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SUMMARY

An earlier treatment of the motions of pyroclasts produced in dN.rLlL \ok mu
explosions assumed that clasts were ¢jected into a stationary almosphuc WL .uguc
here that the air in the vicinity of an explosion site will itself be moving radially
away from the source with a speced comparable to that of the clasts, especially at
early times after the start of the motion. As a result, the initial relative velocity of
clasts and air will be small. In the ecarlicr treatment this relative velocity: was
inevitably large, leading to an overestimate of the atmospheric dmg force: "n carly
times and a consequent underestimate of the final clast range. We set up a snmpk
model of the explosion process which allows us to link the initial clast and‘.ur
velocities and to find an approximation to the subscquent air flow ficld. Integration
of the equations of motion for clasts with a wide range of sizes, densities, initial
speeds and initial elevation angles allows the ranges of these clasts to be found. Clast
range data from three documented explosive cruptions arc re-analysed to yu,ld
initial velocities, and the implications of these velocities for pn. prlosmn prusurc
conditions are discussed. -
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INTRODUCTION

In an earlier paper in this series (Wilson 1972),
computational scheme was described which allowed the
trajectories of pyroclasts launched from a chosen point on or
above the Earth’s surface with a chosen velocity vector to be
followed. The calculations took detailed account of
aerodynamic drag forces acting on the clasts, and included
allowances for the variation of atmospheric properties with
height. The scheme was implemented as a series of
FORTRAN computer routines and used in two modes (a) to
find the fall times of pyroclasts of various sizes and densities
from the edges of eruption clouds over a wide range of
heights and (b) to predict the ranges of clasts ejected in
transient explosive eruptions, with the intention of
simulating mainly vulcanian explosions.

The second of these modes gave computed ranges as a
function of clast size and density and of the initial speed and
elevation angle of the clast. Several authors have used these
results to estimate initial velocities of (usually large) clasts
ejected in violent explosions, e.g. at Arenal (Wilson 1980),
at Sheveluch (Steinberg 1977) and at Ngauruhoe (Nairn
1976). Such initial velocity estimation is valuable because
the peak velocity at which clasts are ejected in explosions is

a function of the cxcess pressure in the cxpandmg volauk
phase driving the explosion and of the mass fraction”of thc
exploding gas-rock mixture which consists “of volatiles
(Wilson 1980). Thus, if clast launch xclocmcs can be
deduced from the ranges of the clasts, some constramts can
be placed on the combinations of gas pressure:and: gas.
content in the source region of the explosion, even lf umquc :
values for both parameters cannot be obtained.
The assumptions made by Wilson (1972) in scumg up thc'
initial conditions for trajectory calculations were-that clasts
should be ‘launched’ from a chosen position” and “with a
chosen speed and eclevation into the surroundmg atmo-
sphere, which was assumed to be at rest. In’ rcconsndcnng
the factors controlling the dispersal of clasts from’ various
kinds of explosive vent, we have come to realise that thls
latter assumption is not realistic. Any. volcanic cxplosmn
which involves the rapid acceleration of a cohcrcnt mass of
rock, whether from inside a vent or simply. by the disruption
of a free surface, inevitably involves the  displacement en
masse of the air overlying the accelerated, rocks. This
dlsplacement is effected by the propaganon of ~a
compression wave into the air. In extreme cascs, where the .
rock speed approaches the speed of sound in the air, the’
compression wave takes the form of a shock, ‘and the ™.
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atmospheric consequences (e.g. condensation of v;)ater
vapour) of the generation of such shocl;s l?ave een
observed in some explosive events (e.g. Naim 1‘97§)-
Whatever the amplitude of the pressure wave, continuity
requires that the speed of the air in contact with the rock
mass be essentially equal to that of the rock, at least
initially. e

It follows that, as the exploding rock mass disaggregates
and makes the transition to a collection of -discrete clasts
leaving the explosion site, these clasts are initially in contact
with air that is travelling at approximately the same speed as
the clasts. This is in striking contrast to the assumption made.
in the earlier work—that the clasts are encountering air that
is at rest. In the earlier version, the initial drag force on the
clasts, which is proportional to the square of the difference
between the clast speed and air speed, was very large, .
Jeading to a large initial deceleration. In the scenario treated
in this paper, this initial drag force is essentially zero, and "
drag only becomes important as the speeds of the clasts and © 7
the air progressively decouple. It can be anticipated that the

launch speed required to enable a clast of a given size and 7 *

density to reach a given range, especially a large range, will -
have been overestimated in the earlier treatment, in some . .

¥, .
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Figure 1. Simplified vent-region geometry for vulcanian eruptions
envisaged, by Wilson (1980). The vent is considered to be an

- essentially cylindrical conduit with a gas layer formed above the

intruded magma and capped by a layer of compact rock and rubble.
At the ‘onset of eruption, the caprock fails and the plug is projected,

“canon like, vertically into the air, with no allowance for the lateral
" expansion of the gas/rock mixture.

cases by a very large factor. We show below:that thisis

indeed the case, and present a re-analysis of three explosive
eruptions by way of illustration. e

EXPLOSION MODEL

Since we are intending to link the initial velocity of -
pyroclasts with the initial and subsequent velocity of the air
through which they travel, we need a model for the -
explosion process which controls both velocities. We' bése -
this on a model of transient explosive eruptions proposed by
Wilson (1980). This model called for a vent geometry such
as that in Fig. 1, where there is an essentially cylindrical vent
region containing layers of compact rock, exsolved gas and
intruded magma. Wilson proposed that after failure of the
caprock, it retains its original cross-sectional area with no
escape of the expanding gas between the fragmented blocks
or at the sides. The author acknowledged that this vent)
configuration is probably inadequate for explosions wher
lateral expansion occurs, the model leading to an
underestimate of the pressure required to produce a given
velocity. Indeed, several accounts of vulcanian eruptions: .
describe significant lateral expansion of the ejected plug of -
material in the first few seconds of the explosion (e.g. Nairn
1976; Self, Wilson & Nairn 1979).
In this treatment we take partial account of this lateral
expansion by employing a more appropriate geometry (Fig.
2). Consider a region subtending a solid angle Q at a point.
Out to a distance r, the region is filled with gas at a pressure
P, and density p,,. The zone from r, to r, is solid material
with density p.. The gas mass is

mg = (1/3)Qr}p,, 1y’
and the solid mass is
mg= (1/3)9("3 - r?)ps‘ (2)

