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ABSTRACT

Although constituting little of the geological record, pyroclastic surges are now
recognized as products of some of the most hazardous eruptive manifestations. They
were initially defined by analogy to the base surge that accompanies large surface
explosions, common to the atmospheric testing of nuclear weapons in the 1950s. Their
textural similarity to high-flow-regime aqueous sediments led early workers to interpret
their origins by analogy to submarine density currents and fluvial sedimentation.
However recognition of the same deposits left around the craters of large nuclear and
non-nuclear explosions attests to their origin by the high-speed flow of a gas and
particulate mixture under the influence of propagating shock waves. Such a two-phase
compressible flow regime is similar to conventional sediments only to the extent that
one can make an analogy between the Froude and Mach numbers. In survey of recent
terminology, pyroclastic surges are defined as lean, turbulent gas and particulate flows
as opposed to dense, laminar transport displayed by pyroclastic flows. This conventional
jargon is incorrect, considering the wide range of bedforms left by pyroclastic surges,
notwithstanding the problem of distinguishing between transport and depositional
regimes, phenomena that have never been monitored nor closely observed. Considering
shock-tube and wind-tunnel experiments with dusty gases and the ever developing
theory of multiphase compressible flow, surges are predicted to both modify and be
modified by the substrate over which they travel, a hypothesis that field work readily
supports. However great their complexity, the careful mapping and analysis of
pyroclastic surges is paramount in evaluating volcanic risk as well as understanding
the formation of economic ore deposits and geothermal systems.

1. INTRODUCTION

Richard Fisher vividly and graphically introduced me to the subject of base surge
with his wealth of experience. His analogies to more commonly observed sedimentary
processes helped me appreciate the importance of field relationships and textures. Mi-
chael Sheridan enthusiastically guided me in quantitative methods applied to study of
base surges and suggested possible facies relationships in surge deposits and quantita-
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Notation Re Reynolds number
Re*  bulk Reynolds number

A particle surface area Re**  effective bulk Reynolds number
a surge acceleration S particle shape factor = Pazf (4rmA)
ag gas sound speed T temperature
Cd interphase drag coefficient To unshocked temperature
C constant pressure heat capacity T1 shocked temperature
Cp g gas constant pressure heat capacity T gas temperature
C):: particle heat capacity Tf; particle temperature
Cyg  gas constant volume heat capacity t time
o pure gas reference sound speed ty thermal relaxation time
c* bulk sound speed ty velocity relaxation time
co* bulk sound speed at rest u shock velocity
c1* bulk sound speed while moving u velocity vector
d total thickness of surge cloud u velocity
E internal energy ug gas velocity
Eg unshocked internal energy up particle velocity
Eq shocked internal energy Uy velocity parallel to substrate
F interphase momentum exchange uy velocity perpendicular to substrate
g gravitational acceleration u shear velocity
h height v surge volume
he column collapse height V particle volume
Jd density source/sink V; gas volume
Je latent heat source/sink ] surge initial velocity
K perturbation solution constant w; particle class settling velocity
Ky dispersion coefficient w SFT normalization constant
K3 attenuation coefficient Ws  SFT shape normalization constant
k von Karmdn constant Wp  SFT density normalization constant
k¢ thermal conductivity coefficient x distance
L characteristic length scale x’ source location
£ particle diameter Y shock strength
M Mach number Yh obstacle height scale or depth of specified
M Total mass per size interval density increment
M* particle to gas mass ratio
m mass B isentropic coefficient
mg mass of gas B bulk isentropic coefficient
mp mass of particles 8 boundary layer thickness
my reference particle mass ¢ logarithmic grain-size = -logy(mm)
m’ parental particle mass Y SFT fragmentation exponent
N Brunt-Viisila frequency s SFT shape exponent
Nt total number of particles W SFT density exponent
n(m)  number of particles of mass m K thermodynamic constant = pVﬁ
P, particle cross-sectional perimeter A characteristic topographic wavelength
P pressure At thermal relaxation wavelength (distance)
PO unshocked pressure Ay velocity relaxation wavelength (distance)
P1 shocked pressure n dimensionless height
Pn average Rouse number 10 reference level dimensionless height
Q particle-to-gas heat exchange 7 dynamic viscosity
Qg interphase heat transfer coefficient u* collision viscosity
Re gas constant u effective bulk dynamic viscosity
Ry water/magma mass ratio v kinematic viscosity :

bulk gas constant v bulk kinematic viscosity
r surge radial distance v effective bulk kinematic viscosity

final surge runout distance P density
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(2] unshocked density Oy; particle volume fraction for each w;

