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Summary 

The mechanisms controlling the transport of pyroclasts in a plinian-type 
eruption column are discussed. An estimate is made of the density of the 
magmatic gas in the vent, and initial (‘muzzle’) velocities are deduced 
for 18 eruptions using the areal distribution of pyroclasts in the resulting 
air-fall deposits. A model of the physical properties of the lower part of an 
eruption column is presented, and used to deduce the heights to which 
plinian eruption columns should commonly extend. It is demonstrated 
that column collapse to form ignimbrites may be a common result of the 
change, with time, of the volatile content of the erupted material as 
progressively deeper levels in a magma chamber are tapped. Vent radii are 
estimated for those eruptions for which the duration of the eruption is 
known. 

1. Introduction 

A plinian eruption is an essentially explosive event in which a steady, turbulent 
stream of fragmented magma and magmatic gas is released at high velocity from a 
vent. Such an event is characterized by the formation of an eruption column consisting 
of a mixture of pyroclasts, magmatic gas and entrained air. Plinian columns com- 
monly attain heights of a t  least 30 km (Lirer er al. 1973; Thorarinsson & Sigvaldason 
1972), the diameter increasing with height, and are maintained for a few tens of hours 
(Lirer et al. 1973). 

Tephra are dispersed as a thin sheet over several thousand square kilometres. The 
definition of plinian deposits given by Walker (1973) is adopted here: such deposits 
should cover a dispersal area greater than 1000 km2 inside the 0.01 T,,, isopach, 
where T,,, is the maximum thickness of the deposit. Walker then defines sub-plinian 
deposits as those with reduced dispersal but otherwise similar characteristics. The 
general mechanisms of formation of the two types of deposit are thought to be similar, 
and the remarks in this paper refer to them both. 

Sorting of pyroclasts by size and density occurs in the column; smaller and less 
dense particles are carried to greater heights, are released at greater distances from the 
vent, and attain greater ranges than larger and denser fragments. This effect is 
demonstrated by plotting the largest particle size found at any location against 
distance of the site from the vent (Walker & Croasdale 1971; Lirer et al. 1973; 
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544 L. Wilson 

Minakami 1942). A steady decrease of maximum size with range is observed for 
particles of a given density, and less dense particles of a given diameter have the greater 
range, In addition to the largest fragment found at any location, there is also a distri- 
bution of smaller sized particles which represent pyroclasts released from the column 
in such a way that they do not attain their maximum range. 

Finally, when an appreciable wind is blowing at the time of the eruption, particles 
of all sizes are carried downwind as they fall from the column, the distance increasing 
with decreasing size and density of particles; the wind effect is negligible for metre- 
sized blocks (Walker & Croasdale 1971). The axis of symmetry of the deposit defines 
the wind direction; and the ranges which particles would have attained in the absence 
of wind can be derived, approximately, by measuring the greatest distance from the 
axis, along a line at right angles to it, at which a particle of a given size can be found. 

Several authors have attempted to analyse the variation of particle size distribution 
with range in terms of the eruption column height and ambient windspeed (Kittleman 
1973; Minakami 1942; Scheidegger & Potter 1968); and the first two papers in this 
series (Walker, Wilson & Bowell 1971; Wilson 1972) have provided some of the para- 
meters needed for a detailed analysis. A complete treatment requires consideration of 
the dynamics of formation of the eruption column and of the motion of pyroclasts 
within it. This paper presents (a) a discussion of the mechanics of particle transport and 
sorting in eruption columns, (b) estimates of the gas density in the vent, (c) deduced 
values of initial (‘muzzle’) velocities of gas and small pyroclasts for plinian and 
sub-plinian eruptions, and (d) a simplified model of the lower part of an eruption 
column, which permits an estimate to be made of the amount of air incorporated 
into the column and the maximum height to which the column can rise. 

