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Abstract Pahoehoe and ‘a‘a are the most common surface
morphologiesin basaltic lava flows, yet no predictive mod-
elsexist tolink physical parameters of flow emplacement to
changesin their surface textures and rheol ogical properties.
We have characterized changes of vesicularity, vesicle de-
formation, and crystallinity across the pahoehoe—‘a‘a tran-
sition as preserved in two different eruptions, a brief, high-
velocity effusion of lava from Kilauea Volcano on 1 Febru-
ary 1996, and a small breakout from an ephemeral vent
within alarger channel produced during the 1868 eruption
of MaunaLoa. Thisallowed usto compare conditions |ead-
ing to the pahoehoe—a‘a transition for both open channel
flow (Kilauea 1996) and reactivation of lava from an
ephemeral vent (MaunaLoa 1868). Textural changes across
the transition include (a) decrease in vesicularity and vesi-
cle number density, (b) increase in microlite crystalinity
and crystal number density, and (c) increase in vesicle de-
formation. The results support past qualitative descriptions
of the transition and highlight the importance of plagioclase
crystallinity in controlling lava rheology and surface mor-

phology.
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Introduction

Vesiculation processes drive the dynamics of basaltic erup-
tions and control the style of basaltic lava emplacement.
Rates and amounts of volatile release control the heights of
lava fountains (Wilson and Head 1981; Head and Wilson
1987), transitions between explosive and effusive eruptive
behavior (Parfitt and Wilson 1995), and the degree to which
crystallization occurs in response to degassing (Sparks and
Pinkerton 1978; Lipman et al. 1985; Lipman and Banks
1987; Crisp et a. 1994). Less well understood are the de-
tails of degassing and crystallization after eruption and how
lava transport styles are coupled to gas and heat loss
through rheological changes produced by bubble deforma-
tion and lava crystalization (Dragoni 1993; Crisp et al.
1994).

Pahoehoe and ‘a‘a lava flows differ superficially in sur-
face texture but fundamentally in emplacement mechanism.
Here we study the morphologic transformation of crust-
dominated pahoehoe lava to core-dominated ‘a‘a lava to
constrain the relative timing of crust rupture, lava cooling,
and crystallization, processes that irreversibly transform
pahoehoe to ‘a‘a lava. We address this problem through a
study of textural changes preserved across the
pahoehoe—a‘a transition in two lava flows, one emplaced
at Kilauea Volcano on 1 February 1996, and the other dur-
ing the 1868 eruption of Mauna Loa Volcano. In both, the
transition is preserved over several meters and glass (melt
guenched so that original crystallization textures are pre-
served) is preserved at the upper flow surface. We docu-
ment changesin both vesicle and crystal populations across
the transition. Changes in crystal content can be related to
lavatemperatures and cooling rates, whereas vesicle shapes
can preserve information on strain rates. These small-scale
changes, in turn, can be related to observed (e.g., Peterson
and Tilling 1980; Kilburn 1981, 1990; Kilburn and Guest
1993) changesin lava flow behavior.
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Pahoehoe and ‘a‘a

Pahoehoe and ‘a‘a have contrasting surface morphologies
(smooth and rough, respectively). Decades of field observa-
tions have shown that they reflect fundamentally different
conditions of lava transport and emplacement (e.g., Mac-
donald 1953, 1967, 1972; Pinkerton and Sparks 1976;
Peterson and Tilling 1980; Kilburn 1981, 1990, 1993;
Chester et al. 1985; Rowland and Walker 1987, 1990) and
produce flow fields of different shapes and dimensions.
Pahoehoe flows advance slowly enough that rapidly formed
surface crusts are preserved, and conditions of emplace-
ment are thus dictated by the balance between crustal
strength and lava flux (e.g., Fink and Griffiths 1990; Hon et
al. 1994). Heat loss from lava is limited (Cashman et al.
1994; Keszthelyi 1994, 1995), so that downflow crystalliza-
tion is minor except when lavais stored locally (e.g., in tu-
muli) prior to reactivation. These flows are considered to be
crust-dominated in their behavior (Kilburn 1993). In con-
trast, ‘a‘a flow advance is sufficiently rapid that the tensile
strength of the lava crust is overcome by the imposed stress,
and flow crusts are continuously disrupted. Flow advanceis
controlled by the rheology of the lava core (Kilburn 1993).
Heat loss, dominated by radiative cooling from the contin-
uously exposed flow core in the upper parts of the channel
(Crisp and Baloga 1990, 1994), is high and leads to early
high rates of crystalization (Cashman et a. 1997). As a
consequence, lava crystalinity increases dramatically
downflow (Crisp et a. 1994). Increasing crystallinity, in
turn, changes flow rheology by increasing lava viscosity
and introducing non-Newtonian effects (both a yield
strength and a strain-dependent viscosity (Dingwell and
Webb 1989; Webb and Dingwell 1990; Pinkerton and
Stevenson 1992; Crisp et al. 1994). ‘A‘a lava thus forms
leveed channels and increasesin viscosity by several orders
of magnitude downflow (Moore 1987; Pinkerton and Wil-
son 1994; Crisp et a. 1994; Baloga et a. 1998).

