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Abstract

Submarine pyroclastic eruptions at depths greater than a few hundred meters are generally considered to be rare
or absent because the pressure of the overlying water column is sufficient to suppress juvenile gas exsolution so that
magmatic disruption and pyroclastic activity do not occur. Consideration of detailed models of the ascent and
eruption of magma in a range of sea floor environments shows, however, that significant pyroclastic activity can occur
even at depths in excess of 3000 m. In order to document and illustrate the full range of submarine eruption styles, we
model several possible scenarios for the ascent and eruption of magma feeding submarine eruptions: (1) no gas
exsolution; (2) gas exsolution but no magma disruption; (3) gas exsolution, magma disruption, and hawaiian-style
fountaining; (4) volatile content builds up in the magma reservoir leading to hawaiian eruptions resulting from foam
collapse; (5) magma volatile content insufficient to cause fragmentation normally but low rise speed results in
strombolian activity; and (6) volatile content builds up in the top of a dike leading to vulcanian eruptions. We also
examine the role of bulk-interaction steam explosivity and contact-surface steam explosivity as processes contributing
to volcaniclastic formation in these environments. We concur with most earlier workers that for magma compositions
typical of spreading centers and their vicinities, the most likely circumstance is the quiet effusion of magma with
minor gas exsolution, and the production of somewhat vesicular pillow lavas or sheet flows, depending on effusion
rate. The amounts by which magma would overshoot the vent in these types of eruptions would be insufficient to
cause any magma disruption. The most likely mechanism of production of pyroclastic deposits in this environment is
strombolian activity, due to the localized concentration of volatiles in magma that has a low rise rate; magmatic gas
collects by bubble coalescence, and ascends in large isolated bubbles which disrupt the magma surface in the vent,
producing localized blocks, bombs, and pyroclastic deposits. Another possible mode of occurrence of pyroclastic
deposits results from vulcanian eruptions; these deposits, being characterized by the dominance of angular blocks of
country rocks deposited in the vicinity of a crater, should be easily distinguishable from strombolian and hawaiian
eruptions. However, we stress that a special case of the hawaiian eruption style is likely to occur in the submarine
environment if magmatic gas buildup occurs in a magma reservoir by the upward drift of gas bubbles. In this case, a
layer of foam will build up at the top of the reservoir in a sufficient concentration to exceed the volatile content
necessary for disruption and hawaiian-style activity; the deposits and landforms are predicted to be somewhat
different from those of a typical primary magmatic volatile-induced hawaiian eruption. Specifically, typical pyroclast
sizes might be smaller; fountain heights may exceed those expected for the purely magmatic hawaiian case; cooling of
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descending pyroclasts would be more efficient, leading to different types of proximal deposits; and runout distances
for density flows would be greater, potentially leading to submarine pyroclastic deposits surrounding vents out to
distances of tens of meters to a kilometer. In addition, flows emerging after the evacuation of the foam layer would
tend to be very depleted in volatiles, and thus extremely poor in vesicles relative to typical flows associated with
hawaiian-style eruptions in the primary magmatic gas case. We examine several cases of reported submarine
volcaniclastic deposits found at depths as great as ~ 3000 m and conclude that submarine hawaiian and strombolian
eruptions are much more common than previously suspected at mid-ocean ridges. Furthermore, the latter stages of
development of volcanic edifices (seamounts) formed in submarine environments are excellent candidates for a wide
range of submarine pyroclastic activity due not just to the effects of decreasing water depth, but also to: (1) the
presence of a summit magma reservoir, which favors the buildup of magmatic foams (enhancing hawaiian-style
activity) and episodic dike emplacement (which favors strombolian-style eruptions); and (2) the common occurrence
of alkalic basalts, the CO, contents of which favor submarine explosive eruptions at depths greater than tholeiitic
basalts. These models and predictions can be tested with future sampling and analysis programs and we provide a

checklist of key observations to help distinguish among the eruption styles.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction and background

Submarine volcanic eruptions occur at diver-
gent plate boundaries (e.g. Buck et al., 1998;
Macdonald, 1998; Perfit and Chadwick, 1998;
Head et al., 1996) and in intraplate areas, com-
monly building seamounts (e.g. Keating et al.,
1987; Wessell and Lyons, 1997; Schmidt and
Schmincke, 2000). In addition to effusive flows,
submarine eruptions can produce pyroclastic de-
posits (e.g. composed of ‘solid fragments ejected
from volcanoes’; Cashman et al., 2000, p. 421)
and hyaloclastic deposits (e.g. consisting of ‘frag-
ments of volcanic glass formed by non-explosive
shattering’; Batiza and White, 2000, p. 361). Ritt-
mann (1960) coined the term hyaloclastite for ash-
sized basaltic particles produced in situ by break-
age of pillow rinds during submarine extrusions.
As pointed out by Batiza and White (2000), the
term hyaloclastite is sometimes used broadly to
include both explosively formed fragments as
well as those particles produced in situ by break-
age of pillow rinds and this term is commonly
encountered in the literature where the difference
cannot be or has not been ascertained. We follow
the usage described above and in particular use
the term pyroclastic to refer to solid fragments
ejected from vents where we think that this can
be determined, and hyaloclastite for ash-sized ba-
saltic particles produced in situ by breakage of

pillow rinds during submarine extrusions where
it is possible to determine this. If both types of
deposits might be involved, or in case of uncer-
tainty, we use the term volcaniclastic in order to
minimize potential confusion.

A common assumption about submarine vol-
canic eruptions is that the pressure of the over-
lying water column is sufficient to suppress juve-
nile gas exsolution so that magmatic disruption
and pyroclastic activity does not occur, except at
sufficiently shallow depths (e.g. Batiza and White,
2000). For example, one of the most distinctive
stages recognized in the evolution of seamounts
is that related to the summits of edifices where
sufficiently shallow water is reached that mag-
matic volatiles can be readily exsolved and accu-
mulated, leading to magma disruption on dis-
charge and thus to pyroclastic deposits. This
depth is generally recognized to be about 200-
1000 m and less, depending on magma composi-
tion and volatile content (e.g. Kokelaar, 1986;
Bonatti and Harrison, 1988; Gill et al., 1990;
Oshima et al., 1991; Heikinian et al., 1991; Bi-
nard et al., 1992; Wright, 1996, 1999; White,
1996; Kano, 1998; Fiske et al., 1998, 2001;
Hunns and McPhie, 1999) and is referred to as
the volatile fragmentation depth (Fisher and
Schmincke, 1984).

Observations of seamount summits at various
depths, however, have shown the presence of hy-
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aloclastic and pyroclastic deposits ranging from
scattered fragments deposited between pillow
lavas to evidence for extensive deposits associated
with eruptive vents. Lonsdale and Batiza (1980)
reported the presence of extensive flows of volca-
niclastics on the summits of four seamounts 800—
1200 m above the flanks of the EPR interpreted to
have formed in deep-water phreatomagmatic
eruptions (see also Batiza et al., 1984). Smith
and Batiza (1989) documented extensive volcani-
clastic deposits at depths from 1240-2500 m on
six additional seamounts near the EPR and lo-
cated several vent areas (see also Maicher et al.,
2000; Maicher and White, 2001). These deposits
occur at a depth where pressure would seem to
preclude the normal exsolution of magmatic vol-
atiles to such a degree that they disrupt (e.g. Fish-
er and Schmincke, 1984), unless the magma vola-
tile contents are unusually high (Devine and
Sigurdsson, 1995; Dixon et al., 1997). There are
a number of other possible mechanisms for pro-
ducing pyroclastics and hyaloclastites, however
(Kokelaar, 1986).

More recent exploration of the sea floor has
revealed additional evidence for pyroclastic and
hyaloclastic deposits at a range of depths and in
several magmatic-tectonic environments. For ex-
ample, Clague et al. (2002a) documented frag-
mental volcaniclastic deposits associated with vol-
atile-rich alkalic magmas in the North Arch
Volcanic Field, Hawai'i, at depths of 4.3 km.
Lava bubble-wall fragments (‘limu o Pele’) inter-
preted to be formed by submarine hydrovolcanic
explosions have been found on the summit of Lo-
'thi Seamount at depths of 1.2 km (Clague et al.,
2000). Similar ‘limu o Pele’ deposits have been
found along the Gorda Ridge axis at 3.2 km
depth, and interpreted to be evidence for strom-
bolian activity (Clague et al., 2002c). Fouquet et
al. (1998) found widespread volcaniclastic depos-
its at the Mid-Atlantic Ridge (MAR) axis at
depths up to 1.7 km. Extensive recent exploration
of the summit of Lo’ihi Seamount (Clague et al.,
2002b) has shown evidence of phreatic, phreato-
magmatic, hawaiian, and strombolian eruption
products and activity at 1.2 km, including an
11-m thick section of layered volcaniclastic depos-
its. The Lo’ihi summit deposits include fine-

grained ash beds, spatter, bombs, ‘limu o Pele’,
Pele’s hair, and cored bombs (Clague et al.,
2002b).

Thus, several major questions arise concerning
the formation of pyroclastic and hyaloclastic de-
posits observed on the ocean floor and on sea-
mounts (Fig. 1). What processes do these deposits
represent in terms of mode of eruption, mecha-
nisms of fragmentation, style of emplacement of
deposits, and formation of landforms? What is
the significance of these processes to the later
stages of evolution in the overall development
and shallowing of seamounts? The purpose of
this paper is to address several aspects of these
questions. We present a treatment of the theory
of ascent and eruption of magma at a range of
depths in the submarine environment, concentrat-
ing on processes which can lead to explosive ac-
tivity. We make inferences about the most likely
mechanisms and their sequence and relative im-
portance. Finally, we compare these to several
known occurrences and make predictions about
the style of emplacement of deposits, and process-
es of formation of landforms, that can be tested
by further observations.

2. Theory of the ascent and eruption of magma in
the submarine environment

In the subaerial environment, magma ascending
to shallow depths at speeds up to several meters
per second typically undergoes gas exsolution in
the upper several hundreds of meters of the dike,
causing disruption and acceleration of magma
through the conduit to produce lava fountaining
(known as hawaiian-style activity) and a range of
pyroclastic deposits is produced (Head and Wil-
son, 1987, 1989). In some cases, magma ascent is
stalled or magma rise speeds relative to dike walls
are less than bubble rise speeds through the mag-
matic liquid; in this case larger bubbles can over-
take and coalesce with smaller ones to create
small numbers of very large bubbles which burst
at the surface of the magma column, causing
strombolian-style eruptive behavior and deposits.
In the deep submarine environment typical of the
MAR or East Pacific Rise, pressures are high
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Fig. 1. General geologic setting, conditions, and environment of emplacement of magma and lavas in submarine seamounts. We
take the specific size, shape and depth for the edifice Seamount 6, Eastern Pacific Ocean (data from Smith and Batiza, 1989), but
the example is similar to conditions and observations on several seamounts (e.g. Smith and Batiza, 1989). Also shown are the
depth ranges of various clast-forming processes on the sea floor (after Kokelaar, 1986).

enough to greatly reduce or completely inhibit gas
exsolution so that continuous magma disruption
and hawaiian-style pyroclastic deposits are nor-
mally precluded (Head et al., 1996).

However, there are circumstances which can
lead to magma disruption and explosive activity
at great water depths. In the following sections we
explore these (Fig. 2), examining specifically: (1)
eruption conditions when no magmatic gas is ex-
solved; (2) eruption conditions when magmas
contain some gas bubbles but in a concentration
too low to cause magma disruption; (3) the (high)
levels of magma volatile content needed to ensure
magma disruption and continuous explosive (ha-
waiian-style) activity even at high water pressures;
(4) the (even higher) amounts of magmatic gas
needed to allow gas exsolution and accumulation
into a foam layer at the top of a magma reservoir
which is then also released in a steady explosive
discharge; and (5) the expected interactions be-

tween the overlying water and the explosively
ejected gas and pyroclasts in hawaiian-style erup-
tions. Next, we (6) examine the circumstances in
which slow magma rise speed can allow small
numbers of gas bubbles to exsolve and then coa-
lesce into a few large bubbles which cause inter-
mittent explosive (strombolian) disruption of the
magma surface when they reach the sea-floor
vent, and finally (7) comment briefly on the con-
ditions in which gas accumulation at the top of
shallow dikes approaching close to the sea-floor
could in principle lead to localised (vulcanian)
explosions.

2.1. No gas exsolution

In this case (Fig. 2), there is no gas exsolution
at all by the time the magma has risen to the level
of the vent and decompressed to the ambient
pressure level. This is unlikely unless magma



J.W. Head III, L. Wilson|Journal of Volcanology and Geothermal Research 121 (2003) 155-193 159

S— e g
(1) No Gas Exsolution ﬁ@ Gas Exsolution, No Magmatic

Disruption
= Flows . __ J\A««x
Rise Velocity 2l Vesicular
Insufficient * | Basaltic
To Cause Magma .| Flows
Disruption o 4
3) Gas Exsolution, Magma Disrup§4) Low Magma Rise Speed, Artif

tion, Hawaiian-Style Fountaining icial Gas Buildup, Strombolian

N Activity
i -\ Magma Clots
) Fountain And = And Cooled
= Zone Of \ 0 © \Upper Layer
Mixing =T Fragmented

o=@ Q“O And Dispersed

: U

e A =3 [ -

s \\Bubbles Burst
*oe—Jet Of Gas A\ At Surface

°1  And Pyroclasts Magma

» Rise Rate |%°
A Magma Disruption << .| Bubbles Coalesce,
. Gas Rise |40 ,Rise, Overtake
*%| . Rapid Rise Of Rate "N Others

s Vola ile-Rich Magma

5 Gas Buildup Below Solidified J@) Volatile Content Artificially
Dike Tip Leads to Vulcanian Builds Up In Magma Reservoir
Explosion

7 Hawaiian
Solidifed Eruption
Dike Tip ]
Seals Dike (%1 Gas Buildup Con-

Seamount

o' - -
¢ ¢ ||| tinues Until
[ os| \ Overpressure ;
' 2 }Exceeds Strength jReservoir

Volatile-

v | || [ Of Country Rock |Slowly Depleted

RN P Causing Explosion | Degasses
i Normal
-+l | Magma Continues .

