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Abstract The vesicularity, permeability, and structure of
pumice clasts provide insight into conditions of vesicula-
tion and fragmentation during Plinian fall and pyroclas-
tic flow-producing phases of the ~7,700 cal. year B.P. cli-
mactic eruption of Mount Mazama (Crater Lake), Ore-
gon. We show that bulk properties (vesicularity and per-
meability) can be correlated with internal textures and
that the clast structure can be related to inferred changes
in eruption conditions. The vesicularity of all pumice
clasts is 75-88%, with >90% interconnected pore vol-
ume. However, pumice clasts from the Plinian fall de-
posits exhibit a wider vesicularity range and higher vol-
ume percentage of interconnected vesicles than do clasts
from pyroclastic-flow deposits. Pumice permeabilities
also differ between the two clast types, with pumice
from the fall deposit having higher minimum permeabili-
ties (~5x10-13 m2) and a narrower permeability range
(5-50x10-13 m?2) than clasts from pyroclastic-flow depos-
its (0.2-330x10-13 m2). The observed permeability can
be modeled to estimate average vesicle aperture radii of
1-5 um for the fall deposit clasts and 0.25-1 um for
clasts from the pyroclastic flows. High vesicle number
densities (~10° cm=3) in all clasts suggest that bubble nu-
cleation occurred rapidly and at high supersaturations.
Post-nucleation modifications to bubble populations in-
clude both bubble growth and coalescence. A single
stage of bubble nucleation and growth can account for
35-60% of the vesicle population in clasts from the fall
deposits, and 65-80% in pumice from pyroclastic flows.
Large vesicles form a separate population which defines
a power law distribution with fractal dimension D=3.3
(range 3.0-3.5). The large D value, coupled with textural
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evidence, suggests that the large vesicles formed primar-
ily by coalescence. When viewed together, the bulk
properties (vesicularity, permeability) and textural char-
acteristics of all clasts indicate rapid bubble nucleation
followed by bubble growth, coalescence and permeabili-
ty development. This sequence of events is best ex-
plained by nucleation in response to a downward-propa-
gating decompression wave, followed by rapid bubble
growth and coalescence prior to magma disruption by
fragmentation. The heterogeneity of vesicle sizes and
shapes, and the absence of differential expansion across
individual clasts, suggest that post-fragmentation expan-
sion played a limited role in the development of pumice
structure. The higher vesicle number densities and lower
permeabilities of pyroclastic-flow clasts indicate limited
coalescence and suggest that fragmentation occurred
shortly after decompression. Either increased eruption
velocities or increased depth of fragmentation accompa-
nying caldera collapse could explain compression of the
pre-fragmentation vesiculation interval.

Introduction

Explosive silicic eruptions produce large quantities of
pumice and ash by processes of vesiculation and frag-
mentation that are not well understood. Recent work on
the relationship between magmatic vesiculation and frag-
mentation can be summarized using two end-member
models (e.g., Cashman et al. 2000). In the first, vesicula-
tion provides the driving force for magma expansion and
acceleration and fragmentation results from high strain
rates in the rapidly expanding mixture. In this scenario,
clasts may form from fluid instabilities, or by brittle fail-
ure if the tensile strength of the magma is exceeded. In
the second model, fragmentation of an already vesiculat-
ed magma occurs by sudden decompression. Here frag-
mentation occurs in response to downward propagation
of an unloading wave in the melt, or through layer-by-
layer unloading of pressurized bubbles as a fragmenta-
tion wave travels through the expanding gas (Alidibirov



and Dingwell 2000). The first mechanism, with disrup-
tion by fluid instabilities, seems the likely cause of frag-
mentation in Hawaiian fire fountains, whereas the sec-
ond mechanism probably prevails in the explosive dis-
ruption of highly viscous domes.

Fragmentation in large-volume silicic eruptions may
involve both processes. Disruption of the liquid may ac-
company vesiculation and resultant acceleration of the
bulk magma to produce a range of clast sizes (pumice).
The extent to which these clasts continue to expand after
fragmentation (Thomas et al. 1994; Kaminski and
Jaupart 1997) is not well constrained. The limited range
in pumice permeability observed in Plinian fall deposits
(~10-12 m2; Klug and Cashman 1996; Tait et al. 1998)
suggests that preservation, rather than disruption, of larg-
er clasts may require that a threshold permeability be
reached. Fine ash (<63 pum) may result from rapid
decompression of individual overpressured bubbles
(Sparks 1978) or by pulverization of quenched clasts
within the conduit (Kaminski and Jaupart 1998). Either
process could explain the observed increase in the volu-
metric proportion of fine ash with increasing eruption in-
tensity (mass flux; e.g., Walker 1973).

Recent experimental studies of bubble nucleation and
growth in rhyolitic melts provide a new framework for
studying vesiculation in natural systems. Of primary im-
portance is the observation that homogeneous bubble nu-
cleation occurs only under conditions of large supersatu-
rations (AP>120-150 MPa; Hurwitz and Navon 1994,
Mourtada-Bonnefoi and Laporte 1999; Mangan and
Sisson 2000), whereas heterogeneous nucleation on pre-
existing microlites may occur at AP<20 MPa (Hurwitz
and Navon 1994; Gardner et al. 1999). Although maxi-
mum rates of bubble nucleation are poorly constrained
by experiments, minimum rates of homogeneous and
heterogeneous nucleation are similar at similar rates of
decompression, leading Mangan and Sisson (2000) to
conclude that although the presence or absence of heter-
ogeneities plays an important role in degassing efficien-
cy, nucleation rates (and resulting bubble number densi-
ties) are most strongly controlled by the rate of depres-
surization. The spatial density of bubble nuclei, in turn,
controls rates of diffusion-limited bubble growth
(Lyakhovsky et al. 1996; Proussevitch and Sahagian
1998; Liu and Zhang 2000), and growth of volatile de-
pletion shells around individual bubbles (e.g., Zhang
1999; Lensky et al. 2001).

Vesicle textures in pumice clasts preserve information
on the integrated process of magmatic vesiculation dur-
ing ascent and fragmentation. To relate textures to condi-
tions of pumice formation, we examine clasts produced
during both Plinian fall and pyroclastic flow-producing
phases of the climactic eruption of Mount Mazama
(Crater Lake), Oregon. We do not attempt a statistical
characterization of the variation in pumice clast textures
within each stratigraphic horizon of the fall and flow de-
posits. Rather we seek to catalog features that provide
information on processes occurring during the ascent,
vesiculation, and fragmentation of magma throughout
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the eruptive sequence and to determine which, if any,
features of the clasts reflect changes in the physical con-
ditions of eruption. As characterization of vesicle sizes
and shapes in a single sample is time-consuming, a sec-
ondary goal of this study is to test the sensitivity of easi-
ly measured bulk properties (vesicularity, permeability;
~50 samples) to variations in internal pumice structure,
as characterized by the more labor-intensive image anal-
ysis (10 samples).