2. Particle sorting 

That sorting of particles by size and density should occur in the column can be 
demonstrated by considering the forces acting on a partide of mean radius r, mass M 
and density n at a height in the column where the upward gas speed is u and local 
density is p .  The total upward force on the particle, which in general has speed h,  
produces an acceleration h where 

mh = -mg++p Cxr2(u-h)2 (1) 

g is the acceleration due to gravity and C is the drag coefficient. Substituting for 
the mass: 

3pC(u - 
Sra 

f i  = - g +  

This equation demonstrates that particles with differing radii and densities will travel 
together as long as the value of the product ra is the same for each. (Strictly, C is a 
function of the Reynolds number for particle motion, which is in turn a function of r 
and zi but not a; however, in all cases of interest here the value of C is close to a 
constant of order unity, and the above statement is essentially true.) 

In general, for any particle which can emerge from the vent, there will be some 
height H at which the upward drag force is balanced by the partide weight. The total 
acceleration will be zero and the particle will, ideally, float relative to the ground, 
falling through the gas with a terminal velocity which is just equal to the upward 
speed of the gas. Under these conditions: 

= ra. 
3cpu2 

8g 
(3) 
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It is to be expected that u will decrease, at least initially, with height: both gravity 
and the drag force exerted by the surrounding atmosphere act downwards. The 
initial variation of the density, p ,  with height will, however, depend on the composition 
of the magmatic gas. The two gases most likely to be present in quantity are water and 
carbon dioxide (Tazieff 1970; Fielder & Wilson 1975). As an illustration, it may be 
assumed that the erupted gas is in thermal equilibrium with the entrained pyroclasts at 
about 1200 K (the validity of this assumption is discussed later) at normal atmospheric 
pressure. Under these conditions, the density of steam is 0.18 kgm-3 and of carbon 
dioxide 0.44 kg m-j. Consider the addition, by turbulent mixing, of a smali quantity 
of air to the column. If attention is confined to a sufficiently small region above the 
vent, it can be guaranteed that the mass of air added is small compared with the mass 
of pyroclasts in the same region. The pyroclasts then act as a thermal buffer, and the 
temperature of the air-gas-pyroclast mixture remains very close to 1200 K. The air 
density falls, therefore, from 1.3 kg m-3 (at about 300 K, the atmospheric tempera- 
ture) to 0.325 kgmW3 at 1200 K. The density of the mixture of air and volcanic gas 
must assume a value lying between 0-325 kgm-3 and the initial density of the gas. 
Thus, the mixture density will initially increase with the height if the gas is steam, but 
will fall if it is carbon dioxide. 

At a sufficiently great height, the thermal reservoir will be essentially exhausted by 
the heating of all the air added to the column and by the loss of the larger pyroclasts 
which fall out near the ground. Eventually, the temperature in the column will change 
only slowly, and the decrease in density caused by the exponential decrease in atmos- 
pheric pressure with height will dominate. Thus, it is to be expected that the product 
pu2 will decrease, generally, with height: initially dominated by the decrease in u and 
eventually dominated by the decrease in p .  There is, it should be noted, no guarantee 
that the product pu2 will decrease monotonically with height and, indeed, the calcu- 
lations presented later show that there is an appreciable range of heights over which 
pu2 increases, after the initial decrease, before finally decreasing steadily. Equation (3) 
shows that as pu2 decreases with height, the product r b  for particles just supported 
by the gas at any point in the column also decreases. In a steady-state eruption 
column, particles leaving the vent will rise, rapidly at first and then more slowly, until 
they reach the height at which they are just supported. 

The vertical gas velocity component in the column will not be a function only of 
height; rather, a logarithmic variation between the edge and centre is to be expected 
(e.g. Rouse 1946), with the maximum velocity occurring on the central axis. The exact 
shape of the velocity distribution is a function of the Reynolds number of the flow. 
For a 500ms-' mean eruption velocity in a column of width 200m, the Reynolds 
number is initially of the order of 3 x lo9 and does not change rapidly with height; for 
such high Reynolds numbers the velocity profile should be very flat except at the edges 
of the column. Thus, the support for a particle of given rcr product will decrease with 
both height and radial distance from the axis: the envelope on which the drag force 
just balances the weight will have a shape of the form shown in Fig. 1. 

Since the radius, b, of the eruption column must increase with height, due to both 
the incorporation and heating of air and the decrease of atmospheric pressure, there 
will be a finite horizontal gas velocity component at most points in the column, and 
pyroalasts will drift towards the column edge as they rise. The maximum range for a 
particle of a given rcr product will be attained only if that particle is not expelled from 
the column before reaching its maximum height. Thus, the observed spread in ranges 
of particles of a given size is to be expected. The paths of some pyroclasts through the 
column are indicated qualitatively in Fig. 1. 

