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Abstract. Peak intensities (magma discharge rate)
of 45 Pleistocene and Holocene plinian eruptions
have been inferred from lithic dispersal patterns
by using a theoretical model of pyroclast fallout
from eruption columns. Values range over three
orders of magnitude from 1.6 x10° to 1.1x 10°
kg/s. Magnitudes (total erupted mass) also vary
over about three orders of magnitude from
2.0x 10" to 6.8 x 10" kg and include several large
ignimbrite-forming events with associated caldera
formation. Intensity is found to be positively cor-
related with the magnitude when total erupted
mass (tephra fall, surges and pyroclastic flows) is
considered. Initial plinian fall phases with intensi-
ties in excess of 2.0 x 10® kg/s typically herald the
onset of major pyroclastic flow generation and
subsequent caldera collapse. During eruptions of
large magnitude, the transition to pyroclastic
flows is likely to be the result of high intensity,
whereas the generation of pyroclastic flows in
small magnitude eruptions may occur more often
by reduction of magmatic volatile content or
some transient change in magma properties.

The correlation between plinian fall intensity
and total magnitude suggests that the rate of
magma discharge is related to the size of the
chamber being tapped. A simple model is pre-
sented to account for the variation in intensity by
progressive enlargement of conduits and vents
and excess pressure at the chamber roof caused
by buoyant forces acting on the chamber as it re-
sides in the crust. Both processes are fundamen-
tally linked to the absolute size of the pre-erup-
tion reservoir. The data suggest that sustained
eruption column heights (i.e. magma discharge
rates) are indicators of eventual eruption magni-
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tude, and perhaps eruptive style, and thus are key
parameters to monitor in order to assess the tem-
poral evolution of plinian eruptions.

Introduction

Plinian eruptions are sustained, high-energy ex-
plosive discharges of magma that generate large
convective plumes in the atmosphere and result in
widespread tephra fallout over hundreds or thou-
sands of square kilometres (Walker 1980, 1981a).
The well-known eruption of Vesuvius which bu-
ried the cities of Pompei and Herculaneum in A.D.
79 (Lirer et al. 1973; Sigurdsson et al. 1985; Carey
and Sigurdsson 1987) is the type-example of this
kind of activity, although it is by no means the
largest plinian event (Walker 1981a). The fre-
quency of true plinian eruptions is such that only
a few have occurred in the historic period during
which reliable observations and measurements
could be carried out. Deposits left by such erup-
tions are, however, common in the geologic re-
cord and preserve valuable information about the
dynamics of these events.

Walker (1980) has proposed that five paramet-
ers are necessary to adequately characterize the
nature of individual explosive eruptions: intensity
is the rate at which magma is discharged; magni-
tude is the total mass of material erupted; disper-
sive power is the area over which the products are
spread; violence refers to the distribution of prod-
ucts mainly by momentum; and destructive poten-
tial is an assessment of the area over which de-
struction of buildings, farmland and vegetation
occurs. Two of these parameters, dispersive
power and intensity, are closely related because
the height of an eruption column, and thus its dis-
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persal power, is a direct function of magma dis-
charge rate (Wilson et al. 1978; Settle 1978; Wil-
son et al. 1980; Sparks 1986; Carey and Sparks
1986). Furthermore, it has been suggested on the-
oretical grounds that eruption intensity is a key
factor in determining the behaviour, i.e. convec-
tive rise or collapse, of an eruption column
(Sparks and Wilson 1976; Sparks et al. 1978). The
intensity of an eruption thus determines both the
height to which material is injected into the atmo-
sphere and the sequential development of erup-
tive phases (fallout, surge or flow generation). The
importance of eruption intensity has been recog-
nized by Fedotov (1985), who proposed a new
scale for explosive eruptions based on a logarith-
mic index of magma discharge rate, similar to the
Richter scale used for describing the magnitude
of earthquakes.

In this paper we focus on the variation and
controlling factors of intensity during plinian
eruptions. The intensities of 45 well-documented
plinian eruptions of Pleistocene and Recent age
have been determined by using a theoretical
model of pyroclast dispersal. Correlations of
eruption intensity with other measurements of
eruption bigness (Walker 1980) or scale, as we
prefer, are tested to see if differences exist be-
tween eruptions of varying magnitude. We also
examine the relationship between eruption inten-
sity and the transitions of eruptive style (i.e. plin-
ian fallout to pyroclastic flow generation) in the
context of theoretical models for the stability of
convective columns (Sparks and Wilson 1976;
Sparks et al. 1978).

Determination of eruption intensity and
magnitude

The dispersal of pyroclasts is controlled by a com-
bination of eruption column height and transport
by local winds and thus contains a component of
eruption intensity. Carey and Sparks (1986) have
developed a model of pyroclast dispersal which
allow these two factors to be discriminated based
on the geometry of particle isopleth maps con-
structed from field measurements. By using the
model it is possible to calculate eruption column
height and from that, eruption intensity based on
the behaviour of convective plumes under a vari-
ety of atmospheric conditions (Sparks 1986). We
estimate that the uncertainties in the column
height and eruption intensity determinations are
about = 10-20%.
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We have compiled data on 45 plinian erup-
tions of Pleistocene to Recent age for which inten-
sities can be determined from published isopleth
maps (Table 1). In all cases we use maximum lit-
hic dispersal maps to avoid problems associated
with pumice breakage during impact. Intensities
calculated by this method represent the peak rate -
during an event. Although intensity is likely to
vary during the course of an eruption, as shown,
for example, by the A.D. 79 eruption of Vesuvius
(Carey and Sigurdsson 1987), we feel that peak in-
tensity is a useful way to characterize individual
events.

