ENPERSPECTIVES

Glowing Avalanches: New Research
on Volcanic Density Currents
Greg A. Valentine and Richard V. Fisher

Explosively produced volcanic
density currents (gravity flows)
have been problematic ever since
horizontally moving nuées ar-
dentes (glowing clouds) were first
described from the 1902 Mont
Pelée eruption that killed 28,000
people on Martinique in the
Lesser Antilles. Over the past
three decades, research has inten-
sified on volcanic gravity flows
and how their materials become
deposited. The gravity flows are
made of volcanic particles (pyro-
clasts) and vapor forming a mix-
ture that is denser than air and
therefore flows along the ground,
being channeled into depressions
to varying degrees. The complex-
ity of these flows is intriguing not
only from a geologic viewpoint,
but also from a fluid dynamic per-
spective. High flow speeds, very
high temperatures, external
shrouds of volcanic ash, and
unpredictability all combine to make direct
observation of these currents nearly impos-
sible with existing techniques. Our under-
standing of pyroclastic currents thus relies
on indirect approaches such as experimental
and theoretical modeling and, most impor-
tantly, field observations of deposits left by
the flows—the “ground truth.”

Previous field studies have suggested that
some types of volcanic deposits (called ignim-
brites, which are massive and poorly sorted as
described below) are deposits from gravity
flows with high particle concentration hav-
ing rheological characteristics similar to de-
bris flows but with high mobility owing to
fluidization from upward-moving vapors. Re-
cent research (1—4) suggests that this widely
accepted view of ignimbrite formation needs
to be reassessed. For example, Branney and
Kokelaar (1) have pointed out that it is pos-
sible that fragments within the transport sys-
tem are suspended by turbulence during most
of the runout distance, but following rapid
accumulation of particles and development
of astill-moving, high-density underlayer (the
depositional system), movement is nonturb-
ulent within the last few moments of flow.
The structures within the deposit record these
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Fast and hot. A pyroclastic flow produced during an eruption
of Mount St. Helens on 7 August 1980. Hot ash and gas
erupted from the vent, located in the center of the photograph,
and flowed down the north flank of the volcano. Such flows
have temperatures approaching 1000°C and can move with
speeds of up to 300 m s™'. The photograph was taken 11 km
north of the volcano, looking south. [Courtesy Richard P.

last few moments of en masse flow.

The collapse of vertical eruption columns
to form pyroclastic flows was recognized dur-
ing the 1929 eruption of Komagatake, Japan
(5), and was postulated from sedimentolog-
ical data at St. Vincent, British West Indies
(6). Using observations of the development
of a base surge from a 1947 nuclear explosion
at Bikini Atoll (South Pacific) as a model,
one of us (R.V.F.) suggested column collapse
(also called “bulk subsidence”) as a cause of
pyroclastic flows leading to development of
ignimbrites (7), and the process of column
collapse was described from a series of photo-
graphs showing the development of a surge at
Capelinhos (Azores) (8). The connection
between column collapse and the origin of
pyroclastic flow and surge deposits was quan-
titatively established in the 1970s (9, 10).
Most pyroclastic gravity flows are formed by
this column collapse mechanism whereby a
jet of pyroclasts and gas is ejected from a vol-
canic vent, rises until its initial kinetic en-
ergy is spent, and then falls back to the ground
because the mixture is more dense than the
surrounding atmosphere (analogous to a
fountain); when the mixture impacts the
ground it flows outward, forming gravity cur-
rents that move over the landscape under
their own momentum (10, 11). In the case of
the 18 May 1980 blast at Mount St. Helens,
Washington, material was ejected laterally
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over the ground as the magma decompressed.
The flow initially accelerated, but as the ma-
terial traveled away from the vent, velocity
decreased to the point where gravitational
forces became dominant over inertial forces
and the flow transformed to a gravity current
(12). In some cases shock waves from vol-
canic explosions may trigger the currents (13).
A fourth mechanism for generating pyro-
clastic gravity currents is collapse of steep
fronts of viscous lava domes and flows (14),
as recently occurred at Unzen volcano, Japan
(15). The currents have velocities that range
as high as 300 m s™! based on model calcu-
lations and the height of topography sur-
mounted by the flows (12, 16) and can travel
distances in excess of 100 km from their
source vents, carrying pyroclasts ranging in
size from micrometers to meters at temp-
eratures as high as 1000°C.

