 10 a') / (8.8 x 10 -'°) or 14 
base surges of the large op t imum type defined above. Actually the 
mud coats  on the trees record about  7 large base surges. 

In most  volcanic erupt ions  the kinetic energy released is only a 
small pa r t  of the total energy, since most  is released as  heat. I f  we  
assume that 10 percent  of the ejecta  was originally at magmat ic  tem- 
pera tures  (1000"C), then the heat  energy could be approximated  by 
E = M T H ,  where  E is energy in calories, M is mass  of hot  mater ia l  
in gin, T is t empera tu re  above ambient  in "C, and H is specific heat,  
a ssumed to be 0.2. Then E =  1.2 X l0 is X 1000 × 0.2 or  2.4 X 10 ~5 
calories or  1.0 X 10 ~ ergs, Hence the heat energy exceeds the kinetic 
energy by (1,0 x 10 z~) / (1.2 x 10 z~) or  by a factor  of 8. On the basis  
of these approximate  calculations, the energy of the seven recorded 
base surges represents  about  5 % of the total energy of the erupt ion.  

Capelinhos Eruption, Fayal Island, Azores 

The Capelinhos erupt ion (basalt ic)  began as a submar ine  flank 
erupt ion of Fayal Volcano on Sep tember  27, 1957, and cont inued for 
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about 13 months. The early phase of explosive activity was charac- 
terized by bursts of tephra with sharp, pointed jets (MACHAOO et al., 
1962). The wreath-like base-surge clouds that formed around the base 
of the main eruption column resembled to a remarkable degree the 
surge clouds of the 1965 Taal eruption (Fig. 8). 

Myojin Reef, Japan 

The eruption (dacitic) of Myojin Reef, in the Pacific Ocean 420 
km south of Tokyo, Japan, began in the early morning of September 
16, 1952, and continued for many months. Frequent submarine ex- 
plosions occurred; one sank the No. 5 Kaiy~maru, a research vessel, 
on September 24, 1952, and all 31 scientists and crewmen were lost. 

During the explosive phases of activity, excellent photographs 
were obtained of base-surge development (MOmMOTO, 1960, and NIINO, 
1954) (Fig. 13). As some of the photographs were taken at definite 
intervals, it is possible to study the rate of growth of the base surge. 
The base surge accompanying the explosion of 13:12 September 23, 
1952 (MORIMOTO, 1960, plate 1) began with an initial velocity of more 
than 65 meters per second. About one second after the burst broke 
the water surface, the vertical velocity of ejecta was about 115 meters 
per second. 

In the first several seconds, the growth of the base surge com- 
pares closely with that  of the 20-kiloton Bikini blast (Fig. 2). At 20 
seconds, however, the base surge was much slower than that of Bi- 
kini, possibly due to the greater depth of many of the Myojin Reef 
explosions. The central column was not nearly so high as that of the 
Bikini test or of the Taal or Capelinhos eruptions. 

Bdrcena Volcano, Islas Revillagigedo, Mexico 

The eruption (trachytic) of B~rcena Volcano on San Benedicto 
Island, 400 km south of the south cape of Baja California, began on 
August 1, 1952 and lasted until the end of February, 1953. RICHARDS, 
in his excellent description of the eruption, mentions that, in its 
early stages, the horizontal spread of the eruption column resembled 
the base surge of an atomic explosion (1959, p. 89). Several of the 
photos published by Richards show clouds which resemble base 
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Fro. t 3 -  Explosive .subnlarinc uruption oI Myojin Reel at 13:40 September  23, 1952. 
Photograph taken 15 seconds a[t~r water  dome broke the surl:ace, Erupt ion 
cloud is 500 m high and base sl.llge is 1400 m in diameler .  After NIINO, H. 
(1954, plate 171. 

surges developed at Taal Volcano and Miyojin Reef (RICHARDS, 1959, 
plates 4, 5, 6). 