The initial gas to solid mass ratio is defined as n =mg/m,,
After failure of the caprock has occurred, the gas expands

plus airis

- : 1y 3y
o 3r7[P,, (71) A

Al 3=+ pullr ) — )

Cregion T

adi:;batiéally _driving the solid material ahead of it. Ifel
© ry =ry~ 1. By the time the inner edge of the solid material
.- has reached a distance r, the mass of air displaced is at least

= ()R + )’ = r3lps

‘where p, is the density of the ambient air.

@

The equation

of motion for the acceleration of the solid
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Figure 2. Proposed vent region geometry relevant to our mo‘? |
ies a conica

Exsolved gas at pressure P,, and of density p,, occupt .
region of radius », which subtends a solid angle £ hence allowlni
for varying degrees of lateral expansion above the vent. T gt?e
region is capped by coherent rock of density p, which occupies !
region between r; and r,.



If this equation is integrated twice, the maximum velocity of
the expanding envelope, u,, can be obtained along with the
time t, and the distance R, at which this occurs. It is
assumed that, over the relatively small distances and
timescales required for u, to be attained, the ejected
material behaves as a coherent plug, the detailed motion of
the gas attempting to escape between the clasts of the
fractured caprock being neglected for the reasons given by
Wilson (1980). This approach is lent validity by an account
of the 1975 February 19 eruption of Ngauruhoe, New
Zealand which describes the ‘...projection above the crater
of a dense slug of highly compressed gas and solid ejecta...’
(Nairn 1976), implying the coherence of the ¢jecied material
in the earliest moments of the explosion.

Once the ejected slug of rock and gas has reached its
maximum velocity, it is proposed that the solid material is
‘launched’ with this velocity into the moving gas, the
velocity of which, u, now decays such that at any radial
distance K at time ¢ we have

R0)2 t/'r
u=uy|l—1, e 5
o3 ©
where the time constant 7 is related to the ratio of the initial
gas pressure to the atmospheric pressure, by:

P
T= 7)*’5 to. (6)

a

Fig. 3 shows schematically the basis of the model of the
explosion and subsequent air motion. The radial variation of
u represents the continuity equation for the displaced air,
treated as incompressible. The functional form given for 7
represents a very simple approximation which appears to
account adequately for the fact that the greater the initial
pressure in a given mass of volcanic gas, the greater the final
volume (and hence mass) of air forced into motion by the

,' gas velocity decays as
O wursmresin

Blocks
launched at
Rowith
max. vel, ug

Figure 3. Schematic diagram showing the envisaged initial
expansion of the gas/rock mixture out to the distance R, where the
maximum ejecta velocity u, is attained. Blocks of fragmented
caprock are then launched with velocity u, into the gas flow field,
the velocity of which decays as u = ug(Ro/R)*e™" at distances
R>R,.

Explosive voleanic eruptions—VI 361

expansion phasc, and the smaller the deceleration of the
whole mass in the late stages as the excess pressure decays.

At the point of launch of the fragmented blocks into the
gas we employ the computational scheme of Wilson (1972)
to simulate the trajectories of the projectiles in the
decelerating gas/air mixture. However, at any point on its
path a block now expericnces a drag force proportional to
the square of its velocity relative to the moving air, rather
than to the stationary atmosphere as in the carlicr
treatment.

RESULTS

Eq. (4) was integrated numerically using a FORTRAN
computer program to give the velocity and position of
ejected material as a function of time, out to the point where
the maximum velocity, «,,, is attained. This was done for a
series of explosion sources having wide ranges of values of
initial gas pressure, Pg,, (0.1 to 100 MPa), gas/solid ratio, n,
(0.1 to 30wt per cent) and initial gas region radius r, (1 to
150 m). Fig. 4 shows the variation of the maximum cjecta
velocity with initial vent pressure for different valuces of lhc
gas/rock mass ratio. :

The initial parameters required f()r the abovc progmm
(P, r, and n) were varied by trial and error so that a
particular set of maximum velocitics were produced, viz. 10,
30, 100 and 300ms™'. These velocitics were subsequently
passed on to the trajectory computation subroutines, along
with the time taken to complete the initial expansion phase,
to, and the distance R, at which this occurs. The
atmospheric gas velocity was caused to vary with position
and time in the way described by cqs (5) and (6). Tables 1 to
6 summarize the ranges found for particles with densitics
between 500 and 3500 kg m™> and radii between 1 mm and
1 m, launched into moving gas with the above velocitics.

Tables 1, 2 and 3 show logarithms (to basc 10) of ranges
(in cm) of particles launched at the end of .the cxpansion
phase with elevation angles of ¢ = 45°, 66° and 87°
respectively. These angles are the same as thosc used by
Wilson (1972), and were chosen to provide a reasonable
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Figure 4. Maximum velocity of C]CCled matcnal (u0) as a function
of pressure beneath the caprock (P,,). Curves are shown for six
values of the weight percentage (n) of ejecta: that consists of gas

with molecular weight 18, i.e. H,0.
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£ T‘:‘blé '1*, LOgamhms (to i)a’s"e‘l'O) of ranges (in centimetres) of partictes launched at 45" Tnitial gas region radius 25 m, gas to rock mas iy