3. Estimation of effective gas density 
It is possible to estimate the initial density of the erupted gas quite closely if its 
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546 L. Wilson 

FIG. I .  Schematic section through an eruption column showing the variation of 
properties with radial distance from the central column axis. The curve e is the 
column edge. Solid curves a,  b and c show three typical surfaces over which 
particles with a given product of radius and density are just supported by the gas 

flow. Lines labelled 1 ,  2 and 3 are three typical particle trajectories. 

composition is known: for this analysis it will be assumed that the magma volatile 
component is water. The simplest situation is that in which the gas is in good thermal 
contact with the rest of the magma (at a temperature of about 1200 K), in which case 
its density is about 0.18 kgm-3. There are, however, two complications to this 
argument, which will be dealt with in turn. 

The erupted fragments have a range of sizes, from metres to microns. For the 
smallest particles, the ratio of drag forces to inertial forces will be very high, as 
illustrated by the very small terminal velocities of such particles. As the gas flows 
around a large block rising in the column, very small pyroclasts are not able to do 
other than remain locked, by drag forces, to the gas motion; their mass must then be 
added to that of the true gas to give a ' dusty ' gas (Saffman 1967) of effectively higher 
density in so far as it exerts a greater drag on the large block. The argument can be 
made quantitative by defining two characteristics times: let z1 be the time taken by the 
dusty gas to flow around a block of diameter L at a relative speed u, equal to the ter- 
minal velocity of the block. Then 

T 

L 

U 
Ti=-. (4) 

Let the small pyroclasts comprising the ' dust ' have radii a and density bd, and lct the 
gas have viscosity ,u. Then the characteristic time for the particles to react to changes 
in gas velocity is z2 where 

2a2 bd 
9P 

( 5 )  z2 = __-. 

It can be shown (Saffman 1967) that, as long as z2 % zl, the dust does not follow 
the gas motion and the support of large blocks is influenced only by the gas density. 
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Table 1 

Values of terniinal velocities, u, of large pumice clasts (density 1000 kg I ? z - ~ )  iii steam at 
1200 K at sea level, and $values of ti, the characteristic time for  gas f low around such 
clasts, calculated for  two assumptions about the dustiness of the gas: (a) dustfree gas; 

(b) equal inasses of gas and dust. 
Clast diameter Assumption (a) Assumption (b) 

(m) (m s-') (5) (ni s-')  (5) 
U 7 1  14 71 

2.0 630 1 6 ~ 1 O - ~  440 22x10-4 
0.2 200 ~ x I O - ~  140 7~ 10-4 

However, if tl 9 t2 for any of the small pyroclasts, thcn the masses of those fragments 
must be included in an effective bulk density of the dusty gas. The largest blocks found 
in plinian deposits range from tens of centimetres to a few metres in size. Values o f t 1  
for such blocks can only be computed if their terminal velocities are known; and these 
velocities, given by equation (3), themselves depend on the effective gas density, a 
function of both the gas composition and its dustiness. Values of u have been calcu- 
lated, therefore, using the two extreme assumptions: (a) that the gas is dust-free, and 
(b) that it is very dusty with equal masses of gas and small particles. The gas is again 
assumed to be steam at 1200K and atmospheric pressure to correspond to likely 
conditions just above the vent. Values of the calculated terminal velocities, u, and 
characteristic times, tl, are given in Table 1 for blocks of diameter 0.2m and 2m. 
Values of z2 are readily obtained from equation (6): for particles of diameter 200 
micrometre and 20 micrometre they are about 600 x and 6 x s, respectively, 
for a particle density of 1000 kgm-3. Comparison of these figures with those of 
Table 1 readily demonstrates that only particles with diameters less than 100 micro- 
metres can be effective in the support of even metre-sized blocks. 