The magnitude, or the total mass of material
ejected, was also compiled for each eruption. In
general, volume determinations of plinian depos-
its are subject to many uncertainties because lim-
ited preservation of the distal fine ash requires
some type of extrapolation procedure. We have
adopted the technique of Walker (1981a) which
extrapolates a plot of isopach area versus thick-
ness in order that the various deposits can be
compared in a consistent manner. In addition, we
have estimated the magnitude of both the plinian
fallout phase and the total eruption in cases
where pyroclastic flows and surges were pro-
duced (Table 1). The uncertainty associated with
the total magnitude estimate may be as high as a
factor of 2 because of post-eruptive erosion of py-
roclastic deposits, the variable quality of field
mapping, and uncertainties in estimates of the
mass of fine distal ash.

Variations of intensity and magnitude

Inferred intensities of the 45 plinian eruptions
vary from 1.6 x 10° kg/s to 1.1x10° kg/s. The
highest intensity event was the Taupo ultraplinian
eruption in New Zealand (Walker 1980), whereas
the Shingo eruption of Towada volcano in Japan
(Hayakawa 1985) was the lowest. Most of the
eruptions tend to cluster in the intensity range of
2.5x 107 to 2.5 x 10® kg/s, or within about one or-
der of magnitude.

Magnitudes of the eruptions (fall, flow and
surge combined) vary over a range of about three
orders of magnitude from 2.0x10" to
6.8 x 10'* kg. The largest-magnitude event was as-
sociated with the formation of the Atitlan caldera
in Guatemala about 85000 years ago. At the low
end of the magnitude scale was the Oguni erup-
tion of Towada volcano in Japan. A smaller range
of magnitudes is found for the plinian fall phases
alone (exclusive of pyroclastic flows and surges)



Carey and Sigurdsson: Intensity of plinian eruption

30

(£861) 'Ie 38 [[oUI0))

(paystjqndun)

Ko1e) pue uosspm8is pI+HLT AN UN AN AN 80+H0TE b ahyoril,  JgA 0009€ Ay gl ustuedwe)

(£861) 'Te 10 a1038d88d I +HO'T AN IN LY TIHALT L0 80+d00'T  0f anouoyd  JdgA 00S € Arey ouIf[eAY

(s861) T8 39 zoﬁmswﬁ TI+HL9 LI+HST6  LEO $'6 TI+dIs 1T 80+Hd0ST € anouoyqg 6L A’y Areny STIANSOA
€L61

a[epseor) pue soj[em I +HEY AN UN 0T TI+dEr L1 80+Hd00'T  0Of SJAyoelr], J9A 009 sa102Y v 0804
(¢L61)

s[epseor) pue sojfeM ¢l +HI'L AN AN PST T $0 LO+H06T 61 Shyoel], €951 $210ZY 0504

(1861) Te 12 syreds  [1+d6'8 01 +H88'8 €00 8'C 11+d08 €0 LO+d06'L 9T onodyy SL8IT puejas] ebysy
(9861)

YIBIPIIH pUe UIISIL]  ¢I+HST €I+HE9T 0S99  Phl 71+4d88 s'¢€ 80+4d0LT  TE 0ed/ Aqyd TI61 sdleig panun Tewye)
(s861)

uosspIngig pue A%Sov II+d1. 01+d888 €00 1°6 II+d€9 €0 LO+H06T 61 CHlalTg| 0861 S9IRIS payu()  SUS[OH IS UNON
6861

dweoreisopy pue nedurell, [[+H0v I[1+J00C 0800 LT 11+4d0C 10 LO+HOTE  TT  emwoepokyy ddA 010T enbrunrey 7d 991d
(s861)

dweoresopy pue nesures], [[+d0bv [1+H00T 0800 81 [1+90T 10 LO+HOT'E 0T  oepoAyy  J9A 0L91 subunrepy 7d 9913d
(s861)

dweoroisopy pue nesurel], [[+H0bv [I+H00T 0800 L1 [I+4d0T 10 LOFHOTE 1T moepoAyy  JdA 059 enbrunrep Id 29od

(9861) '1e 10 ofuereN 0I+HdSy O1+H00T v000  CTO OL+dS€ 10> LO+HOS LT "2B(]/PUV $861 BIQUWIO[OD)  ZINY [9P OPBASN

(861) uewssng  Z]+H¢9 AN AN 00T CI+HE9 ST LO+H0LS 6T AMoed  JddA 000€T> endesedIN D ofody

(s861) vewssng  ¢1+HS'T CI+HST8 0€€  v'E€T  TI+HOL 8T LO+H0E8 LT amord  d€A 000€T engesedIN v odody

(L861) e 12 250  $I+H8'9 HI+H00EC 0007 €80T PI+HASE 00SI 80+H00S  Sb  NOBPoAYY JdA 00058 e[ewsiend s0A000Y)) s07
(¢861)

JIeS pue swelppm €1 +4dT7T AN AN IS €1+HTT 98 0+Hd0LT  ¥€ oyoe(q 2061 e[ewajens BLERN BIUBS
(9861)

uosspIn3ig pue Kare) [ +H0'1 AN IN €€ TL+d0T $0 LO+H0S8 6T  puBAyori] 7861 O0DIXOIN D uwoyory) 19
(9861)

uosspindig pue 31D  ZI+HET LI+dTE €10 81 11+4d86 +0 80+d0S'T 7€  puBAyoei] 7861 O0JIX3N g uoyoyd 19
(9861)

uosspingig pue £318) [ +HSL AN UN 97T 1+4dSL €0 LO+H008 LT  ‘puBAyori] 7861 0DIXaA v uoydy) 14
(1861) W3um