Pahoehoe may change to‘a‘a, but the reverse never oc-
curs in the same material. The transition appears to be con-
trolled by a critical relationship between viscosity and the
rate of shear strain (Peterson and Tilling 1980). This rela-
tionship is both irreversible and inverse, i.e., lower viscosi-
ty lavarequires higher rates of strain for the transition to oc-
cur. Viscosity is a function of lava composition, tempera-
ture, crystallinity, and bubble content. The effect of crystals
onrheology isrelatively well constrained (at crystal content
less than 3540 vol.%) from both field measurements
(Shaw 1969; Pinkerton and Sparks 1978; Pinkerton and
Norton 1995) and laboratory experiments on natural sam-
ples (Shaw 1969; Ryerson et al. 1988; Spera et al. 1988;
Pinkerton and Norton 1995). The effect of bubbles on rhe-
ology is much less well constrained, both for natural and
experimental studies (see Stein and Spera 1992, and Stone
1994 for reviews). Strain rates are dictated by lava rheolo-
gy, slope, and eruption rates, and for a given volcano
(where erupted lavaviscosity is not highly variable) thereis
an eruption rate above which the flow is‘a‘a (Pinkerton and
Sparks 1976; Rowland and Walker 1990; Kilburn 1993;
Pinkerton and Wilson 1996). Local transitions from

pahoehoe to ‘a‘a are most commonly the result of local in-
creases in slope (Peterson and Tilling 1980), and they pro-
vide the most accessible opportunities to examine the na-
ture of the transition.

Experiments on one-component analog systems (Fink
and Griffiths 1990; Griffiths and Fink 1992a, b, 1993;
Gregg and Fink 1995) suggest that a simple non-dimen-
sional parameter () relating time scales of flow advection
and flow cooling can be used to predict flow surface mor-
phologies. Advection time (ta), which is defined as the ra-
tio of flow thickness to flow velocity, is the inverse of the
vertically averaged shear strain rate through the flow,
whereas cooling time (ts) is constant for subaerial lava
flows and equivalent to Kilburn's (1993) chilling time (tch).
In theory, the strain rate and viscosity conditions over
which the pahoehoe-‘a‘a transition occurs can be predicted
from observed correlations of lava viscosity and 1/ta, al-
though in practice flow viscosities are, in large part, too
poorly constrained to define the conditions of thistransition
with precision. Thus, the picture that emerges from field
observations and experiments is that the transition from a
crust-dominated pahoehoe to a core-dominated ‘a‘a flow is
a complex function of the rheological, thermal properties
and fluid dynamics of lava flows. Previous work on the
known variation of these properties in lava is summarized
herein.

Bubble devel opment and deformation in lava flows

Quantification of bubble populationsin lava has been large-
ly limited to studies of easily sampled pahoehoe flows.
Studies of recent pahoehoe lava from Kilauea Volcano, Ha-
wai‘i (Walker 1989; Mangan et al. 1993; Wilmoth and
Walker 1993; Cashman et a. 1994; Keszthelyi and
Denlinger 1996; Cashman and Kauahikaua 1997) have doc-
umented the downflow loss of vesicles from active flow
surfaces within lava tubes, the pronounced effect of small
pressure variations on the bubble population, and the effect
of those bubbles on rates of flow cooling. Work on both
pahoehoe and ‘a‘a from Mount Etna emphasizes the impor-
tance of bubble coalescence in generating the fina vesicle
population (Gaonac'h et a. 1996; Herd and Pinkerton
1997) and introduces the use of bubbles as strain markersin
small lava flows (Polacci and Papale 1997).