N

0.05- - SN :4 . .
Velocity/ Density / S T T i Raqiusincemimelres 10310(V§cuUm
5 v 36195 .o o 35818 . 3.5753 3.5750 3579
10 3..5 36355 .35846 . N 3.5754 3.5750
10 36067 oo 7. 35987 ‘ 3.5762 35751
0.5 3I573 et 36197 35776 35753
30 35 38781 © 39844 oo 40914 4.1001 4.1017
25 3.3838 39504 40875 4.0995
10 3.9374 ‘38969 S 40685 4.0963
0.5 39999 38795 ... 40415 4.0011
100 35 4.1608 41631 - -+ 42820 . 46176 47577 49222 49915 5.0064
25 4.1776 41509 42301 4.5363 477015 4.8886 4.9787
10 42493 41664 41549 - 43156 - 4.5349 47554 4.9199
05 43190 42083 41612 . 42010 44104 46171 4.8438
300 35 47358 46700 - . 46763 48930  5.1187 5.4357 5.6875 5.9676
25 47659 4.6865 4.6631 48154 50334 53540 - 5.6254
(1).2 4.8589 4.7496 4.6890 46849  4.8303 5.1106 5.4240

4.9366 4.8098 4.7370 46773 47224 49284 5.2505

T?)ble 2. Logarithms (to base 10) of ranges (in centimetres) of parﬁcles launched at 66°, Initial gas region radius 25 m, gas to rock mass ratio

M

Vclogity/ Densigll Radms in Centimetres - Togo{vacuun
msh o) 0l 03 10 . 30 10.0 30.0 100.0 range in cm)
10 35 3.5896 34259 33789 3.3766 3.3762

- 3.6229 34449 33799 . . 133767
. 37133 3528 33856 733775
* ;g gg;g ggﬁg | 39358 e =g.gﬁzl; 3.9464
) ' . 3.9317 .
Y 39625 3.8132 30118 - 7T 39408
. 0501 3.8500 38833 Dt Tus 1039354
100 N . o ’ e . e »‘. ;‘—‘"
32 Z’}ggg 3‘(1)940 41317 L 44326 46206 .- 477719.. - 4.8567 4.8935
10 42851 A 4.1007 43499 45628 47412 - 4.8431
0.5 43634 pEir 4.1123 4.1566 43861 45984 ' -4.7809
: 2353 4.1618 4.1069 42516 4.4526 4.6998
300 35 ) X
25 3';;,83; 2’%&4 46160 47061 © 49582~ © 52832 .- 55558 5.8383
10 49057 4785 4.6344 46414 48715 -  5.1927 5.4900
0.5 49867 4.8553 47064 4.6265 46761 = ‘49344 52152
- 47670 4.6759 45997 - - 47522 5.0901
Table 3. Logarithms (to base 1 . . s LR e s
ratio 0.05. (to base 10) of ranges (in centimetres) of particles launched at 87°. I,n$i,‘ti?1 gas region radiuvsy 25m and gas 10 rock ma
Velocity / Density / i FEt - ST
: : 0
10 3.
2.; 2.3953 2.4474 25012
23951 See
1.0 3 4036
0.5 31975 23847
3.
23 21051 29233 3,0864
: 2.6805 e
1.0 3.9703 2308
0.5 4.0513 S
f-(S) 2.1938 28;22 3?338 3‘3339 - ..3.9366 . 4. 40405
0.5 4'%%(2) a0 2.9825 322332 v
300 ' A0 296 30678 e 38637
35 4.7792 4 : '
: 6794 4
25 48166 47007 giggg 3.8201 4.0945 4.4524 47195 4985
g 49219 47974 47110 3.7338 3.9947 4.3682 4.6551
) J0640 43681 4781 T 3.7476 4.0763 44454
' : .6003 3.8721 4.
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Table 4. Logarithms (to base 10) of ranges (in centimetres) of particles launched at 45° Initial gas region radius 25m, pas to rock mass raho
0.10.
Velocity / Dcnsitg/ Radius in centimetres logqo(vacuum
(ms?) (g em>) 0.1 0.3 1.0 3.0 10.0 30.0 100.0 range in cm)
10 35 3.6175 3.5802 3.5737 3.5734 3573
2.5 3.6334 3.5829 3.5739 3.5735
1.0 3.6944 3.5969 3.5747 1.5736
0.5 3.7550 3.6177 3.5760 31.5738
30 3.5 3.8723 3.9811 4.0894 4.0082 40098
2.5 3.8777 3.9558 4.8543 4.0976
1.0 3.9305 3.8922 4.0662 4.0943
0.5 3.9928 3.8738 4.0389 4.0891
100 35 4.1355 4.1432 4.2697 4.6126 4.7540 49202 4.9900 5.0282
2.5 4.1512 4,1288 42154 4.5303 4.6972 4.8863 491N
1.0 42212 4,1404 4.1332 4.3050 4.5282 4.7519 49179
0.5 4.2903 4.1808 4.1359 4.1845 4.4010 4.6125 4.8411
300 35 4.5220 44731 4,5383 4.8311 5.0873 5.4215 5.6798 5.9662
2.5 4.5487 44823 4.5010 47392 49934 5.3363 5.6164
1.0 4.6363 4.5338 4.4866 4.5438 4.7592 5.0769 5.4004
0.5 47119 4.5892 4.5232 4.4920 4.6171 4.8749 52272

sample of ranges up to the maximum range for clasts
launched at a given velocity.

For all three sets of results the initial gas region radius is
25m and the gas/solid ratio 0.05, thought to be reasonable
values for this type of eruptive system. These tables are
presented in these units so that they can be directly
compared and contrasted with Tables 1 to 3 of Wilson
(1972). It will be noted that vacuum range values are slightly
larger than those given by Wilson (1972). This is a
consequence of taking into account the initial expansion
phase of the eruption: the distance out to the point where u,
is attained is included in the range calculation. The ranges
calculated by our method are significantly larger than those
of Wilson (1972). The differences are most significant for the
smaller particle sizes. This arises from the fact that smaller
particles will be more influenced by air motion than will the

larger blocks which, by virtue of their greater inertia, arc
less readily decelerated or accelerated and are capable of
achieving a large fraction of their vacuum range.

