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Abstract. Explosive volcanic eruptions frequently generate fall and flow deposits
simultaneously, which can be attributed to a marginally stable atmospheric column
in transitional conditions between the buoyant and collapse regimes. This behavior
is reproduced by laboratory experiments and numerical simulations. Ten well-
documented eruptions are used to test theoretical models of explosive eruptions.
Three types of deposits, fall, flow, and composite deposits made of intercalated flow
and fall units, are observed in these eruptions. Estimates of mass discharge rate and
initial volatile concentration in the magma are available for each eruptive phase.
Using the simple assumptions that (1) the mass fraction of gas in the mixture
is equal to the initial volatile content of magma and (2) jet expansion outside
the vent is unconstrained by crater dimensions, theoretical predictions are not
‘consistent with the data. Agreement between data and theory may be achieved by
appealing to imperfect degassing of pyroclasts, which lowers the gas content of the
erupted mixture. The effective amount of continuous gas phase carrying pyroclasts
in suspension depends on the size distribution of pyroclasts. In coarse pyroclast
populations a large amount of magmatic gas remains trapped in bubbles within
the pyroclasts and is not involved in the bulk volcanic flow. A new regime diagram
based on estimates of the effective gas content in the erupted mixture allows good
agreement with the observations. For given mass flux and initial dissolved volatile
content, changes of the size distribution of pyroclasts may have a strong effect on

atmospheric column behavior.

1. Introduction

Explosive eruptions discharge huge amounts of pyro-
clasts carried by turbulent gas jets and generate tephra
deposits. Two end-member types of deposits have been
associated with different regimes for the atmospheric
eruption column. Fall deposits cover large areas and are
generated by the settling of pyroclasts from an umbrella
cloud fed by a high-altitude eruption column. Flow de-
posits are usually confined to valleys and record com-
plex depositional processes. Some flows are due to the
explosion of silicic lava domes and others are due to
avalanches of pyroclasts issued from eruption columns,
but we shall only deal with the latter kind here. Ac-
cording to theory, pyroclastic flow generation is due to
the collapse of an eruption column which exhausts its
upward momentum [Sparks and Wilson, 1976]. Field
observations show more complexity. Pyroclastic de-
posits are often made of intercalated flow and fall units,
e.g., Novarupta 1912 [Hildreth, 1987], Mount St. Helens
1980 [Criswell, 1987], Taupo 1.8 ka B.P. [Wilson and
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Walker, 1985], and Bishop Tuff 0.76 Ma [Wilson and
Hildreth, 1997]. Laboratory and numerical experiments
demonstrate that such characteristics can be gener-
ated by unstable Plinian columns in transitional condi-
tions between the buoyant and collapse regimes [Carey
et al., 1988; Valentine and Wohletz, 1989; Woods and
Caulfield, 1992; Neri and Dobran, 1994; Ernst et al.,
1996].

For the purpose of comparing model predictions and
observations it is useful to define three different regimes
for an atmospheric column. In the “buoyant” regime
the eruption column rises to large heights above the
vent, with only a few weak and dilute currents cascading
from its edges. The end result is a widespread fall de-
posit with volumetrically insignificant flow components.
When eruption conditions are close to those of column
collapse, a buoyant column still extends to high alti-
tudes, but it is unstable and generates powerful dense
currents. In this “transitional” regime fall and flow de-
posits are produced simultaneously. Finally, the “col-
lapse” regime is such that the column does not rise to
large heights and does not feed an umbrella cloud but
forms a collapsing fountain feeding pyroclastic flows.
The end result is a “pure” flow deposit without inter-
calated fall units.
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Theoretical models provide a quantitative link be-
tween field data and eruption characteristics. The erup-
tion regime may be defined by the values of three vari-
ables at the base of the atmospheric column: the mass
fraction of gas, the mean vertical velocity, and the col-
umn radius [Wilson et al., 1980; Woods, 1995]. For
an ancient eruption one may determine the values of
only two variables, the mass discharge rate, which is
determined from the characteristics of the pyroclastic
deposit, and the total volatile content of magma, which
may be obtained from phase equilibria and melt inclu-
sion studies. In the influential study of Wilson et al.
[1980], models of conduit flow were used to determine
relationships between eruption velocity and gas content.
One piece of information is lacking, the relationship be-
tween gas content at the vent and the total volatile con-
centration in the magma. The simplest procedure is to
equate the two, i.e., to assume that all the volatiles ex-
olve and collect into the gas phase. This framework
has been applied to the eruptions of Vesuvius, Mount
St. Helens, and Bishop Tuff [Carey and Sigurdsson,
1987; Carey et al., 1990; Gardner et al., 1991]. Model
calculations predict that the atmospheric columns were
well into the buoyant regime and fail to account for the
production of pyroclastic flows, contrary to field obser-
vations. This suggests that the theoretical models are
flawed or that the input parameters were not estimated
correctly.

In this paper, we review the basic elements of the
theory and assess uncertainties in the quantitative pre-
dictions. We review data and observations on 10 well-
documented eruptions and compare them to theoretical
predictions. Most fluid dynamical models have been
aimed at predicting flow conditions for given gas con-
tents. Here we stress that one also needs to evaluate
properly the relationship between the effective gas con-
tent of the erupting mixture and the total volatile con-
tent of the initial magma. We show that errors on the
gas content may be more critical than errors on the fluid
_dynamical models. We propose a new regime diagram
which accounts for the observations.

2. Ten Well-Studied Eruptions

We review a number of eruptions for which field ob-
servations are sufficient for a reconstruction of the erup-
tive history and reliable estimates of mass flux and for
which the volatile concentration of the initial magma
is known. These eruptions were chosen to encompass a
large range of mass discharge rate and volatile content.
All the available data are summarized in Table 1.

2.1. The 1980 Mount St. Helens

Detailed observations have been made for the Mount
St. Helens eruption sequence on May 18, 1980 [e.g.,
Carey et al., 1990]. Mount St. Helens started with two
pure buoyant phases (B1-B2 units) with an increasing
mass discharge rate and then produced strong pyro-
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clastic flows from a relatively high column (B3 unit)
before returning to a pure buoyant phase (B4 unit).
This sequence has been established after careful com-
parisons between direct observations of the eruption, at-
mospheric radar data, and studies of the pyroclastic de-
posits. Especially noteworthy is the decrease of column
height (as determined from the radar data) which oc-
curs as the eruption starts producing pyroclastic flows.
At that point in time, the eruption went close to col-
lapse conditions and is best described as making an in-
cursion into the transitional regime. Mass discharge
rate estimates for the buoyant phases were consistent
with column heights detected by radar [Carey et al.,
1990]. The careful reconstruction of the eruption se-
quence and detailed volumetric studies of the pyroclas-
tic deposit allow an estimate of the average mass dis-
charge rate in the transitional phase [Carey et al., 1990].
The initial magma had 4.6 wt % water and 40% phe-
nocrysts [Rutherford et al., 1985], and the deposits con-
tain &~ 10% lithics [Carey and Sigurdsson, 1982).