Methods
Geologic background and sample collection

Crater Lake formed about 7,700 years ago during the cli-
mactic eruption of ~50 km3 of magma from Mount Maz-
ama. The eruption can be divided into two phases
(Bacon 1983): (1) a single-vent phase which produced a
Plinian fall deposit separable into two parts (the Lower
and Upper pumice of Young 1990), and the pyroclastic
flows of the Wineglass Welded Tuff, and (2) a ring-vent
phase, in which a compositionally zoned pyroclastic-
flow deposit was generated from multiple vents around
the subsiding caldera floor. Most of the erupted volume
is hydrous rhyodacitic pumice (70.4+0.2 wt% SiO, an-
hydrous, Bacon and Druitt 1988; 3.9 wt% pre-eruptive
H,O dissolved in the melt, Bacon et al. 1992), with mi-
nor basaltic to andesitic scoria comprising only the upper
part of the ring-vent-phase ignimbrite (Druitt and Bacon
1986, 1989).

The stratigraphy of climactic Mazama deposits is
well documented (e.g., Williams 1942; Bacon 1983;
Druitt and Bacon 1986; Young 1990). The climactic fall
deposit (CP samples in Table 1) is up to 20 m thick
along the northern part of the caldera rim and easy ac-
cess permits sampling throughout this deposit (Fig. 1).
Most notable is the prevalence of large (15-20 cm) pum-
ice clasts with abundant elongate vesicles in the upper-
most part of the Plinian fall deposit. The Wineglass
Welded Tuff (WT) is incipiently to densely welded but
contains several lithic-rich layers in which welding is
less intense (Kamata et al. 1993). One such layer at the
eastern edge of a middle Wineglass Welded Tuff flow
unit provides an unusual opportunity to examine post-
emplacement changes in pumice structure that accompa-
ny slow cooling within a rapidly accumulating deposit
(changes which likely preceded welding throughout
much of the deposit). Pumice clasts within this layer are
large (>20 cm) and most have highly elongate vesicles.
The pyroclastic flow from the ring-vent phase (PF) is
non-welded to indurated or partly welded and is well ex-
posed in canyons around Mount Mazama such as at The
Pinnacles (Fig. 1). The base of the deposit is dominated
by rhyodacitic pumice that is compositionally indistin-
guishable from pumice erupted during the preceding,
single-vent phase of the eruption. Pumice clasts from
this location are unusual in comparison with the fall de-
posits in their fine-scale vesicularity.
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Table 1 Description and measurements of Crater Lake pumice clasts

Eruption phase Relative Sample Textureb Mode Vol.- Nmy, Average Vesicularity No.
and deposit? location name of vol.  based (logno. permeability cores®
dist. median  cm3) (m2) Bulk  Con-nected
(m) (um) (%) (%)
Ringvent PF  Base PFI15 S,C,R,E 20 28 10.34 2.6x10-13 782  70.6 9
PF15edge 16 28 10.03
PF15d 20 22 10.00
PF15L 20 25 10.05
Single vent WT  Near base WT9 L,C,H 13 20 10.46 5.2x10-12 79.5 76.7 8
WT9v 20 28 10.13
WTIL 16 16 10.27
CP  Near top CP10 S,C 50 42 9.78 2.0x10-12 78.5 764 5
CPI12 S,C - - - 8.3x10-13 84.3 80.8 1
CP11 D,C,R 40 40 9.60 1.1x10-12 814 804 1
Middle CP14 D,C,R 5,012 200 8.56 7.3x10-13 85.0 824 4
CP8 S,C,R — - - 1.2x10-12 839 83.0 3
CP7 S/D, C - - - 8.1x10-13 79.7 763 3
Base CP5 S,C 32 71 9.69 4.4x10-13 80.8  76.4 2

2 Each sampling location is given a separate number with a prefix
designating whether the location is in the Plinian fall (CP), Wine-
glass Welded Tuff (WT) or ring-vent-phase pyroclastic-flow (PF)
deposit. Several clasts were collected from each site. These are
distinguished only for the WT and PF locations where different
clasts were examined along (L) and perpendicular to the direction
of vesicle elongation in clasts with tube vesicles. Unusually dense
(d) and vesicular (v) clasts were also imaged separately, as was the
edge of one PF clast. Textural descriptions are based on qualitative
observations of SE and BSE images. Primary modes of the vol-
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Fig. 1 Sample location map; locations are shown by numbers and
arrows (described in text)

Sample characterization

Density (vesicularity) and permeability were determined
for all samples. These bulk measurements were used to
select samples for more detailed textural analysis.

ume distributions are from Fig. 8, volume-based medians from
Fig. 9. Melt-referenced vesicle number densities (N";), permeabil-
ities, and vesicularities are as described in text

b Characteristic textural features include S Spherical vesicles, D
deformed vesicles, L elongate vesicles, N narrow size range, C
large coalesced cavities, R extensive melt film wrinkling, A highly
retracted melt films, E differential expansion

¢ Number of cores averaged for permeability and vesicularity mea-
surements

Vesicularity and permeability

Pumice clast vesicularities were measured using a
multivolume He-pycnometer (as described in Klug and
Cashman 1994). Pumice clasts were cut into 25-mm-
diameter cores and the total He non-accessible volume
was determined using the pycnometer. As this volume
can include isolated pores, solid densities were deter-
mined for powders of six separate samples; each yielded
a density of 2,400 kg m3. This solid density was used,
together with the core volume, to calculate the bulk ve-
sicularities of all other samples. The difference between
the He-pycnometry vesicularity and the bulk vesicularity
is a measure of the volume percentage of isolated
(He-inaccessible) vesicles.

Pumice permeability was measured on the same sam-
ples at Stanford University using a Ruska gas permeame-
ter with nitrogen as the working gas (e.g., Klug and
Cashman 1996). Core dimensions of 25-mm diameter
and 32-mm length are 5-10 times larger than the largest
vesicles and we assume that measured permeabilities are
representative of the entire clast. Three measurements
were made on each sample, with samples removed from
the holder, flipped end for end, and re-inserted between
each run. Average standard deviations for these three
measurements were 4.5%. Determining the extent to
which the measured permeabilities are representative of
the vesicle structure (and not cooling-related fractures) is
one goal of this study.



Vesicle size measurements

Pumice clasts are commonly heterogeneous on the scale
of a single thin section and contain vesicles which span
several orders of magnitude in size (<1 um? to
>50 mm?). For this reason, analysis of clast textures re-
quires several complementary strategies. Whole-clast as-
sessment of vesicle size, shape, interconnectivity, and
morphology is provided by secondary electron (SE) im-
ages obtained by means of a scanning electron micro-
scope (SEM). We use a JEOL JSM-6300 V SEM and
0.5 kV accelerating voltage to image fresh pumice sur-
faces without excessive sample charging. Thin sections
(impregnated with the low viscosity epoxy Epofix) are
imaged using backscattered electrons (BSE) to view de-
tails of vesicle size, shape and wall thickness. To mea-
sure the full range of vesicle sizes, additional images are
collected at low magnification using a petrographic mi-
croscope and scans of entire thin sections.

Images are processed and analyzed using Adobe Photo-
shop and NIH Image 1.60 software. We measure 3,000—
7,500 vesicles per thin section, depending on clast hetero-
geneity, and one to three clasts from each sample location.
Binary images produced by gray scale thresholding usually
require manual editing prior to automated measurement of
vesicle area, shape, and wall thickness. In particular, thin
bubble walls disappear during image acquisition and pro-
cessing, and must be redrawn. Additionally, individual ves-
icles show a sufficiently high degree of interconnectivity
that it is necessary to reconnect (‘decoalesce’) partially
ruptured (incompletely retracted) bubble walls (e.g., Klug
and Cashman 1994, 1996). Measured vesicle characteris-
tics thus represent the state of the magma just prior to the
last discernible stage of bubble coalescence.