(1861) "1 32 JovleM  TI+HAS6 AN AN L] 71+4ds6 8¢ 80+d081 €€ onoAy  d9A 00056> 021X [ BIdARUILY ®7]
(1861) 1YSum

(1861) 'Te 310 13feM.  TI+HIL'T AN IN 16 T+ 80 LO+HF0E9  ¥T omoAyy  ddA 00056> OOIXA]N  { vIdAvWld B
(1861) WBuMm

(1861) 'Te 10 103EM  TI+H9'L AN AN 9§ TL+A9T 90 LO+H06'L 9T onoAyy  d9X 00056> 0OIXA (] eISABWIL B
(1861) WSLM

(I1861) 'Te 30 199feM  €I+H9'8 €1+HE€9F 0S8l S0s  €1+H0P 091 80+doTT  9F amoAyy  ddA 00056 OIXAN  { vIdARWIL] ¥

(LL6Y) Te 0 ploywoolg 7L +H0°6 AN AN 0T T2+H06 9¢€ 80-+4d00T  0f e/ PUY  ddXA 009711 OJIXON (z0ddn) eonjo,

(LL61) 'Te 19 peywoolg  [1+H0'6 AN AN T¢E 11+4906 +0 LO+H06'L 8T 9RA/PUV  d9KA 00SPT O2IXO (1amo[) vonjoL

SSE]N sseN (Y@ (W) B () (s/3%) H
ooﬁouo.«m.m —NHO,H w +n~m m +ﬁ~.m OEEL mmwz .ﬁ:& Jad MQZ .~OU ﬁomﬁmOQEOQ 2aed %H—Cﬂ-oo EOEQS&W

suondnig uerulld U209y 0) Areursjend) 91eT Jo sIdjowieied sAandnryg °f djqel



31

Carey and Sigurdsson: Intensity of plinian eruption

/8y 0057 Jo Ansusp swlew v pue Lsusp ysodop Jng (wr/3y 0S71 B Surwnsse dwnjoa eiyda) wol) pajenofes sem (FIA) § +Ad "W/3% 00ST Jo Ansusp rwifewt €
Suisn (uy) T WO pARNOTeDd sem () ssopy ulld “N1sodop [[e] 0INuo oy} 10] powInsse sem W /3N (08 Jo anjeA e ‘poyrodar jou sem ANsuop nusodep Inq 219ym sased uf " w8y
005z Jo Ansuop ewidew ® pue sensuap jsodep J[ng psuodar Sursn swnjoa eryqde) WoIy PaIRINO[Ed SeM () FY (G "Poodal jou = y N ‘sweiSo[ry ur psulqurod sisodep
Moy onsepoikd pue o8ins ‘[[e} Jo ssews = ssppy (w10 ‘Swerdolry ur syusodop ofins pue mofy snse0iLd Jo sseUl = SSOPY §+4d (;W/3Y 00ST JO LSusp ‘Jus[eAInbe JoOX osUSp)
PWSeUI JO SAIOWOIY oIqno ur passaxdxd sa8Ins pue smo[j onse[oo1kd Jo swnjoA = (7Y ) §+4d “sinoy ul [[ef uerul[d jo UONBInp PaLIdJUl = (1) aui] ‘swreido[y ut ysodsp
1iey uemuyd jo ssew = (By) ssopy uid ‘(;w, 3 00§ 7 Jo Asuep “uafeainbs joo1 ssusp) ewSew Jo semewoly diqno up passerdxs ysodop [rej uemrd jo swnjoa = (cwiy) 7Y
‘puooas Jod sweISo[ry ul 5181 981vYdSIp PWSEW POLIdJUl = (5/63) YT ‘OUED[0A 9Y) d40qe soxawo[Ly ul JySiey uwnjoo uondnis palIdJul = ‘7fy 100 “sbuppay uwnjod o 43y

(6561) msies|
(£861) "8 10 1yseLeqo|
(¥861) DlewELY
(s861) emeyedeH
(s861) emeyedey
(s861) emexedey
(s861) emeyeder
(s861) emevyedeq
(s861) emeRARH
(5861) emeyedey
(s861) emeyedey
(s861) emeyeiey
(s861) emeyeley

(s861) emeyeley
(ssaad ur)

Kare)) pue uosspIngIg
(ssa1xd ur)

Ks1e) pue uosspingig
(q1861) oM

(0861) I[em

(qr861) Io9TEM

(F861) T2 19 1[em
(9L61) syredg pue puog
(8L61) "Te 12 SULYIEA

v1+d6'1

yI+dTY
0L +40°S
I1+41°C
€I+41v
€I +ATP
I1+H6T
11+4dL¢
II+4dL6
[1+d0°C
CL+d0t
0l +H0'6
I +40°¢

yI+dT1

CI+HATT
€1 +Hd8°1
€1+HLL
r+4d8'¢
¢1+dsl

eI +dee

PL+d¥0°1

PI+HSPE
AN
N
€1 +d00¥
¢l +400Y
AN

CL+HO0ST
vi+dITT
U'N
AN
€1 +HST9
AN
AN

AN

00°Sy

00°0S1
N
AN
0e'Ll
0t'Ll
AN
AN
N
N
N
N
00°C

05°8¥

8°0L

4%
7’8
8’1
't
e
(U 24
%
194
9
L1l
€1
Sl

[

1T
£el
L'E
8'¢
LT

€1 +dI'8

gI+d6'L
oI +40°¢
I1+41°C
IT+H9'8
CL+d91
IT+4dS°T
IT+HLS
[I+HL6
IT-+40T
cr+4d0v
01 +H0'6
I1+d¢s