The deposits of pyroclastic gravity flows
have a wide spectrum of characteristics. At
one end of the spectrum are sequences of
thin beds, each on the order of 1 cm in thick-
ness, that can form as dunes and can be cross-
stratified. These are commonly termed “py-
roclastic surge” deposits, the name “surge”
being originally derived from turbulent base
surges derived from nuclear explosions (the
base surge is a ring of debris that flows out-
ward from the base of rising mushroom clouds
from the explosions). Volcanic base surges
were first recognized at Mount Taal Volcano
in the Philippines (17). At the other end of
the spectrum is a type of deposit called “ignim-
brite.” Ignimbrites are relatively structureless
(compared to pyroclastic surge deposits) and
are composed chiefly of small, sand and silt
size pyroclasts, forming a matrix within which
larger fragments are supported.

Although ignimbrites are relatively struc-
tureless, they display some subtle sedimento-
logical features that have been key in interpre-
tative studies (18, 19). Large fragments tend
to be absent in the basal portion of the depos-
its (typically 10 to 100 cm thick). Above this
basal zone large, dense fragments are concen-
trated low in the deposits whereas large, low-
density fragments are concentrated near the
tops. These are common features of debris
flows, where particles are so highly concen-
trated (between 0.1 and 0.6 volume fraction)
that the mixture behaves in a manner similar
to Bingham plastics (materials that have a
linear relationship between shear stress and
strain above a finite yield stress). Such flows
form deposits by en masse frictional “freez-
ing” as stress drops below the yield stress value.
At first glance it would seem that such flows
would not be very mobile, but it was thought
that vapors being released by the pyroclasts
during the flow would suspend (fluidize) the
fine-grained matrix, thereby allowing large
run-out distances. This ignimbrite deposi-
tional model differed markedly from the com-
mon model for pyroclastic surges, which as-



sumed, partly on the basis of the presence of
bedforms such as dunes, that surges are highly
unsteady, turbulent currents with a low con-
centration of particles that are carried by
turbulent suspension (similar in some ways
to sand storms). It was thought that pyro-
clastic currents could carry particles either by
turbulent suspension as surges or, if turbulence
intensity was insufficient to suspend the par-
ticle load, by concentrated, partly fluidized
pyroclastic flows (producing ignimbrites).

This view of ignimbrite emplacement sat-
isfied many common observations of ignim-
brites around the world, but some nagging
problems remained. For example, observa-
tions of the 1902 Mont Pelée eruption indi-
cated that turbulent suspension of particles
in a relatively dilute mixture was the domi-
nant transport mechanism (20). The flows at
Mont Pelée were density-stratified (21, 22)
so that lower, denser portions were strongly
diverted by topography whereas higher, less
dense portions were not. Many ignimbrites
display compositional variations that repre-
sent variations in the source magma. For the
en masse deposition model, in simplistic
terms, the compositions from the early part
of the eruption would be at the far end of the
deposit whereas late-erupted material would
be near the vent, and at a given location
there would be little or no vertical composi-
tional variation. However, vertical variations
have been observed within deposits even
though sedimentologically they appear to
have been deposited en masse (7, 23). Some
ignimbrites, especially those emplaced at high
temperatures, show textural evidence of depo-
sition from the ground up (24) instead of
frictional “freezing” of the whole flow, thereby
returning to an idea proposed in 1966 (7).
Furthermore, Druitt’s exciting study (4) of
deposits left by the 18 May 1980 blast at
Mount St. Helens showed that within a single
deposit there is a gradual transition from typi-
cal ignimbrite characteristics in areas proxi-
mal to the vent to those of typical pyroclastic
surge deposits near the distal margins. This
observation stands in contrast with the view
that pyroclastic currents travel either as dense,
partly fluidized flows or as turbulent suspen-
sions, suggesting that there must be a mecha-
nism which can produce a spectrum of flow
behaviors and deposit types.