Three-dimensional size distributions are defined by
calculating equivalent diameters (L) from vesicle area
measurements, binning to determine areal number densi-
ties for each vesicle diameter size (N,), and converting
to a three-dimensional distribution (number per volume,
Ny) assuming Ny=N,/L (Klug and Cashman 1994). This
conversion corrects for the ‘intersection probability’ by
designating sampling planes which are proportional to
vesicle size (Underwood 1970). Total vesicularity is cal-
culated by summing vesicle volumes represented by
each size range. For pumice clasts with highly elongate
vesicles, thin sections are cut parallel and perpendicular
to the direction of elongation to estimate appropriate as-
pect ratios for the volume conversion. All other vesicles
are treated as spheres, and the vesicle diameter that of a
sphere of equal volume. Summed vesicle volume distri-
butions typically yield total vesicularities which are
10-20% lower than measured vesicularities, a conse-
quence of intersecting most vesicles at an apparent diam-
eter smaller than the true diameter (e.g., Cashman and
Marsh 1988). We use the vesicularity discrepancy to de-
termine a constant by which the vesicle distribution can
be corrected for this ‘cut effect’.

An alternative method of two-dimensional to three-
dimensional conversion, based on a geometric binning
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Fig. 2 Comparison of N, and Ny, conversion methods. Open bars
are method of Sahagian and Proussevitch; closed bars are method
used in this study

scheme (appropriate for lognormal distributions) and
sectioning of spherical vesicles, has been suggested by
Sahagian and Proussevitch (1998). A comparison of our
method with that of Sahagian and Proussevitch shows
only minor differences in estimated vesicle volume dis-
tributions (Fig. 2). We have chosen to use the simpler
N,/L conversion because it permits more flexibility in
definition of vesicle size ranges, does not require an as-
sumption of vesicle shape, and uses the independent mea-
surement of bulk vesicularity as an additional constraint.
This latter constraint is particularly important for hetero-
geneous samples, for which truly representative images
of the clast structure are difficult to obtain at all scales.

Results
Vesicularity and permeability

The bulk vesicularity of all pumice clasts is high (75 to
88%; Fig. 3), as is common in many silicic pyroclastic
deposits (Houghton and Wilson 1989; Cashman and
Mangan 1994; Gardner et al. 1996; Polacci et al. 2001),
and all clasts have high pore interconnectivity
(>90 vol%). In detail, Plinian fall samples have the wid-
est range in bulk vesicularity. As Mazama magma was
phenocryst poor (<10%j; Druitt and Bacon 1989), mea-
sured vesicularities are approximately those of the melt.
Clasts from the fall deposit also have a relatively high
degree of bubble connectivity, with most of the samples
having <~4 vol% isolated pores (Fig. 3). By contrast,
pumice samples from pyroclastic flows comprising the
Wineglass Welded Tuff and ring-vent-phase ignimbrite
have a narrower vesicularity range and slightly lower
bulk vesicularities (75-81%). However, long-tube pum-
ice clasts from the Wineglass Welded Tuff have consis-
tently small proportions of isolated pores (2-3 vol%),
whereas samples from pyroclastic flows of the ring-vent
phase show a marked increase in isolated pore volume
(5-10 vol%).
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Fig. 4 Relationship between pumice vesicularity and permeability
in all Crater Lake pumice samples. Symbols are the same as in
Fig. 3. Dashed lines show range of typical Plinian pumice perme-
abilities (from Klug and Cashman 1996). Vertical tie lines link
permeability measurements made parallel (high values) and per-
pendicular (low values) to directions of vesicle elongation in long-
tube pumice clasts

Measured permeabilities show no simple relationship
to clast vesicularity (Fig. 4). Pumice clasts from the
Plinian fall deposits span a wide range of bulk vesicu-
larities but have similar permeabilities (0.5-5.0x
10-12m2), a permeability range characteristic of pumice
from many fall deposits (Klug and Cashman 1996;
Gilbert and Sparks 1998; Tait et al. 1998; Saar and
Manga 1999). By contrast, clast permeability in long-
tube pumice from the Wineglass Welded Tuff is highly
variable (10-13 to 3x10-1! m2?) over a relatively small
range in vesicularity (78-81%), reflecting a strong per-
meability anisotropy in clasts with highly elongate vesi-
cles. Pumice clasts from the ring-vent-phase ignimbrite
have uniformly low permeabilities (0.2-8x10-13 m?2),
even when vesicles are somewhat elongate. Low clast

permeabilities may reflect the lower degree of vesicle
connectivity determined from He-pycnometry (Fig. 3).

Pumice textures — qualitative observations

Images of whole pumice clasts and thin sections provide
an overview of textural heterogeneities, bubble-bubble
interactions, and bubble deformation styles that aids in-
terpretation of vesicle size measurements and helps to
constrain the processes which occur during ascent, vesic-
ulation, and fragmentation of silicic magma. Of particu-
lar interest are mechanisms and extent of bubble coales-
cence (Klug and Cashman 1996), evidence for high
strain rates (Marti et al. 1999), evidence of post-frag-
mentation expansion of pumice clasts (Thomas et al.
1994), and indications of the extent to which bubbles are
inherited from the magma storage area (Whitham and
Sparks 1986). Additionally, these images allow estimates
of the critical melt film thickness required for coales-
cence (Cashman and Mangan 1994) and the range in
pore aperture size controlling permeability (Saar and
Manga 1999).

Whole-clast imaging

Pumice clasts show a wide variety of textural features.
At one end of the spectrum are clasts with a narrow
range of vesicle sizes and a predominance of small
(10-20 pm), nearly spherical vesicles (Fig. 5a). At the
other extreme are clasts with a wide range of vesicle siz-
es, including large cavities formed by the coalescence of
several bubbles (Fig. 5b). Bubble deformation is typical-
ly heterogeneous, with isolated regions of aligned and
elongated vesicles in a matrix of spherical vesicles. Lo-
calized deformation in shear zones tens to hundreds of
um in width suggests extensive shear localization in
these highly vesicular samples. More uniform bubble
elongation characterizes ‘long-tube’ pumice, although
even these clasts can preserve evidence of multiple stag-
es of deformation, as seen in refolded packets of small
(<10 pym diameter) tube vesicles (Fig. 5c and inset).