Studies of the role of bubbles on the rheology of active
flows are much more limited. Evidence indicates that bub-
bles may either increase (Pinkerton et a. 1994; Hon et al.
1994) or decrease (Lipman and Banks 1987) effective flow
viscosity. Resolution of these contradictory observations
liesin understanding the role of bubble deformation in con-
trolling rheology (e.g., Mangaand Stone 1994; Mangaet al.
1998). The degree to which bubbles are expected to deform
may be expressed as a function of two dimensionless pa-
rameters; the capillary number Ca=(dy/dt)r/o, wherey is
the shear, pisthe melt viscosity, r is the bubble radius, and
o the bubble surface tension (Stein and Spera 1992); and
the viscosity ratio A, which isthe ratio between the viscosi-
ty of the bubble and that of the melt. Deformation is sub-



stantia in the strong flow regime defined by Ca>0.4. Here
bubbles may attain stable shapes and, for high enough shear
rates, eventually fragment into numerous daughter bubbles
(Bentley and Leal 1986). For Ca<0.4 (weak flow regime,
Stein and Spera 1992), bubble deformation is small due to
the surface tension forces being greater than viscous forces,
and ideally bubbles are deformed into prolate ellipsoids
with their long axes oriented 45° to the direction of the
flow. The attainment of a stable shape and long axis orien-
tation is a damped oscillation with decay time of approxi-
mately (dy/dt)-1Ca3“.

The effect of deformed bubbles on flow rheology de-
pends on the capillary number. For Ca< ~0.5, the effective
viscosity of bubbly suspensionsis predicted to be aweakly
increasing function of vesicularity, and the suspensions
show shear thinning behavior (Manga et al. 1998). Experi-
mental results generally support these predictions, with
shear-thinning behavior at moderate bubble volume frac-
tions (Stein and Spera 1992), and both increases (Stein and
Spera 1992) and decreases (Bagdassarov and Dingwell
1992) in apparent viscosity with small increases in vesicu-
larity (0-25%). Modeling by Manga et al. (in press) sug-
gests that these apparent discrepancies likely reflect both
differences in Ca and in durations of transient behavior.
Thus, determination of parameters that define Ca (strain rate,
melt viscosity, and bubble size) is required for understanding
the rheological behavior of bubble-bearing melts.

Application of experimental and theoretical findings on
bubble deformation to basaltic lavaislimited, and direct in-
vestigations of deformed bubbles in lavas and magmas are
few. Manga and Stone (1994) explain the alignment of bub-
bles found in somethick lavaflows (i.e., the Cohassett flow
of the Grande Ronde basalt, McMillan 1987) as the result
of deformation due to hydrodynamic interactions among
rising bubbles that lead to horizontal translation that aligns
bubbles and enhances coalescence. This mechanism isim-
portant in interpreting bubble distributions in lava, where
bubble coalescence is common (e.g., Cashman et al. 1994;
Gaonac'h et al. 1996; Herd and Pinkerton 1997). A recent
investigation of vesicle distributionsin lava flows at Mount
Etna shows that deformed vesicles provide information on
the physical parameters (i.e., strain rates) related to em-
placement flow dynamics (Polacci and Papale 1997). The
presence of a velocity gradient inside a lava flow induces
the deformation of initially spherical bubbles. Bubbles are
deformed depending on the flow regime, Ca and viscosity
ratio values, and are redistributed according to the local
strain rate. Bubble deformations mark changing rheology in
lava flows and represent a diagnostic tool for interpreting
lava rheology and morphology.

The 1 February 1996 event and the
1868 Mauna L oa eruption

The eruptive event of 1 February 1996 started in the morn-
ing with an intense swarm of shallow summit earthquakes,
dramatic increase of the summit CO,/SO, gas ratio, and
rapid inflation of the summit caldera. Three hours later, a

597

surge of lava reached the active Pu'u ‘O*'6 vent and lava
tube system. The tube became overfilled, and dome foun-
tainswelled from several skylightsalong thetube. Thelarg-
est of these fountains, from the uppermost skylight, was 7.6
m high; it fed a chanellized flow that turned to ‘a‘a asit de-
scended through forest on the steep slope of Pilama Pali.
The volume of lava that broke out of the upper skylight on
1 February is estimated to be 4x10% m3 (Thornber et al.
1996), with velocities as high as 18 m/sin the upper third of
the flow.

