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ABSTRACT

Field and Theoretical Aspects of Explosive Volcanic
Transport Processes

by
Gregory Allen Valentine

Three separate but related studies, each utilizing a different
approach to study aspects of explosive volcanism, are presented.
Chapter 1 presents results of a study of deposits at the base of the
large-volume Peach Springs Tuff ignimbrite (referred to as layer 1).
The layer 1 deposits are interpreted to record inittal blasting and
pyroclastic surge events at the beginning of the eruption. Changes
in bedding structures with increasing flow distance are related to
the decreasing sediment load of the surges and possibly to shocks in
the surges. Component analyses support a hydrovolcanic origin for
some of the blasting and subsequent pyroclastic surges. The
stratigraphic sequence indicates that powerful hydrovolcanic
blasting rapidly widened the vent, thus bypassing a Plinian phase
and causing rapid evolution to a pyroclastic-flow producing column
collapse (fountaining).

In Chapter 2 stratified flow theory is applied to pyroclastic
surges. Particle transport is assumed to be by turbulent
suspension. The discussion centers on the Rouse, Froude, and
Richardson numbers, and the Brunt-Vaisala frequency. Commonly

observed variations in bed-form. wavelength and surge facies are

XV



functions of variations of the above parameters with distance from
vent. Blocking in stratified flows plays a role in producing thick,
massive deposits in topographic lows.

Chapter 3 presents results of simulations Plinian eruption
columns based upon numerical solution of the time-dependent, two-
phase, compressible Navier-Stokes equations. Consideration of
dimensionless groups defines conditions leading to column collapse.
Collapsing fountains form pyroclastic flows that consist of Tow-
concentration fronts, relatively thick heads, vortex development
along the top surfaces, and rising clouds of buoyant ash. The
presence of coarse-grained proximal deposits primarily reflects
tephra sorting within the eruption column before collapse. Modeling
indicates that flow within a few kilometers of a vent will be at its

highest particle concentration relative to other parts of the flow

field.
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Field and Theoretical Aspects of Explosive Volcanic
Transport Processes

by
Gregory Allen Valentine

INTRODUCTION

Recent years have witnessed rapid advances in our knowledge of
transport processes associated with explosive volcanic eruptions.
The advantages of combining field and experimental (both laboratory
and numerical);approaches have been widely recognized. Deposits of
explosive eruptions represent the end product of large-scale,
natural "experiments" with poorly constrained initial and boundary
conditions. When studying a deposit, the goal is to constrain the
initial and boundary conditions in terms of the known outcome (the
deposit). On the other hand, numerical and laboratory experiments
have very precisely known initial and boundary conditions, allowing
interpretation of transport phenomena in terms of the known
conditions. By studying both approaches simultaneously, using
insights gained from each approach to improve the physical
foundation of the other, it is hoped that an eventual common ground
will be reached and that a physically rigorous understanding of
explosive eruptions, rooted in observations of natural systems, can

be attained.
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There are many perspectives that make the study of explosive
volcanism worthwhile, and it is appropriate to briefly mention
these. The first perspective is that of magma transport theory.
Explosive eruptions mark the final stage of transport processes that
probably begin within the earth's mantle. These processes then
affect the crust and result in accumulation of magma reservoirs at
relatively shallow depths. Magmas within reservoirs undergo complex
dynamical processes during their residence within the crust, and the
geologic record preserves these processes in the form of cooled
plutonic bodies and as rapid sampling events from eruptions. The
significance of petrologic and geochemical variations in pyroclastic
deposits for interpretation of magmatic processes has received much
attention. Full interpretation of these variations will depend upon
our understanding of the fluid dynamics of eruption and deposition
of magma as well as subsurface processes. This is one of the goals
of this thesis, although the surface has only begun to be scratched.
A second perspective is that of basic fluid dynamics.
Explosive eruptions fall into a very complex class of fluid flows.
The flows are often turbulent. They are compressible and can range
from far subsonic to supersonic. The flows are multiphase, with
several gas and solid species in varying concentrations and varying
states (e.g., water can be present as a gas and as a liquid).
Because of the multiphase nature of the flows, they are affected by
density stratification. Finally, the flows can have an extreme

range of rheological behaviors. The study of these eruptions
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promises to advance the knowledge of complex fluid dynamics in
important ways.