Tables 4 and 5 show logarithms of ranges of particles
launched at ¢ = 45° from an explosion with the same value
of r, = 25 m but with initial gas/solid ratios of # = .10 and
0.20 respectively. Taken along with Table 1 (n = 0.05) it can
be seen that, for the same combinations of particle radius
and density, smaller values of n produce larger ranges. This
is explained by noting that, at lower gas/rock ratios, the
pressure required for the cxploding material to reach a
certain maximum velocity is larger than for higher gas/solid
ratios. Since the acceleration of the solid cjecta and air is
proportional to P,,, the distance and time at which «,, is
reached are both greater. The velocity decay constant, 7, is
therefore increased and so the gas-particle relative velocity

Table 5. Logarithms (to base 10) of ranges (in centimetres) of particles launched at 45°. Initial gas region radius 25 m, gas to rock mass ratio

0.20.

i i jus i i logo{vacuum
Veloci Radius in centmetres gio(va
@) Gemd 01 03 10 3.0 100 300 100.0 range in cm)

10 3.5 3.6161 3.5790 3.5727 35724 3.6507
25 3.6320 35818 3.5728 35724
1.0 3.6929 3.5956 35736 35725
0.5 37534 3.6163 3.57 .

30 35 3.8684 3.9789 40880 40969 41238
25 3.8734 3.9533 40840 40963
10 3.9258 3.8890 40647 40530
05 3.9879 3.8699 . .

100 35 4.1191 4.1304 42620 4.6094 47518 4918 49891 5.0278
25 4.1341 4.1146 42061 4.5265 4.6946 48849 49761
10 42030 41235 41193 42984 45240 47497 49166
05 42716 4.1630 41194 4.1739 43951 . )

300 35 4.4376 43979 4.4926 4.8118 5.0785 34 i 36176 5.9655
23 aaps 4w 4 SR 380 Sa saw
(l)ﬁg 3:231% 32‘;3?% 4.4288 4.4239 45828 4.8587 5.2207

600 35 4.8789 4.8054 47863 49588 52099 35800 39403 6.5662
23 doios  amw 4w AMD S0g Shon  Sse
(l)ﬁg 2:8223 :1;322? 4.8803 4.8084 48123 4.9970 53519
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" increases more slowly subsequent to launch whicl;, along resis; sig;ﬁﬁc.antly the decelerating forces of the more distal,
C wi ; res that travel distances are larger. nearly still air.
WI;l‘la:)lll: \'li;tgfftdf?;g;s::ison’ shows rangés of particles On examinati.on gf Tables 1 to. 6 it will.also be notf:d that
launched at ¢ = 45° but with an initial gas region radius of for some combinations of velocity, density and rgdlus the
 50m. Ranges are significantly greater than for a gas region predicted ranges exceed the vacuum Tanges. 'Thls occurs
" radius of :25m. This is due to.the increased:times and mostly for low launch angles and veloc1t}es. This again may
distances necessary for ug to be attained. | .., " be attributed to the t?ﬂects of the motion of the gas: the
. As well as these gene'ral‘“diffe’rences, there "are also vertical drag forces hinder the settling ra?e of spall clasts
Vinterestingﬁ'depértures‘ from the pattern of ranges in Wilson while the horizontal component of the air motion carries
(1972) within each of these new sets: of results. Take, for them sideways. .
example, Tables 1 to 3. Two major influences on the particle The model presented here does not try to describe the
trajectory make themselves apparent.” One is the effect of more complex possible behaviour of the atmosphere, such a5
the expanding gas envelope and reduced drag force on the the presence of wind shear or the formation of a convecting
clast, enabling it to travel further. The other comes into.. cloud above the vent. So for smaller and less dense
effect at distances where the expanding gas velocity becomes " .projectiles, i.e. those more vulnerable to atmospheri
insignificant, and where the stationary ambient air leads to'a ~  motion, our results give only a rough idea of expected travel
larger drag force and hence greater deceleration of the clast; ©  distances. Indeed, it is to be anticipated that at least
tending to inhibit its flight. The interplay between the " millimetre-sized particles will commonly be incorporated
‘helping’ gas and the ‘hindering’ atmosphere can be seen.. .“into volcanic convection clouds over the eruption sit.
Wilson’s (1972) results show that for any velocity, particle - However, the major application of this theory is for the
ranges increase with both density and radius‘w:"‘f\increasing prediction of initial conditions in the vent by using travel
mass means increased inertia and hence resistance to the  distances of large ejected blocks, which are demonstrably
decelerating forces of the still air. In our results, however, - .~ less affected by the atmosphere.

the pattern is more complex. Take Table 1, for example. For

small particle sizes the range increases with decreasing . . .

density: low mass particles are, to a certain extent, being -~ APPLICATION TO DOCUMENTED
entrained by the gas. But for larger particles, range EXPLOSIONS

decreases with decreasing density: less dense and hefice \ i
. . . - i ta Rica
relatively lighter particles are being more readily deceler- The July 1968 gruphon of Arenal Valearo, Cos

ated at greater distances by the air drag. The exception to: = Melson (197};2)7 gave a comprehensive description of the

this is t_hle case of 100 cm blocks launched at low velocities renewal, on July 29, 1968, of eruptive activity of Arenil
(10ms™"). The ranges are sufficiently short that the blocks" ! ‘

i - volcano, which had previously been thought to be'extlﬂc"

never escape the influence of the expanding gas stream. /. The initial explosive phase devastated the surrounding arc?
The gas-atmosphere interplay is also manifested in the, ~~ and caused much loss of life. Fudali & Melson (17%)
variation 'of range with clast radius. For low velocities, *  described a region of se(':on’c'iarykcr»aters formed by impacting
sma]lgr (lighter) particles travel furthest, aided by the gas.’ debris flung from the vent site. This region extended up 10
For higher velocities (i.e. >30ms~? in Table 1), range at 5km west of the vent, where craters were observed to have

