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SUMMARY

Deep submarine explosive volcanism has
been a topic of controversy for over 20
years. The role seawater pressure plays
in inhibiting volatile phase expansion
and thereby the depth of submarine
explosive eruptions has been the topic
of rigorous debate. Until now, the
water-vapour curve has been interpreted
to mean that the pressure exerted by the
overlying seawater column is significant
enough to inhibit explosive volcanism at
depth. This interpretation assumes that
pyroclastic eruptions cannot occur
below the critical point of seawater (31.5
MPa or 3.15 km water depth) in the
region of the two phase liquid-vapour
fields. In fact, most eruptions are inter-
preted to occur at depths much shallow-
er than 3.15 km, i.e., 0.5 to 1.0 km. What

has been ovetlooked, however, is that
volatile phase expansion (specific vol-
ume changes in P-T space) plays an
important, if not dominant, role in
explosive eruptions at depths greater
than this critical point. This controversy
has led to debate on the environment of
formation of volcanic massive sulfide
deposits (VMS), because “pyroclastics”
are recognized in both the footwall and
(or) hangingwall sequences of many of
them and are commonly interpreted as
reworked, mass-flow deposits from shal-
low water rather than of deep-water ori-
gin, i.e., they have no genetic relation-
ship with the formation and distribution
of VMS deposits.

To evaluate the possibility that
submarine eruptions can occur at depths
greater than 1 km, the 1-D numerical
model CONFLOW was used. This
program uses a specified melt composi-
tion, conduit diameter and length, and
the initial temperature and pressure at
the base of the conduit to calculate the
pressure gradient in a conduit of con-
stant cross-sectional area, the enthalpy
of the magma, the viscosity of the
volatile-magma mixture at specified P-T
conditions, the fragmentation depth
where the volume fraction gas is 75%
(v,= 0.75), and the exit velocity of the
volatile-magma mixture. Results of the
CONFLOW modelling support our
hypothesis that magmatic volatile phase
expansion is alone capable of providing
enough energy and high enough
melt/gas ratio, to initiate submarine
pyroclastic eruptions in silicic magmas
to the water depths typically associated
with VMS genesis, i.e., below the two-
phase (liquid-vapour) region for seawa-
ter.

RESUME
Le volcanisme sous-marin explosif a été
l’objet de controverse pendant plus de
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vingt ans. Le réle inhibiteur de la pres-
sion de I'eau de mer, et donc de la pro-
fondeur d’eau, sur I'expansion de la
phase volatile des éruptions sous-
marines explosives a été I'objet d'un
rigoureux débat. Jusqu’a maintenant, on
a supposé que linterprétation de la
courbe de pression de vapeur d’eau per-
mettait de croire qu’a partir d’une cer-
taine profondeur, la pression de la
colonne d’eau de mer était suffisamment
importante pour inhiber le volcanisme
explosif sous cette profondeur. Cette
interprétation implique qu’il ne peut y
avoir d’éruptions pyroclastiques en mer
a partir d’'une profondeur critique (31,5
MPa ou 3,15 km de profondeur) dans la
région de la courbe ou coexistent les
phases liquides et gazeuses. De fait,
dans la plupart des cas, on suppose que
les éruptions se produisent a des pro-
fondeurs bien inférieures a 3,15 km, soit
entre 0,5 et 1,0 km. Cependant, on a
négligé le fait que 'expansion de la
phase gazeuse (le volume spécifique
change dans le domaine P-T) joue un
réle important, voire déterminant, dans
le phénomene des éruptions explosives
aux profondeurs dépassant la pro-
fondeur critique. Cette controverse a
entrainé un débat sur milieu de forma-
tion des gisements de sulfures massifs
volcanogéniques (SMV), étant donné
qu’on retrouve des les séquences de
roches pyroclastiques de I’éponte
inférieure et/ou de 'éponte supérieure
de nombreux gisements SMV, linterpré-
tation générale voulant qu’il s’agisse de
gisements de mouvement de masse
remaniés en milieux peu profonds,
plutét que de milieux profonds - une
interprétation qui exclue toute relation
génétique concernant la formation et la
distribution des gisements SMV.

Dans le but d’évaluer la possibil-
ité que des éruptions sous-marines puis-
sent se produire a des profondeurs
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dépassant 1 km, on a eu recours au pro-
gramme de modélisation numérique 1D
CONFLOW. Ce programme permet de
tenir compte de la composition magma-
tique, du diametre et de la longueur du
conduit ainsi que de la température et de
la pression initiales a la base du conduit,
dans le calcul du gradient de pression
dans un conduit de lumiére constante,
de 'enthalpie du magma, de la viscosité
du mélange des composantes magma-
volatiles sous des conditions P-T
définies, de la profondeur de fragmenta-
tion ou le volume du gaz fractionné
atteint 75 % (v, = 0.75), de méme que de
la vélocité a la sortie du mélange des
composantes magmatiques-gazeux. Les
résultats de notre é¢tude de modélisation
par le programme CONFLOW appuient
notre hypothese selon laquelle la seule
expansion de la phase volatile pourrait
étre suffisamment énergique et avoir un
taux magma/gaz assez élevé pour pet-
mettre des éruptions pyroclastiques
sous-marines au sein de magmas siliceux
a des profondeurs d’eau typiques des
milieux de genése des gisements de
SMYV, soit sous les zones diphasiques
(liquides-vapeurs) en eaux de mer.

INTRODUCTION

Fiske and Matsuda (1964) were the first
to propose that submarine pyroclastic
flows can occur in submarine environ-
ments. Burnham (1983) then modelled
the kinetics of deep submarine pyroclas-
tic eruptions for rhyolitic tuff and tuff

breccia that underlie the Kuroko ores; it
was postulated that these were erupted
onto the sea floor at depths as great as
3500 m (Guber and Merrill, 1983).
However, Cas (1992) proposed that sub-
marine pyroclastic eruptions do not
occur at depths greater than a few hun-
dred metres because the pressure of the
overlying water column is sufficient to
suppress volatiles from instantaneous
expansion, thereby inhibiting pyroclastic
activity. Recent exploration of the deep
sea floor has documented occurrences
of explosive pyroclastic eruptions
(Wright et al., 1998, 2003; Worthington
et al., 1999; Bloomer et al., 2001; Fiske
et al., 2001; Yuasa and Kano, 2003).
Recent publications by Head and Wilson
(2003) and Wohletz (2003) give theoreti-
cal evidence that explosive magmatic
fragmentation, as well as other
magma/watet interactions, can occur at
significant depth.

The goal of this paper is to pres-
ent the current range of ideas on deep
submarine explosive volcanism and to
test the hypothesis that explosive silicic
eruptions can occur in the deep subma-
rine environment. The main focus is on
CONFLOW (Mastin and Ghiorso, 2000)
modelling, which is used to investigate
the depth limits of pyroclastic eruptions
in a subaqueous environment.

VOLATILES IN MAGMAS
Explosive eruptions are driven by the
expansion of volatiles of various origins,
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Figure 1. Experimental determination of water and carbon dioxide solubility in
basaltic and rhyolitic melts at typical magmatic temperatures and pressures. Water
solubility (a,) shown by solid lines and carbon dioxide solubility shown by dashed
line; tie lines show the relationship between the maximum water and carbon dioxide
solubilities (modified after Holloway and Blank, 1994).

whether they are exsolving from magma
or introduced from an external source
(surface or meteoric water). The main
volatiles dissolved in magma are H,O,
CO,, and SO,; other minor dissolved
volatiles include H,, CO, COS, H,S, S,,
O,, HCI, N,, HE, HB, HI, metal halo-
gens and noble gases (Fisher and
Schmincke, 1984). Volatiles influence
the crystallization temperature and min-
eral assemblage in the magma, as well as
other physical properties, such as density
and viscosity. The solubility, or maxi-
mum amount of dissolved volatile
species in the magma, is governed by the
pressure, temperature, and composition
of the melt. Melts containing less than
the maximum amount of dissolved
volatiles at a given set of pressure and
temperature conditions are considered
to be undersaturated, a phenomenon
dominating most magmas from source
region to emplacement site.

The solubility of water in silicate
melts is known for many magma types;
this can be approximated by Cg = kP03,
where Cg is the saturated concentration,
k is the solubility constant, and P is the
pressure. Water dissolved in silicate
melts occurs as hydroxyl groups (HO")
and as molecular water (H,O; Stolper,
1982, 1989). Their relative proportions
vary systematically with total water con-
tent; in silicate melts that have low water
contents, virtually all water occurs as
hydroxyl groups and the proportion of
molecular water increases as the water
content increases (Wallace and
Anderson, 2000). The activity of water
in silicate melts varies as a function of
P-T conditions and composition. In
general, as the pressure and temperature
of the melt decrease, the activity of
water increases (Fig. 1). The solubility is
greater in silica-rich melts (thyolite) than
in silica-poor melts (basalts) at typical
melt temperatures and pressures above
50 MPa (Holloway and Blank, 1994; Fig,
2).