°« YTo Exsolve Gas Magma

- &

Fig. 2. Configuration of the ascent and eruption of magma in several possible submarine examples: (1) no gas exsolution; (2) gas
exsolution but no magmatic disruption; (3) gas exsolution, magma disruption, and hawaiian-style fountaining; (4) volatile content
builds up in the magma reservoir leading to foam formation; (5) magma volatile content insufficient to cause fragmentation nor-
mally but low rise speed results in strombolian activity; (6) volatile content builds up in the top of a dike leading to vulcanian
eruptions.
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CO, contents are extremely low, but if it is the
case the consequences are that there will be vir-
tually no fountaining. This case was treated for
the subaerial environment by Head and Wilson
(1987) for the Pu’'u 'O’o vent on Kilauea volca-
no’s East Rift zone. Using the observed magma
volume flux to estimate the gas-free magma rise
speed driven by magma buoyancy (0.4 m/s), they
calculated that the gasless fountain height would
be less than 1 cm and that, in order to approach
average observed fountain heights of 200 m by
discharge alone, the volume flux required would
be 20000 m3/s, more than 100 times the maximum
flux observed. Are there additional non-volatile or
non-buoyancy factors that could accelerate mag-
ma rise to produce fountain heights of 10-20 m,
causing ‘autodisruption’ of the lava as suggested
by Smith and Batiza (1989) to account for volca-
niclastics on deep seamount summits? Analysis of
a wide range of dike widths and reservoir condi-
tions under sea floor environmental situations
(Head et al., 1996) shows that even under the
most extreme values of excess reservoir pressure,
rise speeds will increase by less than a factor of 5,
and fountains would not exceed a few tens of
centimeters in height. Such a ‘dynamic lava
mound’ fountaining process would not of itself
lead to magma disruption, pyroclast formation,
and dispersal.

2.2. Gas exsolution but no disruption

In this case (Fig. 2), some gas exsolves but the
volume fraction of gas in bubbles stays small
enough that magma disruption does not occur
as long as the bubbles are uniformly distributed
in the magma; a vesicular magma is erupted effu-
sively from the vent. The critical gas volume frac-
tion which must be exceeded to ensure magma
disruption is commonly assumed to be ~75%
(Sparks, 1978), but may range from 60 to 90%
(Vergniolle and Jaupart, 1990) depending on the
magma rheology and applied strain rate. Sam-
pling of flows and vent-related lavas will provide
quantitative information on the volatile content
and amount of vesicularity. The eruption speed
in this case is greater than that when no gas ex-
solves because there will be some expansion of the

gas between bubble nucleation and eruption, but
is still likely to be less than 1 m/s (Head et al.,
1996). Is contact-surface steam explosivity likely
to contribute to hyaloclastite formation in either
of these first two cases? On the basis of experi-
ments (Wohletz and McQueen, 1984) impulse val-
ues of about 0.7 m/s are required to initiate fuel-
coolant interactions leading to catastrophic dis-
ruption and formation of abundant hyaloclastites.
This value is in excess of the highest effusion ve-
locities calculated for sheet flows on the MAR
(0.2-0.5 m/s) (Head et al., 1996), and so we do
not expect magma disruption to occur.

2.3. Gas exsolution, disruption, hawaiian-style
fountaining

In this case (Fig. 2), enough gas exsolves that
the volume fraction of gas in bubbles exceeds the
critical value cited in 2.2. Gas exsolution but no
disruption, at some level below the vent (or in the
extreme case just at the vent) and magma is dis-
rupted. A hawaiian-style lava fountain eruption
then takes place, though its appearance and prod-
ucts are expected to be different from those of a
subaerial lava fountain eruption (Head and Wil-
son, 1987, 1989) because of the immediate inter-
action with the seawater (see 2.7. Volatile content
builds up in the top of dike leading to vulcanian
eruptions).

Magmas with volatile contents typical of those
commonly seen in subaerial eruptions would not
erupt explosively at depths greater than 200-
1000 m (e.g. Kokelaar, 1986). Therefore, the anal-
ysis which follows is designed to establish what
magma volatile contents would be needed in a
steadily rising magma to ensure that a continuous
stream of fragmented magma would be ejected
from the vent in an underwater hawaiian-style
or plinian-style jet. The requirement is that
the exsolved magmatic volatile volume fraction
reaches a critical value (which we assume to be
~75% for consistency with earlier work) by the
time the magma has decompressed to the pressure
level of the vent. Let this pressure be Py, calcu-
lated as a function of depth below sea level using
the acceleration due to gravity, g, =9.8 m s~2 and
assuming a cold seawater density of 1026 kg m—>.
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The partial volume fractions of the gas and liquid
phases of the magma are given by the ratios of
their masses and densities. Assume that in general
finite amounts of both H,O (steam) and CO; have
exsolved and let the volume fractions of these
gases be V; and V., respectively; the magmatic
liquid volume fraction is Vy,. If the amounts of
the gases which have exsolved are ns and rn, in
each case expressed as mass fractions of the total
magma mass, we have:

Vs = (nsQT)/(msPy) (1)
Ve = (nQT)/(mcPy) 2)
Vin = (1=ns=n¢)/ pm (3)

where Q is the universal gas constant (8314 kg
kmol™!), T is the magma temperature, and m
and m, are the molecular weights of the steam
and CO,, 18.02 and 44.00 kg kmol™!, respec-
tively. We have assumed (an adequate approxima-
tion for the present purpose) that the gases obey
the perfect gas law and are in thermal equilibrium
with the magmatic liquid. We take as plausible
values for mafic magmas 7=1255°C=1528 K
and pp, =2700 kg/m3. If the gas is to occupy 75%
of the total volume we require that (Vi +V;)=
3 Vi, and so:

(ns/ms) + (ne/me) = [(1=ns—nc)Py]/(QT pm) (4)

Also, the definition of the bulk density B of the
magma is (1/8) = (Vs+V,.+Vy), and so in the gen-
eral case we have:

(1/B) = [(QT)/Py][(ns/ms) + (nc/me)]+

[(1=ns=nc)/pm] (5)

In the special case of (Vs+V.)=3 V4, this be-
comes

(l/ﬂ) = [4(1_”s_nc)]/pm (6)

Thus, for any chosen ocean depth, and hence
pressure, we can find either the minimum value of
ns needed to ensure explosive disruption of the
magma given a choice of the value of n, or the
minimum value of n. required given a choice of
the value of ng, together with the corresponding
bulk density of the erupting fragmentated magma.

To illustrate the extreme ranges of conditions
we show in the first part of Table 1 the values of
ns when n, =0 and in the second part the values of
ne when ng =0. Also shown are the corresponding
bulk magma densities Bs and B, given by Eq. 6
and in addition the total amounts ng and ny of
the volatile phases which would have to be
present in the magma prior to any gas exsolution,
allowing for the solubilitites ngg and neg of these
phases in basaltic melts given by:

nsg = 6.8x1078 PY7 (7)
(Dixon, 1997) and:
Mg = 5.9%10712 P, 4 5.0x 1076 (8)

(Harris, 1981; Dixon, 1997) where in each case
the solubility is expressed as a weight fraction
and the pressure Py is expressed in Pa. These val-
ues of ny and n represent minimum requirements
because they assume that no supersaturation of
volatiles is needed to initiate gas bubble nucle-
ation. However, significant supersaturations may
be required at the pressures in submarine magma
reservoirs (Bottinga and Javoy, 1990).

Vents at the summits of seamounts and mid-
ocean ridges occur at water depths from several
hundred meters to ~ 3500 m. Table 1 shows that
from ~0.8 to ~5.3 wt% water or alternatively
~2-~12 wt% CO, would need to be exsolved
to ensure continuous explosive activity at these
depths (of course, if both volatiles are present,
as is the case in practice, some critical combina-
tion of the two is required). On the basis of com-
parison of these values with typically mafic mag-
ma volatile contents (e.g. Wallace and Anderson,
2000), and with the most extreme volatile contents
found in submarine basalts (~ 1.4 wt% CO, and
0.54 wt% H,O in a ‘popping rock’ from the
MAR, Javoy and Pineau, 1991; Pineau and Ja-
voy, 1994; 0.8-1.0 wt% CO, for similar MAR
‘popping rock’ samples, Gerlach, 1991; 0.68
wt% H,O in a basalt possibly contaminated by
seawater during a caldera collapse event at Lo'ihi,
Kent et al., 1999) it is clear that the volatile con-
tents required to produce hawaiian-style eruptions
are very unlikely to be common (see also Mac-
donald, 1967; Fornari et al., 1988; Dixon, 1997;
Dixon and Clague, 2001; Dixon and Stolper,
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Table 1
Values for a series of depths below the ocean surface
(a) Gas phase is pure water

Depth P N Nst ps Bs

(m) (MPa) (Wt%) (Wt%) (kg m™3) (kg m™3)
500 5.13 0.802 1.139 7.27 680.3
1000 10.16 1.575 2.121 14.40 685.7
1500 15.18 2.337 3.061 21.54 691.2
2000 20.21 3.087 3971 28.66 696.4
2500 25.24 3.825 4.858 35.80 701.9
3000 30.26 4.553 5.726 42.93 707.2
3500 35.29 5.359 6.665 50.06 713.2

(b) Gas phase is pure carbon dioxide

Depth P ne Net Pe Be

(m) (MPa) (Wt%) (Wt%) (kg m~?) (kg m™3)
500 5.13 1.935 1.939 17.76 688.4
1000 10.16 3.761 3.767 35.17 701.4
1500 15.18 5.520 5.529 52.58 714.4
2000 20.21 7.216 7.228 70.00 727.5
2500 25.24 8.852 8.867 87.41 740.6
3000 30.26 10.432 10.450 104.82 753.6
3500 35.29 12.147 12.168 122.23 758.1

Values include the total ambient pressure, P, the minimum total mass fraction, ng or n., of the volatile (pure water or pure car-
bon dioxide, respectively) that must be exsolved from a magma to allow explosive disruption of the magma to occur; the total
amount of gas dissolved in the magma, ny or ng, respectively, to permit this amount to exsolve; the density of the exsolved gas
phase, ps or pg, respectively; and the bulk density, Bs or B., respectively, of the gas-pyroclast mixture that emerges through the

vent.

1995; Dixon et al., 1991, 1995). However, Dixon
et al. (1997) documented alkali basaltic/nepheli-
nitic lavas erupted north of Hawai'i which con-
tained 1.9 wt% H,O and 5.4% CO,; Table 1
shows that if these magmas had been erupted at
depths shallower than about 1250 m, they would
certainly have produced the submarine equiva-
lents of hawaiian-style lava fountains even if
only one or the other of the volatile components
were present. Explosive activity at even greater
depths is possible when both volatiles are taken
into account.

We can demonstrate this, and also illustrate the
likely eruption speeds in submarine hawaiian
eruptions, by examining the eruption of the very
volatile-rich magma documented by Dixon et al.
(1997) at a range of water depths. First we estab-
lish the pressure at which such a magma would
have a total exsolved gas volume fraction equal to
75%, thus causing magma fragmentation. This in-
volves making an initial estimate of this pressure

and using Eqs. 7 and 8 to find the amounts of
CO; and H,0 dissolved in the magma; subtract-
ing these values from the total volatile contents,
5.4 wt% CO; and 1.9 wt% H,0, gives the ex-
solved amounts of gas, n. and n;, respectively.
These values are used in Eqgs. 1-3, with the cur-
rent pressure estimate being substituted for Py, to
find the partial volumes of CO,, H,O and mag-
matic liquid; the total gas volume fraction is then
evaluated. If this is more or less than 75% the
pressure is increased or decreased, respectively,
and a new gas volume fraction is calculated.
The process is repeated until enough values close
to 75% are available to make accurate interpola-
tion of the pressure corresponding to exactly 75%
possible. This is found to be Py=21.557 MPa, at
which pressure n. = 5.3867 wt% CO; (i.e. virtually
all of the 5.4 wt% available) and n, =0.9752 wt%
H,O (about half of the 1.9 wt% available) have
exsolved. Eq. 6 shows that the bulk density By, of
the erupting gas—pyroclast mixture is 721 kg m—>.
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The pressure of 21.56 MPa corresponds to an
ocean depth of 2134 m, and so any putative ex-
plosive eruption must take place at a water depth
shallower than this. We therefore select a series of
depths d, below the ocean surface at which a pro-
posed vent is located, calculate the ambient pres-
sure P, at the vent for each depth, and then find
the amount of energy, E, per unit mass of magma
which is available to drive the eruption due to
magmatic gas expansion between the magma frag-
mentation pressure Py and the vent pressure P,.
This energy is given by (Wilson, 1980):

E = QT|(ne/m¢) + (ns/ms)|In(Pr/Py)+

[(1=nc—ns)(Pt—Py)/ Pm] )

The available energy E is shared between the
potential energy needed to raise magma from
the fragmentation level to the vent, the work
done against friction with the walls of the dike
through which the magma rises, and the kinetic
energy of the accelerating mixture of gas and py-
roclasts. Wilson and Head (1981) show that the
work done against friction after the magma frag-
ments is very small, and so we only need to eval-
uate the work done against gravity. If we assume
that the pressure gradient in the erupting magma
is close to the lithostatic gradient in the surround-
ing host rocks (arguments supporting this as-
sumption are given by Wilson and Head, 1981),
and take the host rock density to be p, =2700 kg
m~ (to allow for a small amount of vesicularity
in the ocean floor crust), then the vertical distance
between the magma fragmentation depth and the
sea-floor vent is dr where (Pr—Py)=(pn g dr) and
the potential energy change per unit mass of mag-
ma is (g dr) = [(Ps— Py)/pn]. If the average speed of
gas and pyroclasts erupted through the vent is u,
the kinetic energy per unit mass is (0.5 u?) and we
have:

0.5u> = QT|[(nec/mc) + (ns/ms)|In(Pe/Py)+

(Pr=Py{[(1=ne=ns)/pm]—(1/pn)} (10)

Table 2 shows the values of df, B, and u, for
values of the depth to the vent, d,, between zero
(a subaerial eruption at sea-level) and the maxi-
mum possible water depth to allow an explosive

Table 2

Submarine hawaiian-type lava fountain eruption conditions
for a very volatile-rich magma containing 5.4 wt% CO, and
1.9 wt% H,O

dy dr Bm uy/
(m) (m) (kg m™) (m/s)
0 811 3.5 556
250 716 92 340
500 621 181 275
750 526 269 230
1000 431 355 193
1250 338 440 161
1500 241 522 128
1750 147 601 94
2000 51 680 54
2100 13 711 27
2134 0 720 0

For various depths, d,, of the vent below the ocean surface,
values are given for: the depth below the vent at which mag-
ma is fragmentated, dr; the bulk density of the erupting gas—
pyroclast mixture, By, ; and the mean eruption speed of gas
and pyroclasts, u,. The entry for d, =0 corresponds to a sub-
aerial eruption of this magma.

eruption for this magma, 2134 m. Note the dra-
matic increase in eruption speed as water depth
becomes less than about 1000 m; in very shallow
water or on land the eruption of a mafic magma
with the volatile content used in this illustration
would lead to a very violent, possibly plinian-style
rather than hawaiian-style (Parfitt and Wilson,
1999), explosive eruption. Also note that all of
the bulk magma densities By, are less than the
density of the seawater into which the magma
erupts, so that the jet of volcanic ejecta is initially
positively buoyant in the seawater.

