rierless reaction was encouraging, and
Mayer and colleagues were eager to ex-
plore it further. When Bowring presented
her results at a conference in Sweden in
2014, their group struck up a collabora-
tion with Hammarstrom, whose lab was
ideally equipped to perform the neces-
sary ultrafast measurements. Giovanny
Parada, then a graduate student at Upp-
sala and now a postdoc with Mayer, also
joined the project.

Parada used his synthetic-chemistry
expertise to expand the family of
anthracene-phenol-pyridines. By attach-
ing different molecular groups at the po-
sition marked “R” in figure 2, he could
influence the affinity of the H" ion for
the pyridine and thus tune the charge-
recombination driving force over several
tenths of an electron volt. Not all the mol-
ecules he prepared showed observable
charge-separated states, but of those that
did, charge recombination was consis-
tently slower in those with higher driv-
ing forces. For good measure, the re-
searchers repeated the rate measurements
in three solvents of different polarity. They
saw the same trend each time.

But what about vibrational excita-
tions—why weren't they blocking access
to the Marcus inverted region? It turned
out that the charge transfer was exciting
a molecular vibration, just not with as
many quanta as needed to get to the zero-
barrier reaction. To see why, Hammes-
Schiffer and her student Zachary Gold-
smith delved into the quantum details.
They found that the wavefunction of the
initial charge-separated state had a neg-
ligible overlap integral with the vibra-
tional state that would have yielded the
zero-barrier reaction. The transition to
that state was therefore inhibited. The
quantum properties were a consequence
of the shape of the potential felt by the
proton, so designing molecules with an
eye toward that potential could be a
route to finding the Marcus inverted re-
gion in other concerted charge-transfer
systems.

But for now, nobody knows how
common or rare the effect might be. The
Yale-Uppsala collaboration is on the case,
with the theoreticians exploring large re-
gions of parameter space to guide the ex-
perimenters’ next choice of molecules to

study. “We'd like to think that the phe-
nomenon will prove to be widespread,”
says Mayer, “because then it could be used
in more complex systems to tackle chal-
lenges such as solar-energy conversion.”
Because concerted proton—electron trans-
fer is common in biology, in processes
such as photosynthesis and respiration,
another intriguing question is whether
nature already exploits the Marcus in-
verted region in biological pathways. If
so, understanding the inverted kinetics
could be key to mimicking those func-
tions in synthetic systems.

Johanna Miller
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Flows of volcanic rock and gas nde a carpet of air

The two-phase fluid drives
hot gas to its base to lower
frictional forces.

little warning. The volcano’s pyro-
clastic flows—hot avalanches com-
posed of air, ash, and rock—obliterated
everything in their path. The Roman
cities of Pompeii and Herculaneum and
the remains of about 1500 people were
later excavated from under several me-
ters of ash. In contrast to the viscous,
ambling lava flows of other volcanoes,
such as Mauna Loa in Hawaii, pyro-
clastic flows cruise across land at speeds
of about 10-30 meters per second for tens
of kilometers without slowing down.
Pyroclastic flows have long perplexed
volcanologists. Given volcanic particles’
high static friction, they should stay
put on slopes of up to 35-45°. But scien-
tists have observed pyroclastic flows
traveling over land surfaces with av-
erage slopes of just 8° and sometimes

M ount Vesuvius erupted in 79 CE with

FIGURE 1. THE VOLCANO ERUPTION SIMULATOR FACILITY at Massey University in New
Zealand produces experimental pyroclastic flows—hot avalanches composed of air, ash, and
rock—that allow the study of their dynamical behavior. In this series of images spanning about
a second, the bottom meter of a two-layer flow passes a fixed observation point. The arrows
denote the boundary between a denser particle layer overridden by dilute, turbulent ash.

even upslope for short distances.
Volcanologists can't easily measure the
physical properties of pyroclastic flows
in the environment because of the dan-
ger to people and the destruction of field
instruments. Instead, researchers turn to
numerical models. For a few decades,

high pore pressure—that is, the pressure
in the space between particles—was
suspected of modifying frictional forces.
But without a clear understanding of
how pyroclastic flows generate and sus-
tain pore pressure, scientists couldn’t
conclusively test the hypothesis. Rather
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FIGURE 2. PYROCLASTIC FLOWS glide across the ground surface on hot air. The blue, red,
and green lines denote the flow properties at 380 ms, 690 ms, and 1290 ms, respectively, at
a static observation point. The measured shear rate (a) varies with the height of the flow by
three orders of magnitude and (b) forms a pressure maximum a few centimeters above the
flow’s base. The resulting pressure gradient (c) moves air downward toward the lower-
pressure area, effectively lowering the particle concentration and decreasing friction so
that pyroclastic flows can travel at high speeds for long distances.

than explicitly simulate the dynamical
evolution of pyroclastic flows, modelers
had to resort to using empirically de-
rived friction coefficients to fit models to
observations.

Now Gert Lube of Massey University
in New Zealand, Eric Breard of the Uni-
versity of Oregon, and their colleagues
have identified the source of pyroclastic
flows’ friction-defying capability. In New
Zealand, Lube oversees a laboratory fa-
cility known as PELE—for pyroclastic
flow eruption large-scale experiment—
that can safely create large flows. The re-
searchers discovered a low-pressure, di-
lute air layer at the base of pyroclastic
flows that reduces internal and ground-
surface friction.!