c1+H0t

[4 R At
€I +4d8'1
€1+4d¢'1
CI+H8¢
TL+4d81

AN

0se

[ %43
10>
o
70
Lo
10
£'0
14y
1o
L1
10>
0

l

80 +HIT'E

80+4dLIY
90+HdS9'1
LO+H9I'E
80+H0T'T
80+HIET
90 +Hd8S°L
LO+HSSE
LO0+d00°9
90+400°6
LO+H0S'6
LO+H06'T
80 +H00'T

80+4H08°¢

80+H0S°1
80 +HOL'E
60+H0T'T
80+H08'T
80+4d081

80+H0ST

6¢

L4

£¢
[44
1S
€€
124

9¢

oAy

AepoAYY
e
aeq
R
e
AoBCY

ausepuy
aoeq
e
aoeq
e
e

‘pueAyori]

‘puefyoei],
anfofyy
supoAny
oufoAyy

Jeseq

CHI T

d4A 0000T

ddA 0002C
ddA 000LI
ddA 000€T
dgA 000€T
ddgA 000€1
ddgA 00501
ddA 0086
ddA 0058
ddA 000L
ddA 00v¢
ddA 000€
ddA 0SCT

SI81

S181
ddA 00S¢€
ddA 0781
ddA 0781
9881

DE QLY

ueder

uedef
ueder
uedep
uedef
ueder
ueder
ueder
ueder
ueder
uedef
uede(
ueder

BISOUOPU]

eIsauopuj
puUEB[BaZ MIN
pUEB[EdZ MIN
PUEBIEZ MON
pUB[BaZ MIN

200010

nsjoN1YS

wnsQ

[ ONEN

T ayoutysey
¥ syoulyoey
9 syoulysey
ogugg
eyBZNSIEN
nqueN
wngQ
Lasny))
Te1eS0AR N

1 040

(19ddn) rroquie],

(19m0]) BIOQUIB],
eIy

odne]

adorey
RIOMBIB],

TarIojueS



32
60
50
§ 40
= ]
20
E 30
= ]
E 20
<
O L
107 y= -63.56 +7.5617x R=0.77
0 T T T T 4 T T T T 1
10 11 12 13 14 15
a Log Plinian Mass (kg)

Carey and Sigurdsson: Intensity of plinian eruption

10 7

y =2.0808 + 0.4753x R=0.73

Log Magma Discharge Rate (kg/s)

6 v T T T T 1
10 11 12 13 14 15
b Log Plinian Mass (kg)

Fig. 1. a Eruption column height versus the log of the plinian fall deposit mass for Pleistocene and Recent plinian eruptions. The
Campanian Tuff and Santorini eruptions (Table 1) are not included because separate estimates of the plinian fallout mass are not
available. Column heights were calculated using the equations in Sparks (1986); b Log of the magma discharge rate (intensity)
versus the log of the plinian fall deposit mass for Pleistocene and Recent plinian deposits. Magma discharge rates were calculated
from the model of Carey and Sparks (1986). Both column height and magma discharge rate show a positive correlation with the

mass of material erupted during the plinian fall phase

with values between 2.0 x 10" and 8.0x 10" kg
(Table 1). The type-example of plinian events, the
79 A.D. eruption of Vesuvius, falls in the middle
of the observed range of magnitudes and intensi-
ties.

In their analysis of the A.D. 186 Taupo erup-
tion of New Zealand, Wilson and Walker (1985)
noted a crude positive correlation between the
volume and intensity of various eruptive phases
but offered no detailed explanation of its signifi-
cance. Hayakawa (1985) also noted a correlation
between the cross-wind width of lithic isopleths
and the mass of some plinian deposits in Japan.
He suggested that “eruption columns with a larger
mass output reach higher elevations than smaller
ones”. These observations motivated us to test for
such a relationship in a larger data set of erup-
tions (Table 1) and with intensity measurements
that were consistently determined and better con-
strained by the use of pyroclast dispersal modell-
ing. We find a similar positive correlation for the
45 eruptions between column height (Fig. 1a) or
intensity (Fig. 1b) and the mass ejected during the
plinian phase (magnitude). This correlation is sig-
nificantly improved, however, if column height or
intensity is plotted against the total erupted mass
instead of just that produced during the plinian
phase (Fig. 2a,b). Although the correlation exhi-
bits considerable scatter (r=0.87), it is quite clear
that the highest intensity plinian phases are asso-
ciated with eruptions of the largest magnitude.

Some eruptions deviate significantly from this
relationship. A case in point being the 1985 erup-

tion of Nevado del Ruiz in Colombia which had a
relatively high intensity but a very low magnitude.
This eruption was short-lived and produced a
small deposit (Naranjo et al. 1986), thus the inten-
sity was not sustained. The high column height
was probably associated with a large instanta-
neous release of energy, in which case the model
of sustained particle fallout is not applicable.
Other eruptions which have created high, tran-
stent eruption columns in response to “instanta-
neous” discharges of energy include the May 18,
1980 eruption of Mount St. Helens (Sparks et al.
1986) and probably the 1956 eruption of Bezy-
mianny (Gorschkov 1959).