fsirst lldecreas‘es and then increases with increasing radius..  dimensions requiring excavation by an impacting projefm;
mnz::s er pcz;rtlcles are helped by the gas; then an increase in = | having a kinetic energy of ~107 joules. Fudali & Me soin
- angir: uces ;. relsllstance to accelerating forces from the  showed, through a'series of calculations, that blo_cgcs 0.8:11be
exp 8 gas. Inally the mass becomes sufficiently great to diameter and having a density. of 2600 kgm™ mUs
Table 6. Logarithms (to b . . : ; . tio
0.05. s (to base 10) of ranges (in centimetres) of particles launched at 45°. Initial gas region radius 50m, gas [0 rock mass 2
Velecity/  Density / . . = ( Jogyo(vacuum®
(m S’l) (g cm'3) 0.1 03 1.0 Radxus 1n308ntlmcues 100 30.0 £ . 100.0 (;iéoge in cm)
i xR v EEC A 3.7860 37850 3785
10 3,985 38162 37865 . 37851
055, 4.0518 ‘ 3.8489 3.7890 37854
TR e 38875 - 3.7931 37860
33 41475 4137 41921 - - 4.1969 42977
107 g0 4.1249 41900 | 4.1966
0.5 42973 4.1094 ' 4.1794 . . 41949
= 4.1288 4:1641 . 741921
35 S T
2.5 iﬁgg% Zgggg 4.4344 4.6852 4.8079 .. 49516 .. 5.0126 5.0434
1.0 45303 4.4409 4.4075 4.6164 47599 749215 <&  5.0014
0.5 4.6142 44939 4.3974 4.4520 4.6230 4.8021 4.9495
20 i : 4.4308 4.4018 4.5280 4.6812 4.8825
25 30574 ioes 4903 50111 5.1877 5.4670 5.7047 5.9725
1.0 5.1552 5.0399 33%%2 49570 5.1162 5.3960 5.6458
0.5 5.2344 5.1043 . 49154 49648 5.1828 5.4590

5.0258 4.9444 4.9066 5.0337 5.3044



launched from the vent site with a velocity of at least
600 ms™" to produce such craters at such a distance. They
derived a corresponding minimum initial vent pressure of
4700 b (470 MPa) using a modified version of the Bernoulli
equation P,, =1/2puj, where p is a density in some way
representative of the explosion products. However, this
equation was criticised by McBirney (1973), Nairn & Self
(1978) and Self et al. (1979) for the ambiguity in the
definition of p, and was shown by Wilson (1980) to be
completely inappropriate for calculating vent pressures.

Wilson (1972) noted that another flaw in the calculations
of Fudali & Melson is the use of a constant drag coefficient
which, given that significant variations of velocity and hence
Reynolds number occur along the path, cannot be valid.
Wilson inferred that a more appropriate kinetic energy for
the impacting missile might be 107°J, but subsequently
confirmed Fudali & Melson’s estimates of velocity, despite
the more complex assessment of the drag coefficient and the
effects of the atmosphere. However, as stated earlier,
Wilson’s (1972) analysis neglected the effect of the
expanding gas envelope. Also, our careful examination of
Fudali & Melson’s Fig. 5 suggests that an even more
accurate value for the kinetic energy of the impacting blocks
might be 107 J.

Further errors in the estimation of the maximum ejection
velocity would arise from the assumption that particles
launched at ¢ = 45° travel further than those launched at
any other angle. This is true for travel through a vacuum,
but the presence of a stratified atmosphere ensures that the
optimum elevation angle is less than 45° So if a minimum
value for the maximum ejection velocity is required, it is
necessary to use this optimum angle, which itself will vary
with the initial launch conditions and clast characteristics.
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It is also unclear whether Fudali & Melson took into
account the net change in clevation that a block would
undergo in travelling Skm west from the vent part of the
way up the flank of Arenal. This will have a significant effect
on the kinetic energy of the impacting missile.

Our computer program was set up with conditions
(altitude, atmospheric pressure, density and temperature)
appropriate to the location of the Arenal crater A vent and
run repeatedly to find the initial vent conditions (P, r,, 1),
elevation angle and projectile dimension required for impact
at Skm west of and 500 m below the vent site with a kinetic
energy of 107 J. Examination of preliminary results showed
the importance of accurate estimation of clast final Kinetic
energy if it is to be used as a constraint in modelling
explosive cruptions: it may significantly affect the required
initial velocity and gas concentration as well as the clas
radius and launch angle for a specific clast travel distance to
be attained.

Fig. 5 shows the combinations of initial gas region radius
ry, gas mass fraction i, vent pressure P, and launch velocity
u, (reached after the initial expansion phasc) that satisfy the
conditions on clast range and final kinetic energy. For all the
curves shown, the diameter of the block is 1.30m and 1
must be launched at an angle of ¢ = 39°. It can be scen that,
for smaller gas region radii, larger gas concentrations and
hence greater launch velocities are required for the
projectile to reach the required distance possessing the
required kinctic energy.

What is perhaps most striking about the results is that,
compared with the estimate of Fudali & Melson (1972), very
low vent pressures arc capable of sending the missile to the
required range. This is morc in linc with the expected
fracture strengths of rocks (up to the order of a few tens of

Initial Gas Region Radius, ry/ (m)

0.03 0.04 0.05 0.06

0.07 0.08 0.09 0.10 0.1

Gas Mass Fraction, n

Figure 5. Combinations of initial gas region radius, r,, gas/solid mass fraction, n, vent pressure, F,,, and launch velocity, ug, that project a
1.30m diameter block to a distance of 5 km so that it lands with a kinetic energy of 1074 J. Solid curves show pressures of 5 to 30 MPa, broken
curves show velocities of 275 to 425ms™ 1.



366 5. A.Fagents and L:Wilson .