The solubility of carbon dioxide
in silicate melts has a similar relationship
to that of water but is an order of mag-
nitude smaller (Fig. 2). The lowered sol-
ubility of carbon dioxide in silicate melts
is a function of melt structure and car-
bon dioxide availability in the crust or
mantle where the melt is generated. Like
water, carbon dioxide dissolves in silicate
melts in two separate species, carbonate
(CO5%) and carbon dioxide molecules
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(CO,). Unlike water, carbon dioxide
speciation is controlled by the bulk com-
position of the silicate melt. Molecular
carbon dioxide is mote soluble in silica-
rich melts (Fogel and Rutherford, 1990;
Blank et al., 1993) than in silica-poor
melts where carbonate is the dominant
species present (Fine and Stolper, 1980).
Chlorine is another important
volatile constituent in silicate melts, in
that it affects the solubility of other
volatile species. The solubility of chlo-
rine is complex because a silicate melt
can be saturated with an immiscible
alkali chloride (molten salt; Koster van
Groos and Wyllie, 1969). In the pres-
ence of water, the alkali chloride melt
will also contain dissolved water. The
solubility of chlorine in silicate melts is
strongly dependant on silicate melt com-
position, and the solubility increases
with increasing (Na + K)/Al values
(Kotlova et al., 1960; Ryabchikov, 1963).
Chlorine solubility varies with tempera-
ture, pressure, dissolved water content,
and silicate melt composition (Kilinic
and Burnham, 1972; Webster and
Holloway, 1988; Shinohara et al., 1989;
Malinin et al., 1989; Kravchik et al.,
1998), but it generally is an order of
magnitude less than carbon dioxide.
This solubility is intermediate between
water and carbon dioxide in silicate
melts that are saturated in the volatile
phase; maximum chlorine solubilities
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Figure 2. P-T projection of phase rela-
tions in the system NaAlSi;Og-H,O.
The lines show the solubilities of H,O
and CO, as a function of pressure in
this system (modified after Burnham,
1979).

range from several ppm to ~ 2 wt. %
(Carroll and Webster, 1994). It is impor-
tant to note that chlorine will strongly
partition into the exsolved volatile phase
of silicate magmas; experimental studies
indicate that the concentration, by mass,
of chlorine in the vapour phase can be 5
to 20 times greater than the mass parti-
tioned into the melt (Roedder, 1984).
The formation of a saline-rich exsolved
phase plays an important role in the for-
mation of hydrothermal ore deposits
and also plays an important role in the
phase equilibria of water in such sys-
tems.

BUBBLE GROWTH AND NUCLEATION
The steady state crystallization of anhy-
drous phases in a magma chamber caus-
es the remaining melt fractionation to
become saturated or even supersaturated
in volatiles leading to an increase in the
volatile pressure. If the volatile pressure
exceeds the confining pressure of the
magma, then vesiculation (bubble nucle-
ation and growth) can occur and the
volatile phase is exsolved from the
magma. The confining pressure may be
atmospheric, hydrostatic, lithospheric or
a combination of two of them, depend-
ing on the eruptive setting. Supersat-
uration of the volatile phase may occur
via rapid crystallization of anhydrous
phases in the melt or via rapid decom-
pression of the magma chamber, which
increases the liquidus and solidus of a
particular melt, and decreases the maxi-
mum volatile solubility.

The presence of bubbles in the
magma is not sufficient to cause an
explosive eruption in and of itself, but
plays a critical role in magmatic frag-
mentation where reservoirs build up
magmatic gases. There are two end
member mechanisms for bubble nucle-
ation: homogeneous and heterogeneous.
The former requires spontaneous nucle-
ation of the volatile phase in a supersat-
urated crystal-free melt, whereas the
later requires a nucleation site in a satu-
rated melt.

Classical homogenous nucleation
theory states that a bubble must reach a
critical size radius (R ;) above which
nuclei are stable and additional bubble
growth can occur (Zettlemoyer, 1969).
The critical bubble size occurs where the
energy decrease, resulting from the cre-
ation of the volatile phase, more than
offsets the energy required to maintain

the volatile-melt interface (Fig. 3a).
Homogeneous nucleation of bubbles
requires extremely high supersaturation
because there is a kinetic bartier to
nucleation; therefore, the magma must
rise in the conduit above the volatile sat-
uration level before bubbles can form
(Fig. 3b), or the chamber must decom-
press. In silicic melts where decompres-
sion is the saturation mechanism, homo-
geneous bubble nucleation requires rapid
decompression, i.e., greater than 90-150
MPa, which leads to extreme water
supersaturation and disequilibrium
degassing (Mangan et al., 2004). In
these magmas, the higher the bubble
content, the faster is the decompression
rate (Mourtada-Bonnefoi and Laporte,
2004). In highly viscous melts, the
decompression rate may be too slow for
bubble growth to maintain melt-bubble
equilibrium, causing the melt to become
extremely supersaturated in the volatile
phase (Gardener et al., 1999). Whatever
the mechanism, the delay in bubble
nucleation causes supersaturation of
volatiles in the melt phase and results in
catastrophic nucleation, concentrating
the energy from expansion into a very
short time interval, which leads to highly
explosive eruptions.

There is no kinetic barrier to
heterogeneous nucleation of bubbles;
therefore, the exsolution surface (level in
the chamber or conduit) is synonymous
with the saturation surface because
volatiles exsolve during magma ascent
(Fig. 3c). Heterogeneous nucleation
models assume equilibrium degassing
during magma ascent; heterogeneous
nucleation may occur on growing crys-
tals (Hurwitz and Navon, 1994).
Published experimental data show that
heterogeneous bubble nucleation is trig-
gered by 0.001-1 MPa/s decomptession
with pressure changes less than 5 to 20
MPa in water-saturated rhyolite and
leads to equilibrium degassing (Mangan
et al., 2004; Mourtada-Bonnefoi and
Laporte, 2004).

Once nucleation occurs, bubbles
continue to grow in the melt as the
magma approaches fragmentation. This
growth is controlled by the diffusion of
volatiles toward the bubble-melt inter-
face, and viscous resistance to bubble
expansion by the melt (Sparks, 1978;
Hurwitz and Navon, 1994). At constant
pressure, bubble growth occurs in two
steps: exponential (viscosity-limited)
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growth and parabolic (diffusion-limited)
growth. Bubble growth is initially expo-
nential, when volatile diffusion is rapid
and the bubble radius increases at a rate
limited by the melt viscosity (Navon and
Lakhovsky, 1998; Gilbert and Sparks,
1998). Bubble growth becomes parabol-
ic when the growth rate is limited by
volatile diffusion because the equilibrium
saturation pressure in the bubble cannot
be maintained by the flux of water
through the bubble-melt interface
(Gilbert and Sparks, 1998; Navon and
Lakhovsky, 1998).

Over long intervals, bubble
growth will be influenced by the proxim-
ity of neighbouring bubbles and may
diverge from the parabolic growth
model. Bubble growth is also controlled
by the rate of decompression relative to
rates of exponential- and parabolic-lim-
ited growth (Cashman et al., 2000).

(a)

Rapid decompression causes bubble
growth to be out of equilibrium with
the melt leading to supersaturation con-
ditions that are important in magmatic
fragmentation and may cause large
decreases in melt viscosity.
Experimental studies show that at high
water contents a bubble maintains equi-
librium with the melt, but at low water
contents growth is inhibited by high-
melt viscosities (Sparks, 1978; Sparks et
al., 1994; Proussevitch and Sahagian,
1998; Proussevitch et al., 1993, 1996;
Hurwitz and Navon, 1994; Toramaru,
1995; Jaupart, 1996; Lyakhovsky et al.,
1990).

It is unlikely that in a natural sys-
tem a homogeneous end member type
of bubble nucleation will occur alone,
because nucleation mechanisms are a
function of magma crystallinity and
decompression rates (Mangan et al.,
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Figure 3. Bubble Nucleation. (a) Total energy vs. bubble radius; bubbles must
reach a critical radius size for bubble growth to occur. (b) Schematic diagram of
homogeneous nucleation in the conduit, note that the exsolution surface (level) is
significantly higher than the saturation surface indicating that melts must be super-
saturated in volatiles before nucleation and bubble growth can occur. (c) Schematic
diagram of heterogeneous nucleation in the conduit, note that the exsolution and
saturation surfaces occur at the same height in the conduit (modified after Cashman

et al., 2000).

2004). The formation of crystal phases
in the magma chamber during fractiona-
tion will favour heterogeneous bubble
nucleation. Where the crystal contents
are low, isolated homogeneously nucleat-
ed bubbles will form because heteroge-
neously nucleated bubbles cannot keep
pace with magmatic decompression.
The magma crystallinity and decompres-
sion rate also control whether the erup-
tive degassing occurs carly (deep) under
quasi-equilibrium conditions or late
(shallow) at extreme supersaturation
(Mangan et al., 2004).

FRAGMENTATION OF MAGMA
Fragmentation of magma has been cov-
ered by many authors (Alidibirov and
Panov, 1994; Klug and Cashman, 1994;
Gardner et al., 1996; Alidibirov and
Dingwell, 1999; Papale, 1999; Martel et
al,, 2001; Gonnermann and Manga,
2003), but a general treatment can be
found in Cashman et al. (2000).
Fragmentation of magma, seusu stricto, is
the transformation of magma from lig-
uid foam with dispersed gas bubbles to
gas with dispersed liquid drops or isolat-
ed particles (Cashman et al., 2000).
Magma disruption is caused by overpres-
sures within the bubbles at the fragmen-
tation surface (Sparks, 1978). The frag-
mentation surface occurs where gas
occupies 68 to 93% of the available vol-
ume, based on the experimental results
of Papale (1999), with higher values cor-
responding to mafic melts and lower val-
ues to silicic ones. Fragmentation of
magma is accompanied by a large densi-
ty decrease, reflecting the change from
magmatic to hydrostatic volatile pres-
sures, thereby producing a large volume
increase. It is the expansion of the
volatile phase following exsolution and
magmatic fragmentation which produces
the kinetic energy required to accelerate
the magma-volatile mixture to the sur-
face producing an explosive eruption.
There are two models to
describe magmatic fragmentation: rapid
acceleration and rapid decompression.
Fragmentation resulting from rapid
acceleration of magma is caused by the
expansion of the volatile phase, thereby
producing magmatic foam. Once the
bubble walls become sufficiently thin,
the magmatic foam becomes unstable
and begins to break apart. The frag-
mentation of the magmatic foam is vio-
lent and causes the bubble clasts to col-



Volume 33 Number

lide against the conduit wall and with
each other resulting in finely dispersed
fragments (Cashman et al., 2000).
Fragmentation resulting from rapid
decompression of the magma causes a
bubble row at the edge of the foam to
fail by rupture or solid fracture when
low ambient pressures are reached.
Rupturing of the initial row causes lower
bubble rows to fragment in the same
fashion leading to a sequential inward
progression of the fragmentation
process. This type of fragmentation
best explains volcanic blasts where the
depressurization front moves downward
rapidly (several tens of metres per sec-
ond; Cashman et al., 2000).