A very interesting feature of the B,frcena eruption was the pro- 
duction of numerous furrows on the llank of the main cone (Fig. 14). 
These furrows are 3 to 7 meters wide, up to 430 meters long, and 
are best developed below the tow areas of the crater  rim. They have 
been slightly modified and incised by rainfall. They extend directly 
down the outside of the cone and are assumed by RICNARI3S (1959, 
p. 112) to have been eroded by tephra avalanches. 

At the lower end of the furrows, at the break in slope, an excellent 
pattern of dunes is developed (Fig. 14). These dunes apparently form- 
ed where change in slope impeded the base-surge density flows, 
resulting irl cessation of erosion and beginning of deposition. The 
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dunes at the base of the furrows have a wave length of  up to 1! meters, 
and are thus comparable to the dunes at Taal Volcano. Other dunes 
which are preserved on the ridge crest south of  B~rcena Volcano are 
about 5 meters in wave length (Fig. 14). Still other very small ones 
of  only a few meters in wave length are present directly on the crater 

FrG, 14 - Aerial photograph of southwest  side of B~rcena Volcano. Islas Rev~llagigedo. 
Main crater  is about 750 m in diameter.  Furrows eroded by surge clouds 
radiate from the main crater, and have been slightly modified and incised by 
rainfall. Furrows on the west side change downslope to dunes (wave length 
about 10 m) at change in slope where surge clouds lost some of their  erosive 
abitity and began deposition, Smaller  dunes are also visible on ridge crests  
south of cra ter  where they are protected f rom erosion. Very small dunes 
(almost invisible) are present  on crest  of cra ter  r im and their  crests are 
parallel to rim. After RICHARDS (1959, plate 24. U. S. Navy photograph).  



F~;. I5 - Six photographs iakcn at intervzds of six seconds dur}ng a phrea[ic explosion of Anak Kra- 
katau on ,hmuary 24, t928, Height of explosion column about 1000 m. After S ~ I ~ ,  I929, photo 16. 
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r im crest.  They were p resumably  fo rmed  by very late feeble surge 
clouds f rom the crater.  All of the dunes  are  or iented at  right angles 
to the direction of flow. 

Surtsey Volcano, Vestmann Islands, Iceland 

Sur tsey  Volcano (basaltic) began as a submar ine  erupt ion  35 km 
off the south  coast  of Iceland on the morning of  November  14, 1963. 
As long as sea water  had an easy access to the volcanic vent of the 
new island, f requent  explosive erupt ions  occurred.  The bigger ex- 
plosions were followed by grayish-brown tephra-vapor avalanches 
(base surges) which rolled down the outer  slopes of the volcano or 
through breaches in the crater  wall and traveled hundreds  of  meters  
over the sea (THoRAmXSSON et al., 1964, p. 6 and Fig. 7). Photographs  
of these surge clouds are remarkably  similar to those of the Myojin 
Reef explosions (Fig. 13). 

Some of the photographs  of Sur tsey show a cur ious  surface pat- 
tern on the outer  flanks of the volcanic cone (THou_a, RiXSSON el al., 
1964, Fig. 19). The ash surface appears  to be lineated by small dunes  
whose crests  are arranged parallel to the main crater  rim. They may 
be similar in origin to the dunes at TaM and Bfircena Volcanoes. 

Lassen Peak, California 

Lassen Peak (dacite) underwent  a series of explosive erupt ions  
from 1914 to 1917. The activity of 1914 and earlv 1915 was apparent ly  
steam explosions caused by mehwa te r  from the heavy snow cover 
in the crater  contact ing hot material  in the volcanic conduit  at 
shallow depth (DAy and ALi.i,:x, 1925, p. 33). These explosions blasted 
out  relatively cold ash, lapitli, and blocks  in erupt ion columns which 
reached heights of I00 to nearly 4000 m. 