There is only rudimentary evidence available on the overall grain size distribution 
within an eruption column. Sparks & Wilson (1976, see their Fig. 1) have reviewed 
the data and from their work an estimate of the proportion of particles likely to act as 
dust for metre-sized blocks can be made at 1-2 per cent of the total mass. Since the 
weight per cent of the magma volatile phase is likely to be at least 2 per cent and pro- 
bably as much as 5 per cent (Sparks & Wilson 1976) of the total erupted material, the 
dusty gas should consist of about one quarter dust and three quarters gas by weight. 
For steam at 1200 K the resulting effective density in the vent would be 0-25 kgm-3, 
for a 2-m diameter block, to be compared with a dust-free density of 0.18 kgm-3. 
Estimates of the variation of effective density with particle size are shown in Table 2. 

Next, the question of the thermal contact between the magmatic gas and the 
entrained pyroclasts must be considered. McGetchin & Ullrich (1973) have treated 
the problem of flow in diatremes, and point out that the rate of change of pressure 

Table 2 

Estimates of the effective derzsity of steam (at 1200 K and atmospheric pressure) as 
regards the support of clasts of the stated diameters. 

Clast diameter Effective density 
(m) (kg m-3) 

6 0.29 
2 0.25 
1 0.20 

< 0.2  0.18 
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548 L. Witson 

with depth in a flow nearing the Earth's surface is so great that heat may not be able to 
flow from the interior of pyroclastic fragments to the surface fast enough to maintain 
an equilibrium temperature in the decompressing gas. They predict that, in some 
circumstances, gas temperature as low as 200-300 K may be reached on eruption, with 
most of the decoupling between gas and solids occurring over the last few hundred 
metres of rise. However, it can readily be demonstrated that :he temperatures that one 
may deduce depend strongly on the size distribution of the pyroclasts. Sparks & 
Wilson (1976) show that the times required for thermal waves to cross from the centre 
to the edge of rock particles with diameters 10 mm and I mm are about 10 s and 0.1 s, 
respectively. A typical erupting gas-pyroclast mixture will require 0-6 s to cover the 
last 300111 of its ascent at a speed of 500ms-'. The data of Sparks & Wilson on 
particle size distribution then show that, under these circumstances, 60 per cent by 
weight of pyroclasts are able to maintain thermal equilibrium with the gas. In this case 
an equilibrium temperature of just over 1100 K would be expected for amagma, having 
5 per cent by weight volatiles, as it reached the surface. 

Above the surface, the rate of change of atmospheric pressure with height is more 
than one thousand times less than the rate of change of lithostatic pressure with depth 
below; thermal equilibrium can be restored in about the first 10s after eruption, 
during which time the erupted material rises about 3 km. Assuming the eruption 
temperature of the gas to be 1100 R instead of 1200 K, the best estimate of the effective 
density of the dusty gas for 2-m diameter blocks in the vent would be modified, 
slightly, to about 0.28 kg m-3. 

Finally, if the magma volatile component were carbon dioxide instead of water, all 
of the gas densities quoted in this section would have to be multiplied by a factor of 
about 2.4. 

4. Estimation of muzzle velocities 
For many eruptions, sufficient data are available to allow the determination of the 

variation with range of the product TO for the largest lithic and pumice particles found 
at any given site. Measurements are commonly available to within 1 km of the vent 
(Bloomfield 1974, private communication; Lirer et al. 1973; Minakami 1942; Walker & 
Croasdale 1971; WaIker, Booth & Croasdale 1975, private communication). Extra- 
polation of the ro,hange graph to zero range yields a limiting value roco. If this is 
inserted into equafion (3), then 

where po is the effective density of gas in the vent (which is, in turn, a function of ro) 
and uo is the velocity of the gas (and small particles). C, the drag coefficient, is close to 
unity if uo is much less than the speed of sound, S,  in the gas ( S  is about 830 m s- * 
for steam at 1200 K). For speeds approaching S ,  C rises to about 2. With an initial 
choice of C, equation (6) can be solved iteratively for uo for each eruption. 

Since the largest value of r at each site has been used, the deduced value of uo refers 
to the maximum value in time, not the time average value. Also, as noted earlier, the 
distribution of vertical velocity component within the flow must be very flat at the 
Reynolds numbers encountered in practice, and so the value of uo obtained can be 
regarded as a spatial average value, just less than the maximum value at the centre of 
the vent. Fig. 2 shows the distribution of values of uo obtained for plinian and 
sub-plinian eruptions from the data of the above-mentioned authors. 