THE GENERATION OF PYROCLASTIC
MAGMATISM AND SUBAQUEOUS
PYROCLASTIC FLOWS
Pyroclastic eruptive systems consist of
(a) a gas/pyroclast mixture extending
from the level of the disintegrating
magma column to the point of extru-
sion and (b) a visible eruption column
(Fisher and Schmincke, 1984).
Pyroclasts are produced by the explosive
fragmentation of magma; this fragmen-
tation occurs in the magma conduit or at
high levels in the magma chamber (Fig.
4). Pyroclasts are deposited by fallout,
flow and surge mechanisms. Each dep-
osition mechanism may occur in a sub-
aerial or submarine setting, although in
the latter it is likely that pyroclasts are
reworked to some degree and thus are
classified as volcaniclastic deposits.
Pyroclastic flows may be formed
either subaerially or subaqueously and
are generated by dome collapse, erup-
tion column collapse, or a boiling over
eruption (Cas and Wright, 1987); water
acts as an efficient sorting medium for
pyroclastic eruptions. Deposits resulting
from eruption column collapse in a sub-
aqueous environment are generally
depleted in fine pyroclastic material,
reflecting elutriation of this material via
hydraulic sorting during flow movement
(Fiske and Matsuda, 1964; Stix, 1991;
McPhie et al., 1993). Pyroclastic flow
deposits from boiling-over eruptions are
commonly less depleted in fine material,
reflecting the reduced interaction with
water during flow movement (McPhie et
al., 1993; Gibson et al., 1999). A full
treatment of the deposits generated by
pyroclastic eruptions in the deep sub-
aqueous environment is beyond the

scope of this paper.

An important consideration in
the generation of pyroclastic flows and
their deposits in the deep marine envi-
ronment is heat retention. Dr. R.S.
Fiske (personal communication, 2005)
has been looking for hard evidence of
heat retention in submarine pyroclastic
deposits. In a number of Japan Agency
for Marine-Earth Science and
Technology (JAMSTEC) cruises, he has
examined many dredged hauls and

viewed hundreds of hours of dive tapes,

but has never observed any evidence of
welding or sintering. Since water has a
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very high heat capacity and thermal con-
ductivity compared to air, magma inter-
acting with water causes quench granula-
tion if the encounter is sufficiently ener-
getic (Thorarinsson, 1967; Moore et al.,
1973; Kokelaar, 1986) or if melt
domains are very small (Carlise, 1963).
For pyroclastic eruptions of magmatic
of phreatomagmatic origin, the high heat
capacity and thermal conductivity of
water leads to rapid heat transfer and
potentially to another phase of fragmen-
tation (Gudmundsson, 2003). More
importantly, pyroclastic eruptions into a
water column cause the rapid cooling of
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Figure 4. Models for subaqueously deposited pyroclastic flows. (a) Pyroclastic
flows of subaerial origin. (b) Pyroclastic flows of subaqueous origin at shallow
depths (up to 1 km). (c) Pyroclastic flows of subaqueous origin in deep water (4 km)

(modified after Schneider, 2000).



pyroclasts because of the thermal prop-
erties of water, explaining the lack of
evidence for heat retention in deep sub-
aqueous pyroclastic flows. However, in
rare cases the pressure of the overlying
water column may be high enough to
produce tufflava (tuff-like/lava-like
rocks) that contain evidence of heat
retention (cf., Downey, 2005).

BURNHAM MODEL

Burnham (1983) proposed that highly
explosive eruptions can occur from shal-
low crustal magma chambers at water
depths as great as 3.5 km. During these
eruptions, the energy released is a result
of rapid crystallization in the chamber,
which exsolves water and other volatiles,
and it is high enough to drive a major
explosive eruption. This hypothesis is
illustrated by a series of mathematical
equations that Burnham (1983) used to
model the energy released from the
exsolution of water in rhyolitic magma.
In silicic melts that contain more than a
few tenths of 1 wt. % H,O, the rate of
exsolution of water (vesiculation) is suf-
ficiently rapid to contribute to the explo-
sivity of pyroclastic eruptions.

The principal factor controlling
the exsolution is the diffusivity (D) of
water in a melt; diffusivity is inversely
dependant on viscosity () and viscosity
is inversely dependant on the water con-
tent of the melt (Burnham, 1967). This
relationship is best modelled by the
Eyring relation (Rubie et al., 1993):

K, T
D==" 1
e 0

where K is Boltzmann’s constant, T' is
absolute temperature, and A is jump dis-
tance. Burnham uses the Stokes-
Einstein relation:
pokil
6rrn @

to model the diffusivity of water in sili-
cate melts; however, this relation is not
the best model because it does not relate
the diffusivity of any particular species
to viscosity. Regardless of which rela-
tion is used, the rate of water migration
(dx/di) should increase with increasing
water content. Only a few weight per-
cent of water are required to make exso-
lution of water from a rhyolitic magma
an instantaneous process (Fig. 5), based
on the experimental work of Burnham
(1967) and Murase and McBirney (1973).

In a silicic magma chamber, with
an initial water content greater than 0.5
wt. %, cooling inward from the margins
results in the crystallization of anhy-
drous minerals leading to saturation of
water in the melt phase (Burnham,
1983). Further crystallization will lead
to exsolution of water by resurgent (sec-
ond) boiling (H,O-saturated melt —
melt + H,O vapour). The mechanical
energy released during crystallization of
anhydrous phases can be calculated for
various pressures from the equation:

RFST(1—2.3x10*9P)
F’ w t -1
P AV, =[ . J ergs-kg
—331;(1—Fjv)
©)

£,
whete R is the gas constant (4.61 X108
erg - K1 -kgl), P, is the total pressure
in MPa, Al”,is the volume change in
cm3 = kgl FY_ is the mass fraction of
exsolved water vapour, I, is the mass
fraction of water in the melt phase at
saturation, and T is the temperature in
Kelvin. If crystallization occurs prior to
water saturation, the P,Al, must be
reduced in proportion to the remaining
fraction of the melt at saturation.
Burnham (1983) postulated that a signif-
icant overpressure is generated during
vapour saturation, which can cause ten-
sional fracturing of the wall rocks and
lead to catastrophic decompression.
Sufficient mechanical energy is produced
during this process to cause tensional
fracturing of wall rocks at pressures in
excess of 100 MPa.

The mechanical energy released
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Figure 5. The time required for the
nucleation and growth of water bubbles
greater than 10 u in diameter in rhyolitic
melts, as a function of melt viscosity
(modified after Burnham, 1983).

by the exsolution of additional water, as
a result of decompression related to the
failure of wall rocks, is adequate to pro-
duce pyroclastic eruptions at significant
depth. This can be derived from equa-
tion 3, by dropping the last term that
represents the change in volume upon
crystallization (-Al7,) from the melt
during resurgent boiling. The equation
then becomes:

PAV, =F) [4.6l><108 T(1—2.3 x10"7p )] ergs-kg™

f
@
where ¥, = 1.

Decompression related to wall
rock failure results in the expansion of
already exsolved water bubbles and the
exsolution of additional water. The
energy associated with bubble expansion
can be approximated by the ideal gas
law, in the form:

—p _ 3.0 fol
P, AV, —F“,I.RT|:1 (Pf/Pz)] cm’ -bars -kg

©)
where Prand P; are the final and initial
pressurés, respectively, A7, is the vol-
ume expansion of water upon decom-
pression from P; to Py, I, :is the mass
fraction of water initially present as bub-
bles, R is the gas constant, and T'is the
temperature in Kelvin. The energy asso-
ciated with the exsolution of additional
water is given by the equation:

PAV,=F,F, [4.61><109 T(l —23x10710 P, )]ergykg"

m = owf

©)
where F,, is the mass fraction of melt
undergoing water exsolution, I, ris the
mass fraction of water exsolved during
decompression from P; to Pr. Thus,
Burnham concludes that thé maximum
total energy released from water-saturat-
ed magma at depth is sufficient to pro-
duce an explosive pyroclastic eruption
upon decompression and rapid expan-
sion of the gas phase. Notably, more
energy was released during the eruption
of the tuffs in the Kuroko district in 3.5
km of water than from the subaerial
Mount St. Helens blast (Fig. 6).

CAS MODEL

Cas (1992) discussed the constraints on
eruption styles including the maximum
depth that explosive pyroclastic erup-
tions can occur. He emphasized the role
that the ambient conditions play in the
inhibition of deep submarine pyroclastic
eruptions, i.c., the overlying hydrostatic
pressure is greater than the pressure of
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the magmatic volatiles. Thus the explo-
sive expansion (two-phase liquid-vapour
field) of superheated seawater in contact
with erupting magma is inhibited. This
conclusion is reached by his examination
of the water liquid-vapour curve, mainly
the significance of the critical point of
water. The critical point of water is the
point at which there is no distinction
between the liquid and vapour phases
(supercritical fluid); for pure water it is
21.6 MPa (2.16 km water depth) and for
seawater it is 31.5 MPa (3.15 km water
depth; Sourirajan and Kennedy, 1962).
The critical point of carbon dioxide is
75 bars equivalent to 750 m water depth,
significantly less than water. Cas (1992)
concludes that explosive eruptions must
occur at a seawater depth much shallow-
er than the critical point, i.c., between
0.5 to 1.0 km for most magmas, because
water is exsolved in the liquid state
(Moore, 1965) and the fluid pressure of
the exsolving volatile phase is not high
enough to expand explosively against the
ambient hydrostatic seawater pressure.
However, what he failed to consider is
that magmatic water exsolved at P-T
conditions above the critical point will
exist as a superctitical fluid (Fig, 7), caus-
ing orthomagmatic volatile expansion
and melt fragmentation. Supercritical

fluids have a significant volume change
upon crossing into the liquid field (Fig;
7).