01 shocked density a average particle volume fraction

Pb surge bulk density reference level particle volume fraction
Pg gas density T viscous stress tensor

Pmax fixed bed density T shear stress

pe particle density @ perturbation wave number

p bulk density 3 SFT transport coefficient

0 volume fraction & SFT source transport coefficient

6 gas volume fraction v isentropic expansion limit

Gf, particle volume fraction

Fig. 1. Photograph of Test Baker (20 kt) in 1946, showing the base surge moving away from the explosion
stem (column). The surge front is approaching Naval vessels in the foreground as jets of ejecta (water
droplets) are propelled outward and downward from the stem feeding the surge through stem fallback.

Photograph from Los Alamos National Laboratory archives.

"
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tive methods of studying them. This carly training was further strengthened by my
colleagues in Los Alamos, Grant Heiken and Bruce Crowe, both of whom had
considerable field experience with surge deposits. I have received considerable help
from discussions with other researchers, all of whom rank among the early students of
pyroclastic surge, including Aaron Waters, Steve Self, Volker Lorenz, Juergen Kienle,
Hans Schmincke, and Jim Moore. In addition, my colleagues at Los Alamos National
Laboratory generously shared their knowledge of the effects of large man-made
explosions, observations of which first defined the concept of base surge. I feel that
recognition of these pioneers is an appropriate preamble to this manuscript.

This manuscript is in two parts: observational and theoretical. In discussions below,
I focus on the following 9 topics: observational topics include (1) history and terminology;
(2) field characteristics; (3) facies interpretation; and (4) laboratory analysis; and
theoretical topics include: (5) compressible two-phase flow; (6) bedform interpretation;
(7) sequential fragmentation/transport; (8) thermodynamics of wet and dry surges;
and (9) volcanological models. To be sure, I do not cover these topics in entirety but
discuss what I consider to be salient aspects. I only ask the reader to be forgiving if
some aspect is not mentioned, for in compressing the vastamount of pertinent literature
into a manuscript, much had to be left out.

2. OBSERVATIONS

The pyroclastic surge has been recognized as a common and violent component of
explosive volcanic activity for over 30 years. To understand the concepts of the volcanic
phenomenon, one must trace their history back to when the base surge was first studied
for large, manmade explosions. Atmospheric nuclear explosion tests started in the 1940s
and continued into the early 1960s. During this period of time, the base surge was
intensely studied to understand its damage potential. Later in the mid 1960s, the base
surge phenomena was recognized during volcanic eruptions. From that time when it
was first recognized, the concept of volcanic base surge has been widely studied, and
the term pyroclastic surge was formalized to include the base surge and other volcanic
phenomena that produced similar effects. The next four sections review important field
and laboratory observations that have shaped our understanding.

2.1. History of the base surge concept and the development of terminology

When the underwater nuclear test (BAKER) was exploded in Bikini Lagoon on July
25, 1946, among the various surface phenomena that this 20 kt bomb produced, the
base surge (Wilkes 1946; Brinkley et al. 1950) caused the greatest concern. Young (1965)
described the phenomena:

“This was a dense toroidal cloud which emerged from the base of the
cylindrical column of spray that was formed by the explosion. As the
column settled back, it apparently fed material into the base surge, which
spread rapidly along the surface of the lagoon. The exact nature of the
process was not understood. However, the collapse of the column and
growth of the surge was believed to be an example of “bulk subsidence,”
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in which a falling suspension of water drops in air behaves like a
homogeneous fluid with a density greater than that of the surrounding

atmosphere.”
Young (1965) used 570 s of photographic records to document the following primary

observations.
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* Initial formation of the primary surge (Figs. 1 and 2) occurred 11 seconds after the
burst. It formed as a spillout of seawater jets, driven by shock wave propagation,
that emerged at anangle of ~60° from horizontal and later broke into a spray, forming
a dense toroidal cloud. The cloud moved laterally at an average of ~33 m/s for the
first 20 s after which it slowed to 20 m/s (Fig. 2).

e Multiple shock waves were generated in the air, and behind each, a rarefaction
(suction) zone caused adiabatic cooling and condensation of moisture.

* Amodified lognormal distribution of water drop sizes constituted the surge; drops
had an initial maximum size of 0.27 mm that increased to 1.2 mm as drops coalesced
over a period of about 1 s.

¢ The primary surge aerosol flowed as a density current until 50 s after the burst at
which point the large drops began to fall out.

» Asecondary surge formed by subsidence of mist in the column (column collapse) 20
s after the primary surge and was eventually swamped by fallout.

* After fallout of the large drops, the surge density was approximately ambient with
remaining droplets <0.030 mm in size.

e The top surface of the surge turbulently mixed with the atmosphere, and the resulting
mixture rose vertically off of the surge.

* The surge front was characterized by bulges and pockets and moved preferentially
with wind direction.

Young's observations along with his laboratory simulations (Fig. 3) allowed him to
analyze the flow history of the base surge from observational data. The surge decelerated
from its initial peak velocity during flow dominated by four principle stages (Fig. 4).
The initial spillout stage showed high flow speed driven by shock wave propagation
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Fig. 3. Figure from Young's (1965) laboratory
simulations of the base surge formed by release of
a dense liquid in a water tank allowed development
of some scaling laws he used to analyze the base
surge from Test Baker.

and reflection. After ~20 s the secondary
surge contributed to flow, resulting in
dominantly gravitational acceleration
(Stage 1). After ~1 min, and some 1.5 km
of runout, gravitational acceleration began
to be balanced by atmospheric drag, and
the surge moved just by its velocity
potential (Stage 2). At a distance of ~3 km
significant turbulent mixing of the surge
cloud with the atmosphere produced
vertical convection of the surge’s energy,
causing it to rapidly decelerate (Stage 3).
Similar observations have been made at
other underwater and underground
explosions, and it is my belief that the flow
history of the BAKER surge described by
Young (1965) is applicable to volcanic base
(pyroclastic) surge as well.

Fig. 5. Base surge developed during nuclear tesi
Fizeau (11 kt) conducted in Nevada in 1957. Photo-
graph from Los Alamos National Laboratory
archives.
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Fig. 4. Figure adapted from Young’s (1965) surge
model, based on radial velocity as a function of
surge radius, shows three distinct stages of surge
movement in which its horizontal velocity is
determined by the sequence of gravitational flow,
potential flow, and flow dominated by turbulent
mixing. Note that the scale is in feet, retained from
the original work.

5.‘.500

1
1000




Chapter 7: K.H. Wohletz { Pyroclastic Surges and Compressible Two-Phase Flow 253

Observations of base surge in explosive tests

Perhaps one of the most widely cited books describing the base surge and related
phenomena created by man-made explosion (Fig. 5) is that by Glasstone and Dolan
(1977). These authors make a comprehensive assessment of damage phenomena related
to the surge and show that propagation of shock waves (air blast) and their interaction
with the ground surface are a primary component of base surge. In reading other
literature on explosive testing and crater formation (e.g., Nordyke, 1961; Carlson and
Roberts, 1963; Johnson, 1971), one finds that explosive crater formation is almost always
accompanied by base surge. For example, Carlson and Roberts (1963) found that the
SEDAN nuclear event in 1962 formed a crater 370 m wide and 100 m deep with base
surge deposits extending out for over 1 km. These authors found the base surge deposits
to be bedded and contain dune-like structures. Other pertinent observations are listed
here.
 High explosives and nuclear cratering tests produce a base surge by (1) the ballistic

overturn of rock/sediment near the surface (producing inverted stratigraphy), (2)

the interaction of low-angle ejecta with the substrate, (3) column (stem) fallback,

and (4) propagation of multiple shock waves.

e The ejecta blanket within one to two crater radii of the crater rim is dominated by
surge ejecta and surge-reworked ballistic ejecta.

e Surge ejecta shows fine-scale (mm to cm) bedding planes, and for large explosions,
surge deposits show dune bedding.