2.2. Vesuvius 79 AD

Vesuvius followed an evolution similar to that of
Mount St. Helens, starting with a buoyant column pro-
ducing several fall layers (levels 0.25W, 0.5W, 0.75W
and 1W of the white fall sequence) and evolving toward
more unstable conditions with the generation of surges
when magma composition changed (levels W/G-S1, S1-
52, 52-S3, S3-S4 of the gray fall sequence) [Carey and
Sigurdsson, 1987]. These later phases were character-
ized by the largest mass discharge rates and are best
described as transitional. The volatile contents of suc-
cessive phases were estimated for the changing propor-
tions of “white” and “gray” magmas [Sigurdsson et al.,
1990]. The gray magmacontained 18% phenocrysts and
4.7 wt % water, while the white magma contained 27%
phenocrysts and 3.5 wt % water. There were ~10%
lithics in the flow [Sigurdsson et al., 1985].

2.3. The 1912 Novarupta-Katmai

The Novarupta-Katmai eruption produced numerous
intercalated fall and flow deposits. During the first
episode (episode I, layers A and B of Fierstein and Hil-
dreth [1992]), the eruption evolved from a dominantly
buoyant regime with small pyroclastic flows (layer A in
the deposit) to an unstable phase with numerous ash
flows (layer B). At the same time, the magma compo-
sition was changing, from water-rich rhyolite to a mix-
ture of rhyolite and less evolved magmas with smaller
volatile contents [Westrich et al., 1991]. Thus, in this
case, the change of eruption regime coincided with a
change of volatile content. There was no sustained pure
pyroclastic flow phase, except perhaps at the very end of
episode I, when a small andesite-rich ash flow unit was
deposited. The intercalation of fall and flow units [Fier-
stein and Hildreth, 1992] indicates an unstable column
and suggests a transitional regime. Episode I ended by
the collapse of the summit caldera, which was recorded
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Table 1. Eruption Conditions®
Eruption (Deposit) M, kg s~! no, wt % ac, % o, wt % s, wt % Rg

Mount St. Helens 1980 (B1) 6.3x10° (1) 4.6 (2) 50 (2,3) 2.3 1.5 B
Mount St. Helens 1980 (B2) 1.3x107 (1) 4.6 (2) 50 (2,3) 2.3 1.5 B
Mount St. Helens 1980 (B3) 4.4x107 (1) 4.6 (2) 50 (2,3) 2.3 1.5 T
Mount St. Helens 1980 (B4) 1.6x107 (1) 4.6 (2) 50 (2,3) 2.3 1.5 B
Vesuvius 79 (0.25W) 6.1x10° (4) 4.7 (5) 28 (5,6) 3.4 2.2 B
Vesuvius 79 (0.5W) 9.2x10° (4) 4.6 (5) 29 (5,6) 3.3 2.1 B
Vesuvius 79 (0.75W) 1.7x107  (4) 4.5 (5) 29 (5,6) 3.2 2.1 B
Vesuvius 79 (1W) 7.1x107  (4) 4.0 (5) 32 (5,6) 2.7 1.7 B
Vesuvius 79 (W/G-S1) 1.5x10% (4) 3.5 (5) 37 (5,6) 2.2 1.3 T
Vesuvius 79 (S1-S2) 4.7x107  (4) 3.5 (5) 37 (5,6) 2.2 1.3 T
Vesuvius 79 (S2-S3) 10® (4) 3.7 (5) 36 (5,6) 2.4 1.5 T
Vesuvius 79 (S3-S4) 9.4x10° (4) 3.6 (5) 36 (5,6) 2.3 1.4 T
Katmai-Novarupta (A) 10® (7) 4.0 (9) 8 (7,9) 3.7 2.3 T
Katmai-Novarupta (B) 4.2x10* (8) 3.0 (9) 12 (7,9) 2.6 1.6 T
Katmai-Novarupta (CD) 2x10%  (7) 2.6 (9) 32 (7,9) 1.8 1.0 T
Katmai-Novarupta (FG) 4x10"  (7) 2.6 (9) 42 (7,9) 1.5 0.8 T
Taupo (Y2) 1.8x10% (10) 4.3 (11) 20 (11,12) 3.4 2.2 B
Taupo (Y5-6) 1.1x10° (10) 4.3 (11) 20 (11,12) 3.4 2.2 T
Taupo (Y7) 7.7x10° (10) 4.3 (11) 20 (11,12) 3.4 2.2 C
Nevado del Ruiz 5x107 (10) 3.0 (13) 60 (13,14) 1.2 0.7 T
Tambora (F2) 1.1x108 (15) 2.3 (15) 23 (15) 1.8 1.0 B
Tambora (F4) 2.8x10% (15) 2.6 (15) 23 (15) 2.0 1.1 B
Tambora (F5-S1) 5x10° (15) 1.4 (15) 23 (15) - 1.1 0.5 C
Minoan (Phase 1) 2.5x10% (16) 6.0 (16) 25 (17,18) 4.5 3.1 B
Fogo A 10% (10) 2.9 (19) 19 (19,20) 2.3 1.4 T
El Chichon (A) 8x107 (10) 6.0 (21) 45 (22) 3.3 2.3 B
El Chichon (B) 1.5x108 (10) 6.0 (21) 45 (22) 3.3 2.3 T
El Chichon (C) 8.5x107 (10) 6.0 (21) 45 (22) 3.3 2.3 T
Bishop Tuff (F1) 2x107 (23) 5.7 (24) 15 (25) 4.8 3.3 B
Bishop Tuff (F2) 1.2x10% (23) 5.7 (24) 15 (25) 4.8 3.3 T
Bishop Tuff (F3) 1.2x10% (23) 5.7 (24) 15 (25) 4.8 3.3 T
Bishop Tuff (F4) 1.2x10° (23) 5.7 (24) 15 (25) 4.8 3.3 T
Bishop Tuff (F5) 2x10° (23) 5.7 (24) 15 (25) 4.8 3.3 T
Bishop Tuff (F6) 2x10® (23) 5.7 (24) 15 (25) 4.8 3.3 T
Bishop Tuff (F7) 8x10® (23) 5.7 (24) 15 (25) 4.8 3.3 T
Bishop Tuff (F8) 2x10% (23) 5.7 (24) 15 (25) 4.8 3.3 T
Bishop Tuff (F9) 2x10% (23) 4.1 (24) 15 (25) 3.5 2.2 T

M is the mass discharge rate (peak value for eruptions in the transitional or buoyant regime and average value for eruptions
in the collapse regime), no is the total volatile content of the melt, a. is the percentage of crystals in the melt plus lithics
in the flow, 7, is the mass fraction of gas in the mixture (liquid+phenocrysts+lithics+gas) for complete degassing, =t is
the mass fraction of exsolved gas in the mixture at fragmentation for a threshold vesicularity of 70%, Rg is the column
regime: B, buoyant; T, transitional; and C, collapse. Numbers in parentheses are the references: 1, Carey et al. [1990];
2, Rutherford et al. [1985]; 3, Carey and Sigurdsson [1982]; 4, Carey and Sigurdsson [1987]; 5, Sigurdsson et al. [1990];
6, Sigurdsson et al. [1985]; 7, Fierstein and Hildreth [1992]; 8, Hildreth [1991]; 9, Westrich et al. [1991]; 10, Carey and
Sigurdsson [1989]; 11, Dunbar et al. [1989]; 12, Wilson and Walker [1985]; 13, Melson et al. [1990]; 14, Naranjo et al.
[1986]; 15, Sigurdsson and Carey [1989]; 16, Sparks and Wilson [1989]; 16, Cottrell et al. [1999]; 17, Druitt et al. [1989];
18, Pyle [1989); 19, Gardner et al. [1996]; 20, Walker and Croasdale [1970]; 21, Luhr [1990]; 22, Sigurdsson et al. [1987];
23, this study; 24, Wallace et al. [1999]; 25, Gardner et al. [1991].