As a second illustration of possible submarine
hawaiian-style activity we have repeated the
above analysis for the second most volatile rich
submarine basalt mentioned earlier, that de-
scribed by Javoy and Pineau (1991) and Pineau
and Javoy (1994) with volatile contents of ~ 1.4
wt% CO; and 0.54 wt% H,0O. Table 3 shows the
results; the maximum depth for explosive activity
is now very much less at ~489 m and the max-
imum eruption speed for eruptions in shallow
water is ~250 m/s. Although less impressive
than the previous example, this magma too would
produce an extremely vigorous (~ 3000-m high)
lava fountain if it erupted subaerially.
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Table 3

Submarine hawaiian-type lava fountain eruption conditions
for a moderately volatile-rich magma containing 1.4 wt%
CO; and 0.54 wt% H,O

dv df Bm Uy
(m) (m) (kg m™) (m/s)
0 190 13 246
100 152 149 147
200 114 288 108
300 76 427 78
400 38 565 50
489 0 686 0

For various depths, d,, of the vent below the ocean surface,
values are given for: the depth below the vent at which mag-
ma is fragmented, d;; the bulk density of the erupting gas-
pyroclast mixture, By, ; and the mean eruption speed of gas
and pyroclasts, u,. The entry for d, =0 corresponds to a sub-
aerial eruption of this magma.

The above analysis has been repeated for a
wide range of permutations of initial magmatic
CO; and H,O contents. Fig. 3 shows the maxi-
mum depth in the ocean at which a steady hawai-
ian-style explosive eruption can take place as a
function of the H,O content for a series of fixed
CO, contents. For each CO, content there is a
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critical H,O content below which there is no fur-
ther dependence on H,O; this is because in these
cases magma fragmentation takes place solely due
to the presence of CO, bubbles before any H,O
exsolution has taken place.

We discuss the subsequent interactions between
the products of hawaiian-style explosive eruptions
and the overlying water in 2.5. Submarine erup-
tion plumes, after dealing in 2.4. Volatile content
builds up in the magma reservoir, with the other
possible source of submarine hawaiian-style activ-
ity, gas accumulation in a magma reservoir.

2.4. Volatile content builds up in the magma
reservoir

It is theoretically possible to have circumstances
in which explosive activity can be generated by a
magma whose primary volatile content is insuffi-
cient to allow magma fragmentation to occur by
the time the vent pressure is reached (Fig. 2). The
requirement is that the magma must reside in a
reservoir at a depth which is sufficiently shallow
below the sea-floor to allow some volatile (mainly

2500
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maximum water depth / m

wt% CO, ]
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Fig. 3. The maximum depth in the ocean at which an eruption can be of the steady explosive hawaiian-style, shown as a function
of the initial magmatic H,O content for a series of initial magmatic CO, contents. The depth ceases to depend on water content
when magma fragmentation takes place solely due the presence of CO, bubbles before any H,O exsolution has taken place.
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CO,) exsolution to occur over a finite range of
depths below the roof of the reservoir (Bottinga
and Javoy, 1990). Gas bubbles form and drift
upwards to the roof where they accumulate into
a foam layer in which the gas volume fraction is
very high — greater than 90% is possible before the
foam becomes unstable (Vergniolle and Jaupart,
1990). If this magmatic foam is subsequently
erupted, it will be able to simulate the hawaiian-
style eruption of a very gas-rich magma. This pro-
cess has been proposed for some subaerial hawai-
ian eruptions (e.g. Vergniolle and Jaupart, 1990),
though we note that it does not seem to be con-
sistent with bubble growth rates in the ascending
melts inferred from vesicle size distributions in the
eruption products (Mangan et al., 1995). When all
of the foam layer has been discharged, it may or
may not be possible for the gas-depleted magma
to be erupted after it — this will depend on the
details of the magma density and magma reser-
voir pressure. However, it is not trivial to assume
that magmatic foams can be retained in reservoirs
in this way (in subaerial or submarine environ-
ments). When a foam layer exceeds a critical
thickness, which is at most a few tens of meters
(Vergniolle and Jaupart, 1990), the gas bubbles at
the top of the foam will collapse and release gas
into a continuous pocket which can escape into
any cracks in the reservoir roof. Also, foam accu-
mulation at the roof of a reservoir is itself a pro-
cess encouraging the concentration of stress at the
roof (Parfitt et al., 1993) and may lead to eruption
initiation before very much accumulation has oc-
curred.

If magmatic volatiles do exsolve and build up
at the roof of a magma reservoir in this way (Fig.
2), it is necessary to find the minimum volatile
content of the magma in the reservoir which will
allow some gas exsolution to occur just below the
roof. Consider a reservoir with its roof at a depth
of 1000 m below the summit of a seamount which
has its vent located at a water depth of 1500 m
(Fig. 2). The pressure Py at the vent is the sum of
the overlying water weight plus the atmospheric
pressure, (0.1 MPa+[9.8 m s™2X (1500 m X 1026
kg m—3 =) 15.18 MPa. Using an edifice bulk den-
sity of p.=2700 kg m* (to allow for a small
amount of vesicularity in the eruption products

from which it is constructed), the pressure, Py,
at the level of the reservoir roof (which is the
lowest pressure likely to exist in the magma in
contact with the reservoir roof, see Parfitt et al.,
1993) will be (Py+[9.8 m s72x 1000 m X2700 kg
m3])=41.64 MPa. Table 1(a) shows that no H,O
could exsolve at this pressure unless the water
content of the magma was more than about 7.4
wt%, and so we assume that only CO, vapor is
present. At a pressure of P, =41.64 MPa the den-
sity per of CO, with m, =44.00 kg kmol™! at mag-
matic temperature 7=1528 K is p =[(m. P)/
(OT)]= ~144.22 kg/m?. We require that a foam
be formed which contains a large enough mass
fraction of gas to allow magma fragmentation
to occur when the foam decompresses to the pres-
sure of a vent assumed to be at the 1500-m water
depth of the summit of the seamount. We saw
earlier that this corresponds to ~5.52 wt%
CO,. If the volume fraction of CO; in the foam
corresponding to this minimum mass fraction is
Xomin its mass fraction is (per Xgmin) Whereas the
mass fraction of the liquid magma with density
Pm =2700 kg/m? is (pm {1—Xgmin}). We therefore
have:

ne = (PerXgmin)/(PerXg + Pm{l—Xgmin}) (11)

and with n.=5.52 wt%, ie. 0.0552, we find
Xomin =0.5224. Thus, any foam that accumulates
to the extent that the gas occupies at least 52.24%
of the volume will lead to a hawaiian-style erup-
tion when it erupts at the sea floor. Since foams
with thicknesses of a few tens of meters can re-
main stable with gas volume fractions as high as
at least ~90% (Vergniolle and Jaupart, 1990),
this is clearly a potential mechanism leading to
submarine lava fountain eruptions at much great-
er depths than those illustrated earlier. The likely
maximum volumes of magma that could be
erupted in this way can be estimated by assuming
that a 30-m thick foam layer with 80% gas volume
fraction occupied an area of 3 km?®, approxi-
mately that of the roof of the summit magma
chamber of Kilauea Caldera, Hawai'i (e.g. Ryan
et al., 1983). The corresponding dense rock equiv-
alent volume is then 20X 10® m?, approximately
ten times the amount released in a single eruptive
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episode at Kilauea’s Pu'u "O’o vent (Wolfe et al.,
1988).

The total amount of gas expansion which can
occur to contribute significant energy to the erup-
tion products is that which takes place between
the level at which the magma is fragmented by gas
bubble expansion and the vent level. In the exam-
ple above, the build up of a foam in the reservoir
to a volume fraction of 52.24% would just allow
magma fragmentation at the vent but this would
lead to essentially no acceleration due to gas ex-
pansion, and would yield only a very small erup-
tion velocity. Interestingly, this situation maxi-
mizes the amount by which the gas bubbles in
the magma can expand: decompression from the
242-MPa chamber roof pressure to the ~15-MPa
vent pressure would lead to less than a 2-fold
expansion of recently nucleated ~ 20-um diame-
ter bubbles to at most ~ 40 um. If the foam
builds up to a greater volume fraction, magma
disruption occurs below the vent and although
less pre-fragmentation bubble expansion occurs,
more energy is available from subsequent gas ex-
pansion. We can estimate likely magma eruption
speeds as follows. Assume that the gas volume
fraction X, in the foam at the roof of the magma
reservoir is some value greater than the minimum
value of Xypin =0.5224 found above. The CO, gas
mass fraction n, which corresponds to this vol-
ume fraction X, is found from the equivalent of
Eq. 11:

nee = (ParXg)/(ParXg + pm{l—Xg}) (12)

Table 4 shows how n. varies if we let X, in-
crease from the minimum of Xgmin =0.5224 to val-
ues as large as 0.9; gas mass fractions in excess of
0.3, i.e. 30 wt%, are possible. Also shown in Table
4 are the corresponding values of the bulk density
Bm of the gas—pyroclast mixture which emerges
through the vent when a foam with this large a
gas content erupts at the vent pressure P, =15.18
MPa. The values are found from Eq. 5 by sub-
stituting n¢, for n. and setting ng =0, a reasonable
approximation as Eq. 7 shows that no water is
likely to be exsolved from magmas at this vent
pressure unless they contain more than 0.7 wt%
H,O. All of the densities are substantially less
than that of the overlying seawater.

We anticipate that gas concentrations as large
as those found here will lead to very energetic
submarine explosive eruptions. To estimate erup-
tion speeds, we first need to know at what pres-
sure Py the magmatic foam will disrupt as it rises
through the dike system from the level of the
reservoir roof to the vent. We assume that, for
foams with X, initially less than 0.75, this will
occur when the gas volume fraction has increased
to 75%, i.e. when [(n,QT)/(m.Pq)]=3 [(1—ne)/
2700], to give:

Py = 27000 0T/ [3 me(1—ner)] (13)

We find the distance, dyq, below the vent at
which the pressure Py is reached by assuming,
as in 2.3. Gas exsolution, disruption, hawaiian-
style fountaining, that the pressure gradient in
the erupting magma is close to the lithostatic gra-
dient, so that (P4—Py)=p. g dy. In the case of
foams with X, initially greater than 0.75, magma
disruption will presumably occur within the mag-
ma reservoir roof as the foam collapses so that Py
will be equal to P,. We then find the mean erup-
tion speed, u,, of gas and pyroclasts at the vent by
equating the kinetic energy per unit mass, (0.5 u?),
to the energy due to gas expansion minus the

Table 4

The variation of the mass fraction, ny, of CO, gas in a
foam accumulating under the roof of a magma reservoir as a
function of the volume fraction, Xj, of gas in the foam

Xg Ner Pd dd Bm Uy
(Wt%) (MPa) (m) (kg/m?)  (m/s)
0.5244 5.52 15.18 0 714 small
0.55 6.13 16.97 68 661 62
0.60 7.42 20.83 214 570 115
0.65 9.02 25.76 400 487 164
0.70 11.08 32.38 650 410 217
0.75 13.81 41.64 1000 339 279
0.80 17.60 41.64 1000 274 315
0.85 23.24 41.64 1000 213 362
0.90 32.47 41.64 1000 156 428

The reservoir is located at a depth of 1000 m below the sum-
mit of a submarine volcano and the summit vent is at a
water depth of 1500 m. Also shown are the pressure, Pg4, at
which the foam disrupts into pyroclasts as it rises through a
dike to the vent, the depth, dy, below the vent at which this
occurs, the bulk density B,, of the erupting gas—pyroclast
mixture, and the velocity, u,, with which the mixture erupts
into the overlying water.
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work done against gravity in rising the distance
dq; the equivalent of Eq. 10 in 2.3. Gas exsolu-
tion, disruption, hawaiian-style fountaining be-
comes:

0.5u% = (QT /m¢)neIn(Py/ Py)+
(Pa=P){[(1=ner)/ pm]—(1/pe) } (14)

Table 4 shows the values of Py, dy and u, re-
sulting from foam gas volume fractions between
the minimum of Xy, =0.5224 and a likely upper
limit of X, =0.9; clearly eruption speeds of hawai-
ian-style lava fountains of more than 400 m/s are
possible, even for a vent 1500 m below the sur-
face. If foam build-up occurred in the magma
reservoir of a volcanic edifice with its vent lying
at shallower water depths then, as shown by the
trends in Tables 2 and 3 for eruptions in which no
concentration of volatiles occurs in this way, even
higher eruption speeds would be possible. We
now explore the likely interaction of both kinds
of submarine lava fountains with the overlying
water column.

2.5. Submarine eruption plumes

We saw in 2.3. Gas exsolution, disruption, ha-
wailan-style fountaining, and 2.4. Volatile content
builds up in the magma reservoir, that continuous
submarine explosive activity, in which a steady
stream of fragmented magma is ejected from the
vent into the overlying seawater column, can oc-
cur either when the magma is very rich in volatiles
or when volatiles accumulate in a foam layer at
the roof of a magma reservoir. We now treat the
consequences of the interaction between a steadily
erupting gas-pyroclast jet and the overlying water
as follows. First, as illustrated in Fig. 4, assume
that a fissure vent of width W and along-strike
length S is at a depth where the pressure is P
and is erupting a steady jet of disrupted magma
consisting of clots of liquid with unvesiculated
density pm entrained in a mixture of gaseous
water and carbon dioxide, all the components
being at the same temperature 7. In keeping
with the examples shown in Tables 2 and 3, the
bulk density of the erupting mixture is B, and the

mean velocity of the jet is u#,. The mass flux of
magma emerging from the vent is M where:

Mo = Brmu, WS (15)

and the momentum flux is Z; where:
Zy= ,Bmug WS. (16)

The momentum flux will be conserved as mix-
ing with the surrounding water takes place, but
the total mass flux will increase as ocean water is
added to the widening plume. We therefore need
to evaluate the mass flux immediately after the
erupting jet has completed the first phase of its
interaction with the surrounding seawater. We as-
sume that the mixing takes place under conditions
similar to those described by Prandtl (1949) for
the turbulent interaction of a jet of fluid entrain-
ing a surrounding fluid having a similar density.
This is not unreasonable given the densities found
above for volcanic fluids just able to erupt explo-
sively on the ocean floor. The volcanic jet mixes
with the surrounding water in a fixed geometric
pattern (Fig. 4) so that the inner edge of the zone
of mixing extends from the edge of the vent to the
center-line of the jet in the time it takes the mix-
ture to rise to a height sy, =6 W, where W is the
vent width. At the same time the outer edge of the
mixing zone extends away from the edge of the
vent by an amount (/,,/8) on either side of the jet,
so that the full width of the widening jet just after
it is fully mixed with the surrounding water is
(W42 (/)] =[W+2 (6WI8)]=(5/2) W. Given
the range of dike widths, up to ~2 m, estimated
for submarine rise crest eruption (Head et al.,
1996), we infer that Ay, is typically ~12 m and
the width of the jet after mixing is ~5 m. We
assume (and will justify retrospectively) that dur-
ing this mixing process two things happen: first,
enough heat is transferred to the entrained water
that all of the magmatic water vapor condenses
into liquid water with density py and, second,
that all of the carbon dioxide dissolves into the
water. These assumptions can be used to calculate
the resulting bulk density of the mixture as fol-
lows.