Two recent papers (2, 3) suggest other
reasons why the model of dense, partly fluid-
ized, nonturbulent pyroclastic flows may need
reassessment. Hayashiand Self (2) compared
the mobility of ignimbrite-producing flows
to debris avalanches of both nonvolcanic and
volcanic origins and found that pyroclastic
flows and avalanches have similar mobilities.
Because fluidization probably does not play a
major role in the movement of avalanches, it
now seems that there is no compelling reason
to invoke it for pyroclastic flows (note that
ignimbrites do show ample evidence for par-

tial fluidization after deposition, when va-
pors escape from the compacting deposits).
Anilkumar, Sparks, and Sturtevant (3) car-
ried out experiments on the rapid accelera-
tion of gas heavily laden with particles and
found that both velocity and particle con-
centration exhibit large, rapid fluctuations
in the resulting flows. These experiments,
combined with unsteadiness in the “mean”
flow [as shown in numerical simulations (25)],
strongly suggest that previous models of py-
roclastic flows were much too simple.

How can sedimentological evidence for
dense flow and en masse deposition be recon-
ciled with compositional, textural, and theo-
retical evidence that ignimbrites are emplaced
by highly turbulent flows that deposit from
the bottom up? Branney and Kokelaar (1)
have drawn on the growing body of ignim-
brite studies and from the sedimentology lit-
erature to form a picture of pyroclastic flow
and deposition that seems to accommodate
these seemingly conflicting observations.
They apply the distinction between the trans-
port system of a pyroclastic flow, which car-
ries particles most of the distance from the
vent to near their point of deposition, and its
depositional system (26). The depositional
system forms the lowest part of the flow, has
a higher density than the main flow, and is
capable of flowing for relatively short dis-
tances during which it may be diverted by
topography (22). Branney and Kokelaar dis-
cuss how rapid sedimentation from the trans-
port system will cause local thin, massive
flow in the depositional system. After possi-
bly flowing for short distances (compared to
the regional scale of flow) the depositional
system freezes due to fluctuations in the over-
riding flow, to be subsequently buried by a
similar bed. The amount of structure (layer-
ing, for instance) in an ignimbrite then is
related to the degree of unsteadiness in the
overall flow system. Steady flow will produce
a single massive layer, but one that was built
from the bottom up, thereby accounting for
observed compositional variations. The ideas
of Druitt (4), based on the Mount St. Helens
deposits, mesh well with the model of Branney
and Kokelaar.

There is still considerable disagreement on
the problem of mobility of gravity flows. The
answer to the disagreement may lie in areas
where the flows have surmounted high moun-
tain ranges and have crossed bodies of water
(27) and may go far to unravel fundamental
questions about hydrodynamic characteristics
of pyroclastic gravity flows. One hypothesis is
that pyroclastic flows surmount high topo-
graphic barriers because they are in an ex-
panded state, higher than the topographic re-
lief (26, 28). The second prevalent hypothesis
is that they are primarily nonturbulent, high-
density flows that surmount high barriers be-
cause of their momentum (10, 29). Varia-
tions in the deposit characteristics over very
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high terrain should provide some important
clues as to which model is more appropriate.

One of the most intriguing aspects of py-
roclastic flows relates to the insight that they
might provide for an important class of fluid
dynamics, that is, high-speed multiphase flows.
Although pyroclastic flows are difficult to
observe directly, they may be the closest that
we can come to adequate “experiments” of
fast multiphase flows where gravitational
forces cannot be neglected. One outstanding
problem is the nature of turbulence in flows
with large density variations and high Mach
numbers. Ignimbrites can be viewed as the
end results of natural experiments of such
flows. The challenge is to determine the ini-
tial and boundary conditions for the “experi-
ments” and then to deduce the physics of the
flows. This is somewhat backward compared
with the usual physics and engineering ap-
proaches of carefully setting the initial and
boundary conditions and then watching the
outcome. By combining geologic observation
and intuition with fluid dynamic theory, ig-
nimbrite studies have the potential of con-
tributing to several disciplines.
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