Paying tribute to PELE

Before PELE, researchers built miniature
volcanic eruptions in the lab. Volcanolo-
gists at the University of Clermont Au-
vergne in France sent volcanic ash de-
posits down a 3 m flume to measure
particle velocities.? At the University of
Bari Aldo Moro in Italy, gas and ash
erupted out of a human-made volcanic
chimney.® Those and other, similar ex-
periments have helped uncover the tur-
bulent dynamics of pyroclastic flows,
but challenges in scaling from real life to
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the benchtop have limited what scien-
tists can learn about the friction-defying
capability of pyroclastic flows. To un-
derstand how flows modify friction on
a downscaled system, says Lube, “you
need to make sure the balance of forces
is on the same range as they would be in
nature.”

Another problem that researchers have
had with laboratory-scale eruption ana-
logues is with measuring certain flow
properties, because they use less material
over shorter distances than nature. The
pressure in the flow, for example, can dif-
fuse too fast for sensors to measure it.
After some earlier small-scale efforts, says
Lube, “it was clear in the volcano com-
munity that we needed to do our exper-
iments at a large scale.”

So in 2011 Lube and some collabora-
tors began designing a larger facility at
Massey. Breard joined the team as a grad-
uate student in 2012 when the construc-
tion started. PELE operates by com-
bining air, heated up to 130 °C, with
1000-1300 kg of rock and ash collected
from the last eruption of New Zealand’s
Taupo volcano, more than 1800 years
ago. The mixture falls freely down a 9 m
vertical column to a chute that creates 10-
m-high pyroclastic flows that can run
horizontally for 25 m. Using high-speed

gas up | gas down
|

PRESSURE GRADIENT (Pam™)

cameras, pressure Sensors,
and load cells along the
chute, Lube and Breard can
capture the time-evolving
velocity, pore pressure, and
mass of the experimental
flows.

“We were surprised when
these flows moved out like a
liquid,” says Lube. “We knew
from that moment that we
have this process, and now
we just need to look inside
and measure it.” By assum-
ing that a flow’s mass and
volume are conserved over
distances of a few centime-
ters, Lube, Breard, and their
colleagues could analyze vari-
ations in the flow’s kinetic
and potential energy by measuring its
height and velocity. With that informa-
tion, they calculated the time-varying
effective friction coefficient that repre-
sents both the internal friction between
particles in the flow and the friction
between the flow and the bottom of the
chute.

PELE produces two-layer pyroclastic
flows consisting of a denser particle layer
overridden by a dilute, turbulent layer.
The series of images in figure 1 show the
bottom meter of an experimental flow
that passes a stationary point; the arrows
point to the boundary between the denser
layer with a high particle concentration
and the overriding turbulent ash cloud.
Lube, Breard, and their colleagues found
that the friction acting on and internal
to the particle layer varied with depth.
The friction coefficient was 0.2-0.3, in
agreement with natural volcanic de-
posits. The researchers observed that a
third, basal layer developed in the
lower third of the particle layer and had
even smaller values of 0.05-0.21. The
smaller values are possible because of the
low particle concentration in the basal
layer.

A mechanism revealed

Breard recounts an idea from coauthor
Jim Jones, a chemical engineer at Massey,
that led the team to consider how an air
layer could act as a lubricant for a pyro-
clastic flow: “When we discussed changes
in particle concentration, he thought we
needed to discuss how shear changed
through the flow.” A pyroclastic flow
tends to behave like a fluid. Normally in
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a fluid, the air moves parallel to the flow
direction, and high pressure at the base
eventually forces the less dense air up
and out of the two-phase flow, stopping
the fluid in its tracks. But in a pyroclastic
flow, shearing can stall that process.

If the shear rate changes with depth
and keeps the air longer in the flow, the
pressure gradient can change too. In that
situation, a low-pressure air layer devel-
ops at the base and drives air downward
while solid material hovers above. As
figure 2a shows, the shear rate varies by
three orders of magnitude across the depth
of the experimental pyroclastic flows
and is highest at the base. Those shear
rates generated a pressure maximum a
few centimeters above the base, as can be
seen in figure 2b.

In particle-gas flows, the gas responds
more quickly to pressure gradients than
the particles do. As the pressure gradient
drives the air toward the lower-pressure
basal layer as shown in figure 2, it effec-
tively decreases that layer’s particle con-
centration and, consequently, the friction
between the flow and the ground surface.
The air moves faster than the particles, so

the pyroclastic flows can ride the air for
long distances without slowing down.
The mechanism also is self-reinforcing:
Less friction lowers the deceleration of the
flows. Lower deceleration perpetuates the
higher shear gradient at the base, which
drives the air downward.

“The role of air was proposed decades
ago based on studies where air is injected
into the base,” says Olivier Roche, a vol-
canologist at the University of Clermont
Auvergne. The novelty of this study, he
says, “is the demonstration that pore-gas
pressure can arise in the experimental
flow.” Such results would not have been
seen without the high velocities and
shear rates produced by the large-scale
experiments.

Now that volcanologists understand
the main physical process for how pyro-
clastic flows affect friction, natural-
hazard modelers may be able to develop
better simulations. “More complex mod-
els showing the formation of pore pres-
sure and how long it can be sustained
should be more accurate” than earlier
models, says Breard. Where a pyroclastic
flow goes depends mostly on the topog-

raphy, but Breard says that new models
that incorporate the air-layer mechanism
may be able to make more precise esti-
mates of the distances that pyroclastic
flows travel.

Volcanoes in Chile, Nicaragua, and
other places in Central and South Amer-
ica pose dangerous hazards. The 3 June
2018 eruption of Volcan de Fuego in
Guatemala produced pyroclastic flows
that buried nearby towns, killing and in-
juring dozens of people. With improved
numerical models, “you can train people
to use them and convey to people the
information in the danger area,” says
Breard. “Those hazard models are used
by researchers who ought to ensure that
populations living in these volcanically
active areas know about them and their
predictions.”

Alex Lopatka
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