The MaunaL oaactivity of 1868 began with abrief sum-
mit eruption on 27 March. This was followed by intense
seismicity that culminated in alarge earthquake on 2 April
1868. The main phase of the eruption started on 7 April and
lasted only 4 days. Picritic lava erupted from fissures at el-
evations of 600-900 m and fed several lava streams, two of
which reached the ocean, approximately 18 km from the
vent (Lockwood and Lipman 1987). The eruption produced
approximately 1.2x108 m3 of lava, for an average mass
eruption rate of approximately 300 m?/s assuming an erup-
tion duration of 4.5 days (Barnard 1990). Flow velocitiesin
the channel were estimated at 5-10 m/s (Barnard 1990), re-
flecting the high magma supply rates (Rhodes 1995).

Sample description

The samples used in this study were collected at two differ-
ent locations, one from the Kilauea flow of 1 February
1996, and the other from the Mauna Loa lava flow of 1868
(Fig. 1). Both flows show a transition from smooth-sur-
faced pahoehoe to clinkery ‘a‘a across a distance of several
tens of meters. The two flows have very different emplace-
ment histories (open channel flow vstemporary storage and
effusion from ephemeral vents) and provide the opportuni-
ty to study two distinct conditions under which pahoehoe
may change to ‘a‘a. As documentation of vesicle deforma-
tion was one of the goals of this study, all sampleswere ori-
ented with respect to the flow direction.

Solidified samples from the 1 February Kilauea flow
(samples KL96/1a, 2, 3 and 4; Table 1) were collected sev-
eral hundred meters below the Pu‘u ‘O‘o vent, at a point
where the channel split into two branches. Here a steepen-
ing in the slope caused a transition from pahoehoe to tran-
sitional (poorly developed) ‘a‘a. Above the transition point
samples have a smooth glassy crust (~0.5 cm thick) with
stretched vesicles and lineationsin the direction of the flow.
At the transition the glassy rind is much thinner (<0.1 cm),
and the crust is marked by a rough surface with spines
pointing downflow. In addition, a few selected samples of
true ‘a‘a and pahoehoe from other locations within the
same flow (samples SPT, SKY, 8aL5, 5dL5, 3D1, 4D1)
were analyzed for comparison with those samples collected
across the transition. Samples from locations closer to the
skylight are all pahoehoe; downflow samples include both
pahoehoe and ‘a‘a. All samples analyzed contain between
35 and 74% vesicles, fewer than 2% olivine cystals (long
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Fig. 1a, b Location maps for
athe 1 February 1996 event and
b 1868 Mauna L oa eruption.

In athe 1 February eventisin
black and KL, DX1, and L5 are
locations of, respectively, sam-
ples KLY/KL2/KL3/KLA4,
3D1/4D1, 5dL5/8aL5. Dotted
areas represent lava fields from
Kilauea's ongoing eruption.
General Big Island map is also
inserted. In b arrow shows the
location of samples studied for
the 1868 Mauna Loa eruption.
Highway 11 is also indicated

Pacific Ocean

0 2 km 4

axis generaly <0.1 cm), and abundant microlites and an ephemeral vent located at the center of one of the main
microphenocrysts in the groundmass. channels near the point where the flow crosses Highway 11

Samples from the 1868 Mauna Loa eruption (samples on the south coast of Hawai‘i. The ephemeral vent is subdi-
ML68/4, 5, 63, 6b, 7, 8, 93, 10a, C1, C2; Table 1) belongto vided into zoneswith different surface morphologies, asde-



Table 1 Sample description
Kilauea 1 February 1996 flow

Sample no. Distance from the Description
pahoehoe/‘a‘a transition

KL96/1a 60.0 m before thetransition ~ Shelly pahoehoe

KL96/1b 60.0 m before the transition ~ Second layer/shelly
pahoehoe

KL96/2 Transition sample Pasty pahoehoe

KL96/3 15.0 m below thetransition ~ Transitional slab
pahoehoe

KL96/4 40.0 m below the transition Transitional slab
pahoehoe

Kilauea 1 February 1996 flow

Sample no. Distance from 2450 skylight ~ Description

KL96/SPT 0 Spatter vent sample

KL96/SKY 200.0 Shelly fountain-fed
pahoehoe

KL96/3D1 1000.0 Transitional slab
pahoehoe

KL96/4D1 1000.0 Clinkery ‘a‘a

KL96/5dL5  2000.0 Shelly pahoehoe
from eastern levee
of channel

KL96/8aL5  2000.0 Dense slab of
rough pahoehoe

Mauna Loa 1868 eruption

Sample no. Distance from the ephemeral  Description

vent (m)