MODELLING USING CONFLOW

To evaluate the conditions necessary for
a submarine pyroclastic eruption to
occur at depths of greater than 1 km
and even those greater than 3.5 km
(beyond the critical point of seawater),
we applied the 1-D numerical model
CONFLOW (Mastin and Ghiorso,
2000). This program models the steady-
state, non-separated flow of magma-
H,O mixtures through a cylindrical, ver-
tical eruptive conduit of constant cross-
sectional area where no heat is trans-
ferred across the conduit walls during
eruption under equilibrium conditions.
Details of the CONFLOW model and
equations used can be found in
Appendix 1.

For our modelling, the melt
composition that was used is the 1932
Quizapu Rhyolite (Hildreth and Drake,
1992), specifically sample Q-4 shown in
Table 1. The solubility curve for this
melt is shown in Figure 2. A fixed con-
duit diameter of 10 m was used with
varying conduit lengths in order to com-
pensate for the depth of the overlying
water column. The initial temperature

of the magma is taken to be 870 °C, and
models were generated with a crystallini-
ty of 0 vol. % orthoclase to mimic
homogenous nucleation and 15.7 vol. %
orthoclase to mimic heterogeneous
nucleation. To constrain the number of
models generated using CONFLOW, we
have chosen to present a model using
Burnham’s criteria for a shallow level
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Table 1: Composition of the 1932
Quizapu Rhyolite (Hildreth and Drake,
1992).

1931i}§§liizt:pu (wt% anhydrous)
Si0, 68.17
ALO; 16.01
Fe,05 0.00
FeO 3.10
MgO 0.89
CaO 2.39
TiO, 0.55
Na,O 5.27
K0 3.39
Total 99 77

A30 300
$25- 250
m o
T 200
%20— s
W 150
o
‘7215- a
X 3100
5110_ o
— o
3, 50
N 5f
<
L
Q

B Vapour

Figure 6. The maximum total mechanical energy (PAV,)
released from the water saturated Kuroko, Mount St. Helens
(MSH) and Quizapu magmas as a function of initial and
final pressure, exsolving 10% of the total water content
upon decompression, using Eq. 5 plus 6. Also shown
(dashed lines) are contributions to this total energy from the
expansion of H,O already exsolved from the magma prior
to eruption (modified after Burnham, 1983).
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Figure 7. P-T plot for the water system showing isochores

(lines with density in g/cm3 and [specific volume] in cm3/g), and

eruption.

phase fields for liquid, supercritical fluid and vapour (modified
after Sourirajan and Kennedy, 1963). Path A, B, C (dashed line)
shows how magma density evolves en route from a magma
chamber 8.9 km beneath a 1 km water column during an explo-
sive submarine eruption. Path A, D, E (dotted line) shows how
magma density evolves en route from a magma chamber 7.7 km
beneath a 4 km water column during an explosive submarine



magma chamber (1.4 km below sea
floor) erupted in 3.5 km water depth.
Two additional models that constrain
eruptions in relatively shallow water (~ 1
km) and in the deep ocean (~ 4 km) are
also presented, which correspond to
magma chambers at 8.9 km and 7.7 km
below the sea floor, respectively. To
mimic nucleation in silicic magma cham-
bers, we have chosen to increase the ini-
tial water content of the magma mixture
from undersaturated to supersaturated at
5,10, 12, 15, and 17 wt. %, respectively.
It is important to note that the velocities
of the magma-volatile mixtures are for

pressurized conditions and do not
assume injection into air (i.c., calculated
for the maximum theoretical velocity).
The results of modelling using
the Burnham criteria for a shallow level
magma chamber, i.e. 1.4 km beneath a
3.5 km water column, are shown in
Figure 8 and can be found in Appendix
2. The total pressure at this depth
including the water column is 72 MPa.
The CONFLOW model predicts that
magmatic fragmentation will occur at 5,
10, 12, and 15 wt. % H,O for a magma

that has no crystals and at 12 and 15 wt.

% H,O for a magma with 15.7 vol. %
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Figure 8. CONFLOW modelling results for an explosive eruption from a magma
chamber that is 1.4 km beneath a 3.5 km water column. The upper part of the dia-

gram (a) represents an aphyric (without crystals) rhyolitic magma and the lower part
(b) is the same magma with 15.7 vol. % crystals. Five different water saturation levels

are shown. See Appendix 2 for details.

crystals. The fragmentation depth for
the aphyric magma occurs near the base
of the conduit for water contents of
10% or more. The exit conditions show
that the velocity of the volatile-magma
mixture ranges from insignificant to
198.57 m/s, the lower exit velocities rep-
resenting low water contents. The Mach
number at the exit conditions predicts
that the pyroclastic material will exit the
vent at supersonic speeds for 10, 12, and
15 wt. % H,O in magma with no crys-
tals and at subsonic speeds for all water
contents in magma with 15.7 vol. %
crystals.

The modelling results for an
intermediate level magma chamber in
shallow water, i.e., 8.9 km beneath a 1
km water column, are shown in Figure 9
(and can be found in Appendix 2). The
total pressure at this depth including the
water column is 250 MPa. The CON-
FLOW model predicts that magmatic
fragmentation will occur for all water
contents tested, from just below saturat-
ed (5 wt. %) through extremely supersat-
urated (15 wt. %) conditions. The frag-
mentation depth varies with crystal and
water content, the higher the water con-
tent the deeper the fragmentation level,
e.g, for 5 wt. % H,O, the fragmentation
level occurs at 1.1 km (0 vol. % crystals)
and 1.3 km (15.7 vol. % crystals), where-
as under extremely supersaturated condi-
tions, 12 wt. % H,O, the fragmentation
level is at 4.6 km (0 vol. % crystals) and
5.9 km (15.7 vol. % crystals). The exit
conditions show that the velocity of the
volatile-magma mixture ranges from
0.95 m/s to 294.27 m/s, the lower exit
velocities representing lower crystal and
water contents. The Mach number for
magma with no crystals (Fig. 9a) predicts
that the pyroclastic material will exit the
vent at subsonic speeds for 5, 10, and 12
wt. % H,O and at supersonic speeds for
15 and 17 wt. % H,0O. The Mach num-
ber for magma with 15.7 vol. % crystals
(Fig. 9b) predicts that the pyroclastic
material will exit the vent at subsonic
speeds for 5, 10, and 12 wt. % H,O and
supersonically for 15 and 17 wt. % H,O.

The modelling results for an
intermediate level magma chamber in
deep water, i.c.,, 7.7 km beneath a 4 km
water column, are shown in Figure 10
(and can be found in Appendix 2). The
total pressure at this depth including the
water column is 250 MPa. The CON-
FLOW model predicts that magmatic



Volume 33 Number

fragmentation will only occur approxi-
mately 2 to 4 km below the sea floor in
extremely oversaturated conditions, i.e.,
greater than 12 wt. %, consistent with
the observations of Mangan et al.
(2004). The exit conditions show that
the velocity of the volatile-magma mix-
ture varies from 0.88 m/s in undersatu-
rated melt to 61.96 m/s in supersaturat-
ed melt. The Mach number predicts
that the pyroclastic material will exit the
vent at subsonic speed for all water con-
tents modelled regardless of the crystal
content.

DISCUSSION
There may be a complementary relation-
ship between the role that magmatic flu-
ids play in generating explosive erup-
tions and in the genesis of large VMS
deposits (Lentz et al., 1999). Sea floor
exhalative, volcanic massive sulfide
deposits are commonly intimately associ-
ated with felsic volcanic rocks in both
the footwall and (or) hangingwall
sequences (Gibson et al., 1999). The
massive sulfide bodies themselves sug-
gest deep-water conditions for deposi-
tion as they lack evidence of extensive
boiling of the exhalative fluids (Lentz et
al,, 1999). Many of the associated felsic
rocks have been interpreted as mass-
flow deposits from shallow water instead
of primary, deep-water, pyroclastic
deposits because of Cas’ (1992) inter-
pretation of the significance of the
water liquid-vapour curve to pyroclastic
eruptions. However, evidence from the
modern sea floor (Wright et al., 1998;
Worthington et al., 1999; Bloomer et al,,
2001; Fiske et al., 2001; Wright et al.,
2003; Yuasa and Kano, 2003) supersedes
Cas’ interpretation. In addition, fluid
inclusion evidence from the Bald
Mountain Cu-Zn deposit (Maine) indi-
cates eruption at a depth of 1.45 km
(Foley, 2003) consistent with facies
analysis of the volcanic sequence (Busby
et al., 2003). At the Brunswick No. 6
and No. 12 Pb-Zn deposits (New
Brunswick), the presence of peperites in
association with pyroclastic rocks and
tufflavas indicates the 7z situ emplace-
ment of pyroclastic rocks (cf., Downey,
2005). This, and the presence of mud-
stone and laminated fine-grained tuff in
the footwall and hanging wall sequences,
suggests a deep-water depositional envi-
ronment.