MPA) ‘based ‘on measurenients of tensile and shear strengths
of rocks by Roberts (1969) and Murrell ((196‘9). s
 Uncertainty in defining the initial gas region radius arises
- from the poorly constrained vent geometry. F‘lgtﬁuﬂqf Melspn
© & Saenz (1973) shows the bottom of crater A at Arep_a};m
be approximately 100 m X200 m in size. s,These~dx;megs;()_ns
were almost certainly the product of several exp1051ogs,'\y11;h
wall failure and slumping likely to have also played a part.
- However, these dimensions put an upper limit on the gas
region radius of around 80 to 140m if the vent radius’is
taken as the average (75 m) of the two longest axes of the

crater. This range in the gas region radius upper limit is due

to the choice of a range of values of Q, the solid angle
subtended by the gas region. A solid angle of 4 steradians
corresponds to a gas region radius of 80 m while 1 steradian
leads to a radius of 140 m, L

In order for this type of eruptive activity to occur, it is

expected that there will be significant build up of gas in'the’
vent region, and that it is likely, due to magma interaction:
with groundwater, that this gas concentration will exceed”
magmatic gas mass fractions, ie. n>0.03. This, coupled.
with the constraint on radius, means that for initial vent
pressures of the order 10 MPa, limits on the initial launch -

velocity might be 300 to 400 ms™" for the Arenal event.

The February 1975 eruption of Ngauruhoe Volcano, New

Zealand

The explosions of Ngauruhoe volcano on February 19, 1975 =

threw out both lithic and juvenile blocks to distances ranging
up to approximately 2.8 km from the vent (Nairn 1976). The
eruption at 18.10hr is the best documented and is

(1978) described this eruption in detail.

From photographic records of the first few seconds of the
eruption, Nairn (1976) estimated the average ejecta slug
velocity over the first 300 m above the vent to be in the
“  range 300 to 600ms™*, By assuming a horizontal range of

* 2.5km for a block of diameter 0.8m and having density

.. 2500 kg m™>, he interpolated a minimum initial velocity of

+ % 400ms™" from the tables of Wilson (1972). Nairn then
confirmed that this was of the right order using 1-D
shock-tube theory, arriving at a minimum velocity of
340ms~'. A corresponding explosion pressure of 200 MPa
was calculated from McBirney’s (1973) equation P = 0.0125
v?, where v is the ejecta velocity (taken as 400 ms™). It was

_postulated that such high pressures were the result of rapid

“heating “of meteoric water to magmatic temperatures.

owever, the constant in the above equation for the

.pressure suffers from the same criticisms (Wilson 1980) as

‘the density in the modified Bernoulli equation used by

" Fudali & Melson (1972) for Arenal.

By treating the initial expansion of the ejected material as
¢-isothermal, Self et al. (1979) calculated that a velocity of
400ms~! is attainable in the Ngauruhoe explosion with an
initial driving pressure of less than 30 MPa. This corresponds
to magma water contents of 4 to 10wt per cent which, as
this exceeds typical andesitic magma juvenile water
contents, implies that some groundwater was also involved.
Wilson (1980) suggested treating the expansion of gas in
discrete explosions as adiabatic, but reported that velocities

considered typical of the explosive events. Nairn & Self 040m diameter block which is launched at 50° and travels 2

as high as 400ms™" can only be reached if high pressures
(which are unlikely to be supported by typical rock
strengths) and/or large water contents are involved. He
suggested that such high velocities deduced from block
rénges may well be overestimates arising from errors in the
treatment of drag forces on the projectile. This is born out
by.the current modelling where much lower velocities are
inferred.

. From the geometry of the vent region of Ngauruhoe (Fig
6), the minimum launch angle for the blocks of ejecta is
around ¢ = 50°, if it is assumed that the gas/solid mixture
expands out of the conduit to fill the crater region
Photographic evidence suggests that this is so (Naim 1976;
Nairn & Self 1978). If this angle is. extrapolated back into
the vent region a gas region radius of 15 to 38 m is deduced
depending on the vent diameter, which cannot be greater
than that of the crater bottom (50m). We have used this
geometry in our calculations, but acknowledge that it is not
straightforward to apply our model to a situation like that at
Ngauruhoe,  where repeated explosions involving about 50
per cent non-juvenile material took place from a vent in 2
crater at the'top of a cone. To provide the total volume of
non-juvenile clasts erupted during the explosion analysed
here and for others on the same day (~2.5 X 10°m’), Self

o al (1979) calculated that the conduit feeding the vent must
 have had its radius enlarged by an amount of order 20m

over a 500 m vertical extent. We can justify our geometry

only if we:a'ssume that, each time new magma intrudes the

cone, it accurnulates the required volume of fragmental rock
from the conduit walls and pushes this material ahead of the
main part of the melt as it rises. In:practice, it is unlikely
that the geometry will be quite so simple.

Fig. 7 presents the results of modelling the eruption of 2

distance of ‘2.5 km "horizontally, landing at an elevation
980 m below the vent (Nairn 1976). It can be seen that, for
pressures ranging up to 10 MPa,’gas concentrations of 2 10
6 wt per cent are implied. It is likely that the vent pressurc
will be in the lower end of the range of pressures diSpl'c“)’ed
in Fig. 7 because there had already been several explosions
before the 18.10 hreruption: the material comprising the

Figure 6. Geometry of the vent region of Ngauruhoe VOlC.a';o
inferred by Self et al. (1979). Crater dimensions are well constrai
and did not change significantly during the eruption. Diagram not 10
scale.
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Figure 7. Combinations of ry, n, P,, and u, that project a block 0.80 m in diamcter to a distance of 2.5 km from the summit vent of Ngauruhoc,

Solid curves represent pressures of 1 to 30 MPa, dashed curves indicate launch velocities of 220 to 260ms™".

plug is likely to have been fractured, rubbly rock with
possibly a warm juvenile component. The strength of this
caprock will therefore be relatively low, and from Fig. 7 this
corresponds to the higher end of the range of gas
concentrations given. The associated ejecta velocities are in
the range 220 to 260 ms~". This is somewhat lower than the
velocity deduced by Naimm (1976) from photographic
evidence but, given the uncertainty in the timing of the
photographs, it seems that this new velocity estimate is not
unreasonable.