Three other important aspects of explosive eruptions include:
(1) their role in the coupling between the solid earth and the
atmosphere, (2) their association with geothermal and mineral

resources, (3) volcanic hazards evaluation.

This thesis reports upon three independent but related studies
that pertain to explosive volcanic transport processes. Chapter 1
describes field studies on the Peach Springs Tuff ignimbrite in
western Arizona that have been carried out in conjunction with
related studies by David C. Buesch (U.C. Santa Barbara). The field
study centers upon the distribution, stratigraphy, and origin of
pyroclastic surge deposits at the base of the ignimbrite, and
naturally raises some questions about the transport and deposition
of pyroclastic surges. Chapter 2 addresses many of these questions
in light of stratified flow theory and turbulent transport. While
the questions were initially raised during the Peach Springs Tuff
study, the results of Chapter 2 are applicable to pyroclastic surges
in general.

One aspect that was recognized early in the Peach Springs Tuff
study is the applicability of blast phenomena for understanding the
beginning phases of an eruption. It is thought that initial
blasting and unsteady flow eventually gives way to steady flow that
can produce a high-standing eruption column (leading to a fallout

deposit) or a collapsing eruption column (leading to pyroclastic
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flows). Although the Peach Springs Tuff appears to record the
initial blasting phase of the eruption and a sustained period of
pyroclastic flow, it displays no evidence of ever having gone
through a fallout-producing phase. This raised the question: What
determines the large-scale behavior of an eruption during steady
discharge? Chapter 3 addresses this broad question from the
standpoint of numerical experiments, and also deals with pyroclastic
flow facies.

Each chapter stands alone, but it is best to consider the
chapters together as a step toward the goal of having a "unified"
picture of explosive volcanic processes. Appendices are given at
the ends of Chapters 2 and 3, instead of together at the end of the

thesis, so that each chapter can be read separately.
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CHAPTER 1: LAYER 1 DEPOSITS OF THE PEACH SPRINGS TUFF IGNIMBRITE

INTRODUCTION

This chapter focuses upon vertical and lateral variations of
the basal deposits of the Miocene Peach Springs Tuff, a large-
volume, rhyolitic, welded ignimbrite that crops out in western
Arizona and southeastern California, USA (Figure 1-1). The purpose
is to provide a physical framework for theoretical studies (Chapters
2, 3) and to understand how a large-volume (> 100 km3, Smith 1979)
ignimbrite eruption evolves from initiation to sustained
pyroclastic-flow forming discharge.

The Peach Springs Tuff (PST) was originally described by Young
(1966) and Young and Brennan (1974), who mapped PST on the western
margin of the Colorado Plateau in Arizona and correlated it with
outcrops to the west in the Kingman area (Figure 1-1). Recent work
in the Mojave Desert by Glazner et al. (1986) indicates that
ignimbrite deposits in isolated mountain ranges as far west as
Barstow, California, may correlate with Peach Springs Tuff described
by Young and Brennan (1974). The areal distribution shown in Figure
1-1 was proposed by Glazner et al. (1986) on the basis of similarity
of petrographic characteristics, stratigraphic position, mineral
phase chemistry, and paleomagnetic pole directions. Additional
correlation work based upon heavy mineral suites by Gusa et al.
(1987) supports the areal distribution shown in Figure 1-1.

Radiometric age dates of possible PST correlative rocks are
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Figure 1-1: Regional distribution of Peach Springs Tuff and
possible correlative units (modified from Glazner et al. 1986).
Present-day exposures are shown by the solid pattern, minimum
original extent (assuming all exposures are Peach Springs Tuff)
is shown with stippled pattern. Dashed lines are tectonic
province boundaries, compiled from Dokka (1983, 1986), Howard and
John (1987), and Young and Brennan (1974). The present study
area has been focused on in order to develop a type section and
to constrain facies patterns, since this is the area where PST

was originally described and where correlation is not a problem.