Prior to Burnham’s (1983) work

there had been no viable mechanism
identified to generate the enormous
amounts of energy required to initiate
explosive pyroclastic eruptions under
water. The commonly held view (cf,,
Williams and McBirney, 1979) was that
the mechanical energy produced during
an explosive eruption was generated by
the expansion of pre-existing bubbles in
the melt (Sparks, 1978) as a result of a
series of small decompressions (0.001-
0.01 MPa). Burnham’s (1983) model
was later used to explain the mechanics
behind the submarine pyroclastic flows
as described by Fiske and Matsuma

(a) 0

(1964). The commonly held view today
is that explosive eruptions are generated
by the homogeneous nucleation of bub-
bles in a supersaturated magma (see
Mangan et al., 2004).

Burnham (1983) modelled the
energy released by the T; and T,
Hokuroko rhyolitic tuffs (Ohmoto,
1978). The tuffs were interpreted to
have been erupted at a water depth of
3500 m (Guber and Merrill, 1983) from
a shallow magma chamber (750 to 1400
m) with crystallinity of 20 vol. % and
from a volatile saturated magma. The
PAV work of expansion releases
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Figure 9. CONFLOW modelling results for an explosive eruption from a magma
chamber that is 8.9 km beneath a 1 km water column. The upper part of the dia-
gram (a) represents an aphyric (without crystals) rhyolitic magma and the lower part
(b) is the same magma with 15.7 vol. % crystals. Five different water saturation levels

are shown. See Appendix 2 for details.



between 1.1 X 1010 ergs - kg -1 (Eq. 3)
and 1.5 X 1010 ergs - kg -1 (Eq. 5) from
the magma for the first phase of exsolu-
tion, and 3.5 X 1010 ergs - kg -1(Eq. 4)
and 7.8 X 1010 ergs - kg ! (Eq. 6) from
the magma following wall rock failure
(Fig. 6). The mechanical energy pro-
duced using the Burnham model is
greater than that of the Mount St.
Helens blast (Hichelberger and Hayes,
1982); hence adequate mechanical ener-
gy was available to produce deep subma-
rine explosive eruptions in the
Hokuroko district. Interestingly, more
energy is released from an intermediate
level magma chamber (250 MPa), upon

the exsolution of water and subsequent
wall rock failure, than from either the
Kuroko or Mount St. Helens eruptions
(Fig. 6). The increase in mechanical
energy (PAl” work of expansion) from a
deeper level magma chamber can be
explained by the increase in the solubili-
ty of volatiles as pressure increases.
This is an important contributor to
explosive volcanism, if not the dominant
one, and is especially true in a deep sub-
aqueous environment where the pres-
sure of the overlying water column is
significant.

Cas (1992) disagreed with
Burnham’s hypothesis, because Burnham
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Figure 10. CONFLOW modelling results for an explosive eruption from a magma
chamber that is 7.7 km beneath a 4 km water column. The upper part of the dia-
gram (a) represents an aphyric (without crystals) rhyolitic magma and the lower part
(b) is the same magma with 15.7 vol. % crystals. Five different water saturation levels

are shown. See Appendix 2 for details.

(1983) did not attempt to demonstrate
that the pressure exerted by the volatile
phase in vesicles would be significantly
higher than the ambient seawater pres-
sure. However, this is irrelevent because
fragmentation occurs from orthomag-
matic volatile expansionin the conduit
prior to eruption if the pressure is above
the critical point of seawater, i.c., before
the magma reaches the seafloor. This
does not apply to phreatic eruptions
(bulk-interaction steam explosivity and
contact-surface steam explosivity), as
shown by Wohletz (2003), nor is it appli-
cable to magmatic pyroclastic eruptions.

Rapid decompression associated
with homogenous nucleation leads to
explosive pyroclastic fragmentation. An
average rhyolitic magma undersaturated
in water remains under lithostatic pres-
sure until saturation is reached. The
magma begins to crystallize anhydrous
minerals thereby increasing the dissolved
water content in the melt. When the
activity of water is sufficiently high (i.e.,
ay,0 = 1), the vapour phase exsolves as a
supercritical fluid having a low density
(large volume) and causing pressure to
build up within the magma chamber.
However, in some cases the volatiles
may become trapped in the melt struc-
ture, because of the high shear viscosity
of the magma, leading to oversaturation.
As crystallization proceeds, the magma
and volatile system expands (increasing
A1) causing tensional fracturing of the
wall rocks.

Once tensional fracturing of the
wall rocks occurs, the system becomes
essentially self-sustaining because the
exsolved portion of the volatile phase
rapidly increases. ‘This is caused by the
rapid decompression of the system,
which causes the solidus to shift to a
higher temperature upon decompression
(Fig. 11). This causes the magma to
pressure quench and crystallize anhy-
drous minerals, which leads to extreme
supersaturation in the residual melt.

The exsolution of the excess volatile
phase continues as the magma chamber
decompresses toward lithostatic pres-
sure. The extreme degree of supersatu-
ration produced upon decompression
drives the entire system to sustain a
pyroclastic eruption until the pressure in
the magma chamber is returned from
supralithostatic to sublithostatic.

Volatile phase expansion, specifi-
cally the increase in volume (cm?) associ-
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ated with low density fluids (Fig. 7) in
the supercritical field, plays a key role in
deep submarine explosive eruptions.
Volatiles may not expand instantaneous-
ly (as they do not cross the subcritical
liquid-vapour phase boundary), but the
volumetric expansion in the gas-pyro-
clast mixture as it moves through the
crust and into the water column is enor-
mous because the system goes from a
relatively dense supercritical fluid to a
very low density supercritical fluid or
vapour phase.

When the volume fraction of
volatiles in the magmatic conduit is
between 68 and 83 vol. %, magmatic
fragmentation occurs. The gas-pyroclast
mixture continues to move upward,
becoming progressively less dense as
pressure decreases, and therefore, volu-
metrically larger. The volatile phase
expansion of the volatile-magma mix-
ture rises from the fragmentation level
rapidly (10s to 100s of m/s) due to a
pressure decrease from 250 MPa to 10
MPa (~1 km water depth). A volatile-
magma mixture at the fragmentation
surface with a temperature of 850 °C
has a density of 0.47 g/cm3, and a final

(@)

erupted volatile-magma mixture with a
temperature of 700 °C has a density of
0.025 g/ecm? (Fig, 7), a 1880 times vol-
ume expansion. The volume expansion
at the base of the water column is
approximately 4100 times, because the
density of the seawater at 4 °C is 1.026
g/cm3. If we consider the volatile phase
expansion of the volatile-magma mix-
ture with similar parameters, but erupt-
ing in a 4 km water column (~ 40 MPa),
the density would change from 0.47
g/cm3 to 0.10 g/cm? (Fig. 7), a 470
times volume expansion. The volume
expansion at the base of the water col-
umn would be approximately 1000
times.

Combining the use of volatile
phase expansion and modelling using
CONFLOW, the plausibility of deep
submarine pyroclastic volcanism
becomes apparent. The results show
that fragmentation will occur in rhyolitic
magma whether or not crystals are pres-
ent. Under a 1 km (10 MPa) water col-
umn with the top of the magma cham-
ber at 8.9 km, fragmentation occurs for
all modelled water and crystal contents
(Fig. 9). The exit speeds vary and are

(b)

dependant on the amount of water pres-
ent in the melt, with supersaturated (15
and 17 wt. % H,0) volatile-magma mix-
tures leaving the vent at supersonic
velocities. Under the same conditions
where eruptions are occurring in a 4 km
(40 MPa) water column, fragmentation is
initiated in those melts with supersatura-
tion ~ 2 times the maximum solubility
of the melt. The exit velocities are
much lower than in the shallow water
model and the volatile-magma mixtures
exit the vent at subsonic conditions (Fig.
10).
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Alternatively, we can use the
conditions proposed by Burnham (1983)
to show that even shallow magma cham-
bers, when supersaturated in the volatile
phase, are capable of initiating pyroclas-
tic eruptions even at significant water
depths. Under a 3.5 km water column
with the top of the magma chamber at
1.4 km (72 MPa), supersaturation of ~3
to 4 times is required to initiate fragmen-
tation (Fig. 8). The maximum solubility
of the 1932 Quizapu Rhyolite (Hildreth
and Drake, 1992) is 3.2 wt. % H,O at 72
MPa. If the magma becomes supersatu-
rated in the volatile phase, it is capable
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Figure 11. Temperature-Xy, (, diagrams for synthetic granite showing the stable phase assemblages (black lines) and volume
percent melt (grey lines). Paths A, B, and C (dotted line) is the crystallization path of a melt undergoing crystallization leading
to the tensional fracturing of wall rocks and subsequent quench crystallization driving explosive eruptions. (a) At a confining
pressure of 800 MPa. (b) At a confining pressure of 200 MPa (modified after Whitney, 1989).
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of fragmenting in the conduit near the

top of the magma chamber (~12 wt. %
H,0) and exiting the vent at high - but
not supersonic - velocities (Fig. 8).

In a shallow submarine environ-
ment, sonic to supersonic eruptions
should produce eruption columns simi-
lar to those in the subaerial environment
(Fig. 4b). However, the column height
and degree of mixing would be sup-
pressed because the viscosity and density
of air is much lower than water. In
addition, the rate of column collapse
would be more rapid, because water is a
more efficient medium for cooling than
air, and also because of its high heat
capacity. Therefore, one would expect
to see a modified depositional sequence,
marked by well-sorted units as water is a
more effective sorting medium than air.