The culminating period o~ activity occurred in the middle of May 
1915, when a blocky lava flow spilled over a notch in the western  
crater  rim. A few days later on May 19 and again on Max, 22 violent 
explosions shook the volcano, and horizontal blasts  of t r emendous  
force swept  down the east flank of the volcano, carrying ash and 
blocks and laying waste  to an area extending more than 4 km from 
the summit .  Associated with these blasts  were mudllows,  caused by 
rapid melting of snow on the volcano, and perhaps condensat ion  of 
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steam in the eruption clouds. These blasts have been interpreted by 
DAY and ALLEN (1925, p. 67) to have been directed in their horizontal 
path by the upheaval of the old material which acted as a plug or 
lid on the vent. This they compared to lifting the ,, lid ,) from the 
volcano which resulted in the horizontal direction of the explosions 
escaping from beneath. 

The effects of these blasts resembled to a remarkable degree 
those of the base surges at Taal Volcano. The Lassen blasts blew 
down trees up to 1.5 m in diameter such that the fallen trees all 
pointed away from the crater. These trees and the remaining stumps 
were sandblasted and stripped of bark only on the side facing the 
crater. However, the Lassen blasts were somewhat hotter;  they 
singed, but did not set fire to, the bark and foliage of the trees. 

The pattern of development of the early, smaller steam explosion 
clouds is very similar to those of other eruptions described in this 
report. A series of photographs by B. F. LOOMIS (DAY and ALLEN, 
1925, plate 1) clearly shows a base surge emerging from the base of 
one of these explosion columns and rushing down the north flank 
of the mountain as a density flow. 

Anak Krakatau, Indonesia 

After a 44-year period of quiescence from the catastrophic 
eruption of 1883, submarine activity began anew in late 1927 at the 
site of the previous activity. In January I928 a new volcano island 
appeared above the surface and has been intermittently active until 
the present time. 

In his description of the 1927-1929 activity, STERN (1929) has 
provided us with one of the best photographic records of base-surge 
formation. His photo 16, taken from a distance of 4.5 km on January 
24, 1928, is reproduced as Fig, 15. These 6 frames, taken at 6-second 
intervals show the development of the central, dense black vertical 
explosion column which rose rapidly to a height of 1,000 m. He states 
(STEHN, 1929, p. 38) that ,, Immediately after its appearance above sea 
level, there is formed at the foot of the column, as a result of the 
contact of the hot mass of the ejected matter  with sea water, a 
wreath of steam, which rapidly grows in breadth and height as the 
mass shoots up and plumps down again ,~. This wreath is similar to 
the base surges of Taal and Capelinhos volcanoes (compare Figs. 8 
and 15). 
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By scaling the dimensions off the photographs  (Fig. 15), the ve- 
locity of the base surge af ter  several seconds is only 14 m/sec .  Al- 
though the cloud pa t te rn  is similar, the size of this explosion is con- 
siderably smaller  than that  of the Sedan and Bikini tests, and the 
Myojin Reef eruption.  

C o n c l u s i o n s  

The base surge, which is a c o m m o n  feature  of shallow under-  
wate r  or  underground  test explosions, is a ring-shaped basal cloud 
which sweeps outward  as a density flow from the base of the vertical 
explosion column. The base surge apparent ly  forms as the expanding 
gases at the explosion center  first vent vertically and then, by con- 
t inued expansion, enlarge the cra ter  and push out a ,~ wall ,> of brec- 
ciated roof and cra ter  material .  After the wall is over turned to form 
the cra ter  lip, outward  expanding gases rush over it, tear ejecta f rom 
it, and feed the base surge. In an underwa te r  blast, the c ra te r  lip is 
represented by a large solitary wave, which breaks and forms spray 
iels which feed the base surge. Once developed, the surge cloud 
moves outward  as a density flow, taking advantage of topographic 
irregularities. 

The shape and behavior of many horizontallv moving clouds 
lo rmed  during explosive volcanic erupt ions  are verv similar  to the 
base surges produced in artificial explosions. Therefore  it is believed 
lhat such eruptive clouds are basically of the same origin, though 
many additional variables are present in volcanic eruptions.  