8uoz
uopsues |

\
\

10p1I0D)
Jeuojsueix3
1oAY\

o
'9400 RIVER

o
&

wy op

3o0|g eAefop
ujyym uotBes
dis-exins

———

\
V3HV AQN1S *
- : U
o mojsieg
2 \ 7
M—n._ ebuey \ \@
v pue uiseg “
& sbupdg \
P yoeed V\ \
00 .\
YQ (O} Av\vm .
00
1 " /
obli o9t 1

ot

GE

9€



-8 -

problematic and the scatter in ages (16-20 Ma) is not currently
understood. The most likely age is about 18 million years (Glazner
et al. 1986). The volume of the ignimbrite is poorly constrained
but must have been several hundreds of cubic kilometers (Glazner et
al. 1986). A source for the tuff has not yet been determined, and
it is probably at least partially masked by post-eruption tectonism
and sedimentation.

My research has been carried out in concert with other efforts
directed at studying the source location problem and testing
previous regional correlations. Although uncertainties in the
source location and age of the tuff limit a full understanding of
the eruption, its excellent exposure from top to bottom over large
distances provides an excellent opportunity to study large-volume

jgnimbrite processes.

GEOLOGIC SETTING

The Peach Springs Tuff and its proposed correlative exposures
extend from southeastern California into northwestern Arizona,
covering an area of about 35,000 km? and overlapping several
tectonic environments (Figure 1-1). The eastern part of the PST
extent is on the tectonically stable Colorado Plateau. The western
margin of the Colorado Plateau is bounded by a zone of normal
faulting called the Transition Zone (Young and Brennan 1974). To
the west of the Transition Zone, rocks become highly faulted and

rotated within the Colorado River Extensional Corridor (Howard and
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John 1987). They are only slightly tilted in the southern end of
the Basin and Range Province. Farthest west, in the Mojave Desert,
the PST occurs in a dominantly strike-slip region (Dokka 1983,
1986). I limit discussion here to deposits in the Transition Zone
and the Colorado Plateau, where structural complications and
correlation problems are minimal, and exposure is most continuous.
Within the study area (Figures 1-1 and 1-2) flow direction
indicators, welding variations, and thickness distribution indicate
an overall flow direction from west to east, as was also suggested
by Young and Brennan (1974). The original extent of the ignimbrite
in the study area (Figure 1-2) indicates that the pyroclastic surges
and flows of the Peach Springs Tuff moved through a large
paleovalley between the Cerbat and Hualapai Mountains (hereafter
referred to as.the Kingman paleovalley), then fanned out over a
gently east-sloping terrain characterized by broad valleys of low
relief (Young and Brennan, 1974). The valley-filling nature of the
ignimbrite is clearly shown in Figure 1-2, with each "“finger" of
ignimbrite representing a paleovalley. While most of the mountain
ranges shown in Figure 1-2 appear to have been present at eruption
time, the large amount of relief at the margin of the Colorado
Plateau was absent. The original extent within the study region
covered an area of about 1800 km2 with a minimum volume of 40 km3,
of which the layer 1 deposits comprise about one percent. The
Kingman area, in the western part of the study area, contains the

thickest and most proximal exposures of the study area. The
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Figure 1-2: Detailed map of Peach Springs Tuff and minimum original
extent in the study area using U.S. Geological Survey 1:200,000
topographic sheets as base maps. Distribution is compiled from
Young (1966), Goff et al. (1983), and my own work. Overall flow
direction was from west to east. The most proximal part of the

study area (near Kingman) is at least 30 km from the unknown

source of the ignimbrite.
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stratigraphic succession used in this report was developed in the
Kingman outcrop area, which will be used for reference.

At the time of the Peach Springs Tuff eruption, the
paleovalleys were typically bounded by granitic and metamorphic
basement highs and, locally, Cenozoic volcanic rocks filled the
valleys. The Kingman paleovalley floor contained hills of granitic
basement rocks, along with basaltic cinder cones and lava flows.
These were covered by a section of silicic fallout tuffs from a
distant unknown source, an ignimbrite, and horizons of epiclastic
sandstone and soil interbedded with reworked tephra. The Peach
Springs Tuff lies on top of all these, and is separated from the
older tuffs by a 1-2 m thick soil horizon. Volcanic stratigraphy of
the Kingman paleovalley is shown in Figure 1-3.

Although the exact source vent for the PST has not been
located, the nearest possible source is 30 km west of Kingman in
the Black Mountains (Young and Brennan 1974), where a possible
caldera has been identified (Thorson 1971). Work in progress
suggests that another possible source area is about 90 km west of
Kingman. However, because neither of these has yet been confirmed,
I use 30 km west of Kingman as the most conservative estimate of

distance from vent.