ML68/4 15.0 before the vent Smooth pahoehoe

ML68/C 0 Smooth pahoehoe

ML68/5 3.8 Rough pahoehoe

ML 68/6a 10.2 Rough pahoehoe

ML 68/6b 10.2 Smooth pahoehoe

ML68/9a 18.4 Smooth pahoehoe

ML68/10a 184 Rough pahoehoe

ML68/7 45.7 Clinkery ‘a‘a

ML68/8 49.4 Clinkery ‘a‘a

scribed by Polacci and Papale (1997) for the ephemeral
vents at Mount Etna. A complete transition from pahoehoe
to ‘a‘a morphology may be followed for at least 50 m from
the emission point. In the transition, lava with an initialy
smooth pahoehoe crust becomes rougher as the flow turns
progressively to ‘a‘a. Locally the transitional portion of the
flow has smooth and rough pahoehoe slabs coexisting at the
same location (samples 6a and 6b, 9a, and 10a). All sam-
ples show the same range of microlite and microphenocr-
yst numbers and total crystallinities in the groundmass as
do the Kilauea samples, slightly lower (27-67%) vesicle
contents, and up to 25% olivine phenocrysts (long axis <
0.7 cm).
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Methods

To determine the three-dimensional morphology of vesi-
cles, samples were cut along three mutually perpendicular
planes oriented (a) along the flow direction, (b) across the
flow direction, and (c) parallel to the flow surface. At least
one oriented thin section was made from each of these sec-
tions for each sample. Images of samples were obtained di-
rectly from thin sections by capturing a full section image
with a video camera. Vesicularities (area fraction of vesi-
cles), vesicle number densities (the number of vesicles per
unit area), individual vesicle areas, and phenocryst contents
were measured from binary images created from the
scanned sections (Russ 1986) using NIH Image and Dapple
sofware. Direct measurements of vesicle areas and shapes
were converted to equivalent diameter (the diameter of a
circle the area of which is equivalent to the area of the ves-
icle), deformation parameter D=(I-b)/(I+b), where | and b
aremajor and minor axes of vesicles (Taylor 1934), and ori-
entation angle.

Thin sections preserving glass from flow crustswerelat-
er polished for backscattered electron (BSE) imaging. The
absence of preserved glassin the ‘a‘a limited textural anal-
ysis of glassy areas to pahoehoe and transitional morpholo-
gies. The BSE images were collected from polished thin
sections on a JEOL JSM-6300 V SEM, at an accelerating
voltage of 10 kV, a working distance of 15 mm, and 500
magnification. Microlite (<30 pm) and microphenocryst
(between 30 and 100 pm) number densities (number of
crystals per unit area) were measured on the digital images.
Microlite and microphenocryst crystallinities (area fraction
of crystals) were obtained from the same images by auto-
mated analysis (where grayscale contrasts permitted) or by
manually point-counting the BSE images. All groundmass
textural parameters were calculated free of vesicles and
phenaocrysts by eliminating the area fraction of the image
occupied by these phases. This allowed us to consider the
melt fraction available at the time of microlite and micro-
phenocryst growth. Samples with higher microlite and
microphenocryst crystallinities (>30% crystals) required
images at both 500 and 250 magnification to cover arepre-
sentative area and to ensure identification of the features of
interest. Very small pyroxene crystals (<1 pm) were diffi-
cult to identify unambiguously; thus, number density mea-
surements of very small pyroxene microlites are consid-
ered minimum values. Number densities and abundance of
both crystals and vesicles are reported for each oriented
thin section as actual two-dimensional data. We chose to do
this as we believe it provides a reasonable way to compare
textural characteristics between samples. Average vesicle

diameter d can be calculated from measured areal number
density (Na) and areafraction (@) as d = S\/@/ Na, where
S is a shape factor. The volumetric number density (Nv)
can then be estimated as Nv=Na/d.
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across-flow direction; circles along-flow direction; triangles direction
parallel to the flow surface. Open symbols refer to pahoehoe samples,
filled symbolsto transitional and ‘a‘a samples. See text for further ex-
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Results