by seismometers. Using the available time constraints,
Hildreth [1991] has estimated a mass eruption rate of
4.2x10% kg s™! for the emplacement of phase B ign-
imbrite. Later phases (episode II, layers C and D, and
episode I1I, layers F and G) probably also belong to the
transitional domain because there were several ash flows
while a fall deposit was accumulating [Fierstein and Hil-

dreth, 1992]. The last major phases (layers F and G)
involved mostly dacitic magma with smaller water con-
tents and smaller discharge rates than the first major
phase. The volatile contents of successive phases can
be estimated for the changing proportions of andesitic,
dacitic, and rhyolitic magmas, containing 1.2 wt %,
2.5 wt %, and 4 wt % water, respectively [Westrich
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et al., 1991]. Layers A, B, C-D, and F-G contain 3%,
10%, 30%, and 40% phenocrysts, respectively, and 5%
lithics [Fierstein and Hildreth, 1992).

2.4. Taupo

The Taupo eruption led to a complex deposit, labeled
Y by Wilson [1993]. Its first major phase (Hatepe Y2)
generated a uniform, nongraded and well-sorted fall de-
posit, which must therefore be attributed to a buoyant
column. The eruption then went through a complex
succession of phreatomagmatic phases. During the de-
position of units Y5 and Y6 it returned to dry condi-
tions with no external water involved. At that stage the
eruption was probably in a transitional regime because
ignimbrite layers are intercalated with fall units, indi-
cating that many pyroclastic flows were perturbing the
accumulation of the fall deposit. The eruption eventu-
ally switched to a major pyroclastic flow phase which
led to the deposition of the large Taupo Ignimbrite (unit
Y7). This phase was therefore in the collapse domain.
There was no detectable change of magma volatile con-
tent as the eruption regime was changing [Dunbar et al.,
1989]. The mass discharge rates for the two main phases
have been estimated using various techniques. Carey
and Sigurdsson [1989] used isopach maps to determine
peak values for the first, dominantly buoyant, phase.
For the climactic pyroclastic flow phase, Wilson [1985]
used velocity estimates deduced from field studies to-
gether with the total mass of the deposit and obtained a
mass discharge rate of 8x10° kg s~!. Bursik and Woods
[1996] used a theoretical model of pyroclastic flow em-
placement and obtained a value of 2x101% kg s™!. Wa-
ter concentration and phenocryst content are estimated
to be 4.3 wt % and <5%, respectively [Dunbar et al.,
1989]. There were ~15% lithics in the flow [ Wilson and
Walker, 1985].

2.5. The 1985 Nevado del Ruiz

The relatively short-lived buoyant phase of the Neva-
do del Ruiz eruption (=20 mn) generated an atmo-
spheric column which reached an altitude of ~30 km
[Naranjo et al., 1986]. Even for such a small event,
the discharge rate estimate derived from lithic isopleths
and steady state eruption models is in good agreement
with the value obtained from the total deposit volume
and eruption duration. The buoyant phase was rapidly
followed by pyroclastic flows and surges and hence was
close to a transitional regime. The initial amount of wa-
ter in the magma was 3 wt %, and the phenocrysts con-
tent was 40% [Melson et al., 1990]. There were ~20%
lithics in the flow [Naranjo et al., 1986].

2.6. The 1815 Tambora

The Tambora eruption started with a few buoyant
phases and switched abruptly to pyroclastic flow and
surge generation, indicating column collapse [Sigurds-
son and Carey, 1989]. This case is particularly inter-
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esting as it involves volatile-poor magma, with water
concentrations as low as 1.4 wt % in the late surge phase
[Sigurdsson and Carey, 1989]. The phenocrysts content
of the magma was 15%, and there were ~8% lithics in
the flow [Sigurdsson and Carey, 1989].

2.7. Minoan, Santorini

The initial phase (phase 1) of the Minoan eruption
produced a well-developed fall deposit with few traces
of pyroclastic flows or surges [Sparks and Wilson, 1989].
We therefore classify the column regime as buoyant. At
the end of this phase the eruption underwent a major
change of regime which is interpreted as phreatomag-
matic. The magmahad 6 wt % dissolved water [Cottrell
et al., 1999] and 15% phenocrysts [Druitt et al., 1989].
The deposits contain ~10% lithics [Pyle, 1989].

2.8. Fogo A

The deposit of Fogo A is an accumulation of thin fine-
grained interstratified layers [Walker and Croasdale,
1970], indicating the generation of pyroclastic flows
while a buoyant column was developing over the vent. It
is therefore classified as transitional. Estimates for the
eruptive parameters are 108 kg s™! for the peak mass
discharge rate [Carey and Sigurdsson, 1989], 2.9 wt %
for the initial dissolved water concentration, 5% for the
phenocryst content [Gardner et al., 1996], and 14% for
the amount of lithics [Walker and Croasdale, 1970].

2.9. The 1982 El1 Chichén

The initial phase (A) of the El Chichén eruption was
buoyant and had no associated surges, which puts it in
the pure buoyant regime. The two subsequent buoy-
ant phases (B and C) were accompanied by surges [Sig-
urdsson et al., 1987], which puts them in the transi-
tional regime. The initial magma had 6.0 wt % water
[Luhr, 1990] and 15% phenocrysts [Sigurdsson et al.,
1987]. The amount of lithics was large, ~30% [Sigurds-
son et al., 1987).

2.10. Bishop Tuff

The powerful Bishop Tuff eruption has been reeval-
uated recently by Wilson and Hildreth [1997]. The de-
posit 1s made of several distinct units but accumulated
without detectable breaks. The basal fall layer (F1) ap-
pears to be a pure fall deposit with negligible flow units,
corresponding to a buoyant regime. Large ignimbrites
are found at some intermediate level in the second fall
unit (F2). Thereafter, the deposit is of a composite na-
ture, with intercalations of fall and flow components,
indicating a transitional regime (F3 to F8). During
these phases the amount of water in the magma was
nearly constant, with an average value of 5.7 wt %
[Wallace et al., 1999]. Toward the end of the eruption,
after a short time break (between F8 and F9), erup-
tion resumed with a magma poorer in volatiles, with
4.1 wt % water [Wallace et al., 1999]. Ignimbrite lay-



KAMINSKI AND JAUPART: STABILITY OF PLINIAN COLUMNS

ers are largely dominant in that late phase, indicating
that the eruption was very close to the collapse regime.
We have estimated mass discharge rates using the col-
umn height estimates of Wilson and Hildreth [1997] and
the theoretical column models of Woods [1988]. The
amount of lithics in the deposit is ~56%, and the per-
centage of phenocrysts in the magma was ~10% [Gard-
ner et al., 1991].