FACIES AND TERMINOLOGY
The Peach Springs Tuff ignimbrite is stratigraphically divided

into layers 1 and 2, following the nomenclatural scheme of Sparks et
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al. (1973). A typical outcrop displaying the two main layers is
shown in Figure 1-4. Most of the layer 1 deposits represent a
series of pyroclastic surges that immediately preceded the main
layer 2-producing pyroclastic flow. Layer 2 appears to be a single
pyroclastic-flow unit (Sparks et al. 1973) up to 90 m thick in the
Kingman area that forms a simple cooling unit (Smith 1960). It
thins gradually eastward in the study area to 5-10 m thickness at
the distal eastern margins.

Lateral variations in layers 1 and 2 of the ignimbrite are
divided into two facies types similar to those recognized by Freundt
and Schmincke (1986). The first type of variation is termed
"regional,"” and refers to changes due to proximal-to-distal flow
processes. The second type is termed "local" variation, and refers
to changes due to topography. Local variations are superimposed
upon regional variations. Local variations are further subdivided
into “open-valley" and “edge" facies. Open-valley facies occurs
where the ignimbrite was deposited in broad, relatively smooth-
bottomed valleys, and is the dominant facies type both areally and
volumetrically. Edge facies occurs where the tuff thins against
topographic highs on the order of 100 m and at valley edges.

Layers 1 and 2 both display significant differences between
open-valley and edge facies locations (Figure 1-5). In this chapter
only open-valley layer 1 deposits are discussed because they seem to
represent separate eruptive phases from layer 2. Locally exposed

relicts of open-valley layer 1 at edge facies locations suggest that
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Figure 1-3: Generalized stratigraphy of volcanic rocks in the
Kingman, Arizona, area (modified from Buesch and Valentine 1986).
For detailed stratigraphic column of Peach Springs Tuff see

Figure 1-5.
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[ 1gnimbrite

Silicic fallout tuff

Epiclastic sandstone

Interbedded epiclastic tuffaceous sandstone
and fallout tuff. Two possible ignimbrites.

PST-Peach Springs Tuff. Light grey to mauve

colored densely welded ignimbrite containing
sanidine, quartz, and plagioclase as major
phenocrysts. Ranges in thickness from 8m
along paleovalley margins and over paleotop-
ographic highs to 90m in axial portions of
paleovalleys. Locally forms two cliff-forming
units.

Pumiceous fallout tuff overlain by epiclastic
volcanic sandstone.

CCT-Cook Canyon Tuff. Grey, sintered to partially

welded ignimbrite containing plagioclase and
biotite as major phenocrysts and mixed
mafic/silicic pumice fragments. Everywhere
underlain by pumiceous fallout tuff, locally top
is reworked to epiclastic sandstone.

PPB-Pyroxene-plagioclase basalt lava flows.

Locally interbedded epiclastic volcanic sand-
stone and pumiceous fallout tuff.

QOB-Quartz-bearing olivine basalt forming lava

flows up to 6m thick and cinder cones up to
150m high. Locally contains basement xenoliths.

pE€-Precambrian basement rocks consisting of

quartz monzonite, locally porphyritic and locally
foliated, with leuco—and melanocratic gneiss.
Forms >150m paleorelief topography.

E=3 Leva flows
Scoria/cinder—cone deposits

Basement rocks
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Figure 1-4: Exposure of open-valley-facies PST in the Kingman area.
Layer 1 deposits form a white layer near the base of the outcrop,

and are overlain by relatively massive layer 2 deposits.
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open-valley layer 1 deposits originally mantled the landscape, at
least within the large paleovalleys. However, the subsequent
pyroclastic flow was highly erosive at edge locations and in most
cases completely removed the previous layer 1 deposits, replacing
them with edge facies layer 1 deposits. Edge facies layer 1
deposits are very similar to ground layer deposits of the Taupo
ignimbrite described by Walker et al. (1981a) (Figure 1-5) and are
interpreted to have formed from processes at the head of the
pyroclastic flow (Wilson and Walker 1982) or within the main body of
the pyroclastic flow (Freundt and Schmincke 1985; Valentine and
Fisher 1986), reflecting changes in pyroclastic flow behavior due to
topography.