In the deep-water environment,
the eruption column dynamics will differ
from the shallow environment (Fig. 4c).
At exit velocities below sonic conditions
one would predict a boiling over, direct-
ed pyroclastic eruption (Fig. 4c) as
opposed to an eruption column with an
ash-fall deposit followed by a pyroclastic
flow sequence and subsequent ash-fall
deposition. It is possible that extremely
volatile-supersaturated, crystalline
magma-volatile mixtures may be driven
high into the conduit prior to fragmenta-
tion. Because the deep water will sup-
press the eruption column, we predict
that it is possible to have a coarse crys-
talline pyroclastic unit. Evidence for
this can be seen in pyroclastic deposits
associated with the Brunswick volcanic
massive sulfide deposits (Lentz et al.,
1999), where thick units (10s m) of
pyroclastic material with large quartz
and feldspar phenoclasts (up 10 cm in
length) are preserved. These units are
primary pyroclastic, and have been inter-
preted as tufflavas (cf., Downey, 2005).
A similar unit, of coarse-ctrystalline rock
that is fines depleted, has been observed
at Bald Mountain, Maine (Busby, 2005;
Busby et al., 2003) and at the Rosebury
deposit, Tasmania (Allen and Cas,

1990).

The CONFLOW and volume
expansion models presented in this
paper only take the pure water system
into consideration. Because many other
volatiles are present in real volcanic sys-
tems, it is important to consider the
effects of these volatiles on the critical
point of water and in initiating deep

submarine pyroclastic eruptions.
Carbon dioxide, for example, is an
important constituent in any magma;
rhyolitic magmas typically can contain 25
to 1000 ppm dissolved CO,
(Lowenstern, 2001). Carbon dioxide
behaves in a similar fashion to water as
it exsolves from a melt, but it is volu-
metrically less significant than water
because it has a higher density as tem-
perature increases. The main factor con-
trolling PAL”is the expansion of the dis-
solved volatiles; therefore, the energy
released from a vesiculating magma con-
taining dissolved carbon dioxide will be
slightly less than that of a magma con-
taining only dissolved water.

Another factor affecting the
explosivity of an eruption is the salinity
of the orthomagmatic fluid. The addi-

tion of NaCl to the water system
increases the P-T condition of the criti-
cal point (Fig. 12). If we assume that a
typical magmatic fluid has a salinity of
10 wt. %, then the critical point would
be at 45.6 MPa (Sourirajan and Kennedy,
1962), significantly greater than the criti-
cal point of seawater. As the critical
point shifts, so do the isochores; there-
fore, the fluids that are exsolving off the
magma will be volumetrically larger than
in the pure water system, thereby
increasing the explosivity of the erup-
tion.

CONCLUSIONS

Explosive silicic eruptions are possible
in the deep submarine environment, at
volatile concentrations and magma
chamber/conduit geometries that ate
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increasing NaCl content (Sourirajan and Kennedy, 1962).
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reasonable for many volcanic-tectonic
environments.

Modelling of the Quizapu
Rhyolite using CONFLOW shows that
explosive silicic eruptions are capable of
occurring in the deep submarine envi-
ronment (i.e., at depths much greater
than 1000 m) from a shallow (72 MPa)
or intermediate level (250 MPa) magma
chambers.

In very deep water environ-
ments, the character of the eruption col-
umn will change because the pressure of
the overlying water column is significant
and the magma-volatile mixtures do not
exit the vent at Mach speeds.

Extreme supersaturation (2 to 4
times) is required to produce explosive
eruptions at depths greater than the crit-
ical point of seawater.
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APPENDIX 1

CONFLOW (Mastin and Ghiorso, 2000) models the steady-
state, non-separated flow of magma-H,O mixtures through a
cylindrical, vertical eruptive conduit of constant cross-section
where no heat is transferred across the conduit walls during
eruption under equilibrium conditions. The CONFLOW
model is based on a series of equations of conservation of
mass, momentum, and energy. This model has made several
advances over previous conduit modelling programs because it
incorporates: 1) a non-Arrhenian viscosity relation for hydrous
melts; 2) a relation between bulk viscosity and volume fraction
gas dependant on capillary number; 3) adiabatic temperature
changes using established thermodynamic relations for melts
and water vapour, respectively.

In the CONFLOW model, the flow of magma and
exsolved H,O is homogencous (i.c., there is no relative move-
ment between the gas and the liquid as they ascend the con-
duit as it allows for the mixture to be treated as a single phase
whose density, viscosity, and other properties are bulk values),
and water exsolution maintains equilibrium in the conduit until
the fragmentation point. CONFLOW solves the following
equation for flow properties as a function of depth:

pg+puL
.

1-M?

_dp _
dz

(A-1)

in whichilT,z7 is the pressure gradient in a conduit of constant
cross-sectional area, p is the mixture density, g is the accelera-
tion due to gravity, # is the mixture velocity, /is the frictional
factor, ris the conduit radius, and M is the Mach number,
respectively. The enthalpy of the magma is calculated at each
depth using the equation:

h=h0+%@§—u2)+g(zg—z) (A-2)

where 4 is the mixture enthalpy, that is used to determine adia-
batic temperature changes.

In CONFLOW, melt composition, conduit diameter
and length, and the initial temperature and pressure at the base
of the conduit are specified. The melt composition that was
used is the 1932 Quizapu Rhyolite (Hildreth and Drake, 1992),
specifically sample Q-4 shown in Table 1. A fixed conduit
diameter of 10 m was used with varying conduit length to
obtain constant crustal pressures to compensate for varying
depths of the overlying water column. The depth to the base
of the conduit was calculated using the following equation:

4Pz = [ pgd: (A-3)

0

where Pz is the pressure at the base of the conduit, p is the
density of the layer, and 4z is the thickness of the layer. The
depths to the base of the conduit for 200 MPa, 250 MPa and
300 MPa were calculated using equation A-3 for eruptions into
1 km, 2 km, 3 km, and 4 km water depths, respectively. The
density of water is assumed to be 1000 kg/m3 and 2750
kg/m? for the crust.

Implicit to the model is the assumption that the
magma chamber feeding the conduit maintains constant pres-
sure, and the volatile-magma mixture moves together with no
heat loss or volatile loss to the surrounding wall rocks. From

the initial input parameters, CONFLOW calculates the pres-
sure gradient in a conduit of constant cross-sectional area
(Equation A-1) and the enthalpy of the magma (Equation A-
2). Once these variables are determined CONFLOW runs a
step-wise series of iterations to extrapolate the pressure to the
next higher elevation then re-evaluates the solution to equa-
tions A-1 and A-2. The magma is assumed to exit the vent at
a Mach number ~1 (choke velocity), CONFLOW adjusts the
initial velocity to meet this condition. The Mach number is
defined as the velocity of the volatile-magma mixture divided
by the mixture’s sonic velocity. The latter is defined as:

C’=—
P
where K is the bulk modulus of the mixture under adiabatic
(constant-entropy) conditions.
CONFLOW calculates the viscosity of the volatile-
magma mixture at specified P-T conditions using the non-
Arrhenian relations of Hess and Dingwell (19906):

1304 -2368In(i1, )
T—(344+32.25In(7, )

(A4

log(®,, )=0.2911+0.833In(7,, )+ (A-5)
where nis the viscosity in Pascal seconds and T'is the temper-
ature in Kelvin. The viscosity of the bubble-melt mixture

increases with bubble content using the following equation
defined by Dobran (1992):

n=n,.0-v,) (A-6)
where 7, is the viscosity of the melt plus crystal phase, V, is
the volume fraction of volatiles in the volatile-magma mixture
and N is the bubble number density. Another Dobran (1992)
equation is used to calculate the viscosity of the volatile-
magma mixture above the fragmentation depth given by:

—1.56
l—vg
n :ng[ 0.62 )

where 7, is the viscosity of the exsolved volatile phase.

The fragmentation depth is traditionally assumed to be
the point where v, = 0.75, the gas volume fraction where
spherical bubbles reach closest packing (Sparks, 1978). However, the
fragmentation criterion of Papale (1999) is likely a better
approximation to calculate the point of fragmentation, which
is equivalent to the depth where the extensional-strain rate
within the conduit exceeds that which can be accommodated
by viscous flow. Papale’s criterion is mathematically expressed
by:

(A7)

)

dz n

du G
—>k—= ( A- 8)
where %is the vertical velocity gradient, £ is an empirical con-
stant, 7 is the viscosity of the mixture, and G. is the “elastic”
modulus of the bubbly liquid at finite frequency. Papale
(1999) reached the conclusion that fragmentation occurs when
the gas fraction reached 0.62 to 0.93, with the higher values
corresponding to mafic melts and lower values corresponding
to more silicic melts. For simplicity we have chosen to use v,
=0.75.
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APPENDIX 2

The following results summarize output from the CONFLOW modelling. Three sets of tables labelled A2-1, A2-2 and A2-3 are
shown which have (a) and (b) parts. Each table presents the depth below the sea floor (z) in metres, the pressure (P) at this
lithostatic depth in MPa, the volume fraction of gas present (v,), the velocity () of the rising gas-pyroclast mixture in metres per
second, and the Mach number (M). In order to constrain the number of data points presented, we have chosen to only report
data for changes of vy = 0.05, as well as the initial and final conditions.

The first set of tables (A2-1) models a shallow magma chamber at 72 MPa, which corresponds to a lithostatic depth of 1.4 km
underneath a 3.5 km water column. The results for an aphyric magma (a) and crystal rich magma (b) with five different water
contents (3.2, 5, 10, 12, and 15 wt. %) atre shown.

Table A2-1.1a: CONFLOW modelling  Table A2-1.3a: CONFLOW modelling  Table A2-1.1b: CONFLOW modelling

results for 3.2 wt. % H,O with no ctys-  results for 10 wt. % H,O with no crys- results for 3.2 wt. % H,O with 15.7 vol.
tals in the magma. tals in the magma. % crystals in the magma.