2.11. Summary

This overview emphasizes that there is rarely a pure
buoyant phase and that pyroclastic flows and surges
are very often produced together with a Plinian fall de-
posit. This indicates that the eruptions were close to
collapse conditions in a transitional regime. There are
two clear-cut collapse cases at Tambora and Taupo, for
which there is no evidence for high atmospheric columns
feeding laterally extensive umbrella clouds.

3. Theoretical Models of Volcanic Flows

3.1. Velocity at the Base of the Atmospheric
Column

Eruption conditions at the vent depend on the shape
of the volcanic conduit. If the conduit has a constant
radius, the volcanic mixture is erupted with a sonic ve-
locity and a flow pressure larger than the atmospheric
value. In this case, conditions at the base of the atmo-
spheric column depend on the history of decompression
above the vent. If the jet decompresses freely, the basal
velocity Uy is supersonic at the end of the expansion
phase and takes the following value [ Woods and Bower,
1995]:

Up = 0.185Vvn RT, (1)

where T is temperature (in K), R is the perfect gas
constant, and n is the amount of water in the mixture
(in wt %). For an average temperature of 1200 K and
taking R=461.5 J kg=! K~! for water, the exit velocity

is (in m s71)
U; ~ 138 /. 2)

If decompression occurs in a deep and wide crater, the
resulting basal velocity is a complex function of erup-
tive mass flux and crater shape, and its value can cover
a wide range, from subsonic to supersonic values. If
the driving pressure gradient is lithostatic in the con-
duit, which requires a specific flaring shape, the volcanic
mixture is erupted at atmospheric pressure with a su-
personic velocity which is larger than the free decom-
pression value by a factor of ~2 [Wilson et al., 1980].
For the sake of argument, we will use the free decom-
pression estimate in section 3.2.

3.2. Atmospheric Column Behavior

Many fluid dynamical models of explosive atmospher-
ic column rely on “integral” formulations, in which the
problem is reduced to variations in the vertical dimen-
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sion\only and a closure equation is needed for the en-
trainment of air (see Appendix A). Others rely on more
complex sets of two-phase flow equations involving vari-
ous degrees of simplification and require more elaborate
numerical solutions [e.g., Valentine and Wohletz, 1989;
Neri and Dobran, 1994]. These models are sensitive
to grid size and closure equations for turbulence over
smaller length-scales [Oberhuber et al., 1998]. We know
of only one comparison between different models: Ner:
and Dobran [1994] show the conditions for column col-
lapse to be intermediate between the integral results of
Woods [1988] and Wilson [1976]. Integral models are
advantageous: They are easy to implement and key hy-
potheses are readily identified and modified. They do
provide satisfactory accounts of different types of ana-
log eruption experiments in the laboratory [Carey et al.,
1988; Woods and Caulfield, 1992]. They are also con-
sistent with direct observations on several natural erup-
tions [Naranjo et al., 1986; Carey et al., 1990; Sparks
et al., 1997]. '

Since the early integral model of Wilson [1976], new
treatments-of the dynamics of the lower part of the erup-
tion column, called the “gas thrust” region, have been
developed. Woods [1988] has proposed a more general
theory for turbulent entrainment, as discussed in detail
in Appendix A. In this theory the entrainment rate is
larger than in the original calculations of Wilson [1976)
and implies an enlarged domain for the buoyant regime.
For the purposes of comparing theoretical predictions
with field data it is important to determine the uncer-
tainties involved. For this, we consider several models of
entrainment in the atmospheric column. In Appendix A

we develop a slightly improved parameterization proce-

dure which leads to results intermediate between those
of Woods [1988] and Wilson [1976]. For the sake of dis-
cussion, we shall use both this new model and that of
Woods [1988].

The threshold velocity separating the buoyant and
collapse regimes may be calculated as a function of gas
content and basal jet radius (or, equivalently, as a func-
tion of mass discharge rate). If the eruption velocity is
smaller than this threshold value, the atmospheric col-
urmhn collapses and generates a pyroclastic flow. The
threshold velocity increases with decreasing gas con-
tent and increasing mass flux. Using the model of Ap-
pendix A, values of the threshold velocity V (in ms ~1)
are close to predictions of

V = (3.09-0.17n) M*/®, (3)
where M is mass discharge rate in kg s~! and gas con-
tent n is in wt %. For n between 0.1 and 7 wt % and
M between 10* and 10'° kg s=!, deviations from this
equation are less than £3%. With the Woods [1988]
entrainment model the threshold velocity is increased
by ~10%. Considering a maximum range of 0.06-0.12
for the entrainment constant, threshold velocity values
are within £20% of the predictions of (3).
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For the purposes of this study the different column
regimes are best defined with the usual variables of mass
discharge rate and gas content. Assuming free expan-
sion conditions and substituting for the basal velocity
(equation (2)) into the threshold velocity equation (3),
we obtain the following relationship between threshold
mass discharge rate and gas content:

138 nl/2 )"’

M= (3.09—0.17n “)

Using end-member models for entrainment (see Ap-
pendix A), we estimate that the maximum uncertainty
on the threshold mass discharge rate is about +50%.

Figure 1 summarizes theoretical predictions for the
eruption regime (buoyant or collapse) and is a revised
version of the diagram of Wilson et al. [1980]. Figure 1
relies on the amount of magmatic gas carrying the py-
roclasts in suspension at the base of the atmospheric
column. So far, however, we have only quoted data on
the total amount of gas dissolved in the magma prior to
eruption. Thus one additional step is required, which is
to specify the relationship between these two values of
gas content.

4. Comparison Between Model
Predictions and Observations

4.1. Ten Eruptions in the Regime Diagram

We use the simple hypothesis that all the magmatic
water exsolves and collects into the gas phase which car-
ries the pyroclasts. We then calculate the gas content
of the erupting mixture with due consideration for phe-
nocrysts and lithics (Table 1). Finally, we set the veloc-
ity at the base of the column to U; (equation (2)), corre-
sponding to “free expansion” basal conditions. Figure 2
shows the 10 eruptions described above, together with
the theoretical prediction for the threshold discharge
rate and the associated uncertainty of +50%.

All eruptions but two (Taupo and Tambora) are well
into the buoyant domain. The Tambora and Taupo
eruptions are shown as starting in the buoyant domain
and ending up at the boundary with the collapse do-
main. This should correspond to a transitional deposit
of interlayered fall and flow units, rather than the pure
flow deposit observed. For the eight other eruptions,
model predictions are not in agreement with the ob-
servations. The Bishop Tuff and Mount St. Helens
eruptions, for example, are far from the collapse do-
main with mass fluxes which are too low by more than
one order of magnitude. All the eruptions with tran-
sitional characteristics are also located very far from
the threshold curve. From these comparisons, it is clear
that the simple model of free decompression outside the
vent with complete exsolution of the magma is not able
to account for all the observations. Furthermore, one
may note that the parameters for several eruptions oc-

* sition between buoyant and collapse regimes, as a func-
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Figure 1. Threshold mass discharge rate for the tran-

tion of gas content in the volcanic mixture (in wt %).
Four different curves are given, corresponding to dif-
ferent models for entrainment into the turbulent atmo-
spheric column (see Appendix A). The top dashed curve
corresponds to an entrainment constant k=0.12, which
leads to an enlarged domain for the buoyant regime.
The bottom dashed curve corresponds to k=0.06, which
leads to an enlarged domain for the collapse regime.
The short dashed and solid curves correspond to the
models of Woods [1988] and Kaminski and Jaupart
[1997], respectively. These models lead to intermedi-
ate results between the k = 0.06 and k = 0.12 cases.

curring in different regimes (transitional or buoyant) are
almost identical. This indicates that other factors must
be considered, such as inaccurate data or flaws in the
theory.