No precursor Plinian fallout deposits have been found at the
base of the Peach Springs Tuff, either in the present study area or
in the Mojave Desert region. It is possible that this is due to
lack of proximal exposures, but the absence of Plinian fallout over
such a wide area leads me to believe that a sustained, high-standing

eruption column did not play a significant role in the eruption.

STRATIGRAPHY

Kingman Area

Generalized stratigraphy of layer 1 deposits (open-valley
facies) in the Kingman area is illustrated in the left-hand

stratigraphic column in Figure 1-6 and photographically in Figure
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1-7. Layer 1 is subdivided into three layers, la, 1b, and 1c, each
of which is physically distinct.

Layer la

Layer la near Kingman is 40-80 cm thick, most commonly close to
60 cm, and is laterally continuous. It is composed mainly of
pumiceous material, giving it an overall white color. In most
places, the lower half of layer 1a (herein referred to as 1laj)
consists of coarse ash to fine lapilli (Figure 1-10a) in very-thin
parallel beds (all bed-thickness nomenclature follows Ingram 1954),
each bed being 1-3 cm thick. The internal structure of very-thin
beds in 1a; are of three basic types: normally graded, normally
graded with internal laminae, and symmetrically (reverse to normal)
graded. The basal contact of layer laj is typically planar, and
displays evidence of being slightly erosive (e.g., chips of
underlying paleosoil within lowermost very-thin beds). Bedding is
commonly parallel to the substrate in the lowest few very-thin beds,
with small undulations becoming progressively amplified upward in
the section, both in wavelength and amplitude. Some cross bedding
occurs within the undulations, but in the Kingman area the beds are
more commonly parallel. In bed forms that do display cross bedding,
both upstream and downstream migration of crests occur. Undulations
within the continuous beds are produced by subtle upward-repeating
pinching or swelling and typically have rounded crests. These
features are here referred to as "undulation bed forms," and are

shown diagrammatically in Figure 1-8 along with typical cross bedded



- 20 -

Figure 1-5: Stratigraphic columns of Peach Springs Tuff in the
Kingman area for open-valley and edge facies. Features shown for
layer 2 are those due to cooling and weathering effects.
Sedimentological details of the Tower 2 m of the sequence are
shown for both facies types. Open-valley layer 1 deposits are
bedded and cross bedded and consist of coarse ash to small
1apil11i; they are the focus of this report. Layer le (edge
facies) occurs only in a few locations. It is a laterally
discontinuous, massive bed of mixed 1ithic (derived from the
substrate) and pumice lapilli that is very similar to ground

layer deposits described by Walker et al. (198la).
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Figure 1-6: Stratigraphy of open-valley layer 1 deposits and
regional correlation within study area. Locations of various
stratigraphic columns can be found in Figure 1-2. Minimum

distance from source is indicated for each column.
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Figure 1-7: Photographs of exposures of layer 1 deposits in the
Kingman area. (a) Layers 1la and 1b, separated by the fine ash
layer (white layer just below bottom of measuring tape). Layer
la is mainly planar-bedded here, and its upper half is coarser
both in grain size and bedding than the lower half. Note flame
structures in the fine ash layer on the left side of the
photograph. Layer 1b is only a few centimeters thick in this
exposure, and is represented by the laminated material
immediately above the fine ash layer. Layer 1lc is absent here,
so that 1b is overlain by the inversely graded base of layer 2.
(b) Detail of layer 1b. (c) Layer 1lc with massive, coarser-

grained base and fine-grained, bedded top.
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features referred to as dunes and ripples, depending upon
dimensions. Examples of undulation bed forms in the Peach Springs
Tuff are shown in Figure 1-9. Unlike “sinusoidal ripple lamination"
(Jopling and Walker 1968) these undulations are commonly isolated,
or adjacent to other undulations with quite different dimensions.
Wavelengths of these features are typically 0.5-2.0 m.