All stages of bubble coalescence are preserved in
Mazama pumice. Coalescence initiation can be seen
where small bubbles expand into adjacent larger cavities
(Fig. 5d). Subsequent wall rupture leaves pore apertures
~2-10 pm in diameter, some of which show wrinkling
(‘parachute instabilities’; Debregeas et al. 1998) in re-
sponse to release of gas overpressure (Fig. 5d). More ex-
tensive film retraction results in smooth pore apertures
or delicate filaments (remnant interstices) which span
coalesced cavities (Fig. 5e). Both extensive wrinkling
and incomplete wall retraction are prevalent in pumice
clasts from the upper fall deposit. Pumice clasts from a
nonwelded unit of the Wineglass Welded Tuff show
complete melt film retraction around the interior of large
coalesced cavities (Fig. 5f). The unusually smooth interi-
or texture of the clast shown in Fig. 5f (and inset) proba-



Fig. Sa—f SE images of Crater Lake pumice. a Narrow vesicle
size range of CP5. b Large vesicle size range in PF15. ¢ Deformed
tube vesicles of CP7. d Expanding bubbles with wrinkled partial
melt retraction films of CP11. e Smooth retraction and remnant
filamentous interstices in PF15. f Extreme melt retraction and

smooth interior walls of WT9. Features identified include de-
formed packets of tube vesicles (7)), wrinkling around vesicle ap-
ertures (W), small bubbles expanding into larger cavities (EX),
smooth apertures (S), and remnant filament-like melt films (F)
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Fig. 6a-f BSE images of Crater Lake pumice. a Wrinkling of thin
melt films in CP14. b Wrinkling of very thin melt films in PF15.
¢ Flat films developed between bubbles of the same size, and se-
quential rupture of melt films (shown by arrows) in CP11. d ‘Do-
nut-like’ two-dimensional evidence of small bubble expansion in-

vesicle 50 pym

to larger cavities (shown by arrows) in CP14. e Perpendicular
view of long-tube pumice of WT9. f Close-up of e, showing small
vesicle deformation in response to radial expansion of large vesi-
cles. Features identified include planar films (P) and locations of
melt film retraction (R)



bly reflects slow cooling as a consequence of the rapid
accumulation that led to welding of most of the deposit
and provides the only example of extensive post-frag-
mentation modification of clast textures that we have
identified.

Thin-section imaging

Conditions leading to bubble coalescence are best con-
strained by BSE (two-dimensional) images, where the
failure of melt films can be directly related to film thick-
ness. In general, melt films that exceed ~5-10 ym in
thickness are stable. Bubble walls with a thickness of
1-5 ym are often deformed but have not failed complete-
ly, whereas films of <1 pm fail by either rupture and re-
traction, or rupture and wrinkling (Fig. 6a, b). Where
bubbles of approximately similar sizes interact, separat-
ing films are planar and stable, even when ~1 um thick
(Fig. 6¢). Rupture in this situation requires either contin-
ued film thinning to much less than 1 um (Fig. 6b) or a
change in the pressure gradient between adjacent bub-
bles (which increases the rate of film thinning; e.g., Klug
and Cashman 1996; Mangan and Cashman 1996). Be-
cause a change in pressure gradient is most easily
achieved by the change in the relative size of adjacent
bubbles (e.g., Sparks 1978), a single coalescence event
may trigger coalescence of adjacent bubbles (arrows in
Fig. 6¢). Additionally, small bubbles commonly expand
into adjacent large cavities (e.g., Fig. 5d and the thin-
section equivalent, seen as the donut-like features indi-
cated by arrows in Fig. 6d).

Long-tube pumice clasts from the Wineglass Welded
Tuff show multiple nucleation events and deformation
regimes. Large (50-500 um diameter) vesicles are highly
elongated and impart a pronounced fabric to the pumice
clasts (shown perpendicular to the elongation direction
in Fig. 6e). Here elongated vesicles are surrounded by a
matrix of small vesicles (<20 um) that show little defor-
mation in the elongation direction but are flattened
around the large tube vesicles, apparently in response to
late-stage radial expansion (Fig. 6f; equivalent to mesh-
like structure in Fig. 5f).

Summary of qualitative observations

Mazama pumice clasts have vesicle populations that
span a large size range and exhibit substantial variations
in the extent of bubble deformation, coalescence, and
post-coalescence melt film retraction. These variations
can be broadly characterized in the context of deposit
type. Pumice clasts from the Plinian fall deposit are het-
erogeneous and most clasts show extensive bubble coa-
lescence. Wrinkling of partially retracted, bubble wall
apertures suggests very late-stage coalescence (and vis-
cous melt films) and is most common in samples from
the middle of the climactic fall deposit (samples CPS,
CP11, and CP14; Table 1). Pumice clasts from pyroclas-
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Fig. 7 Plot of vesicle size distributions (In n vs. L) for pumice
from the Plinian fall (CP), Wineglass Welded Tuff (WT) and ring-
vent-phase pyroclastic-flow (PF) deposits

tic flows of the Wineglass Welded Tuff show late-stage
radial expansion of large bubbles, complete retraction of
coalescence apertures, and formation of mesh-like cavity
walls. All of these features suggest post-emplacement
modification of clast textures that is consistent with ex-
tensive welding in this deposit. Pumice clasts from pyro-
clastic flows of the ring-vent phase are locally heteroge-
neous, with large coalescence cavities separated by small
vesicles. Where coalescence has occurred, bubble wall
retraction is incomplete and wrinkling of very thin
(~0.1 um) walls is common.

Quantification of vesicle textures

Vesicle textures are quantified to provide a basis for
comparison among samples in this study and to relate
Mazama pumice to other natural (e.g., Sparks and
Brazier 1982; Whitham and Sparks 1986; Orsi et al.
1992; Klug and Cashman 1994, 1996; Polacci et al.
2001) and experimental (e.g., Hurwitz and Navon 1994;
Mourtada-Bonnefoi and Laporte 1999; Gardner et al.
1999; Mangan and Sisson 2000) samples. Vesicle num-
ber densities (e.g., Toramaru 1990; Mangan et al. 1993;
Klug and Cashman 1994; Mangan and Cashman 1996)
provide information on bubble nucleation, and both vesi-
cle volume and power law distributions of vesicle num-
bers (e.g., Gaonac’h et al. 1996a, 1996b; Simakin et al.
1999; Blower et al. 2001) can be used to quantify the ex-
tent of bubble coalescence.

Vesicle size distributions

Vesicle size distributions (VSDs) are calculated using the
population number density n, defined as the slope of the
cumulative number distribution dN/dL, where N is the
vesicle number density per cm3 and L is the vesicle size
in cm. Linear relationships between In n and L. are com-
mon in crystallizing populations where the crystalliza-
tion history is simple (constant rates of nucleation and
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growth) and permit calculation of the dominant size and
number density (per unit volume) of the population. Un-
fortunately, plots of In n vs. L are extremely non-linear
in all pumice clasts examined (Fig. 7), as anticipated giv-
en the qualitative evidence for both extensive coales-
cence and multiple stages of vesiculation. Additional
factors responsible for the shape of these distributions
include the high vesicularities of pumice clasts and large
range of vesicle sizes, which impose mass balance con-
straints (Blower et al. 2001) and the steady-state assump-
tion of constant bubble growth rate, which does not ap-
ply to a decompressing magma.

The same data used to calculate VSDs can be present-
ed as vesicle volume distributions (e.g., Klug and
Cashman 1994) or as power law plots of vesicle number
as a function of size (Gaonac’h et al. 1996a, 1996b;
Blower et al. 2001). Where In n vs. L plots (e.g., Fig. 7)
are strongly non-linear (and cannot be reduced to simple
descriptors of dominant size and number density), these
alternative presentations of the textural data allow more
quantitative interpretation of vesicle populations.