4.2. Data Accuracy

In order to bring eruption conditions close to the tran-
sitional curve, one needs to decrease most estimates of
gas content by at least 2 wt % or to increase mass dis-
charge rates by at least one order of magnitude. Are
the data biased systematically?

Determinations of mass discharge rate are affected
by an uncertainty of about £50%. This may be demon-
strated using the differences between predicted and ob-
served column heights at Mount St. Helens [Carey
et al., 1990]. This is also shown by comparing end-
member calculations, as for the Minoan deposit; San-
torini [Sparks and Wilson, 1989], and by comparing in-
dependent estimation methods, as at Taupo [Wilson,
1985; Bursik and Woods, 1996].

The volatile contents of natural magmas may be es-
timated using melt inclusions within phenocrysts and
petrological analyses of coexisting phenocrysts. Both
yield similar results [Cottrell et al., 1999] with a typical
uncertainty of ~0.5 wt %. Improvements in experimen-
tal techriques have not led to significant changes, as
shown by successive studies of the Bishop Tuff [An-
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Figure 2. Eruptive conditions of the 10 eruptions of
Table 1 in the regime diagram. The threshold mass flux
for column collapse is given for the entrainment model
of Kaminski and Jaupart [1997] with an associated un-
certainty of +50% (shaded area). The small open sym-
bols correspond to eruptions occurring in the buoyant
regime, the shaded symbols correspond to eruptions oc-
curring in the transition regime, and the large solid
symbols correspond to eruptions occurring in the col-
lapse regime. BT, Bishop Tuff; TAM, Tambora; TAU,
Taupo; VES, Vesuvius; NR, Nevado del Ruiz; MIN,
Minoan; KN, Katmai-Novarupta; FA, Fogo A; MSH,
Mount St. Helens; and EC, El Chichén. Here the
Taupo.and Tambora eruptions evolve toward transi-
tional conditions, whereas they clearly ended in the col-
lapse regime. All the other eruptions are far from the
transition curve, contrary to the observations.

derson et al., 1989; Dunbar and Hervig, 1992; Wal-
lace et al., 1999] and of the Minoan eruption, Santorini
[Gardner et al., 1996; Cottrell et al., 1999).

One source of error may result from incomplete sam-
pling of an eruption sequence if the magma chamber
is stratified in volatile content. This problem is most
accute for large eruptions which eject a significant frac-
tion of the chamber contents. When the information
was available, each eruptive phase in Table 1 was as-
signed its proper volatile concentration, including those
of the enormous Bishop Tuff, Katmai, and Taupo erup-
tions. Detailed petrological studies have led Wallace
et al. [1999, p. 20,120] to conclude that “the mode of
emplacement (pumice fall versus pyroclastic flow) is un-
related to preeruptive dissolved volatile contents.”

The discrepancy between model predictions and ob-
servations may lead one to suspect some systematic
overestimation of volatile contents. However, the agree-
ment between independent results from different exper-
imental methods and different laboratories, as well as
their levels of uncertainty, does not support this hy-
pothesis. In this context, it is worth remembering
that volatile species other than water, such as COs,
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have been neglected in Table 1, implying that the total
amount of gas available is, in fact, slightly underesti-
mated.

4.3. Model Uncertainties

To develop a comprehensive flow model accounting
for all the processes involved in explosive eruptions is
a formidable task. Even the most sophisticated studies
of gas-particle turbulent jets fall short of the scale and
complexity of true eruption columns [Ishii et al., 1989;
Eaton and Fessler, 1994; Oberhuber et al., 1998]. How-
ever, an “exact” model may not be necessary because
the data themselves are not perfectly accurate. In such
conditions a fruitful approach is to evaluate the uncer-
tainties assoclated with the available integral models
and to compare them with those of the data.

Uncertainties in the closure equation for entrainment
in the dense basal region of an atmospheric column may
be responsible for an error of as much as 50% on the
threshold mass flux, as shown in section 4.2. Another
potential source of error comes from the assumption of
a homogeneous mixture, such that gas and suspended
pyroclasts are in thermal equilibrium. In reality, the
efficacy of heat exchange between these two phases is
limited by thermal diffusion through magma, with large
fragments shedding only part of their heat [Woods and
Bursik, 1991; Kaminski and Jaupart, 1997]. This re-
duces the average column buoyancy and hence favors
collapse. For most fall and flow deposits, however, the
average grain size is quite small [Woods and Bursik,
1991; Kaminski and Jaupart, 1998], implying that the
degree of thermal disequilibrium between gas and pyro-
clasts is small. According to the calculations by Woods
and Burstk [1991], for the appropriate values of average
grain size, <10% of the magmatic heat is not involved
in thermal exchange, and the threshold velocity value
for collapse is increased by only a few percent. This
may be considered negligible here.

Uncertainties in model predictions and data are of
comparable magnitude and too small to explain the
discrepancy between theory and observations shown in
Figure 2. The fault therefore does not seem to lie with
the integral models. As stated in section 3.2, they have
been tested succesfully against laboratory experiments
and direct observation of eruptive columns. The only
option left is to reevaluate the assumptions used to cal-
culate the input parameters for these models.

4.4. Velocity at the Base of the Atmospheric
Column

So far, we have assumed that the eruptive jet decom-
presses freely above the vent, but the situation can be
quite different in a crater. Depending on mass discharge
rate and crater dimensions, the flow may become sub-
sonic, which may lead to column collapse [Woods and
Bower, 1995]. However, several arguments suggest that
this explanation is not likely for the eruptions of Table 1.
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Kaminski and Jaupart [1997] have shown how pumice
vesicularity provides constraints on decompression rates
and hence eruption velocities. In the Bishop Tuff case
they found that eruption velocities must have been su-
personic.

The “crater” model really only applies to small erup-
tions, whereas the 10 eruptions of Table 1 were all quite
powerful. The two clear-cut collapse phases are as-
sociated with large mass discharge rates in excess of
5x10% kg s~!. In such cases, very deep craters would
be required to significantly reduce eruption velocities
[Woods and Bower, 1995]. For example, for the volatile-
rich Taupo case the crater would have had to be deeper
than 1 km, which seems unrealistic.