Of the eruptions that were unequivocally sus-
tained plinian events, those with intensities
greater than about 2.0 x 10® kg/s were associated
with caldera formation and the emplacement of
major ignimbrites with volumes typically exceed-
ing 15 km® (DRE). Some of the intermediate mag-
nitude events are also associated with small cal-
dera formation but as the magnitude decreases,
the nature of the activity changes to predomi-
nantly central-vent stratovolcano eruptions with
some pyroclastic flows and surges but no major
collapse structures.

Factors controlling the intensity of plinian
eruptions

The observed correlation between intensity and
magnitude suggests that the peak intensity of a
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Fig. 2. a Eruption column height versus the log of the total erupted mass for Pleistocene and Recent plinian eruptions. Total
erupted mass includes fall, surge and pyroclastic flow deposits. Inclined solid line is a linear regression of the data with the
equation shown in the box. R is the correlation coefficient of the regression. The solid horizontal line is the upper theoretical limit
of sustained eruption column height from Wilson et al. (1978); b Log of the magma discharge rate versus total erupted mass for
late Quaternary and Recent plinian eruptions. Note the improved correlation of a) and b) compared to similar plots in Fig. 1
involving only the mass of material erupted during the plinian fall phase

plinian eruptive phase is related to the total mass
of material that will be erupted during a contin-
uous eruptive sequence. This relationship imme-
diately raises the question of why the total volume
of magma discharged during an explosive erup-
tion should control the rate at which magma is
discharged during its plinian phase. The intensity
of a plinian eruption is governed primarily by the
pressure gradient between the magma chamber
and the surface, the viscosity and volatile content
of the magma, and the dimensions of the con-
duit.

Pressure gradients

Wilson et al. (1980) and Wilson and Head (1981)
have assumed that the pressure gradient below
the level where vesiculation occurs, results from
the difference between the hydrostatic head of the
magma column and the lithospheric pressure in
the surrounding crustal rocks. It is likely, howev-
er, that other pressure terms are important at the
inception of an eruption.

Establishment of crustal magma chambers oc-
curs when buoyant uprise of melt is inhibited by
increasingly brittle, lower-temperature, lower-
density, upper crustal rocks (Elder 1979a, 1979b).
Eruptions occur as the system attempts to estab-
lish isostatic equilibrium by fracturing a path to
the surface for magma discharge. A combination
of the magmatic pressure, local stress field, and
the tensile strength of the chamber cap will deter-
mine the geometry of the magma pathways and

the critical conditions of formation (e.g. Robson
and Barr 1964; Pollard and Muller 1976; Shaw
1980). Whitney and Stormer (1986) point out that
prior to eruption, buoyant forces act on magma
reservoirs because underlying regions that have
been heated by the passage of melt are suffi-
ciently deformable to transmit the local lithostatic
pressure to the base of the reservoir. Because the
magma is a fluid, this pressure is exerted on the
reservoir roof and is higher than the local litho-
static pressure by an amount:

P=98.0655 [ AddL (1)

where P is pressure in bars and the integral is
evaluated over the vertical extent of the chamber
(L in km), and A?J is the density contrast between
magma and crustal rocks in g/cm’® In other
words, the excess pressure at the chamber roof is
the buoyant force acting on the chamber in a
‘fluid’ of crustal density. Weertman (1971) identif-
ied this as the Peach-Koehler force in his analysis
of a fluid-filled crack contained within a solid
and stated that it is identical in magnitude to the
Archimedian buoyancy force on a solid within a
liquid. The amplitude of this force can be seen by
inspection of equation (1) to be a function of
chamber size. i

The implication of equation (1) is that signifi-
cant magma overpressure can occur in large
chambers and that the magnitude of the initial
pressure gradient should be a function of cham-
ber size and density contrast between magma and
country rock. Consider a magma chamber at some
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depth D in the crust which has a vertical extent L.
The pressure gradient at the onset of an eruption
will be the result of: (1) the difference between
the change in pressure within the magma column
relative to the change in lithospheric pressure as
given by gAd, where g is the acceleration due to
gravity and A¢ is the density contrast between
magma and crustal rocks (Wilson and Head 1981)
and (2) the pressure derived from the buoyant
force acting on the chamber, as given in expres-
sion (1), divided by the distance from the top of
the chamber to the surface. Combining these two
components results in an expression for the total
pressure gradient P, as:

1+L] @

P =gAo|——
gg [D

The total pressure gradient is thus related to
the density contrast between magma and crust,
the vertical extent of the chamber and the depth
of the chamber. For a chamber of constant size,
the initial pressure increases if the resides at shal-
lower levels in the crust. Figure 3 illustrates the
values of initial pressure gradient as a function of
vertical chamber extent for a series of reservoirs
at various depths. At a constant depth the gra-
dient increases monotonically with increasing
chamber size. Chambers of about 6 km vertical
extent are associated with pressures similar to the
tensile strength of crustal rocks.
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Fig. 3. Variation in initial pressure gradient as a function of
vertical magma chamber extent for reservoirs at 2, 5, and 7 km
depth in the crust. The density difference between magma and
crust was taken as 200 kg/m?
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Volatile content

The effect of volatile content on magma discharge
has been considered on a theoretical basis by Wil-
son et al. (1980) and Wilson (1980). These studies
have suggested that intensity is only weakly de-
pendent on magmatic volatile content. Volatile
content does, however, have a more pronounced
effect on the exit velocity of clasts at the vent and
thus will govern the ballistic emplacement of
clasts in proximal areas. Changes in volatile con-
tent during an eruption are unlikely to be re-
corded in distal plinian fall deposits because
widespread dispersal of clasts is more strongly
governed by convective velocities within the
plume, which in turn are a function primarily of
mass eruption rate (Wilson et al. 1978; Wilson et
al. 1980).