The test explosion evidence gives insight into the processes 
acting in volcanic explosions where  close observations are vastly 
more difticult and dangerous and where  the processes of activity arc 
more complex. From the artificial explosions it is known that: I) the 
surge clouds can form by a subsurface blast venting vertically without  
any specific radial component ,  that is without  any ,, directed blast .,,, 
2) the surgec louds can torm on fiat ground (or sea surface) and do 
not require a down-slope gradient  for development,  3) the surge 
clouds may form in a clean a tmosphere  and a ,, roof ,, of ejecta f rom 
a previous explosion is not necessary to direct the horizontal path of 
the surge, 4) the mobility of the surge clouds does not require the 
constant  exsolution of gases f rom superheated magmat ic  material ,  
5) the surge clouds do not require the fall of vertically ejected ma- 
terial for their formation,  and 6) the surge clouds, despite their great 
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velocity and destructiveness, do not  require high temperature,  but  
can be relatively cool. However, it is obvious that  one or all of the 
above factors may be impor tant  in shaping the surge clouds, in in- 
creasing their life and range, and in making them more  destructive. 
But  it is believed that  such factors may obscure the true origin of 
these volcanic phenomena.  

Most of the examples of base surges accompanying volcanic 
erupt ions described here are associated with phreatic explosions. Hot 
magma  coming in contact with  water  or water-soaked rock causes 
rapid generation of steam which forms an explosion not unlike that  
of a large chemical explosive or thermonuclear  device. However, ex- 
plosive exsolution of magmatic  gases during rapid extrusion of large 
volumes of oversaturated magma may also produce a base surge. Some 
glowing avalanches and ash flows may originate f rom such base surges. 

The base surge is always produced during shallow test explosions, 
though its size, velocity, and pat tern  of development is dependent  
on many factors. Likewise it is believed that  similar surge clouds 
are generally produced during volcanic explosive eruptions. Whether 
they become an impor tant  element  in the erupt ion depends on many 
local conditions such as depth and force of the explosion, character 
of country rock and ejecta, nature of the surrounding terrain, etc. 
In many cases the surge cloud is entirely confined to the volcanic 
crater and does not  spill over the rim. 

SHOEMAKER (1960) has pointed out  the close similarity in struc- 
ture of hypervelocity impact craters and craters formed by large 
explosions. Because of the similarity in the explosion mechanism, 
it is believed that base-surge clouds would also form at the site of 
such impacts  (possibly also around impact  craters on the lunar sur- 
face), and would carry some ejecta outward to distances much  
greater than the distances to which it is thrown out on ballistic 
trajectories. 

Acknowledgments 

The author  acknowledges with grati tude the help of George 
YOUNG who supplied unpubl ished data on the Bikini test base surge, 
and Robert  RO~IRER, who read data f rom the film of the Sedan test 
base surge. Arturo ALCARAZ, Kazuaki NAgAMURA, and Laurence E. AN- 
DREWS worked with the writer  in the Philippines and provided in- 
dependent  data on the Taal Volcano base surge. Adrian RICnARDS, 



363 

Robert MOXHAM, and LAWRENCE RADIATION LABORATORY provided pho- 
tographs of recent volcanic eruptions and test explosions. 

References 

Day, A. L., and  ALLEN, E. T., 1925 - The volcanic activity and hot springs o[ Lassen 
PeaK. Carnegie Inst. of Washington, 190 pp. 

GLASSTONE, Samue l  (Edi tor ) ,  1950 - The effects o[ atomic weapons. Los Alamos,  N. 

M., Los Atamos Sci. Lab., U. S. Atomic Energy Comm. ,  456 pp. 

K~ox, J. B., and R01mEl~, R., 1963 - Project Pre.Buggy-Base surgea~mlysis. Calil'. Univ., 

L ivermore ,  Lawrence  Radiat ion Lab., PNE-304, 37 pp. 