Constraints on crater generation are available for two
eruptions in our list. At Mount St. Helens in May
1980, a crater was formed in the initial “blast” which
destroyed the upper part of the volcanic edifice and did
not evolve further. The initial phases had an increasing
mass flux and nearly saw a switch to collapse condi-
tions [Carey et al., 1990]. The vent was relatively nar-
row, and free decompression above it would lead to a
jet with a 500-m radius, comparable to the size of the
crater [Woods and Bower, 1995]. In this case, the flow
probably separated from the crater walls and was not
affected by them. In the 1912 Katmai-Novarupta erup-
tion, caldera collapse did not affect the vent area, and
the crater mouth can be observed in the field. It has a
diameter of &2 km at the surface, and its depth extent
is unknown [Hildreth, 1987]. Such a wide crater prob-
ably had a small effect on expansion conditions above
the vent.

5. Gas Content of the Eruptive Mixture

During ascent in a volcanic conduit, magmadegassing
depends on the kinetics of several complex processes,
and only maximum efficiency can lead to complete ex-
solution. To evaluate the effective gas content of the
mixture, one must look at fragmentation and pyroclast
generation in detail. :

Bubbly magma undergoes fragmentation under con-
ditions which remain poorly understood. A discussion
of the various models proposed [Sparks, 1978; Webb and
Dinguwell, 1990; Gardner et al., 1996; Papale, 1999] is
outside the scope of this paper, and we use the simplest
criterion for fragmentation, such that the volume frac-
tion of gas in the mixture exceeds a critical threshold of
70%. This value is close the predictions of the relaxation
model of Webb and Dingwell [1990] for the viscous mag-
mas involved in the eruptions of Table 1 [Papale, 1999].
Using the solubility law and the equation of state for
water, a straightforward calculation then leads to the
fragmentation pressure and the mass fraction of gas at
fragmentation, z; [Wilson et al., 1980]. However, this
specifies the total amount of gas present, which is not
sufficient. There is an “internal” gas phase within the
vesicular magma fragments and an “external” continu-
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Trapped bubbles

Figure 3. Two end-members for the amount of gas
available in the mixture. If the bubbles form an inter-
connected network, all the gas dissolved in magma is
available. If the bubbles are trapped inside the frag-
ment, only the gas released by the fragmentation pro-
cess is available.

Open gas network

ous gas phase carrying pyroclasts in suspension. We de-
note by z4 the mass fraction of this external gas phase.

One must determine what happens to gas bubbles
within magma fragments after fragmentation, as the
flow goes through the final phase of ascent and decom-
pression (Figure 3). As shown by Kaminski and Jaupart
[1997], the decompression rate is so large that isolated
gas bubbles within a pyroclast cannot expand rapidly
enough to keep up with the external flow pressure. We
do know that bubbles become interconnected at some
stage because most natural pumices are permable when
collected on the ground. If this occurs in the conduit,
below the vent, pressure differences between the inter-
nal and external gas phases remain small at all times
and magma degassing can proceed to near completion.
In this case, one has 4, = #, (amount of continuous
gas phase equal to total amount of dissolved volatiles).
However, this is not consistent with analyses of matrix
glass from pumice samples, which provide evidence that
magma retains significant amount of volatiles in solu-
tion [Taylor, 1991; Westrich et al., 1988; Blank et al.,
1994]. In an earlier study, using a physical model for
the expansion of vesicular magma fragments, we have
argued that bubble interconnection occurs late in the
eruption sequence, upon quenching in the upper part of
the atmospheric column [Kaminski and Jaupart, 1997].
Laboratory studies on the behavior of vesicular magma
demontrate that quenching does indeed generates per-
meable pumice samples [Mungall et al., 1996]. A re-
alistic hypothesis is thus that the internal gas phase
remains isolated from the external one.

Fragmentation can be regarded as generating inter-
faces through bubbly magma, which separate individ-
ual fragments (Figure 4). Bubbles intersected by these
interfaces release their gas, which collects into the con-
tinuous external phase. Bubbles which are not inter-
sected remain trapped inside the fragments and do not
release their gas. Thus they form an independent inter-
nal gas phase. Further volatile exsolution and internal
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Figure 4. Fragmentation sequence in an explosive
eruption. - Fragmentation generates interfaces through
the bubbly magma and separates individual fragments.
Only the bubbles intersected by these interfaces release
their gas to form a continuous external phase.

gas expansion may occur during decompression before
exit into the atmosphere, but this gas remains trapped
within the fragments. Thus the mass of external gas re-
mains constant and equal to the amount at fragmenta-
tion. Kaminski and Jaupart [1998] have demonstrated
that for a mean bubble radius b the fraction of gas re-
leased by the formation of a spherical fragment of size
T 18
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Figure 5. Fraction of exsolved gas released at frag-
mentation as a function of the exponent of the power
law. For exponents larger than 3, the population of
pyroclasts consists mainly of ash particlees and a large
amount of gas is released. For exponent values smaller
than 3, pyroclasts are large, and the gas content of the
erupted mixture is small. Values of D in fall and flow
deposits are between 2.9 and 3.9 [Kaminski and Jau-
part, 1998]. Portions of the curve which fall outside
this range have been dashed.
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Only those fragments that are smaller than the bub-
bles cannot retain any gas. For typical bubble sizes
(<1 mm), this applies solely to ash particles, and hence
the amount of gas released at fragmentation depends
on the size distribution of pyroclasts.

The size distribution of pyroclastic populations fol-
lows a power law [Kaminski and Jaupart, 1998], such
that N(R > 7), the number of fragments larger than r
is given by

NR>7r) ocr™P, " (6)

where D is a positive exponent. The fraction of gas
released at fragmentation may be calculated as a func-
tion of D and as a function of the bubble size distri-
bution and the smallest fragment size. As discussed
by RKaminski and Jaupart [1998], provided that bub-
ble and fragment sizes are taken within realistic ranges,
the results are not very sensitive to the exact values
chosen. Figure 5 shows the fraction of gas released at
fragmentation and emphasizes that the limit , = z;
1s not valid for values of D less than 3.5. No pyroclas-
tic flow population meets this criterion, and very few
fall populations do [Kaminski and Jaupart, 1998]. This
argument demonstrates that the amount of continuous
magmatic gas may be much smaller than has hitherto
been assumed.

6. A Revised Regime Diagram

We have argued that crater formation did not affect
the powerful eruptions of Table 1 and hence propose
that in a majority of cases, free expansion conditions
provide the best approximation to real eruptive condi-
tions. In the case of imperfect fragmentation the thresh-
old mass flux for column collapse must be evaluated in

0 I ! I ! ! !
0 1 2 3 4 5 6 7

Initial dissolved gas content (wt %)

Amount of gas exsolved at fragmentation (Wt %)
N\

Figure 6. Amount of exsolved gas at fragmentation
as a function of the total amount of volatiles initially
dissolved. The curve has been calculated using the sol-
ubility law for water in rhyolitic magma. The threshold
value for vesicularity at fragmentation has been set to

70%.
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two steps. For an initial total amount of gas dissolved in
the magma, n,, one may first account for the presence of
phenocrysts and lithics to obtain z, the total amount of
gas in the mixture (liquid+phenocrysts-+lithics+gas).
One then calculates z; the amount of gas exsolved at
fragmentation for a given threshold vesicularity, using
a solubility law (Figure 6). Once z; is known, zy may
be calculated as a function of D, the exponent of the
grain size distribution (Figure 5). The threshold mass
flux is then obtained by setting n = z4 in(4).