Conduit dimensions

The dimensions of the pathways which magma
takes from crustal chambers to the surface will be
critical to the intensity of an eruption. This can be
demonstrated by considering the equation pre-
sented by Wilson et al. (1980) for the mass erup-
tion rate at the level below gas exsolution:

75 G0, (8er — O
g ! ) 3)
n

where M is the mass eruption rate, r the conduit
radius, g the acceleration due to gravity, J,, the
magma density, &, the crustal density and » is the
magma viscosity. The mass eruption rate varies as
the fourth power of the conduit radius and there-
fore the roughly three order of magnitude range
inferred from the intensity modelling could be ac-
comodated by a change in r of only a factor of 6.
Of course, equation (3) only applies below the
level of vapour exsolution. In the upper portions
of the conduit, vapour exsolution and fragmenta-
tion increases and then drastically reduces the vis-
cosity of the erupting mixture. For many erup-
tions, however, the distance travelled below the
exsolution level is greater than above, and inte-
gration over the whole vertical interval yields a re-
sult that is similar to one where liquid viscosity
controlled the friction over the whole distance (L.
Wilson, personal communication).

The factors which control the dimensions of
the conduit are likely to be the regional stress
field, magmatic pressure prior to eruption, defor-
mation of the overlying crustal rocks and erosion
of the conduit during an eruption. Observations

M=
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of many plinian fall deposits suggest that erup-
tions of this type usually, although certainly not
always, are characterized by an increase in inten-
sity during individual events. This is reflected in
the reverse size grading of widely dispersed pyro-
clasts within the fall deposits (Wilson et al. 1980).
Carey and Sigurdsson (1987) have inferred that
the magma discharge rate (intensity) of the A.D.
79 eruption of Vesuvius changed by over an order
of magnitude during the course of the event.
Given that the excess pressure within a chamber
is likely to fall as magma is withdrawn, the most
reasonable explanation for the increase in inten-
sity with time lies in the progressive increase in
the diameter of the conduit and vent by erosion.
These observation suggest that initial dimensions
of the conduit may not necessarily be different be-
tween eruptions but that the amount of erosion
that takes place may ultimately determine the
maximum dimension.

We suggest that the ultimate vent and conduit
dimensions are likely to be dependent upon the
duration of the plinian phase of the eruption. The
longer an eruption is sustained the more erosion
can take place and the higher the peak intensity
will be. The duration of an eruption will depend
upon the amount of magma which can be with-
drawn from a specific reservoir. Blake (1981) has
argued that for a constant volume chamber the
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amount of magma that is erupted in any particu-
lar eruption is given by

AV o

— 4
v "% “4)
where AV is the volume of expelled magma, V, is
the volume of the chamber, o is the tensile
strength of the crust, and b is the bulk modulus of
the magma. This relation holds for the point at
which the magmatic pressure exceeds the tensile
strength of the surrounding rocks and failure oc-
curs. The amount of magma that can be erupted is
thus proportional to the total volume of the cham-
ber. It is unlikely, however, that the assumption of
constant chamber size is realistic considering the
many observations that demonstrate inflation
prior to volcanism. If the chamber is allowed to
expand in volume then the erupted volume is ex-
pressed by

AV
7z%(1+s)+s )

where s is the fractional volumetric expansion.
The volume of erupted magma is still propor-
tional to the size of the chamber but is also now
dependent upon the extent to which it can enlarge
to accomodate new magma.
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Fig. 4. Variation of magma discharge rate (solid diamonds) and total erupted mass (open boxes) as a function of time for a hypo-
thetical eruption which begins with a 30 m radius conduit and enlarges at a constant rate of 5 cm/min. Equation (3) in the text was
used to calculate the mass eruption rate assuming a difference in density between magma and crustal rocks of 150 kg/m? and a
magma viscosity of 2.3 x 10° Poise. Total erupted mass was calculated by integrating equation (3) over the appropriate time inter-

vals

Fig. 5. Predicted relationship (solid line) between the log of mass eruption rate (intensity) and the log of the total erupted mass
(plinian) for a constant vent/conduit enlargement of 5 cm/min. Open squares are the data for the inferred intensities and plinian

masses of the 45 Pleistocene and Recent eruptions
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We suggest that the correlation between the
peak intensities of plinian fall phases and the to-
tal erupted mass (Figs. 2a,b) results primarily
from an influence of magma chamber size on the
evolution of eruptive processes. Because the vol-
ume of magma that can be erupted during an
event is proportional to the volume of the source
chamber, the potential for erosion and enlarge-
ment of conduits and vents is greater for erup-
tions from large volume reservoirs. Consider the
simple case where the radius of the conduit in-
creases at a constant rate during an eruption. The
intensity will vary as r*, from equation 3, whereas
the total erupted volume will vary as r° because of
the need to integrate the variation of intensity as a
function of time. Figure 4 shows the variation of
intensity and erupted mass as a function of time
for a hypothetical eruption with an initial 30 m ra-
dius conduit which erodes at a constant rate of
5 cm/min. The strong dependence of intensity on
conduit radius (equation 3) allows the three order
of magnitude range of intensities to be accounted
for by a factor of 6 variation in r. Figure 5 shows
the predicted relationship between peak intensity
and the total erupted mass for a constantly erod-
ing conduit. Superimposed on this trend are the
data of inferred intensity and mass of the plinian
deposits in our dataset. There is fairly good agree-
ment between the predicted trend and the obser-
vational data. We point out that the erosion rate
of 5 cm/min is based on the order of magnitude
increase in magma discharge rate within the time-
frame of the A.D. 79 eruption of Vesuvius (Carey
and Sigurdsson 1987). This simple model predicts,
of course, that all plinian deposits should exhibit
reverse size grading as the intensity is contin-
uously increasing throughout the eruption. De-
spite the fact that many plinian deposits exhibit
this feature there are certainly many examples
with either ungraded or even normally graded
patterns. In other words, we cannot rule out the
possibility that there are differences in the inifial
conduit dimensions of various eruptions and that
the rate of vent erosion may indeed not be con-
stant.