Again it is appropriate to consider the results of substituting carbon dioxide for 
water as the volatile gas. In this case, the values of uo given in Fig. 2 should be 
multiplied by 0.64. 
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FIG. 2. Numbers of plinian and sub-plinian eruptions with given muzzle velocities, 
uo. Broken line, data from five plinian eruptions; solid line. 13 sub-plinian 

eruptions. Magmatic gas is assumed to be water. 

5. Numerical model of column dynamics 
A simple model of the lower part of an eruption column can be derived from the 

theory of the turbulent fluid jet; see, for example, Prandtl(l949). It is assumed that a 
stream of fluid, here consisting of gas and entrained pyroclasts, issues vertically from a 
circular vent of radius bo with a speed, on its central axis, of u,; the initial gas density is 
po, the initial bulk density of gas and pyroclasts is Po and the initial temperature of the 
mixture is Oo. If the magma contains iz per cent by weight of volatiles, then Po is 
related to p o  by 

P o  = 100 P o h  (7) 

where the volume of pyroclasts has been neglected, being less than 1 per cent of the 
volume of gas in all cases of interest. 

As the erupted fluid rises it entrains air and cools. Let the temperature be 8 at any 
general height, h, above the vent where the column radius is b, the bulk density of the 
column is 8, the density of the air-gas mixture is p and the upward velocity on the 
central axis is u. Prandtl (1949) treats the case of a purely gaseous jet in which 0 = 0, 
and p = /3 = a, the density of the gas outside the edge of the jet (in this case the 
atmosphere); he also neglects the acceleration due to gravity and the variation of 
a with height, and finds: 

I1 
b = b o + -  8 
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550 L. Wilson 

The deceleration of the central part of the flow is given by 

du du - u 2  - - -= -  - 
dh 8b 

The model can be modified by introducing gravity as follows. Prandtl derived 
equation (9) by considering the shearing forces acting on an element in the centre of the 
flow due to the incorporation of the gas surrounding the jet; including gravity in the 
derivation: 

The equation of motion for the whole flow, including the added air, can be written 

where the last term represents the result of added air increasing the mass of the eruption 
column, and the factor q is the ratio of the average upward velocity across the jet to 
the central value; as noted earlier, a very flat velocity profile is expected, and so q 
should be just less than unity. Equations (1 1) and (12) are to be satisfied simultane- 
ously. 

The bulk density of the column, 8, can be obtained by noting that at any height h 
the erupted gas, intially occupying a volume nbo2 per unit height at temperature O,, 
will occupy a volume nbI2 = nbO2 (0/O,) (Po /P)  where P is the atmospheric pressure 
at height h. The remaining volume consists of added air, also at temperature 0 
assuming efficient mixing takes place, having a mass equal to R,(b2 - bI2)/R,  b,' 
times that of thc volcanic gas, where R,  and R, are the gas constants for the gas and 
air, respectively. Thus the bulk density, equal to the total mass divided by the volume, 
is 

Finally, the temperature, 0, at height h can be found by the usual heat-sharing 
equation, in which it is assumed that the incorporated air has the same temperature 6, 
at all heights (this is not too poor an assumption-see Allen 1973, p. 122), and that 
efficient mixing of the column contents takes place. If F is the weight fraction of 
pyroclasts that are small enough to maintain thermal equilibrium with the gases, then 

where c,, cg and c, are the specific heats (at constant pressure) of rock, volcanic gas 
and air, respectively. This equation can be re-arranged to give a quadratic in 6. 

Sparks & Wilson (1976) present an analysis of the problem of thermal contact 
between gas and pyroclasts in plinian eruption products, and show that F should be in 
the range 0-6-0-7. The values used for cg and R, will depend on the composition 
assumed for the gas; extreme choices would be steam alone and carbon dioxide alone. 

With suitable choices of the constants c,, ce, c,, R,, R,, F ,  0, and q ,  of the initial 
conditions uo, Oo, n, b,, po and Po,  and of the variation of P and c( with height, the five 
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equations (7), (Il),  (12), (13) and (14) can be integrated, using a simple numerical 
finite difference scheme, to give b, u, 8, p and p as a function of height. 