The March 1977 eruption of the Ukinrek Maars, Alaska

The chronology, petrology, and dynamics of the Ukinrek
maar-forming eruptions are described by Kienle et al. (1980)
and Self, Kienle & Huot (1980). These explosions occurred
over a period of ten days in 1977, when rising basaltic
magma met a perched aquifer in the overlying glacial till.
Fig. 8 shows the general setting of the Ukinrek Maars.
Examination of the deposits revealed that there were two
mechanisms involved in the formation of the larger East
Maar (Self et al. 1980). Initially, large (2-3 m) lithic blocks
were ejected to distances of up to 700m by the
crater-forming phreatomagmatic explosion. These blocks
increase in size with distance from the crater and were
assumed to be the product of a transient, vulcanian-type
explosion. There were termed Type 2 blocks by Self et al.
Subsequent ejection of both lithic and juvenile material is
assumed to have been into a continuous gas-stream,
producing a sustained eruption column and a deposit whose
block size decreases away from its source. Since it is only the
Type 2 blocks that appear to be the product of a transient
explosion, it is with those that we are concerned here.

Kienle et al. (1980) reported that the first observation of
the newly formed crater was made some 6 1/2 hr after the
observation of the ash plume which was inferred to have
been produced by the maar-forming explosion. The crater
diameter at this time was 60 m, which yields an upper limit
on the initial gas region radius of ~30 to 55m if the solid
angle Q is taken to be in the range 1 to 4 steradians. The
explosion spread angle, a, (Sce Fig. 3) is thus in the range
33 to 69° since a =cos”'(1 —Q/2r), which conscquently
constrains the possible clast launch angles.

Our computer program was supplicd with the relevant
atmospheric and physical characteristics and then run to find
the combinations of parameters required to send a 2m
diameter block to a distance of 700 m. The optimum launch
angle, ¢, was found to be ~42°, which requires a solid angle
of at least 2 steradians. Fig. 9 presents the results. It can be
seen that very low vent pressures and volatile concentrations
are necessary for such a distance to be attained. This is
consistent with Self ez al. (1980)'s report that the till in which
these craters were formed is expected to have a strength of
only a few bars (a few tenths of a MPa). The required
gas/solid fraction, despite being small compared with that
inferred above from the results for Arenal and Ngauruhoe
(Fig. 5, Fig. 7), still represents a significant concentration in
the vent. This is because the magma involved in this event,
described as ‘...weakly undersaturated alkali olivine basalt...’
(Kienle et al. 1980), would typically have volatile contents in
the range 0.1 to 1wt per cent (Basaltic Volcanism Study
Project 1981). The reasonably good constraints on gas
region radius and vent pressure lead to an inferred gas
concentration of 1 to 5wt per cent, which is consistent with
the expected build up of gas that would occur on interaction
of the rising magma with the perched aquifer. The velocity
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Figure 9. Combinations of r,, n, P,, and u,, that project a 2 m diameter block to a distance of 700 m from the centre of the Ukinrek East Maar.
Solid curves represent vent pressures of 0.2 to 5 MPa, broken curves represent launch velocities of 74 to 84 ms™!. If a block of 3m diamete!
(the largest block found, Self et al. 1980) was projected to the same distance, the required launch velocity and gas mass fraction are largef than
those shown by less than 2 and 4 per cent, respectively, in the worst cases, and typically less than 1 and 2 per cent respectively.



of the ejected material is thus found to be around 80 to
85ms™".

By neglecting air drag entirely, and modelling the
trajectories of Type 2 blocks using the vacuum range
u”sin 2¢

equation X = , Self et al. (1980) found velocities in

the range u =80 to 90ms™', the optimum launch angle

(¢ =45°) yielding the lowest necessary velocity. This
similarity to our values may be attributed to the fact that, as
mentioned previously, large blocks (2m diameter in this
case) tend to travel a greater fraction of their vacuum range
because their greater masses offer much more inertia against
decelerating air drag.

In contrast to our values of 1 to 5wt per cent, Self et al.
(1980) estimated that 10 to 30wt per cent volatiles were
required in the exploding mixture using the isothermal
treatment of Self er al. (1979). This implies large-scale
interaction with groundwater and, while it is known that
there was a substantial perched aquifer in the glacial till at
Ukinrek, it is not clear whether enough of the surface area
of the magma body could have interacted with the water to
produce such a high weight percentage of gas. We consider
this further below.

DISCUSSION

We have shown that it is necessary to take account of the
expanding flow field of largely atmospheric gas emanating
from a transient explosion source when attempting to
estimate the initial velocities of ejected blocks of caprock
from their travel distances (Tables 1-6). In all cases, the
ranges of blocks ejected into moving gas exceed those of
blocks projected into still air (Tables 1-3 of Wilson 1972).
The difference in clast range predicted by the two
approaches is less marked for large blocks which, due to
their greater inertia, are able to travel an appreciable
fraction of their vacuum range. However, for projectiles less
than about 2 m in diameter, the predicted ranges are much
larger using our method and may even exceed the vacuum
ranges if the air-clast relative velocity remains sufficiently
low over a large distance such that the clasts are partly
supported vertically and carried sideways.

We have found, by analysing documented eruptions, that
vent pressures, gas concentrations and initial velocities
predicted by the current model are usually much smaller
than values estimated by previous workers. At Arenal, the
projection of a block to a distance of 5km impacting with a
kinetic energy of ~107°J is possible with vent pressures in
the range 5 to 30 MPa, initial velocities in the range 300 to
400ms™' and gas mass fractions of ~0.04 to 0.1. These
values, particularly the pressure given the likely strengths of
rocks, seem somewhat more plausible than the values of
P,=470MPa and u,=600ms™' that were calculated by
Fudali & Melson (1972). At Ngauruhoe, pressures of 1 to
10 MPa, gas mass fractions of 0.02 to 0.06 and velocities of
220 to 250 ms~"' would have sent a 0.8 m projectile to a
distance of 2.5km. For the Ukinrek Maars eruption, the
ranges of parameters that will allow a 2 m block to reach a
distance of 700 m during the initial crater-forming explosion
are P,,=0.1 to 5MPa, n =0.01 to 0.05, 4, =82 to 85ms™".