The top half of layer la (lap) is coarser, with a higher
concentration of lapilli compared to laj (Figure 1-10a). Bedding is
thicker than in laj, ranging from 4-8 cm in thickness (thin beds of
Ingram 1954). These thin beds are generally massive, but some are
reversely graded within their lower 1 cm. The transition from very-
thin bedding in 1laj to thin bedding in lap is commonly marked by an
erosional surface, with the upper thin beds cutting into the lower
very-thin beds. This erosional surface does not seem to represent a
time break in deposition, due to a lack of associated fallout or
locally reworked deposits. This transition is also characterized by
coarsening of the deposit. In some instances, the undulation bed
forms that were progressively amplified upward in laj; continue to be
amplified in lap. In other cases, bed forms within las bear no
obvious relationship to those in laj. The uppermost part of layer
lap is characterized by 5-8 cm thick normally graded bed containing
internal laminae and cross-laminae at its top.

Maximum Tithic (ML) and pumice (MP) diameters in layer la range
from 1.6-0.3 cm and 3.8-0.7 cm, respectively; at all layer la

exposures MP and ML are found in the upper part of the layer (las).
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Larger values of ML and MP tend to occur in the western part of the
Kingman area. Two anomolously large values of ML (5.6 and 2.7 cm)
on the leeward sides of a pre-existing cinder cone and a granitic
basement high were measured, the fragments in these cases being
locally derived from the associated topographic high. There is a
gap in exposure between Kingman and the Colorado Plateau of about 30
km (Figure 1-2). To the east of this gap in exposure, layer la is
mainly coarse ash and thus is too fine-grained for ML and MP
measurements. Isopleths of maximum clast diameter were not
constructed due to lack of continuous lateral exposure, but it is
clear that the layer la deposits become finer grained eastward.

Fine Ash Layer (FA1)

Layer 1la is capped by a 1-2 cm thick layer of white fine ash
(FA1) which forms a key horizon for regional correlation of
stratigraphy. In the Kingman area the upper few millimeters of this
fine ash layer contain dispersed coarse-ash sized crystals and
lithic fragments. In many places FAl forms flame structures a few
centimeters in height (Figure 1-7a). These flame structures may
bend in many directions at a given outcrop and seem to represent
deformation due to loading by the later-erupted, layer 2-producing
pyroclastic flow. Layer 1b, directly above the fine ash layer, is
both cross-cut and deformed by the flames.

Layer 1b

Layer 1b overlies layer la and the fine ash layer (Figures 1-6

and 1-7b). It is a laterally discontinuous layer up to 15 cm thick,
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Figure 1-8: Wavy bed form types common in layer 1 of the Peach
Springs Tuff. (a) Undulation bed form, (b) low-angle dune/ripple
with coarser lee-side lenses, and (c) dune/ripple with foreset
bedding (b and c modified from Wohletz and Sheridan 1979). 1In
layer la undulation bed forms, which bear no obvious relationship
to substrate roughness, are common in the Kingman area. Westward
these are replaced by bed forms shown in (b) and (c), which
commonly are associated with substrate roughness. 1In layer 1b

the cross bedded forms (b,c) are common throughout the extent.
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Figure 1-9: Photograph of undulation bed forms above a planar basal

contact of the layer in the Kingman area.
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but most commonly is between 5 and 10 cm in thickness. In the
Kingman area lateral discontinuity was caused by erosion by the
overlying pyroclastic flow in some cases, but in others the layer
was apparently deposited as lenses that extend 5-10 m laterally.
Layer 1b consists mostly of coarse ash (Figure 1-10b) in laminae to
very-thin beds of 2 cm maximum thickness. Individual laminae are
commonly normally graded and grey to purple in color reflecting a
high concentration of l1ithic fragments. A few white laminae with
high pumice concentration also occur.

Layer 1b in the Kingman area is typically cross bedded in Tow-
angle, subtle dune forms. Layering is accentuated by 1ithic and
crystal-rich zones that occur as small pod-shaped bodies,
representing lee-side lenses of the low angle dune forms.
Wavelengths range between about 5 and 30 cm. As in layer la, the 1b
dune forms show both downstream and upstream migration of crests.

Layer 1c

Layer 1c in the Kingman area is generally massive, and ranges
in thickness from 5-35 cm. It consists mainly of pumice and is
white to tan in color. The layer is typically normally graded with
grain sizes ranging from coarse ash to small lapilli (Figure 1-10c).
The base of the layer has a relatively high lapilli content compared
to upper parts, and is mainly clast supported. The coarse ash
content increases upward until isolated lapilli are set in a coarse
ash matrix. In a few places the full layer 1c is preserved (Figure

1-7¢) but in most exposures all but the lowest few centimeters have