There is one complication that has been ignored in the abovc development but is 
important in the lower part of the column. Mixing of air from the edge of the column 
to the centre requires a finite time, and so in practice there is a variation of 0, p and p 
across the column; the effect is most important near the ground-initially only the 
outer edge of the column is diluted with air. Indeed, Prandtl (1949) specifies that the 
inner boundary between unmixed and mixed material moves inwards from the edge of 
the jet with a slope of about 0.1, so that air is not mixed to the centre of the column 
until a height of 10 b, above the vent. This effect greatly influences the initial rate of 
expansion of the column with height; it is most easily incorporated into the numerical 
solution by arranging that F varies with k in the region 0 < It < I0 b,, from F = 0 
at h = 0 to whatever is the adopted value (0.6-0.7) at Iz = 10 b, and above. The exact 
functional form of the variation cannot be specified easily. A trial variation, based on 
the fraction of solids lying between the inner edge of the mixing region and the outer 
edge of the column (assumed to have slope I/S as in Prandtl's simple model), can be 
inserted and used to compute a first approximation to the rate of spreading of the 
outer edge of the jet. This can then be used to refine the variation of F ,  and the 
process repeated to convergence. 

As outlined so far, the time-independent model defined by the above equations 
assumes that all of the pyroclasts travel upward with the gases a t  zero relative velocity. 
At progressively greater heights this assumption becomes increasingly less valid. Near 
the ground, the value of pu2 is sufficiently great that only large clasts have an appreci- 
able velocity relative to the gas, and they represent only a small fraction of the total 
mass of pyroclasts in the column (Sparks & Wilson 1976). As pu2 decreases with 
height, sorting of clasts occurs as outlined in Section 2 above, and only the smallest 
pyroclasts are carried to great heights. There are two consequences. Firstly, the 
amount of heat that is available to the gases at great heights is less than is predicted 
by the simple model. Secondly, because particles are always falling behind relative to 
the gas, a progressive concentration of particles occurs, during the period following the 
onset of eruption, at any given height in the column, effectively changing the local 
value of n. This tendency for particle concentration to rise with time is counteracted 
by the loss of particles from the edge of the column. The time scales for these two 
processes are dictated by the gas flow regime in the column; but this is itself controlled 
by the particle distribution, through the release of heat. 

Thus, it is not clear just how the conditions in a plinian eruption column will 
evolve with time even if the properties of the erupted magma remain constant. The 
problem could be investigated by taking the gas flow velocity field of one of the present, 
simple models and computing the paths of individual pyroclasts through it, the 
distribution of sizes and densities being similar to those found in the field. The resulting 
pattern of particle distribution with position and time could then be fed back to the 
model by making n a function of position within the column and time, the process 
being repeated until a time-independent model emerged. This study will be the subject 
of future work. 

Meanwhile, the results of the present computations are presented for the lower 
parts.of eruption columns, where they are valid. Fig. 3 shows the variation with 
height of upward gas velocity, column radius, temperature, bulk density of material in 
column, total mass of material per unit height, and pu2 for a typical model, having 
uo = 400ms-', b, = lOOm and n = 3 per cent by weight of water. The important 
features of Fig. 3 are: the increase of b, the column radius, and m, the mass of material 
per unit height, with increasing height; the steady decrease of temperature, 0, and bulk 
density, j?, of column material with height; and the initial rapid decrease of u and pri2 
followed by a subsequent rise. The ultimate behaviour of the last two parameters is 
particularly difficult to estimate from the model used here. 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/1/4/543/569843 by guest on 19 M

ay 2023



L. Wilson 

5 
height, krn 

10 

FIG. 3. Variation of parameters with height in an eruption column for which 
bo= 100 m, UO= 400 ms- and n = 3 per cent water. All functions are normalized 
to 1 -0 at zero height. The curve labelled rn is the relative total mass of pyroclasts, 

gas and added air; all other symbols are as defined in the text. 