Vesicle volume distributions

Vesicle volume distributions (Fig. 8) are typically poly-
modal. Polymodal vesicle volume distributions have
been variably attributed to multiple stages of bubble nu-
cleation and growth (Sparks and Brazier 1982; Whitham
and Sparks 1986) and to bubble coalescence (Orsi et al.
1992; Klug and Cashman 1996; Mangan and Cashman
1996). With one exception (CP14), volume distributions
shown in Fig. 8 have dominant peaks (modes) at small
vesicle diameters and subordinate peaks at larger diame-
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Fig. 9 Volume distributions of representative samples plotted as
the cumulative volume < vesicle diameter L. Intersection of
curves with the horizontal line at 0.5 denotes the volume-based
median vesicle size. Arrows point to the change in slope in the
volume distribution which marks the boundary between the domi-
nant mode of small vesicles and larger coalesced vesicles

ters. These distributions suggest that most of the vesicu-
lation occurred over a limited time and relatively late in
the vesiculation history. Pumice clasts from the Plinian
fall deposit can be distinguished from those of the pyro-
clastic-flow deposits on the basis of their larger modes
(50-90 um compared to 15-40 pm, respectively). Cumu-
lative plots of the vesicle volume data allow direct com-
parison among representative samples (Fig. 9). Here vol-
ume-based median vesicle diameters (the diameter at a
cumulative volume fraction of 0.5) vary by an order of
magnitude, from 15-20 um in pyroclastic-flow deposits
to 200 um in fall deposit sample CP14 (Table 1). Distri-
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Fig. 10 Cumulative number densities (N,>L). The line drawn has
a slope of —3.3 and is the best fit to the large-vesicle data for all
samples

bution shapes also vary. Near-unimodal volume distribu-
tions form sigmoidal curves with a constant slope over
much of the volume (PF15d), whereas extremely poly-
modal volume distributions show several slope breaks
(CP14). In general, pumice clasts from the Plinian fall
deposit have more complex vesicle volume distributions
than those of the Wineglass Welded Tuff and ring-vent-
phase pyroclastic-flow deposits.

Cumulative number densities

Most important for comparison with experimental data
are vesicle number densities, which represent the inte-
grated result of bubble nucleation through time. Varia-
tions in vesicle number density are illustrated in Fig. 10,
where the total number of vesicles larger than a given
size (N>L) is shown as a function of vesicle size L. Here
the number density of vesicles in a sample (per cm?3) is
the intercept of each curve with log L=0 (where L is the
vesicle diameter in um, and 1 um represents the small
size limit of our imaging techniques). Vesicle number
densities are referenced to the melt volume (Nmy;
Table 1) to account for differential expansion of individ-
ual bubble nuclei. Pumice clasts from the Plinian fall de-
posit have the lowest vesicle number densities, with
Nm,,~5x10° cm—3. Number densities in clasts from pyro-
clastic flows of the Wineglass Welded Tuff (WT) and
ring-vent phase (PF) are slightly higher on average, with
Nm,,~1-2x1010 cm-3.

Vesicle size distributions obeying power law behavior
have recently been described in both basaltic (Gaonac’h
et al. 1996a, 1996b) and silicic (Simakin et al. 1999;
Blower et al. 2001) systems. Figure 10 shows that vesi-
cle populations in Mazama clasts also define power law
trends (linear distributions on Fig. 10). In fact, vesicle
data from all clasts define a single power law trend with
a slope of —3.3 (range —3.0 to -3.5), or average fractal di-
mension D=3.3. Plinian fall deposit samples have slight-
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ly lower D values than the average, whereas samples
from the ring-vent-phase pyroclastic flows have slightly
higher than average D values. All samples also deviate
from the power law trend at small vesicle sizes where
they define exponential trends (e.g., Blower et al. 2001).
Together, the data suggest that vesicles preserved in all
pumice clasts may be divided into two populations:
small vesicles with exponential size distributions and
unimodal volume distributions (the ‘diffusion’ popula-
tion of Gaonac’h et al. 1996a), and large vesicles which
follow power law systematics.

Discussion

Qualitative and quantitative observations on pumice
clasts from the ca. 7,700 year B.p. eruption of Mount
Mazama provide a glimpse into magmatic processes oc-
curring during a large, caldera-forming eruption. Clast
vesicularity and permeability are bulk properties which
preserve information on vesicle packing and connectivi-
ty. Detailed measurements of vesicle size distributions
can be used to determine the relative timing and impor-
tance of bubble nucleation, growth, and coalescence.
Comparison of these data with recent experiments on
bubble nucleation and growth in rhyolitic melts permits
speculation on conditions of syn-eruptive vesiculation.
Together, these observations may be combined to infer
changes in conditions of vesiculation and fragmentation
which may have accompanied the transition from the
single-vent to the ring-vent phase of the Mazama erup-
tion.

Vesicularity-permeability relationships

Vesicularity and permeability are bulk properties that are
easily measured and provide information on gross pum-
ice structure. The vesicularity of all Mazama samples is
high (=75%), as is common for the products of silicic ex-
plosive eruptions (e.g., Houghton and Wilson 1989;
Klug and Cashman 1996; Gardner et al. 1996). The
range in vesicularity (75-88%) is consistent with predic-
tions for closest packing of polydisperse (multisized)
spheres (Sparks 1978; Cashman and Mangan 1994).
Clast vesicularity does not approach the very high values
(>90%) predicted for equilibration with atmospheric
pressure (Thomas et al. 1994), nor is there evidence of
differential expansion across clasts, as anticipated for
post-fragmentation expansion (e.g., Kaminski and Jau-
part 1997). Therefore, it appears likely that the vesicular-
ity of most pumice clasts records the state of the magma
at some pressure in excess of atmospheric, most likely
that near the fragmentation level (Sparks 1978).

Pumice permeability is not a predictable function of
bulk vesicularity (Fig. 4). Pumice clasts from the Plinian
fall deposit have consistently high permeabilities that re-
flect the high interconnectivity of the vesicle structure
(Fig. 3). Percolation theory (e.g., Sahimi 1994) predicts a
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Fig. 11 Porosity-permeability curves for pumice from the Plinian
fall deposit (closed diamonds), from the pyroclastic flow deposits
(shaded squares), and from Klug and Cashman (1996; open dia-
monds). The shaded band shows one-half log unit variation from
the permeability curve shown as dashed line

power law relationship between permeability (k) and po-
rosity (vesicle volume fraction, ¢) of the form

k(¢)=C(¢—¢cr)“, (1)

where ¢ is a constant that determines permeability mag-
nitude, ¢ is the critical porosity or the percolation
threshold (the minimum ¢ at which a connected pathway
exists across a bubble network), and exponent u is con-
trolled by the percolation pathway geometry. For voids
modeled as fully penetrating spheres, u=2 and ¢.=0.3
(Saar and Manga 1999). Figure 11 shows our data, to-
gether with those of Klug and Cashman (1996), com-
pared with a percolation curve. Most of the Plinian fall
data can be modeled using Eq. (1) if ¢ is varied to in-
clude an envelope (shaded in Fig. 11) of approximately
one log unit. Here we have not normalized the perme-
ability to the characteristic vesicle cross-sectional area
(e.g., Saar and Manga 1999; Blower 2001) because we
did not do textural measurements on all of the samples
and the vesicle populations in the samples analyzed are
sufficiently heterogeneous that a single characteristic
cross-sectional area was difficult to determine. Normal-
ization of the measurements could decrease the observed
variability.