Wohletz and Raymond (1993) observed and studied base surge phenomena in the
MISERS GOLD high-explosive test. One of the most impressive features of this ~5 kt-
equivalent blast was the damage caused by shock waves accompanying the base surge
(Fig. 6). Within several hundred meters of the crater, trees were incinerated almost
instantaneously as the leading shock wave passed. Although the surge left only several
centimeters of deposit at distances over 100 m from the crater, the surge had completely

removed the turf. Granulometric analyses of the surge deposits showed a very systematic
behavior, which I will

discuss later in this paper.
Some mention should
also be made regarding base
surge and impact cratering.
When NASA first con-
sidered landing man on the
moon, a great debate about
the nature of lunar craters

Fig. 6. Shock wave from MISERS
GOLD incinerating pine trees
(approximately 15 m tall). Photo-
graph is courtesy of the U. S.
Army.




254 Chapter 7: K.H. Wohletz [ Pyroclastic Surges and Compressible Two-Phase Flow

fired up. As understanding of the differences between impact and volcanic craters
developed, one class of volcanic craters (maars and tuff rings) were found to have similar
profiles as impact craters. Since these volcanic craters have ejecta blankets consisting of
base surge materials, workers considered the possibility that impact craters also
produced base surge. However, at that time volcanic base surges were thought to require
steam. The anhydrous nature of the lunar surface seemed to preclude base surge
formation. This debate still continues to this day, with laboratory simulations of impact
cratering showing ejecta moving in orderly ballistic trajectories. But Viking observations
of Martian craters showed ejecta deposits
o _ with structures typical of lateral flow,
T - L % difficult to explain by ballistic transport
Seionsall . \ =, (Fig. 7). Since the surface of Mars was
FRAPP o likely wet during much of its impact
history, Wohletz and Sheridan (1983)
suggested that base surge can be a part
of impact cratering.

Fig. 7. Yuty crater on Mars (Viking image
003107), showing multiple lobes of rampart
ejecta sheets that apparently interacted with
topographic obstacles, which is most easily
explained by horizontal transport.

Early observations of volcanic base surge
In searching the pre-1960 literature about thinly bedded volcaniclastic deposits around

vents, I found that geologists often recognized these deposits as fluvial sediments or
wind reworked ejecta (e.g., Hack, 1942; Shoemaker, 1957). Those volcanologists first
documenting base-surge events in volcanic eruptions drew upon experience gained
from explosives testing (Moore, 1967; Fisher and Waters, 1970). Below, I summarize
some pertinent milestones in early work on volcanic base surge.

¢ Richards (1959) first suggested that volcanoes show base-surge-like activity, based
on his observations of Volcdn Bdrcena eruptions.

e R.V. Fisher was the first volcanologist to witness the base surge from a nuclear test
while stationed at Bikini. His observations led him to apply the concept to the 1957
Capelinhos volcano and the 1965 Taal volcano eruptions (Fisher and Waters, 1969,
1970; Waters and Fisher, 1971).

e Moore (1967) formalized the concept of volcanic base surge from his field studies at
Taal. He found that the Taal base surge moved at speeds > 50 m/s, obliterated all
trees within 1 km of the vent, sandblasted objects out to 8 km, and had temperatures
near 373 K. The deposits included ballistic blocks and fallout ash along with the
lapilli and ash carried by the surge, much of which formed sticky mud coatings on
trees and the substrate. Within 3 km of the vent, the deposits show a crude dune-
type bedding, the dunes being largest adjacent to the vent. Moore (1967) suggested
that volcanic base surges should have many of the same characteristics as those from
nuclear explosions.























































































































































