An additional factor, as argued above, in-
volves the initial pressure gradient, which is also
dependent upon and positively correlated with
chamber size (Fig. 3). This effect may act in con-
cert with the total volume discharge to enhance
the extent of erosion and enlargement of the con-
duit and vent. Finally, it is possible that chamber
size may influence the initial size of conduits if
the release of strain at the inception of eruption is
proportional to the total deformation associated
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with inflation of the reservoir. At present we do
not have a suitable model to evaluate this effect
but we speculate that it too would serve to en-
hance the relationship between chamber size and
intensity of the plinian phase.

Transitions of eruptive style during plinian
eruptions

The idealized stratigraphic sequence of ignim-
brite-forming eruptions proposed by Sparks et al.
(1973) placed the plinian fall phase at the base,
followed by surge and then pyroclastic flow de-
posits. The transition from fall to flow activity
was attributed to the collapse of the plinian co-
lumn as eruptive conditions changed during the
course of the eruption (Sparks and Wilson 1976;
Wilson et al. 1980). Conditions which favour the
collapse of an eruption column include: (1) in-
creasing intensity at constant magmatic volatile
content, or (2) decreasing volatile content at con-
stant intensity (Fig. 6). In our dataset virtually all
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Fig. 6. Relationship between vent radius, magma discharge
rate, exsolved magmatic volatiles and exit velocity and their
effect on the stability of eruption columns from Wilson et al.
(1980). Various combinations of the parameters define two
fields of column behaviour: collapsing and convective rise.
Transitions from a convecting column to a collapsing column
can occur by two different trajectories shown as dashed lines:
(1) large increases in the intensity or vent size or (2) decrease
in volatile content or exit velocity of magma. Caldera-forming
events which generate large-volume pyroclastic flows probably
follow trajectory (1), whereas small-volume pyroclastic flow
generation may occur along trajectories similar to (2)
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of the eruptions that had intensities exceeding
2 x 10® kg/s were terminated by the generation of
large-volume pyroclastic flows. Smaller magni-
tude eruptions were characterized by more local-
ized intraplinian pyroclastic flows or none at all.

Most of the large-volume ignimbrites were as-
sociated with the formation of calderas or down-
sagged structures (Walker 1984). The difference
between these deposits and the intraplinian flows
of the smaller magnitude eruptions may reflect a
fundamental difference in the way pyroclastic
flows are generated in eruptions of different in-
tensity. Recent observations of the 1980 eruptions
of Mount St. Helens have shown that small pyro-
clastic flows can be generated during a roughly
continuous plinian phase by short-lived oscilla-
tions of eruption column properties which lead to
partial collapse (Rowley et al. 1981; Hoblitt 1986).
These transitions probably cross the column sta-
bility border (Fig. 6) by reduction of volatile con-
tent or exit velocity, instead of large increases in
intensity. On the other hand, voluminous pyro-
clastic flows associated with large magnitude, cal-
dera-forming events are likely to be generated by
piercing the stability border through large in-
creases in intensity. These eruptions evolve to
high intensities due to erosion of the conduit and
vent, and allow great quantities of magma to be
evacuated in short periods of time. This evacua-
tion, coupled with the pressure drop in the upper
part of the chamber, leads to the catastrophic fail-
ure of the roof rocks and subsidence into the up-
per portions of the chamber. This failure results in
the establishment of enlarged passageways to the
surface and a dynamic pressure on the remaining
magma body which produces very high intensity
and a transition to collapsing conditions. A direct
result of the collapse phase is that a larger frac-
tion of the initial reservoir volume can be ex-
pelled than if only compressibility or pre-eruption
inflation are considered (Blake 1981). Such a sys-
tem is rarely able to re-establish the conditions of
a convectively rising column.

In many respects this model is similar to that
proposed by Druitt and Sparks (1984) or Whitney
and Stormer (1986) but now modified to account
for the observed variation of plinian intensity by
conduit/vent erosion and initial pressure gra-
dients that are dependent on chamber size. We
speculate that caldera formation is favoured for
volcanic systems with large chambers because the
high intensity of the initial plinian phase allows
evacuation of large magma volumes in a short pe-
riod of time. If the elastic rebound of the overly-
ing crustal rocks does not keep pace with magma
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withdrawal, then catastrophic foundering of the
chamber roof results in caldera or downsagged
structure formation. Smaller magnitude events
evacuate chambers at a slower pace which is si-
multaneously compensated by smaller amounts of
gradual crustal subsidence and lower tendency
for the formation of collapse features.