Consider a reference volume V located immedi-
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A SUBMARINE HAWAIIAN ERUPTION BEHAVIOR
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Fig. 4. Submarine hawaiian eruption model developed in this analysis. (A) Formation and emergence of gas/pyroclast jet and de-
velopment of the zone of mixing. (B) Evolution and collapse of the zone of mixing to form flows, welded agglutinates, and den-
sity currents.



J.W. Head III, L. Wilson!Journal of Volcanology and Geothermal Research 121 (2003) 155-193 169

ately above the vent so that V' is proportional to
the vent width W. If the bulk density of the erupt-
ing fluid is By, then the total mass within the vol-
ume V is (V Bn). The mass of volcanic water
vapor must therefore be (n; V Bn) and this occu-
pies a volume (ns V Bu/ps). Similarly, the mass of
CO; is (ne V Bm) in a volume (n. V PBm/p.) and the
mass of rock is [(1—ns—n.) V PBm] in a volume
[(1=ns—n.) V Bu/pm]- Now consider the condi-
tions after mixing with the ocean water is com-
plete and the edges of the jet have expanded to
the width (5/2) W. The reference volume has en-
larged to (5/2) V, but within it the volume of rock
is still [(1—ns—n) V PBm/pm]- Because the volcanic
water has condensed, its volume is now (ns V B/
pw) and the volume of the dissolved carbon diox-
ide is of course zero. So the volume of ocean
water that has been entrained must be {(5/2)
V=[(1=ns—ne) V Bu/pm]—(ns V Bm/pyw)} and its
mass must therefore be [{(5/2)—[(1—ns—n:) Pw/
Pm]— (s Bu/pw)} {V pw}]. The total mass within
the volume (5/2) V consists of this entrained water
mass plus the original masses of rock, volcanic
water vapor and COy, i.e. [(1—ns—nc) V Bum], (1s
V Bm) and (n. V Pm), respectively. The new bulk
density, B, is therefore this total mass divided by
the new volume and, after a little simplification, is
found to be:

B =pw+ 2Bum/S){1—ns—[(1—ns—ne)(pw/Pm)]}
(17)

Given this value for the bulk density of the
mixture of volcanic materials and seawater we
can evaluate the velocity of the mixture. The mo-
mentum flux from the vent, Zj, given by Eq. 16,
must be equal (since momentum is conserved) to
the momentum flux Z in the mixed, expanded
plume, given by:

Z = Bu*(5/2) WS (18)
and hence:
ufuy =[(0.48m)/B]'" (19)

The mean temperature of the mixture can be
found by equating the enthalpies of the compo-
nents before and after mixing has taken place and
can be represented by:

[(1=ns=ne)V Bmle:(T—Te) + (nsV Bm)W(T—Te)+
(neV Bm)ce(T—Te) = [{(5/2)—((1=ns—nc) Bm/
pm>_(nsﬁm/pw)}{pr}]h(T€_273-15) (20)

where T is the eruption temperature of the mag-
ma as before, T, is the final equilibrium temper-
ature of the mixture and it has been assumed that
the ocean water is just above the freezing point at
273.15 K. ¢; and ¢, are the average specific heats
at constant pressure over the ~273-1528 K tem-
perature range of interest of basaltic rock and
carbon dioxide, ~ 1200 and ~900 J kg™', respec-
tively, and h(Ty—T,) is the specific enthalpy
change of water between any temperatures Ty
and Ty, obtained from UKCPS (1970). Use of
the enthalpy eliminates the need to keep track
of the temperature variation of the specific heat
of water and, when the pressure is less than the
~ 22 MPa critical pressure, to include the latent
heat.

For each of the eruptions illustrated in 2.4. Vol-
atile content builds up in the magma reservoir,
and 2.5. Submarine eruption plumes, Table 5
shows the results of mixing with seawater. Table
5(a) deals with the eruption of the very volatile-
rich magma, Table 5(b) with the moderately vol-
atile-rich magma, and Table 5(c) with the case of
foam accumulation in a reservoir. For each water
depth of the vent, the magma density and erup-
tion speed in the vent from Tables 2-4 are re-
peated for ease of comparison with the mixture
density and upward speed after mixing has taken
place. A number of interesting features are seen in
Table 5. First, the velocity, u, after mixing is typ-
ically no more than one third of that before mix-
ing. Second, whereas in all cases the bulk density
of the jet of disrupted magma emerging from the
vent is at least four times smaller than the density
of the surrounding water before mixing takes
place, after mixing is complete the bulk density
of the jet is always greater than that of the sur-
rounding water, typically by 10-20% (except for
the shallowest eruptions where the density differ-
ence can become quite small). This finding differs
from the qualitative expectation of Cashman and
Fiske (1991) that the mixtures should be less
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Table 5

Illustrations of the consequences of steadily erupted gas—pyroclast jets interacting with seawater. Part (a) deals with the eruption
of the very volatile-rich magma shown in Table 2, part (b) with the moderately volatile-rich magma shown in Table 3, and part
(c) with the case of foam accumulation in a reservoir shown in Table 4.

(a) Very volatile-rich magma contains 5.4 wt% CO, and 1.9 wt% H,O

Before mixing After mixing
dy Bm Uy B u he T. BP
(m) (kg m™)  (mfs) (kg m™?) (m/s) (m) Q) O
0 3.5 556 n/a n/a n/a n/a (n/a)
50 21 450 1031 41 84 5 (159)
250 92 340 1049 64 206 13 (226)
500 181 275 1072 71 260 26 (265)
750 269 230 1094 72 265 39 (291)
1000 355 193 1116 69 242 52 (312)
1250 440 161 1137 63 201 63 (328)
1500 522 128 1158 54 151 76 (343)
1750 601 94 1179 43 94 87 (355)
2000 680 54 1199 26 33 98 (366)
2100 711 27 1206 13 9 104 (370)
2134 720 small n/a small small 105 (372)
(b) Moderately volatile-rich magma contains 1.4 wt% CO, and 0.54 wt% H,O
0 13 246 n/a n/a n/a n/a (n/a)
50 80 177 1046 31.0 49.0 11 (159)
100 149 147 1063 34.7 61.4 21 (184)
200 288 108 1098 34.9 62.1 41 (212)
300 427 78 1133 30.4 47.0 61 (236)
400 565 50 1167 22.1 24.9 82 (252)
489 686 small n/a small small 99 (263)
(c) Foam accumulates under the roof of a magma reservoir
Before mixing After mixing
X, gmin Bm Uy B u he T. BP
(m) (kg m™?)  (m/s) (kg m™?) (m/s) (m) O O
0.5244 714 small n/a small small n/a (n/a)
0.55 661 60 1196 28 40 90 (343)
0.60 570 106 1174 47 111 81 (343)
0.65 487 166 1154 68 237 69 (343)
0.70 410 220 1135 84 357 57 (343)
0.75 339 284 1117 99 500 47 (343)
0.80 274 320 1101 101 519 38 (343)
0.85 213 368 1086 103 541 29 (343)
0.90 156 435 1072 105 560 20 (343)

For each water depth of the vent, d,, in parts (a) and (b), and for each gas volume fraction in part (c), the magma density B,
and eruption speed u, in the vent are repeated from Tables 2-4 for ease of comparison with the mixture density  and upward
speed u after mixing has taken place. /i; is the height to which the fountain rises over the vent and 7, is the equilibrium tempera-
ture after complete mixing between the erupted jet and the entrained seawater. The final column gives the water boiling point,
BP, at the pressure implied by the depth d, for comparison with T.

dense than the surrounding ocean water: our always much less than the boiling point at the
quantitative analysis shows that the influence of ambient pressure. Thus the earlier assertion that
the loading of the entrained pyroclasts is greater all of the volcanic steam condenses during the
than they anticipated. Third, the thermal calcula- initial phase of mixing with the surrounding water

tion shows that the temperature after mixing is is always entirely justified. Finally, we give in Ta-
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ble 5 the values of the maximum height /¢, equal
to [t%/(2 g)], to which the materials in the jet could
rise above the vent if there were no further sig-
nificant interaction with the surrounding sea-
water. These are seen to range from tens of meters
in the case of the moderately volatile-rich magma,
Table 5(b), to hundreds of meters in the case of
the very volatile-rich magma, Table 5(a), and the
foam, Table 5(c). In Table 5(c), where the vent is
at 1500 m depth, the volcanic materials do not
reach depths shallower than 950 m despite the
high eruption speeds. However, in the case of a
vent at 50 m depth in Table 5(b), materials do
almost reach the surface (nominally failing to do
so by 1 m); and in the case of a vent at 50 m
depth in the more volatile-rich case in Table 5(a),
the 84-m rise distance implies that the mixture of
pyroclasts and entrained water should overshoot
the ocean surface by ~34 m.

In fact, the motion of the pyroclasts and en-
trained seawater after mixing is complete just
above the vent is much more complex than im-
plied by the calculation of /¢ described above. The
conditions are similar to those in subaerial erup-
tions in which not enough atmosphere is en-
trained into the jet of volcanic materials emerging
from a vent to ensure convective rise of the result-
ing plume and are consistent with the scenario
described by Kokelaar and Busby (1992) to ex-
plain the deposits of a more silicic submarine ex-
plosive eruption. In general the mixture collapses
back to the ocean floor as a density current from
a height of order /4; at a speed similar to u, and
the entire structure resembles a vertical fountain
over the vent. The internal motions of such a
system are complex, particularly because the jet
rising from the vent is now entraining not sea-
water but the descending part of the fountain
which will be denser than seawater by an amount
similar to that found in the above mixing calcu-
lation. The treatment of subaerial volcanic foun-
tains by Wilson and Heslop (1990) shows that the
dynamic pressure exerted by the falling material
can cause the pressure in the vent in such systems
to rise well above the ambient pressure, reducing
the velocity of the fountain at its base (and hence
its rise height) because less gas expansion occurs.
However, this phenomenon is very much less pro-

nounced in the submarine environment. The dy-
namic pressure exerted by the falling material is
[(1/2) B 4], and using the values in Table 5 this is
only a significant fraction of the ambient water
pressure at the vent depth for vents shallower
than ~ 50 m.

More important is the uncertainty related to
the decoupling of the motions of the pyroclasts
of various sizes from that of the entrained water
(e.g. Cashman and Fiske, 1991; Kokelaar and
Busby, 1992; Davis and Clague, 1998; White,
2000). All of the clasts will have a finite terminal
velocity in the water and will therefore lag behind
the upward water speed by this amount. The ter-
minal velocities of 1-m, 10-cm, 1-cm and 1-mm
sized particles will be of order 3, 1, 0.3 and
0.1 m/s, respectively; these values assume clast
densities of ~ 1500 kg m— (implying significant
vesicularity) and include due allowance for the
buoyancy of the clasts in the water (Cashman
and Fiske, 1991), giving them an effective density
of ~500 kg m™3, but they will not be as much as
a factor of 2 greater even if there is no vesicular-
ity. Thus, only very large magma clots emerging
through the vent will decouple significantly from
the water motion near the vent in explosive sub-
marine eruptions. Given the range of speeds after
mixing in Table 5(a)-(c), say 30-100 m/s, the
timescales [(2 u)/g] for clasts to pass completely
through the fountain over the vent will be 3-10
s, and the thicknesses of the chilled skins on any
clasts in direct contact with seawater will be up to
~ (k tr)"/?= ~3 mm, where ¥ is the thermal dif-
fusivity of rock, ~107® m?/s. Thus, in general
(though see also the discussion below) cm-sized
and smaller pyroclasts will undergo significant
heat loss, whereas larger magma clots will reach
the surface with a chilled skin surrounding a
largely hot interior.

The primary size frequency distribution of frag-
ments resulting from submarine explosive erup-
tions is poorly known. Also poorly understood
are the auxilliary processes (discussed in a follow-
ing section) that might operate on the pyroclasts
in this environment, such as the influence of con-
tact-surface steam explosivity on the pyroclasts in
the mixing zone (Kokelaar, 1986). For example,
as more clasts come into contact with seawater in



172 J.W. Head III, L. Wilson!Journal of Volcanology and Geothermal Research 121 (2003) 155-193

the outer parts of the descending column (Fig. 4),
water is vaporized, and the clasts cool and may
shatter, potentially leading to fuel-coolent inter-
actions. Despite these uncertainties, the general
fate of pyroclasts in this environment is clear.
The high density of the surrounding water col-
umn, relative to the subaerial environment, means
that particles are decelerated dramatically in the
narrow mixing zone and eruption jet dispersal is
inhibited relative to the subaerial environment.
Thus, most pyroclasts will begin to fall in the
immediate vicinity of the vent (within a few me-
ters radius) due to the negative buoyancy of the
mixed zone.

Particles may have several fates, depending on
their position in the jet and zone of mixing (Fig.
4). In the inner part of the column, where cooling
is least, clasts are hottest and clast number density
is highest, the descending clasts may reaccumulate
and coalesce to form a lava flow or a lava pond
feeding a flow. Toward the outer part of the col-
umn, clast number density is less, more cooling
has occurred, the mixing zone is negatively buoy-
ant, and column collapse will result in density
currents descending down the margins of the col-
umn, reaching the surface in the vicinity of the
vent, and expanding out into the surrounding
areas at initial speeds of order at least 30-100
m/s (e.g. Table 5(b),(c)) as potentially erosive, py-
roclast-charged density flows. The runout distan-
ces of such flows will be controlled much more by
mixing with the overlying water than by basal
friction. If the geometry of the mixing process is
the same as that in the vertical part of the plume
we might expect runout distances of order twice
the plume height, i.e. ~1 km for foam driven
hawaiian plumes. In the outermost parts of the
collapsing column, extensive mixing with water
may elutriate many (relatively small) clast sizes
into the submarine equivalent of a subaerial co-
ignimbrite eruption cloud (Fig. 4; Kokelaar and
Busby, 1992). The relatively high effusion rates
associated with hawaiian-type eruptions would
lead to the prediction that any lava flows associ-
ated with these events would be characterized by
lobate sheets, rather than pillows (e.g. Head et al.,
1996; Gregg and Fink, 1995).