Z P V, v M Z P Vg v M Z P Vg v M
1400 72 0 0.26 0 -1400 72.00 0.536 5694 0.17 -1400 72.00 0.10  0.05 0
-1024 61.83 0.05 027 0 -1395 69.54 0.550 58.69 0.18 -941  61.36  0.15  0.05 0
-741 5344 0.10  0.28 0 -1377 59.56  0.600  65.56  0.21 -606  53.21 0.20  0.05 0
-554 4714 0.15 030 0 -1366  50.46  0.650 7441 0.25 -350 46.44 025  0.06 0
-417  41.76 020  0.32 0 -1360 42.08 0.700 86.17  0.31 -154  40.50 0.30  0.06 0
-319  37.14 025 033 0 -1356 3423 0.750 102.65 0.39 -17 3552 035  0.07 0
-248  33.04 030 036 0 =710 26.72 0.800 127.41 0.50 -2 3492 036 0.07 0
-194 2938 035 038 0 -203  19.77 0.850 167.44 0.69
-150  26.23 040 041 0 -2 1372 0.894 23555 1.00
-110 2319 045 045 0

-80 2059 050  0.49 0 Table A2-1.2b: CONFLOW modelling
-54  18.06 0.55  0.55 0 results for 5 wt. % H,O with 15.7 vol. %
=34 15.69  0.60  0.61 0 crystals in the magma.
-18 1345 0.65  0.70 0 Table A2-1.4a: CONFLOW modelling ~ P . . N
-6 1143 070 081  0.01 results for 12 wt. % H,O with no crys- 8
0 1021 073 090 0.01 tals in the magma. -1400 72 0.293  0.061 0
Z D 5 S M -1348 70.948 0.298  0.061 0
8 -889  61.413 0.349  0.066 0
-1400 72.00 0.60 7591 0.22 -536  53.197 04  0.071 0
-1383 6211 0.65 8545 0.26 -289 46301 0.45  0.077 0
-1372 51.87 0.70  98.61 0.32 -111 39991 0.501  0.084 0
-1366 4214 0.75 117.35 0.40 0  35.004 0.546 0.093 0

Table A2-1.2a: CONFLOW modelling -679 3285 0.80 14545 0.52
results for 5 wt. % H,O with no crystals -169 2422 0.85 191.24 0.72

in the magma. -1 1749 0.89 25826 1.00
= P - - Vi Table A2-1.3b: CONFLOW modelling
8 results for 10 wt. % H,O with 15.7 vol.
-1400 72.00 023 529 0.01 % crystals in the magma.
-1354 6739 025 546 0.01 ~Z P - - M
-1284 5933 030 581  0.02 Table A2-1.5a: CONFLOW modelling 8
-1236 5235 035 622 0.02 results for 15 wt. % H,O with no crys- -1400 72.00 0.57  0.11 0
-1203 46.04 040 671  0.02 tals in the magma. -1066 6491 0.60  0.12 0
-1180 4048 045 728  0.03 7 P . . M -696 5451 0.65  0.13 0
-1165 3554 050 796  0.03 8 -469 4523 070  0.15 0.001
-1154 3098 0.55 881  0.04 -1400 72.00 0.68 107.96 0.31 -229 36.50 0.75  0.18  0.001
-1146 26,79 0.60  9.86  0.05 -1393 6699 0.70 11518 0.33 0 3489 076 019 0.001
-1140 22.82 0.65 11.23  0.06 -1380 54.40 0.75 136.67 0.42
-1136 1924 0.70 1299  0.07 -655 4245 0.80 168.60 0.54
-1133 15.67 0.75 1561  0.09 -136 31.05 085 22245 0.75
-538 1242 080 19.29 0.1 -2 2335 0.89 28817 1.00

0 1000 0.84 23.64 0.14




Table A2-1.4b: CONFLOW modelling  Table A2-1.5b: CONFLOW modelling
results for 12 wt. % H,O with 15.7 vol. results for 15 wt. % H,O with 15.7 vol.

% crystals in the magma. % crystals in the magma.

Z P Vg v M Z P Vg v M
-1400 72.00 0.63  38.04 0.112 -1400 72.00 0.70 107.66 0.307
-1393 67.18 0.65 4034 0.122 -1400 71.64 0.70 108.09 0.309
-1380 55.80 0.70  46.60 0.149 -1393 57.89 0.75 129.35 0.39
-1373 45.09 0.75 55.55 0.187 -533 4491 0.80 159.77 0.507

0 3499 0.80 68.67 0.243 0 3498 0.84 198.57 0.655

The second set of tables (A2-2) models an intermediate level magma chamber at 250 MPa, which corresponds to a lithostatic
depth of 8.9 km underneath a 1.0 km water column. The results for an aphyric magma (a) and crystal rich magma (b) with five
different water contents (5, 10, 12, 15, 17 wt. %) are shown.

Table A2-2.a: CONFLOW modelling Table A2-2.3a: CONFLOW modelling  Table A2-2.5a: CONFLOW modelling

results for 5 wt. % H,O with no crystals  results for 12 wt. % H,O with no crys- results for 17 wt. % H,O with no crys-
in the magma. tals in the magma. tals in the magma.

Z P Vg v M Z P Vg v M Z p Vg 4 M
-8900 250.00 0 095  0.00 -8900 250.00 0.224 19.71  0.02 -8900 250.00 0.37  31.89 0.04
-3531 124.75 0.049  1.00  0.00 -7942 227.39 0.251 2037 0.02 -8123 230.36  0.40 3333  0.05
-2701 103.61 0.1 1.05  0.00 -6578 189.37 0.3  21.56  0.03 -6873 189.97 0.45  36.00 0.06
-1850 76.68 0.199 1.16  0.00 -5829 160.22 0.349 2295 0.04 -6267 160.01 0.50  39.06 0.07
-1635 6697 0.249 1.23  0.00 -5398 13594 0.4 2468 0.05 -5823 134.09 0.55 43.02 0.09
-1491 5852 0.301  1.32 0.00 -4922 100.53 0.499 29.05 0.07 -5513 11241 0.60  48.00  0.11
-1394 51.64 0.35 141 0.01 -4798 85.80 0.551 32.14 0.09 -5345 9440 0.65 5416 0.14
-1318 45.66 0.399 151  0.01 -4729 7357 0.6 3576  0.10 -5251 77.67 0.70 6278  0.17
-1257 40.05 0.45 1.65 0.01 -4662 51.64 0.701 47.04 0.15 -5207 63.38 0.75 7407 0.21
-1213 3510 0.5 1.80  0.01 -4648 42.07 0.75 5591 0.19 -3601 49.39 0.80 91.06 0.28
-1181 30.50 0.551  2.00  0.01 -3357 3298 0.799 68.83 0.25 -1972 3628 0.85 119.24 0.38
-1159 2651 0.599 223  0.01 -1992 2431 0.849 9041 0.34 -520 2334 090 178.68 0.59
-1142 2250 0.651 255  0.01 -621 1571 09 13576 0.53 0 1382 094 292.80 1
-1131 19.02 0.699 294  0.02 0 1015 0.935 206.19 0.83

-1123 15.63 0.749 350  0.02
-505  12.17 0.801 440  0.03
0 998 0.835 530 0.03

Table A2-2.4a: CONFLOW modelling
Table A2-2.2a: CONFLOW modelling  results for 15 wt. % H,O with no crys- Table A2-2.1b: CONFLOW modelling

results for 10 wt. % H,O with no crys- tals in the magma. results for 5 wt. % H,O with 15.7 vol. %
tals in the magma. 7 P = - M crystals in the magma.

2 Py v M 78900 250.00 032 2690 0.0 L P v v M
-8900 250.00 0.15 14.42 0.01 -7905 22543 035 2816 0.04 -8900 250.00 0.00 0.60 0
-7095 206.72 0.20 15.15 0.02 -6714 188.39 0.40  30.10 0.05 -3711 131.35 0.10 0.65 0.001
-5898 170.85 0.25 16.03 0.02 -6069 158.47 045 3250 0.06 -2843 108.50 0.15 0.68  0.001
-5278 144.71 030 17.01 0.03 -5646 13298 0.50 3558 0.08 -2318 91.89 0.20 0.72  0.001
-4938 124.28 0.35 18.14 0.04 -5360 113.11 0.55 39.12  0.09 -1986 78.24 0.25 0.76  0.002
-4710 107.57 040 19.46 0.05 -5189 96.35 0.60 4345 0.11 -1794  67.69  0.30 0.81 0.002
-4547 9283 045 21.10 0.05 -5090 81.23 0.65 49.10 0.13 -1666 59.02 0.35 0.87  0.003
-4448 80.61 0.50 2299 0.06 -5034 67.39 0.70 56.75 0.16 -1564 51.21 0.40 0.94  0.003
-4383 69.00 0.55 2549 0.08 -5004 54.33 0.75 67.81 0.21 -1495 4474 045 1.02  0.004
-4347 59.62 0.60 2830 0.09 -3539 42.84 0.80 8274 0.27 -1446 3898 0.50 1.11  0.004
-4323 5049 0.65 3213 0.11 -1845 30.35 0.85 11220 0.38 -1411 33.68 0.55 1.23  0.005
-4308 41.83 0.70 3743 0.14 -1039 2425 0.88 137.77 0.48 -1386  28.77  0.60 1.38  0.006
-4299 3415 0.75 4450 0.17 -569 20.28 0.90 162.86 0.57 -1370 2452  0.65 1.57  0.008
-3113 26.54 0.80 5536 0.22 0 11.62 094 27598 1.00 -1359 20.35 0.70 1.83  0.009
-1864 19.60 0.85 72.79 0.30 -1351 16.60 0.75 2.18 0.012
-536 1291 0.90 107.79 0.46 -677 12.88 0.80 2.73  0.015

0 10.00 092  137.66 0.60 0 997 0.84 345  0.02
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Table A2-2.2b: CONFLOW modelling  Table A2-2.3b: CONFLOW modelling  Table A2-2.4b: CONFLOW modelling
results for 10 wt. % H,O with 15.7 vol. results for 12 wt. % H,O with 15.7 vol. results for 15 wt. % H,O with 15.7 vol.