Changing the amount of gas in the mixture changes
the threshold mass flux for column collapse but does
not affect significantly calculations for buoyant columns
in the Plinian regime. The reason for this is that at
high altitudes the gas phase is dominated by entrained
atmospheric air [Woods, 1995]. Thus mass discharge
rate estimates obtained from the characteristics of fall
deposits are reliable and can be used to test the new
threshold condition.

6.1. Taupo Eruption

The Taupo eruption is the only one for which all the
required data are available, including the grain-size dis-
tribution [Kaminski and Jaupart, 1998]. It also reached
the largest mass discharge rate known, for which crater
formation is least likely to have an impact on shallow
decompression conditions. Thus, one expects that the
free expansion model is close to the true eruptive con-
ditions. We use D=3.3 as appropriate for the pyro-
clast population in this eruption [Kaminski and Jau-
part, 1998], which corresponds to x4 = 0.8z (Fig-
ure 5). At Taupo the total initial amount of gas dis-
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Figure 7. Eruptive conditions for the Taupo eruption
if the mass fraction of the continuous gas phase in the
mixture is corrected for the size distribution of pyro-
clasts (data from Kaminski and Jaupart [1998]). The
model predicts a purely buoyant first phase, a second
phase evolving toward the transitional regime, and a
final phase marked by complete collapse, in agreement
with field observations.
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Figure 8. The ten eruptions of Table 1 in the new
regime diagram (see Figure 2 legend). The threshold
mass flux is calculated for a vesicularity of 70% at frag-
mentation, and for two extreme grain size distributions
(corresponding to power law exponents D = 2.9 and
D = 3.9). The two curves define a transitional region,
in which the column is likely to be marginally stable.
In this region the column behavior is highly sensitive
to the amount of volatiles, the mass discharge rate, and
the grain-size distribution of pyroclasts.

solved in the magma was n,=4.3 wt % (Table 1). Tak-
ing into account the phenocrysts and lithics, the amount
of gas in the mixture (liquid+phenocrysts—+lithics+gas)
was 2o = 3.4 wt %. From Figure 6 the amount of water
exsolved at fragmentation was z; = 2.2 wt %, which
leads to z; = 1.8 wt %. The amount of gas in the flow
at the vent was thus n = 25 = 1.8 wt %.

Figure 7 shows the evolution for the Taupo eruption,
with the new gas content estimate. The mass discharge
rate for the early Hatepe Plinian phase (Y2) still places
this eruption in the buoyant domain. However, the
Taupo pumice deposit (Y5) is now very close to the
transition curve, which suggests a transitional regime
with the simultaneous generation of fall and flow de-
posits. The climactic phase is well into the collapse
domain and hence is predicted to be in the pure pyro-
clastic flow regime. Such an eruption sequence is en-
tirely consistent with the observations summarized in
section 2.4.

6.2. Overview

The grain size distributions for the other eruptions of
Table 1 are not known. Kaminski and Jaupart [1998]
have shown that values of the power law exponent of
many pyroclast populations vary from 2.9 to 3.9. Using
a value for D allows us to draw a regime diagram using
the total amount of gas available, z, (which accounts
for lithics and phenocrysts). The value of 2.9 leads to
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the smallest gas contents (z4 = 0.16 z;) and thus pro-
vides the most favorable conditions for column collapse,
whereas the value of 3.9 corresponds to the most favor-
able conditions for a buoyant column (zg = 0.99 z;).
In Figure 8 the domain bounded by the two transition
curves for the two extreme values of the exponent de-
fines a transitional domain. According to the model,
all the eruptions of Table 1 should be in that domain,
which is indeed the case (Figure 8). The last phase of
the Tambora eruption now lies well within the collapse
domain, which is now consistent with the field observa-
tions.

In many cases, the eruptive conditions are close to the
buoyant/collapse transition region. Thus small changes
of the size distribution of pyroclasts, which lead to im-
portant changes of gas content (Figure 5), may deter-
mine which eruption regime ensues. Two eruptions with
the same mass flux and the same initial amount of gas
can occur in different regimes if their grain size dis-
tributions are different. On the whole, eruptions in
the collapse or transitional regimes should be associ-
ated with lower external gas contents than those in the
buoyant regime, which may be achieved simply by a
coarser fragmentation sequence. One therefore expects
that the power law exponents of fall deposit populations
are systematically larger than those of flow deposit pop-
ulations. This is indeed true [Kaminski and Jaupart,
1998].

7. Discussion

In explosive eruptions a key process is the intercon-
nection of bubbles within pyroclasts. Many authors
consider that this happens early in the conduit and that
volatile exsolution proceeds to completion [e.g., Cash-
man and Mangan, 1994]. We have given above several
lines of evidence which contradict this. Some authors
have recognized this and have considered values of gas
content which are smaller than the initial volatile con-
centration of magma. For example, in his study of the
1350 A.D. North Mono crater eruptions, Bursik [1993]
used volatile concentrations preserved in obsidian clasts
[Newman et al., 1988] to calculate directly the exsolved
gas content of each eruptive phase. However, one must
also account for the internal gas phase within vesicular
pyroclasts.

Plinian eruptions are well accounted for by available
models because the gas phase at high altitude is pre-
dominantly made of entrained atmospheric air. In con-
trast, the conditions for column collapse depend criti-
cally on the amount of magmatic gas and hence on the
details of flow and fragmentation in the volcanic con-
duit. They also depend on the dynamics of entrainment
in the lower parts of atmospheric eruption columns,
where the erupted mixture is denser than surrounding
air. Pyroclastic flow eruptions therefore provide strin-
gent constraints on processes occurring below the vent
and at small altitudes above the vent.
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We have emphasized that the size distribution of py-
roclasts plays an important role in the eruption process.
It should also be noted that pyroclasts carry most of the
momentum and heat of the eruptive jet. Momentum
and heat transfer from the fragments to the continu-
ous gas phase is a function of particle size. Woods and
Bursik [1991] have shown that coarse grain-size distri-
butions are in favor of column collapse because they act
to decrease the efficacy of thermal exchange between gas
and suspended particles. We have argued that such dis-
tributions are also in favor of column collapse because
they act to decrease the amount of external gas in the
mixture. Thus the two effects reinforce one another.
Therefore the grain-size distribution of pyroclasts is a
key variable and must be included in a realistic eruption
model.

8. Conclusion

In this paper, we have compiled data and field obser-
vations from 10 explosive eruptions in order to test fluid
dynamical models of eruptive column behavior. Model
predictions are in agreement with observations only if
one accounts for the amount of gas trapped in gas bub-
bles within pyroclasts. We present a new regime dia-
gram for the transition between buoyant and collapsing
column based on the effective amount of continuous gas
phase in the mixture. We have shown that the grain-
size distribution of pyroclasts plays a key role in erup-
tion dynamics because it controls the amount of gas
released at fragmentation. It also controls the transfer
of heat and momentum between gas phase and magma
fragments and hence is a key variable which must be
included in eruption models. Our arguments illustrate
the many different ways in which small objects such as
pyroclasts and bubbles within pyroclasts affect large-
scale destructive flows.