In summary, submarine hawaiian eruptions will

produce low, narrow eruption jets, which will
quickly collapse to produce proximal accumula-
tions of hot coalescing pyroclasts within a few
meters of the vent and cooler, less clast-rich den-
sity flows descending from the distal parts of the
column and spreading radially away from the
vent for distances of the order of the height of
the column (relative to the subaerial case, density
flows are subjected to additional drag at their
upper surfaces by the submarine medium). Land-
forms anticipated from these eruptions (Fig. 4)
might include cones surrounding the vent with
rim crests within a few meters of the vent (much
closer than in the subaerial case), possible lava
ponds within the cone, and an apron of pyroclas-
tic deposits surrounding the vent. The cone and
the flanking deposits should consist of interlayers
of pyroclastic flows and lava flows with sheet flow
morphology, rather than pillow lava morphology
dominating. At greater radial distances from the
vent (Fig. 4), one would predict that flows and
layers of agglutinated pyroclasts would dominate
proximally in the cone, giving way to bedded py-
roclastics and interlayered lava flows distally.
Explosive eruptions driven by foam layer col-
lapse should produce generally similar deposits
and landforms to those from normal magmatic
volatile-induced hawaiian eruptions but with
some systematic differences. Thus, typical pyro-
clast sizes might be smaller (due to the greater
amount of gas bubble expansion), and the pyro-
clasts themselves may be dominated by shattered
bubble walls forming ‘limu o Pele’. Cooling of
descending pyroclasts in the outer parts of the
collapsing fountains would be more efficient be-
cause fountain heights would exceed those ex-
pected for purely magmatic cases, leading to
different types of proximal deposits. Runout
distances for density flows would also be greater,
potentially leading to surrounding pyroclastic de-
posits in the tens to hundreds of meters range. In
general, the volatile buildup at the top of the res-
ervoir would leave a complementary volatile-de-
pleted magma below. Thus, after the volatile-rich
layer was discharged during the hawaiian-style
eruption event, it could be followed by a very
volatile-depleted effusive phase, and vesicle-poor
lavas overlying pyroclastic-rich cones might there-
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fore be a distinctive signature of this eruption
setting. However, Blake (1981) has shown that
typically less than 1% of the total volume of the
melt in a reservoir leaves the reservoir in indi-
vidual overpressurization-induced diking events.
Thus, it is entirely possible that only the volatile
rich foam layer might be erupted.

2.6. No normal fragmentation, but low rise speed
causes strombolian activity

Sufficiently volatile-poor magmas cannot erupt
explosively as long as the bubbles are uniformly
distributed in the magma; however, explosive ac-
tivity may occur if the magma rise speed in the
dike/conduit feeding the vent is so slow that there
is time for large, early-nucleated bubbles to over-
take smaller, later-nucleated bubbles in a run-
away bubble coalescence process (Figs. 2 and
5A). The intermittent emergence of the resulting
giant bubbles through the lava at the vent drives
strombolian explosions. Since this mode of erup-
tion requires a relatively low magma rise speed in
the dike, it is most likely to be associated with low
effusion rate eruptions. If a lava lake is present
around the vent (Fig. 5B), the intermittent large
bubbles burst through its surface and throw up
magma clots whose size and shape (and launch
speed) are dictated by the radius of the bubble,
its arrival speed at the surface (larger bubbles
travel faster) and the degree of cooling and hence
non-Newtonian behavior of the lake surface (the
higher the eruption rate the more rapidly the lake
overflows to feed flows and the hotter its surface
stays, on average, leading to easier deformation
and smaller pyroclast sizes). If no lava lake is
present over the vent, the large bubbles rising
up the dike simply blow off the magma just ahead
of them (Fig. 5A). In this case the magma is in-
evitably hotter than if it had been sitting in a lava
lake. The pyroclast sizes to be expected in this
case are hard to predict. Because strombolian ac-
tivity is most likely to occur in magmas with low
exsolved gas contents, this implies that the magma
between the large bubbles will contain relatively
small numbers of small gas bubbles and so will
certainly not have any strong tendency to disrupt
further into small fragments; in the extreme case

the largest magma clots ejected might have their
longest axes comparable to the width of the dike.

We can explore the ranges of eruption condi-
tions that give rise to strombolian activity in a
magma that has too low a volatile content to
allow hawaiian-style activity to occur. For any
chosen magma viscosity and total volatile content
there is a critical magma rise speed below which
there will be extensive bubble coalescence and
strombolian activity will be unavoidable. A com-
puter program to simulate coalescence numeri-
cally was developed by Wilson and Head (1981)
and Parfitt and Wilson (1995). We have used
this program to find the maximum magma rise
speeds, us, allowing strombolian activity when
the volatile involved is CO, and the eruptive
vent is at least 1500 m below sea level. These
rise speeds have implications for the widths of
the dikes through which the eruptions are occur-
ring. A magma with a given viscosity 1 will have
a rise speed u; which is a function of the dike
width W; and the pressure gradient dP/dz driving
the motion (Wilson and Head, 1981) such that in
laminar flow (which can be shown to be the rele-
vant condition for all of the cases above by retro-
spectively calculating the Reynolds number of the
motion):

us = (W2 dP/dz)/(121) (21)

For submarine eruptions Head et al. (1996)
show that a plausible pressure gradient is dP/
dz=2000 Pa/m, and with this value we find the
maximum dike widths allowing strombolian activ-
ity to occur shown in Table 6. The values, always
significantly less than 1 m, ensure that conductive
cooling and solidification of the dike will be rela-
tively rapid (Wilson and Head, 1988; Bruce and
Huppert, 1989; Head et al., 1996) and that, in the
submarine environment, strombolian eruption
events will typically last on the order of hours,
rather than days.

Using these calculations, we can now estimate
the characteristics and evolution of the eruption
process and make predictions about the resulting
deposits and landforms. Initial stages of a strom-
bolian eruption might be characterized by dike
emplacement and extrusion of lavas at very low
effusion rates, leading to production of short
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Fig. 5. Submarine strombolian eruptions. (A) Configuration of a vent. (B) Configuration of a lava pond. (C) Examples of subae-
rial eruptive products in the block to bomb size range (from Macdonald, 1967). Explanation: (A) bipolar fusiform bomb with
lee side to top; (B) cross-section of bomb shown in (A); (C) unipolar fusiform bomb; (D) almond-shaped bomb; (E) cross-sec-
tion of bomb shown in (D); (F) cross-section showing broad equatorial fin; (G) cylindrical ribbon bomb; (H) cross-section of
bomb shown in (G); (K) cow-dung bomb; (J) cross-section of bomb shown in (K). (D) Example of a possible fragment derived
from the top of a lava lake (from Kokelaar, 1986) and described in the text.
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Fig. 5 (Continued).

flows and pillows rather than extensive lobate
sheets (e.g. Head et al., 1996; Gregg and Fink,
1995). As the rise rate stabilized, and prior to
the time that cooling closed off ascent, strombo-
lian activity would occur as the gas bubble rise
speed exceeded the magma rise speed. Disruption
of magma would occur at the vent-water inter-
face; the maximum bubble size for subaerial en-
vironments is about 5-10 m (Wilson and Head,
1981) and that of submarine environments under
these conditions is about 1.5-2 m, being mainly
controlled by the higher ambient pressure. Bub-
bles will rise more slowly (4-5 m/s) than in the
subaerial case, and smaller bubbles mean that

there will be lower internal excess pressures (1-2
bar), and thus initial ejecta velocities will be small,
but up to 20 m/s. As the bubbles burst (Fig. 5),
fragments mingle with the surrounding water, and
are cooled and drastically decelerated; fragments
that might travel to maximum distances of 50—
60 m in the subaerial environment are restricted
to less than 10-20-m maximum distance in the
submarine environment. Thus, water drag and de-
celeration of pyroclastic fragments is a key factor
in both strombolian and hawaiian-style submarine
eruptions and the resulting landforms. The max-
imum bubble sizes of 1-2 m mean that typical
fragment sizes will be much smaller than this.
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Table 6

Magma rise speed at great depth in the conduit system, us,
and corresponding conduit width, W, which marks the
boundary between strombolian activity and steady magma
discharge

Magma contains 0.4 wt% Magma contains 1.4 wt%

COZ CO2
n Us VVg Ug VVS
(Pas)  (mfs) (m) (m/s) (m)
30 0.5 0.30 2.0 0.60
100 0.2 0.35 0.8 0.69
300 0.1 0.42 0.4 0.85

Values are given as a function of magma viscosity, 1, in ba-
salts containing 0.4 and 1.4 wt% CO,. At higher magma rise
speeds in wider conduits bubble coalescence is negligible and
a steady discharge of vesicular magma (or, if the water depth
above the vent is small enough, hawaiian-style explosive ac-
tivity) will occur.

Expansion of the gas bubble just prior to burst-
ing will tend to accelerate all particles to approx-
imately the same initial velocity, but the greater
inertia of the larger particles will mean that they
will travel further, and one can anticipate blocks
and bombs littering the surface beyond the edge
of finer-grained deposits. Larger fragments (in the
block, 64-256-mm, and bomb, >256-mm, range)
will probably be derived from the plug of magma
pushed in front of the rising gas bubble (Fig. 5A),
or from the cooled upper surface of a lava pond
(Fig. 5B). The full spectrum of morphologies of
bomb and block shapes might be anticipated (Fig.
5D), and the details of shapes, sizes, abundances
and frequency distribution around specific vents
are keys to the original eruption conditions. For
example, a sample collected from a submarine
eruption at Surtla (Fig. 5D; Kokelaar, 1986)
could be similar to the types of features antici-
pated to be derived from the top of a lava
pond; the cooled upper thermal boundary layer
(chilled at the top, vesicular below) might be
ripped apart by the expanding gas bubble (Fig.
5B), folded over in flight and, upon landing, still
be hot enough to cause agglutination of lapilli
onto its lower surface.

The pulses associated with the bursting of bub-
bles in strombolian events might provide the en-
ergy necessary to initiate contact-surface steam
explosivity (e.g. Kokelaar, 1986, and see discus-

sion below). In this case, fragments might shatter,
possibly repetitively, so that a series of shattering
events might operate to reduce the average grain
size until mm-sized fragments were formed; at
that point, subsequent cooling would not generate
sufficient steam to continue shattering by this pro-
cess. Even with the extensive particle shattering
that might occur during the contact-surface steam
explosivity process, the volume density of par-
ticles is still very likely to be insufficient to make
extensive density flows, and the particles would
more likely settle to the surface to form a thin
layer of cooled pyroclasts in the area immediately
surrounding the vent (Fig. 5A,B).

Ejecta built up around a submarine stromboli-
an vent would obviously be closer to the vent
than in the subaerial case. The resulting cone
would be no more than 20-40 m in maximum
width, and would have a rim crest whose position
was dictated by a combination of fragment size
and velocity, and thus accumulation rate. Rim
crests would probably be located at radii of less
than about 10 m. Rim heights would depend on
eruption duration, and on the basis of the simple
cooling relations discussed above, might be lim-
ited to few meters. Initial strombolian events
could build a low ring of agglutinated pyroclasts
around the vent and thus provide the basis for
accumulating a small lava pond or lake. The pres-
ence of a pond (Fig. 5B) could change the nature
of the pyroclastic deposits; bubbles bursting in
the cooler magma of the pond and disrupting a
surface thermal boundary layer, the characteris-
tics of which might vary as described above,
would produce larger, cooler pyroclasts than in
the earlier stages, and this should be reflected in
the cone deposits. Strombolian activity is unlikely
to be sufficiently vigorous and continuous under
submarine conditions that it will lead to a distinc-
tive mixing layer which undergoes collapse to pro-
duce gravity-driven pyroclastic flows. Lava flows
associated with these types of cones, in addition
to having a surface morphology consistent with
very low effusion rates (predominantly pillows),
should also be relatively depleted in vesicles. In
summary, the types of deposits associated with
strombolian activity should on average be domi-
nated by relatively large clasts deposited near the
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vent and often agglutinated and welded, cones
with rim crest radii measuring a few meters, a
lack of extensive pyroclastic flows, and associated
lava flows with predominantly pillow textures.
The role of smaller-scale pyroclastic fragments
generated by contact-surface steam explosivity is
at present unknown, but could clearly alter the
size-frequency distribution of pyroclasts and re-
sulting deposits.

2.7. Volatile content builds up in the top of dike
leading to vulcanian eruptions

In this case, which might occur following a pe-
riod of strombolian or hawaiian activity, the top
of the dike becomes sealed, and gas accumulates
in the upper part of the dike (Figs. 2 and 6) lead-
ing to sufficient excess pressure that a vulcanian-
type explosion takes place. In these events, the
region around the top of the dike (consisting of
country rock) will be broken into angular frag-
ments, mixed with some juvenile material from
the upper part of the dike, and ejected radially
away from the point of the explosion (e.g. Head
and Wilson, 1979). In the subaerial environment,
fragments can be accelerated and transported to
distances of kilometers (Fagents and Wilson,
1993), but in the submarine environment, the
fragments will be rapidly decelerated by the sur-
rounding seawater, drag forces being ~ 103 times
larger than subaerially, and will settle to the sur-
face as a relatively chaotic mass of angular
blocks, generally within just a few meters (less
than 5 m) of the vent. There is no a priori reason
to expect that a vulcanian event will be followed
by extensive extrusive volcanism (because the as-
cent of material in the dike has already ceased
and additional cooling has taken place as the vol-
atiles have built up) and thus these types of events
might be characterized by deposits of angular
blocks of country rock without many subsequent
lava flow deposits. Should effusion take place, it
would more likely be at low rates and thus would
be characterized by short pillow-lava flow domi-
nated deposits, rather than extensive sheet flow
deposits. A potential major variation on this
theme is the possibility that the energy associated
with the vulcanian explosion might provide the

threshold necessary to initiate contact-surface
steam explosivity in the exposed magma in the
top of the dike. In this case, the proximal blocky
ejecta deposits might be veneered with hyaloclas-
tic deposits. In addition, exposure of the top of
the dike by the explosion might cause bulk inter-
action steam explosivity as seawater surged into
contact with the exposed magma at the top of the
dike. As soon as the water was converted to
steam, however, the expanding wave would push
water back out of the vent, suppressing further
contact and permitting additional cooling to
take place. This process seems self-limiting, but
perhaps a few surges of cooling and quenching
could take place to produce local pyroclastic de-
posits before equilibrium was reached.