Textural characteristics
\esicles

Figure 2 shows vesicularity and vesicle number density pat-
terns across the Pahoehoe-‘a‘a transition for the Kilauea
samples examined. Vesicularity and vesicle number density
are highest before the transition, at 65-74% and 55-83 cm'?,
respectively. Both measurements show a net decrease at the
transition point (to 37—44% and 28-46 cm2) but increase
again to 51-64% and 62-76 cm? over the next 30 m.
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ly pahoehoe (sample SKY'), with measured vesicul arities of
69% and number densities of 60 cm2, most closely resem-
bles the pre-transition Pahoehoe, but the distal clinkery ‘a‘a
(4D1, 8al.5) samples show diminished vesicularities (38%)
and vesicle number densities (30 cm™) similar to those of
the transition sample. Spatter vent sample (SPT) is hetero-
geneous in vesicularity and is characterized by very round
vesicles.

Samples from Mauna L oa show asimilar range in vesic-
ularities (27-68%) and similar to slightly higher vesicle
number densities (20-124 cm2) as are in the Kilauea sam-
ples. Again, overall sample vesicularity decreases substan-
tially across the transition (Fig. 3a). However smooth
pahoehoe samples at 10.2 m (6b) and 18.4 m (9a) from the
ephemeral vent provide exceptions to this generalization.
The vesicularity of these samples ranges between 61 and
68% and is higher than that of transitional lava sampled at
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Fig. 4a, b Backscattered electron
(BSE) images of samples KL96/14a, 2.
a Dark-gray crystals are pyroxene
microlites and black features are frac-
tures. b Dark-gray crystals are pyrox-
ene microlites, light-gray crystals are
olivine, and black crystals are plagio-
clase microlites and microphenocrysts

Fig. 5a, b The BSE images of
samples ML68/6b, 6a

a Dark-gray features are pyroxene
microlites, black features are vesicles.
b Dark-gray features are pyroxene
microlites, black crystals are plagio-
clase

the same location. The spherical shape and overal size dis-
tribution of the vesicles in these smooth pahoehoe samples
are similar to those described from small breakouts from
advancing pahoehoe flows (e.g., Cashman et al. 1994) and
suggest that these samples had a similar origin. Vesicle
number densities are generally high (~110 cm2) in the tran-
sition samples, increasing from pre-transition values (~60
cm2) and decreasing again by 45 m downflow (to ~20
cm?) as a complete morphological transition to clinkery
‘a‘aisachieved (Fig. 3b).
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Groundmass crystals

Groundmass crystallinity increases dramatically as flow
surfaces change from smooth to torn crust (Figs. 4, 5). In
general, Kilauea spatter vent samples are microlite free,
smooth pahoehoe samples have low to moderate
crystallinities (0-14%), and distal transitional samples have
high (27-30%) groundmass crystallinities (Fig. 6a). Trends
in crystal number density generally mirror those of crystal-
linity, with pyroxene microlites more numerous than pla-
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Kilauea samples. Triangles represent pahoehoe morphology, circles
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open symbols to plagioclase values. Standard deviation error bars are
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gioclase (Fig. 6b), athough crystal number density mea-
surements were complicated by abundant quenched pyrox-
ene microlites (<1 um long; see Methods). However, in de-
tail, samples immediately upflow and downflow from the
transition have similar groundmass crystallinities (12—16%,
distinct from the 28% groundmass crystallinity at the tran-
sition) and crystal number densities (7861-6136 mm2), ex-
cept that plagioclase (5% and 400 mm-2) is present only in
downflow samples.

Measured variations in crystallinity in Mauna Loa sam-
ples are comparable to those of the Kilauea flow (Fig. 7a),
although crystal number densities (Fig. 7b) are approxi-
mately half those of Kilauea samples. As crystal number
density and crystal volume fraction are related through av-
erage crystal size, this observation indicates that the Mauna
Loamicrolitesare, on average, larger than those of Kilauea.
Again, both crystallinity and crystal number density are
consistently higher for the transitional samples than for the
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smooth pahoehoe. As seen in the Kilauea samples, pyrox-
ene nucleation clearly precedes that of plagioclase (Figs.
4-7; see Table 3), and plagioclase crystallinity and microl-
ite number density are always less than those of pyroxene.