Permeability can be related to pumice structure by
considering the size and geometry of apertures connect-
ing adjacent vesicles through application of the Kozeny-
Carman relation (e.g., Berryman and Blair 1987; Saar
and Manga 1999):

k= ¢a*/C, 2

where «a is the average hydraulic radius of the vesicle ap-
ertures, and C is a geometric constant (=2 for cylinders).
Our imaging indicates that pumice clasts from the Plin-
ian fall deposit have aperture diameters of 2—10 um, con-
sistent with measurements in other Plinian pumice sam-
ples (Sparks and Brazier 1982; Whitham and Sparks

1986). When used in Eq. (2), a=1-5 ym yields perme-
abilities of 4x10-13 to 10-!! m2 for ¢=0.8 and C=2. These
values bracket the observed values, confirming Saar and
Manga’s (1999) observation that aperture size, not vesi-
cle size, controls permeability in vesicular samples.

Pumice clasts from the pyroclastic-flow deposits ex-
hibit a wide range in permeability over a narrow range of
vesicularities, forming a trend on Fig. 11 that crosses the
percolation curve at a high angle and extends well be-
yond the envelope encompassing clasts from the Plinian
fall deposit. This trend can be explained using two dif-
ferent characteristics of the pyroclastic-flow clasts. High
permeabilities (up to 3.3x10-11 m2) measured along the
elongation axis of tube vesicles in the Wineglass Welded
Tuff can be modeled using Eq. (2) by assuming that the
small volume fraction (~0.1) of large (a>25 um) elongat-
ed vesicles controls the bulk permeability. By contrast,
low permeabilities measured in the ring-vent-phase pyro-
clastic-flow samples can be partially, but not completely,
explained by their lower vesicle interconnectivity
(Fig. 3). An average interconnected ¢=0.7 and a=1 pm
yields observed average permeabilities of 3x10-13,
whereas a=0.25 pum is required to explain the lowest
measured permeabilities (2x10-14 m2). Both the relative-
ly low vesicle interconnectivity and the small average
aperture sizes estimated from the permeability data sug-
gest limited coalescence and aperture formation in the
pyroclastic-flow samples. Finally, the correspondence
between measured permeabilities and clast textures sug-
gests that later, cooling-related fractures probably play a
limited role in determining the permeabilities of most
pumice clasts (e.g., Klug and Cashman 1996).

Pumice clast textures

Differences in pumice structure inferred from vesicular-
ity and permeability measurements are quantified
through textural analysis of the preserved vesicle popula-
tion. Vesicle size distributions are the integrated result of
bubble nucleation, growth, and coalescence. Here we at-
tempt to unravel the vesiculation histories preserved in
Mazama pumice clasts through use of the vesicle size
projections presented above. We relate vesicle number
densities to those of relevant experiments to estimate
rates of nucleation. We then show that vesicle volume
distributions may be used to identify vesicles produced
during the main phase of nucleation and use observed
power law curves to support qualitative evidence of ex-
tensive bubble coalescence.

Bubble nucleation

Vesicle number densities record the integrated bubble
nucleation and growth history of a sample. Melt-refer-
enced (N™,,) number densities are high (1-20x10% cm3).
Although bubble nucleation rates cannot be calculated
directly from these data as nucleation times are not con-



strained, rates can be inferred using experimental data.
Bubble nucleation experiments show both heterogeneous
nucleation on container walls or on existing crystals
and homogeneous nucleation in sample interiors. Both
heterogeneous and homogeneous nucleation can yield
high bubble number densities (~108 cm=3; Hurwitz and
Navon 1994; Lyakhovsky et al. 1996; Gardner et al.
1999; Mangan and Sisson 2000), particularly when vola-
tile contents are high (7 wt% H,0, ~600-700 ppm CO,)
and supersaturations exceed 110-120 MPa (Mourtada-
Bonnefoi and Laporte 1999).

Based on these experiments and the apparent absence
of heterogeneous nucleation sites (e.g., microlites), we
interpret the high vesicle number density of the pumice
clasts to result from homogeneous bubble nucleation at
high supersaturations (AP>120 MPa). Experimental con-
straints provide minimum nucleation rate estimates of
106~107 cm=3 s-! and suggest that the observed vesicle
number densities could be generated in 100-1,000 s, an
estimate similar to the 300—-1,200 s estimated for magma
ascent and fragmentation in the 1991 caldera-forming
eruption of Mount Pinatubo (Polacci et al. 2001). These
vesicle number densities also provide potential input for
calculation of (1) rates of bubble growth (Proussevitch
and Sahagian 1998; Liu and Zhang 2000), (2) time scales
for development of depletion shells around individual
bubbles which may enhance brittle fragmentation in as-
cending magma (Zhang 1999; Lensky et al. 2001), and
(3) inter-bubble diffusion distances necessary for mainte-
nance of equilibrium during degassing (e.g., Gardner et
al. 1999; Mangan and Sisson 2000).

Bubble growth and coalescence

After nucleation, bubbles grow by diffusion, expansion,
and coalescence. The extent to which coalescence, rather
than single bubble growth, was responsible for the final
vesicle population in the pumice samples can be assessed
from the distribution of bubble sizes. Bubble growth fol-
lowing a single nucleation event will result in a unimo-
dal (Poisson) bubble population with a narrow size dis-
tribution and mode that shifts to larger values as bubbles
grow (Lyakhovsky et al. 1996; Gardner et al. 1999). In-
spection of Fig. 8 shows that all pumice clasts are char-
acterized by a rather broad mode at vesicle diameters of
20-40 pm which encompasses from 35% (CP5, CP14) to
80% (PF15d) of the total vesicle volume (Fig. 9). Either
multiple nucleation events or coalescence could explain
this component of the vesicle population.

The effect of coalescence on bubble size distributions
has been modeled assuming a cascade of binary coales-
cence events, which produces a power law distribution
of bubble sizes with a fractal dimension D>3 (Gaonac’h
et al. 1996a). Power law distributions can also be gener-
ated by continuous nucleation, as seen in slow decom-
pression of silicic melts (Simakin et al. 1999). Here suc-
cessive nucleation events permit bubbles to nucleate on-
ly in spaces between existing bubbles and, ideally, pro-
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duce an ‘Apollonian’ packing structure with D=2.45
(Blower et al. 2001). Comparison of sequential nucle-
ation simulations of Blower et al. (2001) with our data
shows that the size distribution of the smaller vesicles
(<~30-40 pm) in Mazama pumice is exponential, not
power law, in form. This population apparently formed
by rapid nucleation (and a small number of nucleation
events) shortly before quenching. At bubble growth rates
of 105 to 104 cm s! (Lyakhovsky et al. 1996; Mangan
and Sisson 2000), growth of these nuclei to observed siz-
es of 20-40 um could occur in 10s to 100s of seconds.
Thus, we suggest that the dominant mode of the vesicle
size distributions is primarily the result of bubble nucle-
ation and growth during magma ascent and just prior to
clast quenching.

The larger vesicle population (diameters>~40 pm) is
best fit by a power law distribution with D=3.3, a value
significantly higher than the Apollonian value of 2.45 for
continuous nucleation. This power law exponent sug-
gests that the large vesicle population was produced by
coalescence of smaller bubbles after an initial period of
nucleation and growth. That coalescence was occurring
up to the time of clast quenching is indicated by the pres-
ervation of incipient melt rupture and retraction, as
shown by the wrinkling of viscous melt films around ap-
ertures (e.g., Figs. 5, 6).