3. Non-magmatic gas mechanisms for magma
fragmentation and the production of hyaloclastites

The range of magma-water interactions that
might occur in subaqueous and emergent basaltic
volcanism has been described by Kokelaar (1986)
(Fig. 7). This includes the range of conditions that
might result in the explosive release of magmatic
volatiles that we have treated in detail above, as
well as a variety of other mechanisms which we
consider below and relate to magmatic gas release
processes.

3.1. Cooling-contraction granulation

In this mechanism, which can occur at any
depth, magma comes into contact with water
and cools by conductive heat transfer at its sur-
face, thus developing a temperature gradient be-
tween the center and the surface of the fragment
or feature (Figs. 7 and 8). Rapidly following the
extrusion of lava underwater, the outer boundary
layer becomes rigid and, when the interior cools,
it will contract more that the outer layer can
accommodate, so that cracking or granulation
results. Among the deposits produced are domi-
nantly sand- and granule-size grains which com-
prise a mixture of glassy globules commonly
showing evidence of shattering in situ, and highly
angular chunks and splinters of glass. These are



178 J.W. Head III, L. Wilson|Journal of Volcanology and Geothermal Research 121 (2003) 155-193

SUBMARINE VULCANIAN ERUPTION

Crater Surrounded By Angular
Blocky Ejecta Of Country Rock

Thin Veneer Of Finer Grained
Country Rock And Fine-Grained
Juvenile Pyroclasts

—_—

—_—

Possible Solidified Lava Pond
Mixed With Pyroclasts And Debris

Overpressurization From Gas Buildup
In Top Of Dike Exceeds Country Rock
Strength, Causes Explosion

—

Z — i
/]

Fig. 6. Configuration and geometry of a submarine vulcanian eruption.

commonly observed at the margins of lava bodies,
particularly pillows, which are susceptible to gran-
ulation in situ.

3.2. Bulk interaction steam explosivity

In this mechanism, enclosure of water in mag-
ma, or entrapment of water close to magma,
causes the creation and explosive expansion of
steam (Figs. 7 and 9). Significant fragmentation
from this mechanism appears to be restricted to
depths much shallower than that of the critical
pressure of water (~3 km in seawater). Several
scenarios can be visualized, including those where
water is trapped adjacent to magma, such as when
lava flows out onto a wet substrate and root-
less explosions occur, the submarine equivalent
of subaerial pseudocraters (Thorarinsson, 1953;
Keszthelyi et al., 2000; Greeley and Fagents,
2001). In other cases, magma might intrude a
wet slurry of water-saturated sediment as a dike
or a sill causing explosions and disruptions of
country rock and juvenile material (Zimanowski
et al., 1991; for analogous situations on Mars, see

Squyres et al., 1987; Wilson and Head, 1994;
Head and Wilson, 2002). The main processes
that form clasts are the tearing apart of magma
around explosively expanding steam and the shat-
tering of rigid magma by associated pressure
waves (Kokelaar, 1986). Explosive expansion of
steam depends on the ambient pressure and the
amount and rate of heat exchange between the
magma and water. The onset of fragmentation
is likely to depend largely on factors that influence
the rate and amount of heat exchange, which in-
clude the configuration and duration of entrap-
ment or enclosure, and related convection pro-
cesses. At depths below that of the critical
pressure, any transformation of liquid to super-
critical vapor may involve only a several-fold vol-
ume expansion, and pressure relief is less likely.
At shallow depths, however, such an expansion
may go to several thousand times the original
volume, and thus fragmentation is most likely to
accompany large volume expansions at depths
shallower than the critical depth of about 3 km.
Deposits associated with these types of events
should be characterized by a combination of
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Fig. 7. Submarine clast-forming processes and possible enhancement mechanisms. From Kokelaar (1986).

blocky country rock ejecta and disrupted juvenile
material forming volcaniclastics. If they form as
submarine pseudocraters they might be relatively
readily recognized as a series of small craters sur-
rounded by ramparts of blocky ejecta and finer-
grained pyroclastics. One might expect these fea-
tures to be more abundant on sheet flows than on
pillow basalts on the basis of the ability of sheet

flows to trap larger amounts of water over shorter
periods of time. Features formed from intrusive
events such as dike injection would appear very
similar to those from vulcanian events described
above. Differences might include variations in cra-
ter geometry and country rock size-frequency dis-
tribution based on the intrusion into a wet slurry
in the bulk interaction steam explosivity example

COOLING-CONTRACTION GRANULATION

Steam Layer
Provides Added
Insulation

Heat Conducts Across Growing Rigid
Thermal Boundary Layer

Progressive Cooling Causes

Interior Shrinkage And
Fracturing Of Outer

9 rittle Layer

g Cracking And Granulation
Result, Producing

Sand And Granule-Sized

Particles, Angular Chunks

And Splinters of Glass

Fig. 8. Processes and environments of cooling-contraction granulation.
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Fig. 9. Processes and environments of bulk interaction steam explosivity.

(e.g. shallower crater, smaller and less coherent
fragments).

3.3. Contact-surface steam explosivity

This mechanism, also known as fuel-coolent
interaction, involves the explosive expansion and
collapse of steam formed at magma-water contact
surfaces (Figs. 1 and 7). It commonly requires
initiation by vigorous impact between magma
and water; although no certain depth limit is
known, the likelihood of such explosivity de-
creases rapidly with increasing depth. The initial
surface event is sufficiently vigorous to cause on-
going melt fragmentation, mixing with water, and
heat transfer so that steam explosivity is capable
of sustaining the interaction until the entire melt
is fragmented. In such a sustained interaction,
fragmentation and heat transfer occur extremely
rapidly and they can be violently explosive; most
of the melt is finely comminuted (a large propor-
tion in the micron size range), and the explosion is
extremely powerful (essentially a violent hydro-
magmatic eruption) (Wohletz, 1983, 1986).

Two alternative models seem to account best
for this process (Kokelaar, 1986; Wohletz, 1986).
In one, the ‘spontaneous nucleation model’, su-

perheated water vaporizes instantaneously and
produces homogeneous boiling. In the ‘thermal
detonation model’, rapid vaporization occurs be-
hind a propagating shock. Basically, when magma
comes into contact with water, a thin film is
formed along the contact surface by coalescing
steam bubbles, and the film becomes unstable as
it expands and collapses on a microsecond or
millisecond scale. If the steam film oscillates vig-
orously, it may cause the magma to become finely
fragmented and to mix turbulently with water.
Explosions of this mixture can occur if either
the water is superheated to its spontaneous vapor
nucleation temperature (homogeneous boiling), or
if the insulating steam film collapses or is dis-
rupted by a pressure wave, causing further melt
fragmentation, so that heat is rapidly exchanged
and steam is instantly produced (thermal detona-
tion). This interaction can be sustained since in
either case the explosion can cause further melt
fragmentation and turbulent mixing with water
(Kokelaar, 1986; Fig. 7). Kokelaar (1986) cites
the observations of decreasing amounts of clastic
material with increasing depth to propose that
contact-surface steam explosivity is limited by in-
creasing hydrostatic pressure. For example, for
thermal detonation, vapor expansion of sufficient
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violence is needed to cause continued fragmen-
tation and heat exchange capable of propagat-
ing the pressure wave and sustaining the interac-
tion; increasing pressure with depth reduces the
probability of achieving such propagation. Even
at much lower pressures, however, experiments
have shown (Wohletz, 1986) that pressure has sta-
bilized vapor films and limited reactions. Thus,
although triggers appear to work, they need to
be increasingly vigorous at higher pressures and
greater water depths, so that expansion aids the
process and so that it does not become self-limit-
ing.

In summary, increased confining pressure sup-
presses the process of contact-surface explosivity
(Figs. 1 and 7) by limiting initial fragmentation
and heat exchange during film boiling, by pre-
venting spontaneous nucleation vaporization,
and by requiring increasingly vigorous triggers
to initiate interaction (Kokelaar, 1986). In the
growth and vertical evolution of seamounts
(Fig. 1), the transition from lava flows to volcani-
clastic deposits does not necessarily require exso-
lution of magmatic volatiles, but can be accom-
plished in principle by contact-surface explosivity
processes (Fig. 6). However, magmatic volatile
explosivity is likely to be one of the principle
causes of and initiators of contact-surface explo-
sivity. Thus, great care should be taken to develop
criteria to distinguish the characteristics of prod-
ucts and landforms produced by magmatic vola-
tile explosivity processes (Figs. 2, 4 and 5) from
those related to contact-surface explosivity pro-
cesses.

4. Summary of predictions of the style of
emplacement of deposits and processes of
formation of landforms

On the basis of observations of deposits and
landforms (e.g. Schmidt and Schmincke, 2000;
Batiza and White, 2000) on a variety of sea-
mounts (e.g. Smith and Batiza, 1989) and sea
floor environments, and theoretical consideration
of the ascent and eruption of basaltic magma (e.g.
Head et al., 1996) under similar submarine con-
ditions (Fig. 6), we now summarize a set of pre-

dictions (Table 7) that might be used to distin-
guish submarine effusive and explosive deposits
produced under a variety of eruption conditions
(Fig. 2). These predictions are designed to aid in
the observation and interpretation of deep-sea
landforms and their deposits, and to refine the
theoretical treatments of the behavior of erupting
magma under submarine conditions.

For magma compositions typical of spreading
centers and their vicinity, the most likely circum-
stance in the depth ranges considered here is the
quiet effusion of magma with minor gas exsolu-
tion, and the production of somewhat vesicular
pillow lavas or sheet flows, depending on effusion
rate (Head et al., 1996; Gregg and Fink, 1995).
Eruption column heights would be measured in
centimeters and would be insufficient to cause
any magma disruption. Magma disruption from
the exsolution of purely primary magmatic vola-
tiles to produce hawaiian-style continuous foun-
taining (Figs. 2 and 4) would not be expected in
these environments because primary magma vol-
atile contents are considerably less than the sev-
eral wt% required to cause disruption. Such erup-
tions might occur in some subduction zone
environments where unusually high primary mag-
ma volatile contents are observed. Should such an
eruption occur in the submarine environment at
these depths (Fig. 1), one would anticipate a
highly collimated gas—pyroclast column rising to
a height of the order of a few meters, surrounded
by a distinctive but narrow mixing zone which
would collapse due to increased density to form
an inner zone dominated by primary and rootless
flows and agglutinated hot pyroclasts, and an out-
er zone or apron (meters to several tens of meters
in extent) of pyroclastic density flows (Fig. 2).
Due to the relatively high effusion rate, associated
lava flows would tend to be sheet flows rather
than pillow lavas.

The most likely mode of occurrence for pyro-
clastic deposits in the submarine environment and
with mafic compositions is strombolian (Fig. 2),
due to the artificial local buildup of volatiles in
magma that has a low rise speed. In this case,
magmatic gas collects by bubble coalescence, as-
cends, and reaches sufficient concentration that
disruption of the magma occurs, producing local-
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Predictions concerning characteristics and deposits for different eruption styles
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Lava flows Vent Cones Pyroclastics deposits; Density flows
characteristics agglutinates;

blocks and bombs;
hyaloclastite deposits

(1) No gas exsolution: No vesicles ? - - -

(2) Gas exsolution, no Vesicular ? - - -

magmatic disruption:
(3) Hawaiian-style Vesicular sheet Linear or Meters to several Proximal welded Surround vent

fountaining: gas flows

exsolution, magma

circular pit

disruption:

(4) Strombolian activity: Less vesicular, Crater
magma volatile content tend toward
insufficient of cause short pillow lavas
fragmentation; low
magma rise speed causes
artificial volatile
enhancement:

(5) Vulcanian eruption: May be ponds Explosion
volatile content in crater crater
artificially builds up
in top of dike:

(6) Enhanced hawaiian- Probably less Crater

style eruption: volatile  vesicular
content artificially
builds up in magma

reservoir forming foam:

tens of meters in
diameter

Rim crest <10-m
radius, agglutinated
pyroclasts

deposits, distal
fragmental and
partly agglutinated

Abundant blocks
and bombs, finer
fragments near vent

and cone to tens
of meters’ radius

Density flows rare

Blocky cone Blocks of country -
rock, minor

hyaloclastites

Cone broader and
less steep

Deposits less
agglutinated, more
dispersed. No blocks
or bombs

Density flows
extensive, out to
> 100-m radius

ized blocks, bombs, and pyroclastic deposits
(Fig. 5). Because of the very low magma rise
speeds, associated lava flows would be expected
to be dominated by pillow lavas rather than sheet
flows. These deposits can be distinguished from
hawaiian eruption products and landforms by
the abundance of blocks and bombs (Fig. 5C),
the lack of extensive pyroclastic flow deposits
(eruptive pulses are episodic and volumetrically
small), and differences in the nature of associated
lava flows (strombolian: pillow lavas, less vesicu-
lar; hawaiian: sheet flows, more vesicular).
Another possible mode of occurrence of pyro-
clastic deposits in the submarine environment is
that resulting from vulcanian eruptions (Fig. 2).
These deposits, being characterized by the domi-
nance of angular blocks of country rocks depos-
ited in the vicinity of a crater (Fig. 6), should be
easily distinguished from strombolian and hawai-

ian eruptions. Other modes of bulk-interaction
steam explosivity (Fig. 7) may have similar char-
acteristics (Fig. 9, left). The production of pseu-
docraters by the bulk-interaction steam ex-
plosivity mechanism (Fig. 9, right) should be
distinguishable from strombolian eruptions by
variations in the shape and size-frequency distri-
bution of ejecta and its distribution around the
vent (compare Figs. 5 and 9, right).