% crystals in the magma. % crystals in the magma. % crystals in the magma.

Z P Vg v M Z P Vg v M Z P Vg v M
-8900 250.00 0.20 12,53 0.013 -8900 250.00 0.27 17.95 0.02 -8900 250.00 0.35 25.26 0.031
-6373 169.71 0.30  14.06 0.022 -8018 224.69 0.30  18.67 0.024 -7853 21493 0.40  26.99 0.039
-5901 142.80 0.35 15.01 0.028 -6931 183.80 0.35 19.97 0.031 -7078 177.64 045 29.17  0.05
-5600 121.20 0.40 16.15 0.035 -6417 155.01 040 21.38 0.039 -6588 148.10 0.50  31.84 0.063
-5417 104.28 0.45 17.44 0.042 -6066 131.17 045  23.13 0.049 -6283 125.18 0.55 3494 0.077
-5302 89.22 0.50  19.08 0.051 -5849 111.94 0.50 25.18 0.059 -6108 105.37 0.60 3890 0.095
-5237 76.59 0.55 < 21.01 0.061 -5720 95.10 0.55 27.79 0.072 -6015 88.40 0.65 4392 0.116
-5198 65.16 0.60 23.48 0.073 -5647 80.35 0.60  31.09 0.087 -5965 7290 0.70 50.77 0.143
-5174 54.80 0.65 26.68 0.088 -5608 67.87 0.65  35.13 0.105 -5939 5890 0.75 60.29 0.18
-5161 4550 0.70  30.89 0.108 -5585 56.16 0.70  40.67 0.129 -4273 4497 0.80 75.28 0.238
-5153 37.22 0.75 36.50 0.134 -5573 4584 0.75 48.05 0.16 982 2218 090 141.34 0.488
-3969 28.88 0.80 4523 0.174 -4261 35.60 0.80  59.37 0.209 -4 1142 095 26426 0.95
-3885 2839 0.80 4590 0.177 -2657 2595 0.85 78.31 0.288 0 10.85 0.95 277.40 1
-3801 2791 0.80 46.59 0.18 -1087 17.27 0.90 113.71 0.437
-2557 21.34 0.85 59.08 0.238 0 10.00 0.94 190.99 0.758
944 14.06 090  86.79 0.365 Table A2-2.5b: CONFLOW modelling

0 9.99 0.93 120.01 0.516 results for 17 wt. % H,O with 15.7 vol.

% crystals in the magma.
Z P v, v M

g

-8900 250.00 0.40  30.36  0.039
-7967 216.10 0.45  32.63 0.049
-7210 177.19 0.50  35.61 0.062
-6402 123.19 0.60 43,53 0.097
-6245 103.14 0.65 4897 0.119
-6160 84.44 0.70  56.70 0.149
-6121 6848 0.75  66.95 0.187
-4392 52.66 0.80 82.86 0.246
-902  25.67 090 156.43 0.51
-1 1315 095 29280 0.995
0 13.08 0.95 294.27 1

The third set of tables (A2-3) models an intermediate level magma chamber at 250 MPa, which corresponds to a lithostatic
depth of 7.77 km underneath a 4.0 km water column. The results for an aphyric magma (a) and crystal rich magma (b) with five
different water contents (5, 10, 12, 15, 17 wt. %) are shown.

Table A2-3.1a: CONFLOW modelling  Table A2-3.2a: CONFLOW modelling  Table A2-3.3a: CONFLOW modelling

results for 5 wt. % H,O with no crys- results for 10 wt. % H,O with no crys- results for 12 wt. % H,O with no crys-
tals in the magma. tals in the magma. tals in the magma.

Z P Vg v M Z p Vg v M Z p A v M
-7700 250.00 0.00  0.90  0.00 -7700 250.00 0.15  1.99  0.00 7700 250 0.224  1.998 0.002
-2301 124.45 0.05 096  0.00 -5216 202.31 020 211 0.00 4189 186.697 0.301  2.182  0.003
-1482 103.83 0.10  1.00  0.00 -3527 169.27 025 221  0.00 2622 156.616 0.351  2.323  0.004
-956  88.74 0.15  1.05  0.00 -2317 143.54 030 234 0.00 1575 13295 04 2491 0.005
-602 7644 020 111 0.00 -1480 12230 0.35 250 0.01 -936 113.776 045  2.692  0.006
-382 66.70 025  1.17  0.00 -977 10538 0.40  2.69  0.01 -556  97.46 0.501 294  0.007
-242 58.64 030 125  0.00 -676  91.41 045 290 0.01 -306 83.825 0.55  3.235 0.009
-141 51.61 035 134  0.00 -459 7878 0.50  3.18  0.01 -82 71.634 0.599  3.607 0.011

-61 4543 040 144  0.01 -280 68.01 0.55 3,50 0.01 0 66503 0.622 3.809 0.012

-1 40.00 045 157 0.01 -148 5824 0.60 391  0.01

0 3995 045 157 0.01 -62 4934 0.65 444 0.02

-6 4111 0.70 515  0.02
0 3987 0.71 529  0.02




Table A2-3.4a: CONFLOW modelling  Table A2-3.2b: CONFLOW modelling  Table A2-3.5b: CONFLOW modelling
results for 15 wt. % H,O with no crys- results for 10 wt. % H,O with 15.7 vol. results for 17 wt. % H,O with 15.7 vol.

tals in the magma. % crystals in the magma. % crystals in the magma.

Z P Vg v M Z P Vg v M Z P Vg v M
-7700 250.00 0.32  11.37  0.01 -7770 250.00 0.20  1.00  0.001 -7770 250.00 0.40  18.06 0.023
-6401 224.64 035 11.90 0.02 -3468 167.98 0.30  1.12  0.002 -6578 216.64 0.45 19.36  0.029
-4714 186.70 0.40  12.72  0.02 -2164 139.92 035  1.19  0.002 -5625 178.49 050  21.05 0.037
-3740 156.33 0.45 13.75 0.03 -1389 119.20 0.40  1.28  0.003 -5039 147.03 0.55  23.24 0.046
-3238 13291 050 1494  0.03 -909 101.61 045 139  0.003 -4640 12298 0.60  25.81 0.058
-2879 11275 0.55 1644  0.04 -615 86.65 050  1.52  0.004 -4411 102.48 0.65 29.12 0.071
-2596 9522 0.60 1835 0.05 -389 7437 055  1.67  0.005 -4289 8426 0.70  33.61 0.089
-2424 80.01 0.65 20.79  0.06 -212° 6342 0.60  1.86  0.006 -4230 68.12 075 39.79 0.112
-2328 66.54 0.70 2399  0.07 -95 5378 0.65 211  0.007 -2209 52.69 0.80 4892 0.146
-2275 53.87 0.75 2859  0.09 -19 4457 070 244 0.009 0 3985 0.84 06196 0.194

0 3999 081 36.65 0.12 0 4154 071 259  0.009

Table A2-3.5a: CONFLOW modelling  Table A2-3.3b: CONFLOW modelling

results for 17 wt. % H,O with no crys- results for 12 wt. % H,O with 15.7 vol.
tals in the magma. % crystals in the magma.

Z P Vg v M Z P Vg v M
-7700 250.00 0.372 2222  0.03 -7770 250.00 0.27 1.79  0.002
-6755 229.02 04 2326 0.03 -6163 220.62 0.30  1.86  0.002
-5341 190.25 0.449 25.02  0.04 -4190 183.26 0.35 1.98  0.003
-4585 158.75 0.5 2725 0.05 -2773 15220 040 212 0.004
-3773 11221 0.6 33.37  0.08 -1952 12827 045 229  0.005
-3558 9393 0.65 37.73 0.10 -1497 109.01 0.50 250  0.006
-3441 77.69 0.699 43,56  0.12 -1188 92.66 0.55 276  0.007
-3380 62.66 0.75 5191 0.15 -934  78.82 0.60  3.07 0.009
-1399 4873 08  63.83 0.19 -759  66.31 0.65 348 0.011

0 3990 0.833 7579 0.24 -652° 5490 0.70  4.03 0.013

-592° 44.67 0.75 477  0.016
0 3982 0.77 525 0.018

Table A2-3.1b: CONFLOW modelling
results for 5 wt. % H,O with 15.7 vol. %

crystals in the magma. Table A2-3.4b: CONFLOW modelling
7 P - . Vi results for 15 wt. % H,O with 15.7 vol.
g % crystals in the magma.
-7770 250.00 0.00  0.44 0
4143 168.83 0.05 046 0 Z P v M M
-2591 133.49 0.10  0.48 0.001 -7770 250.00 0.35  7.79  0.01
-1631 109.96 0.15  0.50  0.001 -6148 215.38 0.40 829 0.012
-1029 9295 020  0.53 0.001 -4774 177.65 0.45 894 0.015
-643  79.45 025  0.56 0.001 -4052 147.56 0.50  9.76  0.019
-408 68.70 0.30  0.60 0.002 -3596 123.14 0.55 10.78 0.024
-256  59.68 0.35  0.64 0.002 -3275 104.25 0.60  11.95 0.029
-143  51.97 040  0.69 0.002 -3072 8721 0.65 13.52 0.036
-56 4523 045 0.75 0.003 -2959 7198 0.70  15.62 0.044
0 3998 049 0.81 0.003 -2901 5838 0.75 1850 0.056

-965 45.09 0.80 22.84 0.073
0 39.98 0.82 2527 0.082