Melt thinning and rupture were most likely driven by
both decompression and pressure differences between
bubbles (e.g., Klug and Cashman 1996). Internal bubble
pressure AP is 20/r, where o is surface tension and r is
bubble radius (Sparks 1978). When small bubbles from
the population mode (r=10-20 um) expand into larger
(previously coalesced) bubbles (r=80-100 um), AP may
approach 20,000 Pa, assuming 0=0.1 N m-! (Mangan
and Sisson 2000). The time of film thinning (f) may be
calculated from

t = [3nRZ/2AP] [1/87—1//8}] 3)

where 1) is viscosity, R, is the radius of the thinning film
disc, 6, is the initial film thickness, and &; is the final
film thickness. For n=10¢ Pa s, R =10-> m, 51:10 um and
51=1 pm, AP=20,000 Pa yields a film thinning time of
1.5x104 s. The additional driving force created by de-
compression and bubble expansion would greatly reduce
this estimate of film thinning time. Taken together, these
observations suggest that the vesicle textures preserved
in pumice probably required 102-10* s to develop, and
that clasts which experience shorter times between initia-
tion of bubble nucleation and clast quenching should
show less coalescence than clasts with protracted expan-
sion histories.

Finally, some large bubbles may have been inherited
from the magma storage area (e.g., Whitham and Sparks
1986). Early bubbles are difficult to identify unambigu-
ously. The most likely candidates for pre-existing bub-
bles are anomalously large vesicles that perturb the vesi-
cle volume distributions (Fig. 8). Inherited bubbles may
also be recognized where vesicles of different sizes ap-
pear to have experienced very different strain histories
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(e.g., Fig. 6e, f), although this feature could equally re-
sult from multiple stages of bubble nucleation in the con-
duit. Nowhere do we see evidence of local volatile (and
vesicle) depletion which characterizes inherited bubbles
in experiments (Gardner et al. 1999; Larsen and Gardner
2000). Thus we conclude that although some small frac-
tion of the larger bubbles may have been inherited from
the magma storage area, much of the large vesicle popu-
lation is best explained by coalescence.

Implications of pumice textures
for fragmentation processes

Information provided by measurements of bulk proper-
ties and pumice textures presented above can be com-
bined to examine general processes related to fragmenta-
tion during the Mazama eruption. The high number den-
sity and single mode of the smaller vesicle population
suggests that the dominant phase of vesiculation in-
volved homogeneous nucleation at high supersaturation.
Rapid growth and expansion of earlier-formed bubbles
resulted in bubble coalescence and extensive permeabili-
ty development prior to quenching. We suggest that this
sequence of events is most consistent with nucleation
triggered by downward propagation of a decompression
wave, followed by bubble expansion, bulk magma accel-
eration, and disruption (e.g., Mader et al. 1994, 1996;
Papale 1999; Martel et al. 2000). The small vesicle pop-
ulation shows little bubble elongation, as might be antic-
ipated from rapid magma expansion. However, preserved
bands of highly deformed vesicles indicate that strain
was probably localized. Deformed packets of long-tube
vesicles also indicate complex strain histories. Thus the
strain history during magma ascent is not easily inferred
from bubble deformation in a single pumice clast, except
where the strain has been equally distributed (as in the
case of long-tube pumice).

Near-constant permeabilities in pumice from the Plin-
ian fall deposit reflect the high pore interconnectedness
of these samples (>95%) and well-developed vesicle ap-
ertures (a>1-5 pm). That this permeability range appears
characteristic of Plinian pumice deposits in general sug-
gests that permeabilities of =10-12 m2 may be required to
prevent total disruption of vesicular magma under Plin-
ian eruption conditions (Klug and Cashman 1996). By
contrast, pumice clasts from the ring-vent-phase pyro-
clastic-flow deposit have low permeabilities (10-13-
10-4 m2?). These permeabilities can be modeled using
the observed low interconnected vesicularity combined
with small pore apertures (a=1 um). Both of these char-
acteristics are consistent with vesicle size measurements,
which suggest that as little as 20% of the vesicle volume
may result from coalescence (Fig. 9).

Although our sampling was representative rather than
comprehensive, these differences in the structure and
permeability of clasts from the Plinian fall and pyroclas-
tic-flow deposits suggest relationships between changes
in eruptive conditions and resultant pumice textures. In
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Fig. 12 a Melt-referenced vesicle number densities (N™,) and
calculated pore aperture ratios (assuming a reference a,=0.1 pum)
shown as a function of eruption progress. Vertical lines separate
the three phases of the eruption (Plinian fall, Wineglass Welded
Tuff, ring-vent-phase pyroclastic flows). b Schematic portrayal of
patterns of eruption column height and eruption velocity through-
out the Plinian and pyroclastic flow phases of the Mazama erup-
tion (based on Bacon 1983; Young 1990)

Fig. 12a we show changes in average vesicle number
density (Nm,) throughout the Mazama eruption. We
could as well have shown vesicularity or median vesicle
size, as both are inversely proportional to N™,. Also
shown are relative mean vesicle aperture sizes (a/a,) in-
ferred from the minimum pumice permeabilities refer-
enced to an initial aperture size a,=0.1 pm. We use min-
imum values here to eliminate anisotropic effects of
large elongated vesicles. Figure 12b shows a schematic
representation of changes in eruption conditions inferred
from detailed studies of the eruptive deposits (Bacon
1983; Young 1990). Here column height is assumed to
be proportional to mass flux during the climactic Plinian
phase. The inferred drop in column height in the middle
of the Plinian phase marks a brief pause in activity be-
tween deposition of the Lower and Upper fall units
(Young 1990). The increase in mass flux in the late Plin-
ian and through the Wineglass Welded Tuff phase is in-
ferred from increasing instability of the eruption col-
umn, which resulted in minor intra-Plinian pyroclastic
flows and eventually column collapse (Bacon 1983;
Kamata et al. 1993; Suzuki-Kamata et al. 1993). Exten-
sive vent widening during the ring-vent phase of the
eruption was accompanied by sufficient increase in col-
umn height (mass eruption rate) to generate pyroclastic
flows which surmounted topographic highs not crossed
by pyroclastic flows of the Wineglass Welded Tuff
(Bacon 1983).



Nmy, appears roughly proportional to inferred mass
flux and correlates inversely with vesicle aperture size
(permeability and vesicle interconnectedness). Moderate
volumetric eruption rates throughout most of the single-
vent Plinian phase of the eruption produced pumice
clasts with Nm<1010 cm-3, a/a,=10-15 um, permeabili-
ties =10-12 m2, and intermediate vesicle sizes (volumetric
modes ~30-50 um). These textural and physical charac-
teristics appear typical of Plinian fall deposits (e.g.,
Toramaru 1990; Klug and Cashman 1994, 1996) and re-
quire sufficient time between bubble nucleation and
fragmentation for extensive coalescence. That bubble ex-
pansion and coalescence occurred before (or during)
fragmentation and not afterward is suggested by the het-
erogeneity of vesicle textures within and between clasts
— free expansion of an isolated clast should result in a ra-
dial symmetry to the vesicle textures. Additionally, clasts
lack evidence for differential cooling and expansion
from interior to exterior margins.

A decrease in N™, in the middle of the Plinian fall
deposit corresponds to pumice clasts with a wider range
in vesicle size and slightly higher vesicularities than
clasts produced earlier or later in the Plinian sequence.
These changes in vesicle characteristics do not result in
increased permeability, however, consistent with Saar
and Manga’s (1999) conclusion that permeability is con-
trolled by vesicle aperture size, not vesicle size. The ap-
parent change in pumice structure in this part of the de-
posit may reflect the inferred decrease in eruption rates
between deposition of the Lower and Upper pumice
units (e.g., Young 1990), although verification of this in-
terpretation would require much more extensive sample
analysis.