One thing apparent from all three of our analyses is that,
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while values of the pas/solid fraction are somewhat smaller
than values that have been estimated in the past, they are
still greater than magmatic volatile contents, which implies a
significant concentration of gas in the vent. This, in turn,
probably implies some interaction between the mapma and
meteoric water. This is obviously the case for Ukmrek,
where 1t is known that there is a repional water table at the
level of Lake Becharof and a perched aquifer in the
overlying glacial till in which the craters were excavated. We
would argue that some groundwater interaction is likely in
the initiation of most vulcanian cruptions,

We conclude by considering the combinations  of
circumstances which might lead to the maximum ranges for
blocks cjected in transient voleanic cxplosions. In our
model, the size of a block is of no consequence during the
stage in which it is accelerated to its maximum velocity,
since it is assumed to form part of an effectively continuous
shell of material on which acts the pressure of the expanding
gas which is giving rise to the explosion. The subsequent
range is likely to be large cither if the clast is very small, so
that it has a negligible terminal velocity in the vertical
direction and is effectively carried radially outwards by the
expanding atmosphere, or if the clast is very large, in which
case it gets very little assistance from the atmosphere near
the explosion point in moving radially outwards, but also
suffers a negligible amount of drag from the nearly
stationary atmospheric gas at great distances from the
explosion source. The very small clasts will in any case be
distributed in a way determined by the local wind regime; it
is the largest clasts which will be most likely to produce
recognizable craters that can be used in analysing the
eruption. Accordingly, we have calculated ranges for large
clasts (up to Sm diameter). Once a clast sizc has been
selected, the maximum range will occur for a high initial gas
pressure, a high gas mass fraction in the explosion source
region and a large size of source region,

The initial gas pressurc will be limited by the retaining
strength of the material overlying the accumulating gas. This
may range from a weak glacial till to a dense, coherent rock
layer. However, even massive rocks have joints which limit
their strength. In volcanic arecas, the scenario which
represents the greatest strength is where the caprock is a
layer of recently emplaced lava or magma intruded at
shallow depth. The melt may have invaded cracks in the
pre-existing country rocks and will have chilled against them
and at any exposed margins. The chilled parts of the magma
will have become weak due to the development of cooling
cracks, and the uncooled parts of the magma will be weak
because they are largely fluid. However, the zonces
intermediate between these regions will be solid and
uncracked, thus having maximal strength. A tensile strength
of o =20MPa is probably an upper limit for such a material
(Roberts 1969; Murrell 1969; Tait, Jaupart & Vergniolle
1989). The pressure acting inside a spherical cavity in this
material required to cause failure in tension is then
20 =40 MPa (Tait ef al. 1989). The values we have found it
necessary to infer above are all significantly smaller than this
upper limit, as we would expect.

The amount of gas involved in an explosive event is
intimately linked with the geometry of the approach of
magma to the surface. The maximum gas mass fraction will
occur when exsolved magmatic gas or evaporated meteoric
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* “water accumulates in a space.at the top of the column: of
" intruding magma f‘bﬁg " beneath " a rigid : carapace. This
assertion follows from evaluating the maximum amount of
" water vapour which can be contained within pores-in Focks.
" The maximum likely porosity of the country rocks adjacent
to an intrusion might be”abouf 30 per cent;.if this volume

- the gas density is 173 kg ni“?,'fhékihg the gas mass fraction
. ‘about 2.9 per cent. This is somewhat smaller than the values
we have inferred from two of our analyses: an inferred mass
fraction as high as 10 per cent implies that the” volume
fraction of the exploding region occupied by gas in more
direct contact with magma at a temperature in the range 500

to 1000K and at 40 MPa pressure lies between about 62 and -
76 per cent. The only plausible way to arrange this is to have

~ the gas collect between the juvenile material and a'strong
overlying layer. Such an arrangement is consistent with the
observation that the juvenile rock component in many
transient explosions is quite small. o

It is difficult to see what factors would determine the-
largest size of unsupported region that could survive above
the gas-filled cavity. This is important because ejected blocks
reach their maximum range when the size of the gas cavity is "

a maximum. For the eruptions studied above, the inference

is that this size can range up to ~100m. Since the launch

velocity of ejected blocks is not too strongly dependent on

pressurised region size (200 m) we have calculated block

ranges conservatively by assuming that the explosion site
and the impact point are at the same level. We find that :

ranges up to 11.5km are possible in these extreme
circumstances, more than a factor of two greater than the
largest ranges documented in the literature.

CONCLUSIONS

(1) Earlier models of the dispersal of large clasts from
transient volcanic explosions have not taken account of the
inevitable coupling between the explosion and the
surrounding atmosphere, and so have overestimated the
atmospheric drag forces on clasts. As a result, they have
overestimated the initial gas pressures and gas mass
. fractions needed to drive these explosions.
. (2) Transient vulcanian explosions appear typically to
. require initial gas pressures significantly less than 40 MPa,
. consistent with the strengths of the rocks under which
“._pressure accumulation occurs. Inferred gas mass fractions of
001 to 0.1 (1 to 10 per cent) imply that some meteoric
water, in addition to magmatic volatiles, is commonly
involved. Launch velocities of large clasts span values from a
few tens of ms™! to ~400 ms ™.
(3) If extreme combinations of the most favourable
values of controlling parameters (gas pressure, gas fraction,

" fraction of a region isﬁﬁllég;Wikth H,O vapour at the above
critical pressure of 40 MPa and a temperature of, say, 500K,

the size of the gas cavity we have taken values up to a factor
of 2 larger than this, i.e. 200 m, to be generous. Using the ~~
above-mentioned extreme values of block size (Sm), .
pre-explosion pressure (40 MPa), gas mass fraction (0.1) and .

and size of explosion source) are taken, it is predicted that
large (>3 m diameter) clasts could possibly be ejected to
ranges up to about 12 km, more than twice as far as in any
eruption of this kind yet documented.
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