Vesicle deformation measurements

The vesicle deformation parameter D may be directly cor-
related with capillary number Ca when Ca (and D) <0.4,
and thus for small strains (low D) measurements of D can
theoretically provide estimates of strain rates accompany-
ing lava emplacement (Stein and Spera 1992). Vesicle de-
formation parameters D were calculated for each of the
samples from measured values of vesicle length and width.
D ranges from 0 (spherical) to 0.7 (ellipsoidal), but most of
the measured D values are below 0.4. A mean value of D
was then calculated for each thin section (Table 2); values
range from 0.166 to 0.266 for the Kilauea flow and from
0.193 to 0.294 for the Mauna Loa flow. D is consistently

Fig. 7 a Groundmass crystallinity and b crystal number density for
Mauna Loa samples. Symbols as in Fig. 6. Standard deviation error
bars are shown. See text for further explanation
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Table 2 Vesiculation measure-

ments. nF perpendicular to flow Sample no. Number measured  Vesicularity (%) Vesicle number Vesicle deformation

direction; pF parallel to flow density (cm) parameter?

direction; h parallel to flow sur-

face Kilauea samples
KL96/1lanF 518 (310)° 715 (68.8)° 60.2 (72)° 0.203
K L96/1apF 301 (440)° 74.5 (65.4) 55.2 (61.7)b 0.203
KL96/1ahl 175 71.1 63.8 0.166
KL96/1ah2 328 66.6 82.6 0.174
KL96/1ah3 231 68.7 55.4 0.194
KL96/2nF 231 40.4 394 0.243
KL96/2pF 423 44.4 46.1 0.224
KL96/2 h 166 375 28.4 0.203
KL96/3nF 365 58.9 68.2 0.215
KL96/3pF 540 51.7 70.1 0.232
KL96/3 h 275 54.3 62.2 0.203
KL96/4nF 567 60.4 724 0.210
KL96/4pF 421 54.8 76.2 0.217
KL96/4 h 174 64.0 70.9 0.211
KL96/SKY nF 397 69.4 64.7 0.224
KL96/SKY pF 333 68.5 54.4 0.231
KL96/4D1pF 276 40.7 39.3 0.255
KL96/8a5L5 177 35.8 20.8 0.266
Mauna Loa samples
ML68/C1 200 58.6 62.1 0.234
ML68/C2 118 54.7 39.3 0.214
ML 68/4nF 387 60.7 72.5 0.230
ML68/4pF 263 65.0 56.0 0.240
ML68/5nF 571 54.3 118.0 0.271
ML 68/5pF 720 49.2 100.7 0.294
ML 68/6anF 846 59.4 112.8 0.277
ML 68/6apF 417 475 99.5 0.265
ML68/6ah 289 50.4 88.3 0.244
ML 68/6bnF 402 67.5 85.7 0.221
ML68/6bpF 619 64.8 82.4 0.221
ML68/6bh 163 61.2 815 0.196
ML68/7nF 196 27.3 28.1 0.193
ML68/7pF 117 29.2 20.2 0.208
MI168/8pF 210 34.5 37.7 0.221
ML68/9anF 301 61.2 123.6 0.250
ML 68/9apF 679 63.6 89.5 0.243
ML68/10nF 380 59.5 58.6 0.258
ML 68/10pF 368 57.0 57.8 0.263

aAverage value of D for each series (see text for further explanation)
bValuesin parentheses refer to another slice from the same sample

smaller for measurements made on the plane parallel to the
flow surface (Table 2, samples KL96/1a, 2, 3, 4, and
ML68/6a, 6b). The highest deformation values can be
found either parallel or perpendicular to the flow direction,
with a dlight predominance of the parallel (samples
KL96/3,4,SKY and ML68/4,5,7,10).

Transitional and clinkery ‘a‘a samples are characterized
by higher mean D values than are smooth pahoehoe sam-
ples (Table 2). Thisisillustrated in binary images of vesi-
cles (Figs. 8, 9), in which samples with pahoehoe morphol -
ogies (Figs. 8a, 9a) have more spherical (less deformed)
vesicles than samples with transitional morphologies (Figs.
8b, 9b). This observation is also supported by data present-
edin Fig. 10, where mean D values are compared with sam-
ple vesicularity. For both the Kilaueaand Mauna L oaflows,
there is a general trend of increasing vesicle deformation
with decreasing vesicularity, and samples showing transi-
tional and clinkery ‘a‘a morphologies have more deformed
vesicles than do Pahoehoe samples. Exceptions (framed in