Pumice clasts from eruptive phases that produced
pyroclastic flows differ from those of the fall deposit in
having generally higher vesicle number densities, lower
clast vesicularities and permeabilities, and smaller mini-
mum aperture sizes. These characteristics suggest both
high rates of decompression and limited time for bubble
growth and coalescence prior to fragmentation and
quenching. Based on these data, we suggest that the high
mass eruption rates (>10° kg s-!; Young 1990) inferred
for the ring-vent (caldera collapse) phase of the eruption
may have involved either an increase in eruption velocity
or an increase in the depth of the fragmentation surface.
Either change would result in a shorter available time be-
tween decompression and fragmentation.

Finally, large elongated vesicles in pumice of the
Wineglass Welded Tuff appear to have had a more com-
plex deformation history than surrounding groundmass
vesicles and may represent bubbles inherited from the
magma storage reservoir. Late-stage expansion recorded
in these samples (Fig. 6f) reflects their hot depositional
environment (comparatively low-mobility flows con-
fined by topography), as does extensive melt film retrac-
tion recorded in large vesicle walls (Fig. 5f). The high
permeability of clasts in this deposit would have in-
creased the efficiency of gas escape, and thus aided
welding (Sparks et al. 1999).
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Using vesicularity and permeability as a proxy
for textural measurements

Obtaining textural data on pumice samples is time con-
suming and difficult. Thin vesicle walls are fragile and
easily damaged during processing, vesicles vary widely
in size and must therefore be imaged using many differ-
ent magnifications, and vesicle shapes are often irregular
and poorly approximated by either spheres or ellipsoids,
thus making stereological conversions inaccurate
(Sahagian and Proussevitch 1998). One motivation of
this study was to investigate the sensitivity of bulk pum-
ice measurements, such as vesicularity and permeability,
to observed variations in vesicle structure. We conclude
that bulk measurements capture important aspects of
pumice structure. However, we note that clast density
alone is not sufficient to distinguish textural differences
and that additional measurements, such as permeability
and pycnometry, are required to discriminate different
textural types. For example, Mazama ring-vent-phase
pyroclastic-flow samples have bulk vesicularities that
are similar to those of the fall deposit, but are distin-
guished by their relatively high proportion of isolated
pores (~10%), anomalously low permeabilities, and
small estimated vesicle aperture diameters. Texturally,
these clasts have higher number densities and a smaller
volumetric proportion of coalesced vesicles than pumice
from the Plinian fall deposit. Thus, the bulk measure-
ments and textural measurements provide similar evi-
dence of high nucleation rates and modest post-nucle-
ation modifications to the bubble population.

Finally, we conclude that both vesicle interconnectivi-
ty and vesicle aperture size may influence permeability.
These relationships could be tested by combining porosi-
metry with the bulk measurement techniques used here.
For example, published porosimetry measurements of
pumice clasts from pyroclastic-fall and flow deposits
(Sparks and Brazier 1982; Whitham and Sparks 1986)
suggest textural differences between paired fall and flow
samples (from different phases of the same eruption)
which are consistent with the differences shown in this
study. All fall deposit clasts analyzed by porosimetry
show two dominant modes in the vesicle volume distri-
bution, one at vesicle diameters of 15-25 pm, the other
at 80-180 um. By contrast, analyzed clasts from pyro-
clastic-flow deposits show only one mode at 10-20 um.
Both clast types have an additional mode at 2 ym which
can be attributed to vesicle apertures. These textural dif-
ferences suggest that pumice produced during Plinian
stages of an eruption typically shows more extensive co-
alescence than pumice produced during ignimbrite phas-
es. Although the data are limited, they suggest that fun-
damental changes in rates or styles of decompression and
fragmentation may occur as eruptions transition from
high columns to caldera formation.



500

Conclusions

In our study of pumice clasts produced during both the
single and ring-vent phases of the ca. 7,700 year B.P.
eruption of Mount Mazama, we have shown that bulk
measurements of pumice density (vesicularity) and per-
meability can provide important information on condi-
tions of fragmentation and eruption. Pumice clasts from
Plinian phases of the Mazama eruption are similar to si-
licic pumice from other Plinian fall deposits in having
vesicularities of 75-85% and permeabilities of 0.5-5x
10-12m2, These data, together with those of similar stud-
ies (e.g., Klug and Cashman 1994, 1996) suggest that
conditions leading to fragmentation of rhyolitic melt,
and preservation of pumice during this process, are simi-
lar in eruptions of varying magnitude and intensity
(eruptions of VEI~5-7). The apparent insensitivity of
bulk properties to inferred variations in mass flux sug-
gests that eruption velocities may be similar for a range
of mass flux conditions, an inference most consistent
with bubble nucleation controlled by downward propa-
gation of a decompression wave and fragmentation re-
sulting from subsequent expansion and acceleration of
the bubbly melt. Measured clast permeabilities can be
modeled by percolation theory (e.g., Saar and Manga
1999) and suggest that permeability is controlled primar-
ily by the size of vesicle apertures created during exten-
sive bubble coalescence.

Our interpretation of fragmentation conditions is sup-
ported by detailed textural analysis of individual pumice
clasts. Most clasts have high (melt-referenced) vesicle
number densities (~109-1019 cm=3) which appear consis-
tent with rapid nucleation (10107 cm=3 s-1) at high su-
persaturations (AP>120 MPa). Post-nucleation modifica-
tions to bubble populations include bubble growth by
diffusion, expansion, and bubble-bubble coalescence.
Bubble growth following rapid nucleation can account
for up to 80% of the vesicle population in some clasts.
This unimodal vesicle population accounts for a higher
percentage of the total vesicle volume in clasts from the
pyroclastic-flow deposits than in those from the fall de-
posits. These clasts also show less overall bubble growth
(smaller mode and median sizes), less coalescence,
smaller vesicle apertures, and a higher percentage of iso-
lated vesicles. By contrast, pumice clasts from the fall
deposit show multiple vesicle modes. Smaller vesicles
have exponential distributions and modes of 20-40 pm.
Larger vesicles have power law distributions with an av-
erage fractal dimension D=3.3. We interpret this power
law signature to reflect bubble coalescence (Gaonac’h et
al. 1996a) rather than continuous or sequential nucle-
ation (Simakin et al. 1999; Blower et al. 2001) on the ba-
sis of both D>3 and abundant textural evidence for ex-
tensive coalescence. Additionally, some of the larger
vesicles may have been inherited from the magma stor-
age region, particularly those which deviate from simple
power law distributions or where large bubbles have ex-
perienced different deformation histories from the matrix
vesicles.

Finally, comparison of bulk (vesicularity and perme-
ability) and detailed textural measurements suggests that
bulk measurements capture many of the important com-
ponents of the textural variations in pumice samples. As
bulk measurements are much less time consuming than
textural analysis of individual samples, comprehensive
studies of pyroclastic deposits are probably best accom-
plished using these methods. We note, however, that den-
sity alone does not allow discrimination of different clast
populations, and that both measurements of isolated pore
volumes and clast permeabilities provide important addi-
tional information. Finally, near-complete characterization
of bulk samples could be achieved by combining porosi-
metry with pycnometry and permeability measurements.
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