6. Results of numerical computations 
(a) Variation of UeZocity with height 

In all cases there is a rapid, initial deceleration of the erupted material in what may 
be termed the ‘ gas thrust ’ region of the eruption column. The conversion of thermal 
to mechanical energy as added air is heated by the hot pyroclasts is usually sufficient, if 
the magma volatile component is water, to lead to the formation of a subsequent 
convective thrust ’ region extending to great height. However, in all cases involving 

only carbon dioxide as the magmatic gas, and in certain circumstances (low values of 
n or u,,, or large values of b,) involving only water, the density of the column material 
is sufficiently great at the top of the gas thrust region that the material collapses 
downwards to form a pyroclastic flow. This phenomenon is discussed in detail 
elsewhere, together with the relevant geology of ignimbrites (Sparks 8z Wilson 1976). 

6) Maximum heights reached by eruption columns when the magmatic gas is water 
Since the models presented here do not apply at great heights, it is necessary to 

develop arguments based on the data available for the lower parts of columns in order 
to estimate the maximum height that a given model column can reach. In all cases 
(for example, Fig. 3) the temperature of the column material approaches a constant 
value with increasing height: let this value be Or. Then the thermal energy that can be 
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extracted from the erupted material is T where 

The initial kinetic energy is +uo2 and so the total energy input is ( T  ++uo2) joules per 
kilogram of erupted material. 

This energy is used to supply (a) the final kinetic energy of the gases, equal to 
+(I + k )  (n/lOO) ufz, where k is the ratio of mass of added air to mass of erupted gas at 
the top of the column, and zif is the final gas velocity, (b) the thermal energy required to 
heat the added air from 0, to Of, i.e. (n1100) kc,(& -6,) and (c) the potential energy of 
the material at the top of the column. In terms (a) and (b), k is found by extrapolating 
the model solutions: see Fig. 3. An estimate of u, is made by assuming that the top 
of the column can be defined as the region where 1-mm diameter pumice fragments 
fall out (at least 60 per cent of the total weight of the deposit consists of particles larger 
than 1 mm-Sparks &Wilson (1976)). With a trial value of the height of the column, 
say H’, the corresponding value of p(H’), calculated for the model in question, can be 
inserted in equation (3), together with r = 1 mm and cr = lo’ kgm-3, to yield 
up (H‘). Term (c) above must also be expressed in terms of a trial value of H‘,  for the 
potential energy of the added air depends on both the height, h, at which it is added and 
the height, H’, to which it is raised. The total potential energy is then E where, in a 
form convenient for numerical integration, 

i = N  

and mi is the mass of material added to the column in a finite height interval centred 
on hi. Thus, the total energy balance equation becomes: 

n n 
100 1 00 

= +(I + k )  - U f ( H ’ ) +  - kc,(o,-o,)+E(w) (17) 

which can be solved for H ’  (iteratively, since u, and E are not simple analytical 
functions of H’). 

Fig. 4 shows the variation of column height with uo for three vent radii and various 
values of n. As outlined in Section 6(a), column collapse occurs, for a given vent radius, 
at certain combinations of values of n and u,; the collapse boundary is indicated in 
each part of Fig. 4. The important points emerge that (a) column height increases as 
magma gas content falls for fixed-muzzle velocity and vent radius; (b) column 
height increases as muzzle velocity increases for constant gas content and vent radius; 
(c) in both cases, the increase in column height is cut off abruptly, at some stage, by 
the onset of column collapse, and (d) eruption columns should commonly reach 
heights of 15-35 km. This last conclusion seems to be in satisfactory agreement with 
observations (Lirer et al. 1973; Thorarinsson & Sigvaldason 1972) and lends confidence 
to the others. 

The commonest course of events during a plinian eruption is likely to involve a 
general increase in muzzle velocity as progressively deeper and higher-pressure parts of 
the magma chamber are tapped (McGetchin & Ullrich (1973) have shown that 
muzzle velocity is likely to be a slowly-varying function of depth of origin), and, 
during the later parts of the eruption, a steady decrease in magma gas content, due to 
the fact that the equilibrium concentration of volatiles decreases with depth in the 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/1/4/543/569843 by guest on 19 M

ay 2023



554 L. Wilson 

E 
Y 

c 
-t 
u) 

40 - 

38 - 

20 - 

bo = 100 m bo= 5Om 

' - - -  I I I 

0 200 400 600 200 608 200 600 

uo 1 m/s 

FIG. 4. Eruption column height as a function of uo for threc vent radii: (a) 150 m, 
(b) 100 m and (c) 50 m. In each case curves are given for constant values of n. 
Column collapse occurs for combinations of values to the left of the broken line. 