Appendix A: Entrainment in the Basal
Region of Atmospheric Eruption
Columns

Here we recapitulate and complete a few points al-
ready developed by Woods [1988, 1995] and Kaminsk:
and Jaupart [1997]. Predicting column collapse depends
critically on the rate at which the volcanic mixture be-
comes lighter as it mixes with surrounding air. In inte-
gral flow models this appears in the mass conservation
equation written as

4 (pUL?) = 2pa €L,

P (A1)

where p is the average jet density at height z above
ground, p, is the density of surrounding air, U is the
mean vertical velocity, L is the equivalent jet radius,
and ¢ is the entrainment rate.

All models of this sort depend on the relationship be-
tween the entrainment rate ¢ and the bulk flow charac-
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teristics. From dimensional arguments, one has e = kU,
which defines the “entrainment constant” k, and the
various hypotheses may be discussed with this constant.
For an eruption model one must consider three different
issues. One is that buoyant plumes, single-phase turbu-
lent jets, and particle-laden jets have different dynam-
ics [Hinze, 1975; Chung and Troutt, 1988; Papanicolaou
and List, 1988]. One other issue is that the flow velocity
structure, as defined, for example, by the radial profile
of vertical velocity, changes between the vent and the
fully developed region at some distance. Finally, the
density difference between the jet and its surroundings
may be large, which affects the efficacy of entrainment.

In the approximation that p is very close to pq, there
is a difference between the “basal thrust” and buoyant
parts of a column. In the former, close to the vent, the
flow is propelled by its momentum and behaves as a jet,
such that k ~ 0.06 [Papanicolaou and List, 1988]. Far-
ther from the vent, the column may become buoyant,
in which case k =~ 0.09 [Papanicolaou and List, 1988].
With dense particles, laboratory experiments suggest
that k ~ 0.12 [Carey et al., 1988; Ernst et al., 1996].
Wilson et al. [1980] used k& = 0.09, which is strictly
valid only for buoyant plumes.

In a volcanic conduit, flow is in fully developed tur-
bulence with a top-hat radial profile of vertical velocity.
Above the vent, in the atmospheric column, this profile
gradually changes toward a bell shape as entrainment
eddies develop at the edge of the jet. Radial profiles
of velocity, temperature, and density are defined by the
axis (r = 0) and by a dimensionless shape function f(r),
such that f(0) = 1 and f(r) tends to zero as r goes to
infinity. We assume that this dimensionless “shape”
function is the same for the three variables, which is a
valid approximation [ Turner, 1979; Woods, 1988, 1995].
For example, the mass flux is written as

pUnl? = /0 p(r)Ups f(r)2mrdr

Aoo [pa + Apr(T’)] UMf(’I’)Qﬂ‘T’dT, (AQ)

where Ap = p — p, is the excess density of the mixture
relative to ambient air and Appr = par — pa-

 Woods [1988] has extended Prandtl’s original theory
for jets to allow for density differences between the jet
and its surroundings. We rewrite the entrainment equa-
tion of Woods [1988] in its general form:

= () (2)

2 U Pa
where constant A takes the value of 1/8 = 0.125, as de-
termined from experimental data on single-phase turbu-
lent jets [Prandtl, 1954; Hinze, 1975]. This introduces
two factors: one is the radial profile, which appears

through ratio Ups /U, and the other is the density ratio.
We use the following form for the shape function f(r):

(A3)
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where §(z) provides a measure of column width at
height z. At the vent the top-hat velocity profile is
described by a large value of n. In this case, Uy = U,
and hence k = 0.06+/p/pa, or k ~ 0.06 for p = pa, as
appropriate for most experiments. For a particle-laden
jet in the self-similar fully developed region, n takes a
value of a4 [Chung and Troutt, 1988], and Uy =2U.
Thus k = 0.125+/p/pa, or k = 0.12 for p &~ pg, which is
consistent with the experimental results of Carey et al.
[1988] and Ernst et al. [1996].

The conservation equations are

d
7 UL?) = 2pgeL, (A5)
d
5 (L) = glpa—p) L%, (A6)
d
a—;(pc,,eUﬁ) = —paUL%g

U2\ d N

where 6 is the average jet temperature, Cp is the heat
capacity for the mixture, T is the atmospheric temper-
ature, C, is the atmospheric heat capacity, and g is the
acceleration of gravity. We do not allow for the settling
of particles, and the mass flux of pyroclasts is conserved.
We carry out calculations using the above entrainment
law and allowing the shape function f(r) to vary from
a top-hat profile (n > 1) at the vent, to n = 4, which is
valid for particle-laden jets. A variable exponent intro-
duces an additional unknown, and a fourth equation is
needed. At small heights above the vent, entrainment
only affects the outer regions of the jet and does not
reach into the core region. At the centerline, tempera-
ture therefore evolves by adiabatic decompression only,
and the mass fraction of fragments remains constant.
The equation for the centerline temperature s is

daM_ Pa 9

dz  pGCp

(A8)

The equations for the fluxes of mass, momentum, and
enthalpy are solved exactly as by Woods [1988], and we
add the centerline temperature. Thus we determine the
values of p, U, L, 6, and 0y at all heights. Using a
straightforward change of variables in the integrals, we
then write

pUL? = 2Up 621 (pa+ApM2"2/"), (A9)

pUZL? = 2U%6°1 (pa2-2/“ + ApM3_2/"’> . (A10)

pUOL? = 2Upr0ys0%1 (pa2_2/" + ApM3_2/"') (A1)
where I is

I= /000 rexp(—r")dr. (A12)
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From (A9)-(A1l), we obtain

f U

= Un (A13)
U B3 p2
W = Apni2-2I + p, .

Ratio 8/6 is known because § and 8 are both known
and Apys is given as a function of temperature and py-
roclast content [see Woods, 1988]). The value of n is
then obtained as the solution of (A14). Exponent n is
left to change until it reaches the value of 4 at some
height H. The value of H is not assumed and is an
output of the model. At that height, turbulence is fully
developed and the centerline becomes affected by mix-
ing with colder atmospheric air. For z > H, therefore,
(A8) is no longer valid and n is kept at the value of 4, as
appropriate for particle-laden jets [Chung and Troutt,
1988]. At greater heights in the atmosphere the concen-
tration of particles eventually becomes small, and the
eruption column may develop into a buoyant plume, for
which n & 2 [Turner, 1979]. By definition, column col-
lapse does not occur in the buoyant region, and hence
there is no need to provide a model for the transition
from n = 4 to n = 2. We determine the conditions
for which dense jets reach zero vertical velocity, which
corresponds to column collapse.

For the purposes of comparison, we have also taken
the entrainment law used by Woods [1988], i.e.,

1/2
k= 0.09 (ﬁ) .
Pa

With (A15) the rate of entrainment is larger than in our
model at small heights and smaller than in our model at
greater heights. The end result is that the quantitative
predictions are close to those of our model. We have
also considered end-member cases with constant values
of the entrainment parameter k set at the minimum
value of 0.06 and the maximum value of 0.12 (Figure 1).

(A15)
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