Discussion

The correlation between plinian phase intensity
and total eruption magnitude can be, to a first or-
der, predicted by a simple model of conduit/vent
erosion coupled with magma overpressure caused
by buoyancy. Differences in intensity are attri-
buted to absolute differences in the degree of con-
duit/vent erosion caused by the duration of the
plinian phase, which in turn is related to the frac-
tion of the magma reservoir that can be ejected
during a single event. This fraction and the initial
pressure gradient is positively correlated with
chamber size. It is unlikely, however, that cham-
ber size alone is responsible for the observed dis-
tribution of intensity versus magnitude (Fig.
2a,b). For example, at constant intensity or mag-
nitude, the complementary parameter exhibits a
range exceeding one order of magnitude in each
case. These deviations from the simple intensity/
magnitude correlation are probably the result of
volatile content and viscosity differences of mag-
mas. More studies are needed before the contri-
bution of each parameter can be rigorously speci-
fied.

The correlation between eruption intensity
and magnitude has important implications for
volcanic hazard assessment. The data suggest that
sustained, high intensity plinian phases
(>2.0x 10® kg/s) typically herald the generation
of very large volume pyroclastic flows and caldera
collapse. Because eruption column height is a di-
rect indicator of eruption intensity, plinian erup-
tion columns could be viewed as a sort of flow-
meter on a grand scale. Sustained eruption co-
lumn heights of 35 km or more should alert ob-
servers to the potential of major pyroclastic flow
generation. Because these plinian phases last at
least several hours, this could provide additional
time to evacuate a wide area in anticipation of a
particularly violent event. We suggest, therefore,
that precise column height observations should be
considered in an integrated framework of volcano
monitoring techniques, as was accomplished at
Mount St. Helens (Harris et al. 1981).
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The intensity measurements provided in this
study, and the associated correlation, provide a
new perspective with which to examine the prob-
lem of explosive eruption classification. Fedotov
(1985) has proposed an eruption scale that is
based solely on intensity. A singular parameter of
eruption scale is, however, not appropriate for
complex explosive eruption sequences, as pointed
out by Walker (1980). Two of the parameters pro-
posed by Walker, intensity and magnitude, can
now be quantified for both recent and ancient
eruptions. An eruption scale based on these two
measurements would provide a more informative
numerical description of an eruption. The VEI in-
dex of Newhall and Self (1982) is an attempt at
combining these parameters, and some others, but
the increments of the index are arbitrarily chosen
and assume a fixed inter-relationship of the var-
ious parameters. In Fig. 7 the subdivisions of the
VEI have been superimposed on our intensity/
magnitude plot. All of the eruptions in our data
set would be classified as VEI index 3 or greater.
There are several eruptions, however, which fall
outside of the VEI ranges. In particular, there is a
cluster of events with column heights in excess of
25 km but with magitudes less than 2.4 x 10'* kg.
In the absence of intensity determinations, these
eruptions would be classified as VEI 4, despite
the fact that they have column heights as high as
VEI 5 or 6 events. The current VEI magnitude
boundary between index 5 and 6 is very close to a
significant natural boundary of eruption types.
Eruptions of index 6 or greater are predominantly
caldera-forming events which generate major py-
roclastic flows.
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Fig. 7. Plot of eruption column height versus log of the total
erupted mass for Pleistocene and Recent plinian deposits. In-
tensity and magnitude boundaries of the Volcanic Explosivity
Index (VEI) from 2 to 7 are shown as a series of rectangles.
Note that many of the eruptions fall outside of the current VEI
boundaries
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Our analysis shows that although intensity
and magnitude are correlated, a wide range of
magnitude exists amongst eruptions of similar in-
tensity. Rather than adopt a simple scale for vol-
canic activity, we feel that both intensity and mag-
nitude should be stated wherever possible.

Conclusions

Modelling of pyroclast fallout shows that 45 plin-
ian eruptions of Pleistocene and Recent age var-
ied in intensity (rate of magma discharge) by three
orders of magnitude from 1.6x10° kg/s to
1.1x10° kg/s. The magnitudes of these same
eruptions, or the total mass of erupted material,
also varied over three orders of magnitude from
2x 10™ kg/s t0 6.8 x 10'* kg/s. A positive correla-
tion is found between the intensity of the plinian
fall phase and the magnitude of the entire erup-
tion (pyroclastic flows and surges included). This
is primarily attributed to differences in the degree
to which conduits/vents are enlarged during ex-
plosive eruptions by erosion. We suggest that the
extent of the conduit enlargement is a function of
the amount of magma expelled during the plinian
phase and is thus proportional to the total reser-
voir volume based on considerations of the be-
haviour of open magmatic systems by Blake
(1981). Chamber size also plays a role in deter-
mining the initial presure gradient which drives
magma out of the chamber to the surface. The ef-
fect is, however, a monotonic rise in pressure gra-
dient as the vertical extent is increased. Other fac-
tors, such as magmatic volatile content and vis-
cosity are likely to affect the primary correlation
in complex ways that blur, but do not obscure, the
overall effect of reservoir size.

The wide spectrum of eruption magnitudes
and intensities suggest at least two different ways
in which the style of plinian eruptions undergo
transitions to pyroclastic flow generation. Using
theoretical models of column collapse by Sparks
et al. (1978) and Wilson et al. (1980) as a frame of
reference, transitions from a convecting to a col-
lapsing column are likely to occur by either reduc-
tion of magmatic volatile content or large in-
creases in intensity. We speculate that the former
is typical of small and intermediate intensity plin-
ian eruptions whereas the latter is characteristic
of high intensity, caldera-forming events.

This study illustrates the potential of sustained
eruption column height as an indicator of ulti-
mate eruption magnitude and style. We therefore
believe that column height is an important param-
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eter to monitor in programs designed for volcanic
hazard assessment because of its predictive poten-
tial for the evolutionary sequence of plinian erup-
tions.
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