M,XCtLUX~, Frcderico,  PAltS~i~NS, W. H., Rlclb~RI)s, A. F ,  and  Mt;IA:om~, J. W., 1962 - Ca- 

pelinhos eruption o/ Fayal Volcano, Azores, 1957-I958. Jour .  Geophy.  Research,  

vol. 67, no. 9, pp. 3519-3529. 

Mo0t~E, J. G., 1966 - Base surge at 1965 eruptioll o[ Taal Volcano, Phitippbles (Abst rac t  L 

Am. Geophy. Union Trans. ,  vol. 47, no. 1, p. 194. 

- - ,  NAKAMURA, KAZt:AKI, and ALC..XI~a/., A., 19(',6 - The 1965 eruptio~l o/ Taal Vof  
cano. Science, vol. 151, no. 3713, pp. 955-960. 

- - ,  and  PECK, D. L., 1962 - -  Accretional3' lapilli it~ volcanic rocks o[ tile western 
United States. Jour .  Geology, vol. 70, no. 2, pp. 182-193. 

MomMom, Rhyohei,  1960 - Submaritle ert~ptitm o[ the Myoj i ,  reel. Bull. Vole., Scr. 2. 

t. 23, pp. 151-160. 

Nllx:o, Hiroshi ,  1954 - Report o~l the submari~le eruption o[ Myojin-sho. Tokyo Unix', 

Fisheries,  pr inted by Kokusa i  Bunken i n sa t su sha ,  Tokyo, 32 pp. 

NOm)VKF., M. D., and WIu.Ia~tsorx, M. M., 1965 - The Sedan cvettt. Calif. Unix'., Livermore ,  

Lawrence  Radiat ion Lab., PNE-242F, 1 I4 pp. 

RICIIAIIDS, A, F., 1959 - Geology o/ tile Islas Revillagigedo, M¢xico. I. Birih aml develop- 
me~lt o[ Voh'cin Bdrcena, Isla San Be~mdicto (It .  Bull. Vole., ser. 2. t. 22, pp. 73-123, 

RI(:I~I~,RIX'L W. D., 1964 - Geologic .~tudv o[ tile Sedatl ~Tttclear crater. Calif. Univ., Mer- 

cury,  Nev., Lawrence Radiat ion Lab., PNE-24OF, 44 pp. 

Rom~aTs, W, A., and Cam.s0N, R. H., 1962 - Eiecta stndies - Project Sedatt. Call/. U~liv,, 
Livermorc ,  Lawrence  Radiat ion Lab., PNE-217P, 62 pp. 

RIItlREI,L Robert ,  1965 - Base sttr,ee a~ld clottd fi,rmation . Project pre-Sclloo~ler. Calil. 

Univ., Livcrmorc ,  Lawrence Radiat ion L a b ,  PNE-503F, I0 pp. 

SIIOEMXKEa, E. M., 1960 - Perletration mechanics o[ high velocity meteorites, illt~strated 
by Meteor Crater, Ariztma. 21sl In te rna l .  Geol. Congr.  Repl., Copenhagen  t96(.1, pt. 18. 

pp. 418-434. 

STEIIN, Ch. E., 1929 - Tile geology atul volcatlism o[ tile Krakalatt Grottp, pt. 1 in Kra- 
katatt. 41h Pacific Sci. Congr. ,  Batavia and Bandong,  pp. 1-55. 

Tllul~l+t~ZSstIX, S., EIN:~ItSSox, Th., Smvu.lnso'<. G., and El+lSS0x, G., 1964- The stlbt+lariltc 
eruptiol+ oil the Vestmaml l.~honls, 1963-64. Bull. Vole., v. 27, pp. 434445. 

Yot ~:~;, G. A.  1965 a - Micrometeorological phellotttesla u[ ttttdern'(tle+" ~lttclear ex'ph)siollS, 
White Oak, Md., U.S. Naval Ordnance  Lab.. AD-614814, 37. 

- - ,  1965 b - Tile phy.sic.s o[ the base-surge. White Oak, Md. U.S. Naval Ordnance  

Lab., AD-618733, 294 pp. 