Magmatic gas is assumed to be water. 

deeper parts of a magma chamber (Kennedy 1955). Thus it seems very likely that the 
vigour of a plinian eruption will increase with time, in the sense that the eruption 
column will rise to greater heights as the eruption progresses, and that this trend will 
eventually cease abruptly as column collapse, to form pyroclastic flows, takes place. 
This pattern of events is generally supported by field evidence (Sparks & Wilson 1976). 

7. Estimation of vent radii 

Although the model developed above cannot, in its present simple form, be fitted to 
individual eruption product distributions to deduce vent radii and magma volatile 
contents, none the less vent radii can be estimated using deduced muzzle velocities and 
an estimated volatile content. In the notation used above, the instantaneous mass rate 
of eruption of material from a vent will be i i i  where 

The average value of ni over the duration of the eruption is found by inserting the 
average values of n and uo. For each of the eruptions analysed in Section 4, the 
maximum value of uo is available; the average value is likely to be no more than half 
this value. Indeed, it may be much less if significant quiescent periods occur during 
the eruption, and this certainly happens in some cases (Walker 1973). The range of 
likely values of n is from about 1 per cent (where column collapse commonly occurs) to 
at least 5 per cent, the upper limit being dictated by the solubility of magma volatiles 
(Kennedy 1955). A mean value of 5 per cent will be adopted. The average value of 
lit then becomes = 5 . 6 5 ~ ~  bo2 kgm-3 usingq = 1, p o  = 0.18 kgm-3 for steam, and 
an average velocity equal to 0.5 u,,. 

If the total mass of material erupted, approximately equal to the mass of pyroclasts 
since the weight per cent of volatiles is small, is m,, then the eruption duration T' is 
given by -- 

T. = rnJrii. (19) 
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Table 3 

Vent radii deduced from observed and estimated eruption durations for 5 plinian events. 
Magma water content, n,  equal to 5 per cent is used throughout. The values deduced 

are probably underestimates, as discussed in the text. 

Number Kame erupted value of for 24-hr duration vent radius 
Mass Deduced Vent radius Actual Implied 

(lo’* kg) zi0(ms-’) duration (m) (hr) (m) 
I Fog0 A 1.7 5 20 83 ? ? 

3 Toluca 4.2 500 131 ? ? 
4 Vesuvius AD79 1.4 > 225 < 111 N 24 N 111 
5 Vesuvius Avellino 1.2 > 200 < 113 ? ? 

Data sources: 1 and 2, Walker & Croasdale 1971: 3, Bloomfield 1974, private communication; 
4 and 5,  Lirer et 01. 1973. 

2 Fog0 1562 0.5 415 52 N 48 N 37 

In the case of several eruptions for which uo has been determined, in, and T, are also 
available, and so bo can be computed explicitly from (19). It appears that T, is 
commonly of order one day (Walker 1973), and so for those eruptions for which only 
m, and uo are known, an estimate of 24 hr can be used for T, to find a value for b,. 
Table 3 shows the results of this procedure. Values from a few tens of metres to over 
150m are found, with widely varying degrees of confidence since in all cases an 
estimate of n has been used, and in some cases both IZ and T, are estimates. None the 
less, the range of values seems to be in satisfactory agreement with the available field 
data: for example, Walker (1966) found 20 Tertiary rhyolitic pipes in Iceland with 
radii between SO and 250 m. 

8. Conclusions 

A model of plinian-type eruption columns has been developed in sufficient detail to 
permit muzzle velocities to be deduced for many specific eruptions. For those eruptions 
for which the total mass of erupted solids is known, the quantity ((vent radius)‘ x 
eruption duration/magma volatile content) has been estimated. 

The range of heights to which eruption columns are likely to extend has been 
deduced and shown to be compatible with observations and implied vent radii and 
magnia gas contents. The phenomenon of sudden transition from pyroclastic fall to 
pyroclastic flow during prolonged eruptions, already documented in the field, has been 
shown to be a natural consequence of decreasing magma volatile content. 
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