A special case of the hawaiian eruption style
may occur if magmatic gas buildup occurs in a
magma reservoir (Fig. 2). In this case, a layer of
foam may build up at the top of the reservoir in
sufficient concentrations to reach and even exceed
the volatile contents necessary for disruption and
hawaiian-style activity. In this case, the deposits
and landforms are predicted to be somewhat dif-
ferent from those of a typical primary-magmatic-
volatile-induced hawaiian eruption (Fig. 4). Spe-
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cifically, typical pyroclast sizes might be smaller,
pyroclasts might be dominated by broken bubble
walls (‘limu o Pele’), fountain heights may exceed
those described in Fig. 4, cooling of descending
pyroclasts would be more efficient, leading to dif-
ferent types of proximal deposits, and runout dis-
tances for density flows would be greater, poten-
tially leading to surrounding pyroclastic deposits
in the tens to hundreds of meters range. In addi-
tion, flows emerging after the consumption of the
foam layer would tend to be very depleted in vol-
atiles, and thus extremely poor in vesicles relative
to typical flows associated with hawaiian-style
eruptions in the primary magmatic gas case.
Thus, sufficient differences appear to exist to dis-
tinguish between these two types of hawaiian
eruption style (Table 5).

5. Relation of predictions to recent sea floor
observations

Numerous sea floor exploration efforts have
documented unusual pyroclastic and hyaloclastic
deposits at a wide range of depths in the subma-
rine environment. We now briefly examine a
range of these observations in order to assess
the applicability of the models developed in this
contribution to the interpretation and observation
of pyroclastic and hyaloclastic deposits.

Fouquet et al. (1998) reported on the discovery
and documentation of extensive volcaniclastic de-
posits along the MAR axis (southwest of the
Azores) that they suggested could be formed by
deep-water explosive volcanic activity. They ex-
plored a series of three progressively deeper
MAR segments, ranging from depths of ~400
to ~2000 m, each with different types of deposits.
The shallowest segment (38°20'N; ~400 to
~ 930 m water depth) is about 45 km long, lacks
a deep axial rift valley, and contains a circular
25-km diameter central volcano with a height of
~ 1200 m, which is bisected by a 2-km wide,
500-m deep axial graben. Exposed in the graben
walls and on the floor is at least 400-m thickness
of layered volcaniclastic ejecta, with individual
layers ranging from a few mm to a few cm thick,
consisting of sand and lapilli-sized clasts, and a

few m-thick poorly sorted lapilli layers. The inter-
mediate depth segment (Menez Gwen; ~ 700 to
~ 1050 m water depth) is morphologically similar
to the shallow one, with a central ~ 16-km diam-
eter volcano having a height of ~700 m, bisected
by a 2-km wide, 300-m deep axial graben. A
290-m thick volcaniclastic unit overlies a 60-m
thick lava flow section containing flows up to
3 m thick. The deepest segment (Lucky Strike;
1570—~2000-m water depth) consists of a 15-km
wide rift valley containing a central 12 X 8-km vol-
cano with a 1-km wide central caldera; three
dominantly scoriaceous breccia summit cones sur-
round a restricted area of layered volcaniclastic
deposits within the caldera. The central part of
the caldera contains a lava lake with non-vesicu-
lar lobate and sheet flows. The volcaniclastic de-
posits are well-layered, but much thinner (<10 m
thick) and less extensive than those on the two
shallower segments. The volcanic breccia deposits
typical of the three summit cones (~ 1700 m) are
dominated by massive fragmental units grading
laterally into in situ breccias and coherent highly
vesicular scoriaceous lava flows that locally form
pillow lava.

Sea bottom reflectivity images enabled Fouquet
et al. (1998) to extrapolate their submersible dive
observations and showed that: (1) the volcaniclas-
tic material is restricted to the center of the seg-
ments, forming most of the surface of the volcanic
cones, (2) the area of the surface covered by vol-
canic deposits decreases with increasing depth
(~67 to ~15 to ~2.8 km? for the three seg-
ments, respectively), (3) the deposits become thin-
ner and less voluminous with depth, and (4) lava
flows are the only deposits at the southern and
northern ends of the three segments, whereas the
volcaniclastics coexist with lava flows in the cen-
tral part of the segment (suggesting to Fouquet et
al. (1998) a relation to ridge segmentation).

The deposits themselves commonly consist of
well-stratified ash layers, with normal and possi-
bly reversed grading, very sharp bedding planes
between lapilli and finer ash units, worm burrows
at the tops of some beds, some intercalated mm-
thick calcareous pelagic sediment, non-graded
layers generally restricted to the very center of
the segments, some layers with a matrix of pelagic
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sediment, and decreasing total thickness as a func-
tion of increasing water depth (> 400, ~270 and
<10 m for the three segments). Thin sections
showed that the predominant clast type is scoria-
ceous (30-50% vesicle volume) to pumiceous (50—
80% vesicle volume) glass fragments, with highly
vesicular glass fragments showing often extreme
stretching, indicating acceleration and rapid de-
formation prior to and during quenching. No evi-
dence of welding was observed. More common in
the coarse-grained volcaniclastics are broken crys-
tals and accidental lithic fragments. Geochemical
analyses show that most of the glasses have a
water concentration typical of N-MORB (< 0.4
wt%).

Fouquet et al. (1998) interpreted these charac-
teristics to mean that the deposits were largely
primary volcaniclastics from episodic and perhaps
short-lived explosive eruptive events occurring re-
peatedly over long periods of time, with the non-
graded layers representing proximal deposits. In
addition they cited the following characteristics
in support of their interpretation: (1) the layered
nature is indicative of fallout deposits after mag-
ma fragmentation caused by the combined effects
of expanding magmatic volatiles as well as hydro-
magmatic processes involving seawater, (2) the
lack of welding suggests that if any hot eruption
facies were generated, they were of limited extent,
and (3) the abundance of lithic clasts and broken
crystals favors a magma-water explosive inter-
action such as that seen in maars, tuff cones
or Surtsey-type hydromagmatic volcanism. They
concluded that the bedded volcaniclastics resulted
‘from submarine explosions involving a combina-
tion of expansion of magmatic volatiles, bulk/sur-
face steam explosivity of seawater and possibly
thermal contraction fragmentation, which can oc-
cur at any depth, perhaps aided by a rapid extru-
sion rate’ (Fouquet et al., 1998). They concluded
that their evidence suggested that explosive erup-
tions can occur and produce extensive deposits
along mid-ocean ridges at considerably greater
water depths (up to ~ 1700 m) than commonly
believed. The preferential distribution of the de-
posits at the medial topographic highs of the three
MAR segments suggested to them a preferential
concentration of volatiles there.

The excellent descriptions and abundant evi-
dence for submarine explosive volcanic eruptions
documented by Fouquet et al. (1998) permit us to
apply the theoretical models and predictions de-
scribed above to these three examples, in order to
develop further the interpretations of Fouquet et
al. (1998), and to help distinguish among the roles
of magmatic gas expansion, bulk/surface steam
explosivity and thermal contraction fragmenta-
tion. We find that the deposits and relationships
described at the two shallowest ridge segments are
most consistent with magmatic gas exsolution,
disruption and hawaiian-style pyroclastic foun-
taining. Evidence favoring hawaiian-style erup-
tions includes: (1) relatively wide dispersal, large
thickness and volume of deposits, (2) relatively
small grain size, (3) lack of sorting, (4) lack of
welding, (5) elongation and stretching of frag-
ments, and (6) presence and nature of layering.

We envision the following scenario for these
events (Fig. 4A,B): juvenile volatile expansion
leads to a sufficiently high gas bubble content to
produce magmatic disruption and the rise of ha-
waiian-style plumes. Fragmentation associated
with the gas expansion and disruption produces
tephra composed of glassy vesicular bubble wall
fragments, many of which have been stretched
and elongated. Rapid mixing with seawater causes
immediate quenching and the rising column be-
comes denser than adjacent seawater and begins
to collapse. The outer margins of the collapsing
column form a dense turbulent slurry which de-
scends the flanks as a density current; some sort-
ing, grading, and erosion of underlying deposits
occurs. Multiple fountaining events cause succes-
sive flows and form additional layers; periods
between such eruptions are characterized by cal-
careous sediment accumulation and biogenic re-
working in the upper pyroclastic layers. This sce-
nario is consistent with the characteristics of
the deposits: (1) non-graded layers generally re-
stricted to the very center of the segments (prox-
imal density current deposits), (2) well-stratified
ash layers, with normal and possibly reversed
grading; very sharp bedding planes between lapilli
and finer ash units (more distal density current
deposits; the matrix of pelagic sediment seen in
some layers could be eroded by the density cur-
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rent from the underlying between-event calcare-
ous sediment accumulation), and (3) worm bur-
rows at the tops of some beds and some inter-
calated mm-thick calcareous pelagic sediment
(layers deposited between eruption events).

In summary, hawaiian eruption style events ap-
pear to explain the vast majority of the observa-
tions without requiring a major role for bulk/sur-
face steam explosivity and thermal contraction
fragmentation, although such processes will inevi-
tably accompany submarine magmatic and explo-
sive eruptions. If these deposits are produced by
hawaiian eruptions, is enhanced primary mag-
matic gas content or artificial buildup in the sum-
mit of the reservoir required (Fig. 2)? Volatile
contents cited by Fouquet et al. (1998) (typical
of N-MORB, < 0.4 wt%) would require no en-
hancements to cause disruptions at depths of less
than ~500 m. At depths typical of the deeper
parts of the shallow segment and the intermediate
depth segment, some additional gas buildup is
required for basalts of this composition. We favor
the artificial buildup of gas in foams at the top of
the magma reservoir for the shallow and inter-
mediate depth cases for the following reasons:
(1) the locations of these extensive deposits are
at the center and topographic summit of a ridge
segment, where the central magma reservoir is
predicted to reside on the basis of the geometry
of dike emplacement (e.g. see Head et al., 1996
and references therein), and (2) the buildup of
foam in the reservoir will lead to much more vig-
orous pyroclastic fountains which we interpret to
be more consistent with the thickness, large lateral
extent (out to 1 km) and volumes of the observed
deposits.

Fouquet et al. (1998) note that the landforms
and deposits of the deepest segment (Lucky
Strike) differ significantly from those of the two
shallower segments. These pyroclastic deposits are
characterized by smaller volumes, less extensive
dispersal, and coarser-grained clasts. The cones
at the summit of the central edifice are character-
ized by volcanic breccia that they interpreted as
being produced by autobrecciation, downslope re-
sedimentation, and/or cooling-contraction granu-
lation. We interpret these pyroclastic deposits to
be the distal products of strombolian eruptions

(Fig. 5A,B), with artificial gas buildup being
caused by relatively high rise rate of bubbles com-
pared with magma, and the coalescence and
growth of these bubbles leading to the disruption
of the magma surface and the ejection of pyro-
clasts to the vicinity of the vent. Adjacent to these
deposits within the caldera is a lava lake with
non-vesicular lobate and sheet flows. The non-ve-
sicularity of these deposits is consistent with their
degassing during a period of strombolian activity
and their subsequent eruption.

In summary, we concur with the interpretation
of Fouquet et al. (1998) that these deposits are of
pyroclastic origin and we further suggest that ha-
waiian-style eruptions dominate the two shallow-
est MAR segments, whereas strombolian-style
eruptions dominate the deepest segment. We do
not discount the possibility that hydrothermally
circulating water contributed to the explosivity
of these eruptions, but stress that the small vesicle
sizes and relatively uniform distributions of
vesicles in the bulk of the clasts imply that if ex-
ternal water was incorporated into these magmas,
it must have been absorbed by solution at the
depth of the magma reservoirs to ensure its uni-
form distribution in the magma.

Clague et al. (2002c) described submarine spat-
ter and volcanic bombs in alkalic basalts from
Kaua'i and submarine spatter of tholeiitic compo-
sition from Kilauea’s submarine east rift zone
eruption, and interpreted them to be indicative
of submarine strombolian eruptions. Abundant
samples of bubble-wall fragments (‘limu o Pele’)
collected along the submarine rift zone of Kilauea
and the Gorda Ridge axis are interpreted as
mildly explosive strombolian eruption events.

From alkalic vents on the south side of Kaua'i,
Clague et al. (2002¢) described highly vesicular
spatter, ribbon spatter, breadcrust bombs, a spin-
dle bomb, and a large block of agglutinated spat-
ter. These are precisely the kinds of features that
are predicted by the model calculations (Fig. SA—
D), and we concur with Clague et al. (2002c) in
their interpretation of these as representative of
strombolian-style eruptions. Enhanced volatile
content can be attributed to both the higher vol-
atile abundance of alkalic basalts and the concen-
tration of volatiles by bubble coalescence.
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‘Limu o Pele’ were originally described by Hon
et al. (1988) in an environment where lava entered
the ocean and produced bubbles in the lava due
to incorporation of seawater into the stream of
lava and its expansion to steam. Following this
interpretation, Clague et al. (2000) attributed
‘limu o Pele’ found on the Puna Ridge at about
2200 m depth, on the Lo’ihi Seamount at 1150—
1950 m depth, and on Seamount 6 at 1600-2000 m
depth, to be due to the expansion of seawater
during boiling following its contact with lava.
However, the discovery of ‘limu o Pele’ from vol-
canic cones in the North Arch lava field at 4160 m
depth, i.e. a depth significantly greater than the
critical point of seawater (Clague et al., 2002a),
and from the Gorda Ridge (~2800 m depth;
Clague et al., 2002c), led to the reinterpretation
of these deposits as being derived from a sepa-
rated magmatic gas phase during strombolian
eruptions (Clague et al., 2002c). Clague et al.
(2002c) further suggest that such strombolian ac-
tivity may be very common along the entire mid-
ocean ridge magmatic system, that seismic reflec-
tion profiles may in part be detecting the presence
of coalesced gas layers or volcanic foams in the
upper ridge reservoirs that are feeding the strom-
bolian eruptions, and that event plumes previ-
ously interpreted to be hydrothermal discharges
may also be composed of a significant component
of magmatic gas.

We concur with the interpretation of Clague et
al. (2002c) that ‘limu o Pele’ could be produced by
strombolian activity. However, the presence of
‘limu o Pele’ in itself does not necessarily distin-
guish strombolian eruptions from hawaiian erup-
tions. Thus, additional information is required to
distinguish adequately between these two mecha-
nisms, particularly since the buildup of foams at
the top of magma reservoirs can lead to hawaiian
eruptions at significant depths. For example, the
relative proportions of vesicles might be one in-
dicator, with few to no vesicles favoring strombo-
lian eruptions of more degassed magma, and
more abundant vesicles favoring hawaiian-style
eruptions. These types of observations, together
with the relative abundance of ‘limu o Pele’ versus
spatter, might help to distinguish eruption types.

Furthermore, the presence of magmatic foams

feeding hawaiian eruptions could make even more
dramatic two of the factors cited by Clague et al.
(2002c): (1) the possible presence of strong reflec-
tors at the top of magma reservoirs would be
significantly enhanced due to magmatic foam
buildup, and (2) event plumes consisting of a sig-
nificant magmatic gas component could be even
more extensive if they were part of a hawaiian-
style eruption that transferred the gas directly into
the ocean. The source of the event plume in a
submarine hawaiian eruption would not be the
jet itself (because it collapses; Fig. 4B), but could
be the more widespread sea floor pyroclastic de-
posit, producing an upwelling comparable to a
subaerial co-ignimbrite plume.

The summit of Lo’ihi Seamount lies at about
1200 m depth and exploration there has revealed
a variety of pyroclastic deposits interpreted by
Clague et al. (2002b) to be evidence for phreatic,
phreatomagmatic, hawaiian and strombolian
eruptions. Extensive units including spatter,
bombs and bubble wall fragments (‘limu o Pele’)
are interpreted as evidence of stormbolian activ-
ity. The presence of scoriaceous fragments and
Pele’s hair is cited as evidence of hawaiian erup-
tive activity. The presence of cored bombs,
coarse-grained basalt fragments, hydrothermally
altered basalt and glass fragments, and hydrother-
mal stockwork fragments are interpreted to rep-
resent phreatic and possibly phreatomagmatic
eruption styles, perhaps related to caldera or pit
crater formation. We concur with these interpre-
tations but note that ‘limu o Pele’ is also very
likely to be associated with hawaiian-style subma-
rine eruptions, as discussed above, and that vul-
canian eruption products (Fig. 6) may be difficult
to distinguish from deposits of phreatic, phreato-
magmatic and bulk interaction steam explosivity
(Fig. 9) eruption styles.

Particles attributed by Clague et al. (2002b) to
hawaiian eruptions are mostly alkalic basalts,
while those attributed to other eruption types
are tholeiitic and transitional basalts. The volatile
content of the Lo'ihi alkalic basalts (Clague et al.,
2002¢c) (~ 1.5 wt% CO,) is insufficient to cause
simple hawaiian disruption (Fig. 2, example 3),
according to the calculations we presented earlier
(Table 3), and thus magmatic gas enhancement
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through the development of magmatic foams at
the tops of subsurface reservoirs seems to be re-
quired (Fig. 2, example 6). This situation seems
very likely because of the high likelihood of the
presence of a large magma reservoir beneath the
Lo’ihi summit.

Deep sea drilling has also revealed that deep
submarine pyroclastic eruptions may be more
common than previously thought. For example,
hole 396B, which was drilled approximately 150
km east of the MAR (22°59.14'N, 43°30.90'W),
encountered (from top to bottom) 225 m of sedi-
ment, 175 m of pillow basalts, and 90 m of
loose, sand-size, glassy basaltic debris (hyaloclas-
tite) with some associated broken-pillow breccia
(Schmincke et al., 1978). That the clastic unit
was primary and not produced during the drilling
process was indicated by bedding in some of the
volcaniclastics, a high ratio of sideromelane to
crystalline basalt (up to 60%), and the high degree
of brecciation and vesiculation of overlying and
underlying pillow breccias. Furthermore, accord-
ing to Schmincke et al. (1978) the near-synchro-
neity of eruptions and the glass production pro-
cess, and the lack of extensive transportation of
the fragmental material from the site of breccia-
tion, were suggested by: (1) the high ratio of glass
to crystalline basalt, and (2) the relative chemical
homogeneity of the glass in the bedded volcani-
clastite. The units formed ~ 13 Ma ago, and due
to the fact that eruptions occurred at depths esti-
mated to be >3000 m, Schmincke et al. (1978)
concluded that the confining pressures implied
by these depths precluded explosive volcanic ac-
tivity due to primary magmatic volatile exsolution
and disruption, as well as sea-water vaporization.
Instead, the major processes of formation of the
sideromelane shards was attributed to ‘spalling of
pillow rinds to produce “spallation” shards [..]
but implosion of pillows and granulation of lava
may also have occurred’ (Schmincke et al., 1978.
p- 341). According to the authors, the process of
fragmentation of tachylite shards is unknown.
Furthermore, Schmincke et al. (1978) note that
the sideromelane in the deposit is extremely fresh,
suggesting that the clastic unit was sealed off from
percolating seawater since its formation about 13
Ma ago.

On the basis of the theoretical treatments and
predictions described earlier in this paper, we be-
lieve that the characteristics of the bedded clastic
unit outlined by Schmincke et al. (1978) may be
alternatively explained in the context of primary
magmatic volatile exsolution and disruption, such
as that characteristic of hawaiian and strombolian
eruption styles. Given the plausibility of hawaiian
eruptions even at these great depths due to the
buildup of magmatic gas foams in the top of a
reservoir (Fig. 2, example 6), the characteristics of
the deposit might be explained as a hawaiian-style
eruption of such a magmatic foam for the follow-
ing reasons.

(1) Vesicle-rich overlying lava flows suggest that
volatiles are exsolving during magma rise, storage
and eruption in this environment.

(2) The very close association of the flows and
the bedded clastics suggests formation in the same
environment.

(3) The absence of alteration (palagonitization)
suggests that the glass shards have not been in
contact with seawater and thus that they under-
went ‘rapid sedimentation’ preserving them in a
dry environment for 13 Ma; such an environment
may have been the intermediate portions of the
mixing zone of a hawaiian eruption plume (Fig.
4A,B) dominated by CO, gas, where pyroclastic-
glass and CO,-rich density flows descended rap-
idly from the plume and deposited material prox-
imally and buried it rapidly before significant sea-
water mixing and penetration had taken place.

(4) The presence of indurated volcaniclastite
and the absence of crystalline basalt fragments
in it suggest that this material may have been
the result of emplacement in the warmer more
proximal parts of density flows produced by the
collapsing column (Fig. 4B). These would be
dominated by glass fragments and are more likely
to be welded.

(5) The presence of loose and unindurated vol-
caniclastites and the common presence of crystal-
line basalt fragments in the loose material sug-
gests that these deposits may have been derived
from the outer part of the eruption plume mixing
zone, where mixing with seawater is more thor-
ough and collapse and resulting density currents
produce unwelded deposits which incorporate the
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substrate (the basalt fragments). The presence of
foraminifera and bedding in these deposits further
supports the emplacement in such an environ-
ment.

On the basis of these observations, and the
thickness of the deposits, we believe that the de-
posits can be interpreted in the context of a ha-
waiian-style eruption resulting from the release of
a magmatic foam built up at the MAR magma
reservoir. While strombolian activity may have
also occurred, the volume of the deposits as well
as their apparent rapid and flow-like emplace-
ment, favors a major role for hawaiian eruptions.
The thickness of the deposits suggests that the
vent was in relatively close proximity and that
there was more than one eruptive phase. Al-
though spalling of pillow rinds and implosion of
pillows and granulation of lava may also have
occurred (e.g. Schmincke et al., 1978), hawaiian
eruptions seem to be a more likely dominant pro-
cess.

6. Critical observations for interpretations and
further assessment of models

Continued sea floor exploration is essential in
order to test the models outlined here and to pro-
vide new observations to refine and modify them.
Important observations that need to be made in
order to understand further the modes and styles
of submarine eruptions include the following:

(1) Vent characteristics. What is the nature of
the vent? Does it appear constructional, or cre-
ated from an explosion? Does it appear rootless
and superposed on a flow or is it the source of
flows and other deposits? What is the width of the
vent? What is the shape of the vent (elongate,
circular, deep, shallow, etc.)?

(2) Cones. What is the diameter of the cone, its
rim height, its shape, and the radius to the rim
crest? What are the surface deposits on the cone
and how do they vary as a function of distance
from the vent or rim crest? Is any stratigraphy
exposed in the cone?

(3) Blocks and bombs. Are these primary mag-
matic (e.g. cow-dung bombs) or angular blocks of
ejected country rock? What is their size-frequency

distribution, and how does this change as a func-
tion of distance from the vent? What is their mor-
phology (see Fig. 5C)? What is the detailed struc-
ture and morphology of bomb surfaces? What is
the radial range of the largest fragment and what
is its size and shape? Are blocks and bombs
welded to the surface or do they have aggluti-
nated undersides?

(4) Volcaniclastic deposits. What is the distribu-
tion of these deposits relative to vents? What is
their thickness as a function of range? How does
this vary as a function of azimuth? What is the
nature of these deposits? What is the vesicle size
distribution? Do they contain non-magmatic par-
ticles (e.g. fragmental bedrock or incorporated
sediment)? What is the shape and relative abun-
dance of different types of pyroclastic particles in
volcaniclastics? Is ‘limu o Pele’ present, in what
abundance, and what is its importance relative
to other pyroclastic fragments? Is Pele’s hair
present? Is there evidence for graded bedding?
What is the relationship of hyaloclastites to lava
flows? What are the key associations? Are blocks
and bombs observed in association with proximal
and distal pyroclastic deposits? Are finer-grained
(cm-sized) particles littered on top of pyroclastic
deposits? If so, what is their vesicularity?

(5) Lava flows. What is the form and surface
texture of lava flows (e.g. pillows, sheet flows,
etc.)? Where do they occur in relation to other
deposits in both time (superposed, covered) and
space (e.g. marginal to pyroclastic flows, capping
the vent around pyroclastic flow deposits, etc.)?
What are the general associations of each flow
type (e.g. pillow lavas and blocks and bombs,
sheet flows and agglutinated cone deposits, etc.)?
What is the vesicularity of rocks associated with
each flow type?

7. Summary and implications

The detailed models of the ascent and eruption
of magma in the submarine environment that are
developed here show that significant pyroclastic
activity can occur even at depths in excess of
3000 m and that a wide range of pyroclastic de-
posits should be anticipated. Mid-ocean ridge
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magma reservoirs may be environments favoring
the buildup of magmatic foams and their rapid
release, producing hawaiian-style eruptions and
associated pyroclastics. On the basis of the nature
of ridge segmentation and magma reservoir for-
mation and evolution, such foam buildups would
be favored at topographic highs in the middle of
ridge segments. Furthermore, the episodic nature
of dike emplacement at divergent plate bound-
aries also produces conditions in which magma
rise rates in dikes are often low, and bubble coa-
lescence and magmatic gas rise rates are relatively
high, leading to magma disruption at the top of
the dike and strombolian-style eruptive activity.
The latter stages of development of volcanic edi-
fices (seamounts) formed in submarine environ-
ments are also excellent candidates for a wide
range of submarine pyroclastic activity. This is
due not just to the effects of decreasing water
depth, but also to: (1) the presence of a summit
magma reservoir, which favors the buildup of
magmatic foams (enhancing hawaiian-style activ-
ity) and episodic dike emplacement (which favors
strombolian-style eruptions), and (2) the common
occurrence of alkalic basalts, the CO, contents of
which favor submarine explosive eruptions at
depths greater than tholeiitic basalts. Pyroclastic
deposits resulting from vulcanian eruptions (char-
acterized by the dominance of angular blocks of
country rocks deposited in the vicinity of a cra-
ter), should be easily distinguishable from those
due to strombolian and hawaiian eruptions, but
will be more difficult to distinguish from products
of phreatic or phreatomagmatic eruptions styles.
Bulk-interaction steam explosivity and contact-
surface steam explosivity contribute to volcani-
clastic (hyaloclastite) formation in these subma-
rine environments.

The presence of previous submarine explosive
eruptive activity can be detected through the anal-
ysis of the resulting deposits, as outlined here. In
addition, instrumentation of candidate sites of
submarine explosive activity might include one
or more of the following approaches.

(1) Active seismic studies. Although magmatic
foam layers may be relatively thin (tens of me-
ters), the location of volatile concentrations at
the top of magma reservoirs, both on mid-ocean

ridge summits and seamount summits, may be
detectable by seismic methods, as suggested by
Clague et al. (2002¢). Furthermore, if volcaniclas-
tic deposits are common in some parts of the
upper crust, they may complicate the interpreta-
tion of Layer 2a (e.g. Schmincke et al., 1978,
where a 90-m thick layer is described from a
DSDP drill hole); alternatively, high resolution
active seismic techniques might be used to map
the extent of such deposits.

(2) Passive seismic studies. Submarine explosive
eruptions will be accompanied by seismic activity.
Seismic activity associated with different explosive
eruption styles will differ from that typical of dike
emplacement (e.g. laterally migrating, episodic
swarm activity; Fox et al., 1995) and is predicted
to have the following characteristics.

e for hawaiian eruptions: intermediate intensity
sustained activity from a central source lasting
hours to several days;

e for strombolian eruptions: lower level intermit-
tent activity from a central source or sources;

e for vulcanian eruptions: high intensity spike-
like activity from a central source.

(3) Gas and thermal plume detection. A range of
gas release styles is predicted from submarine py-
roclastic eruptions, and as pointed out by Clague
et al. (2002c), some of the event plumes that are
associated with seismic swarms (e.g. Embley and
Chadwick, 1994; Fox et al., 1995) could be re-
lated to magmatic gas eruption as well as large-
scale hydrothermal discharge (e.g. Baker, 1998).
Our treatment shows that the most efficient trans-
fer of magmatic gas into seawater above dikes or
vents occurs in strombolian eruptions, where large
gas bubbles are segregated from the magma and
erupted directly into the seawater. The H,O com-
ponent of these bubbles will condense and the
CO, component will dissolve into the water to
produce narrow, CO;-rich, thermal plumes rising
directly toward the surface. Magmatic gas re-
leased during submarine hawaiian-style activity
is predicted to be closely linked to hot pyroclasts
that mix with seawater at the margins of the erup-
tive column and become dense enough to collapse
and produce marginal density currents that
spread laterally for distances of up to a kilometer.
Gas release from these types of events will thus
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largely occur in the terminal phases of emplace-
ment and will therefore be more dispersed in sea-
water, more diffuse in area, and occur over a lon-
ger time period than the strombolian case. Such
differences in predicted behavior suggest that
careful monitering programs may be able to dis-
tinguish hydrothermal discharges from both sub-
marine explosive eruptions and the slow diffusion
of gas from intruded dike tops.

Finally, the submarine environment on Earth is
similar in many ways to the surface environment
on Venus, where a thick CO, atmosphere pro-
duces surface pressures equivalent to depths of
about 1000 m on the Earth’s sea floor, sufficient
to suppresses juvenile gas exsolution such that
magmatic disruption and pyroclastic activity is
not favored under normal conditions (e.g. Head
and Wilson, 1986, 1992). In previous treatments,
strombolian activity seemed to be the most likely
candidate for explosive eruptions on Venus (Head
and Wilson, 1986), but the results of the present
analysis suggest that the buildup of magmatic
foams at the top of reservoirs on Venus (e.g. Pavri
et al., 1992) may also favor the local occurrence
of hawaiian-style eruptions.
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