their corresponding figures) are a highly vesicular vent
sample (KL96/SKY) showing moderate vesicle deforma-
tion and clinkery ‘a‘a samples (ML68/7 and 8). The
pahoehoe vent sample is characterized by deformed and
elongated vesicles (average D=0.227), which may reflect
high strain rates occurring at the vent region at the time of
effusion. The clinkery ‘a‘a samples show an overall de-
crease in D value with decreasing vesicularity. Careful ob-
servations of thin sections of these samples show that the
vesicles have adopted convoluted shapes in response to the
lack of space created by the high olivine phenocryst crystal-
linity (Fig. 11). These irregular shapes are not adequately
represented by asimple calculation of D. Mean D values al-
so show an overall increase with increasing bulk crystallin-
ity (Fig. 12). Kilauea samples have lower D values than do
Mauna Loa samples with similar groundmass
crystallinities, perhaps a consequence of the higher total
crystallinities in the Mauna Loa samples. However, al-
though measured variations in D could reflect true varia-
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Fig. 8a, b Binary images

of samples a KL96/1a and

b KL96/2. Vesicles are black
features, glass plus microlites
are white. Phenocrysts are not
shown. a Vesiclestend to be
relatively undeformed in the
Pahoehoe sample (KL96/1a);
b vesicles assume elongated
and more deformed shapes
(slightly ellipsoidal) in the
transitional sample (KL96/2)

Kilauea 1996

5mm

BTN

Transitional

Smooth

Fig. 9a, b Binary images of samples a ML68/6b and b ML 68/6a.
Vesicles are more deformed in the rough sample morphology than in
the smooth sample morphology. Scale bar isthe same for both images

tions in Ca, we note that none of the vesicles preserved in
our samples has a pointed tip, indicating that partial relax-
ation of bubble shape occurred in all samples. Moreover, as
relaxation time is partly afunction of melt viscosity, relax-
ation of bubble shapes might have occurred more quickly in
the less viscous (less crystalline) lavas.

Discussion

In both flows, the transition in flow surface morphology
from pahoehoe to transitional ‘a‘a is generally accompa-
nied by: (a) adecreasein total vesicularity and vesicle num-
ber density; (b) an increase in microlite crystallinity and
crystal number density; and (c) an increasein the amount of
vesicle deformation. However, in detail, patterns of both ve-
sicularity and crystallinity are complex, with local varia-
tionslikely afunction of exactly how the transition was pre-
served as flow ceased. These results are similar to measure-
ments made by Lipman and Banks (1987), Crisp et al.
(1994), and Cashman et a. (1997) on samples collected
from recently active ‘a‘a flows. They demonstrate that both
increasing crystallinity and decreasing vesicularity are ex-
pected consequences of lava flow under conditions respon-
sible for generation of transitional to ‘a‘a surface morphol-
ogies. These data are preliminary, but none the less the
measurements presented previously can be extended to pro-
vide quantitative constraints on conditions accompanying
the pahoehoe-‘a‘a transition. Below we examine the impli-
cations of the textural results for quantification of rheologic
changes to lava during flow emplacement.
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Fig. 10a, b Deformation parameter vs vesicularity for a al Kilauea
and b al Mauna Loa samples. Standard deviation error bars are
shown. Symbolsasin Fig. 2

Fig. 11 Modified binary image of sample ML68/7. Vesicles are white
features, glass plus microlites are black, and olivine phenocrysts are
dark gray. Note how vesicles assume convoluted shapes as they tend
to adjust among olivine crystals
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Textural changes with flow

Bubble loss during flow has been documented both in ac-
tive Hawaiian pahoehoe (Cashman et al. 1994; Hon et al.
1994) and ‘a‘a (Lipman and Banks 1987) flows and has al-
so been inferred from vesicul arity observations on solidifed
samples of flows of both types (e.g., Macdonald 1953;
Wilmoth and Walker 1993). Vesicularity decrease in
pahoehoe flows has been attributed primarily to bubble loss
at flow surfaces, although resorption resulting from pres-
sure increases at flow bases has been suggested for unusu-
ally fluid flows emerging from temporary storage in inflat-

Fig. 12 Average value of D vs bulk crystallinity for the Kilauea
(squares) and Mauna Loa (circles) flows. Standard deviation error
bars are shown
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Table 3 Crystal measurements

Sample no. Number measured@ ~ Crystallinity (%)° Plagioclase Crystal number  Plagioclase number  Phenocryst
crystalinity (%)°  density (mm2)  density (mm-2) crystallinity (%)

Kilauea samples
KL96/1a 727 12.0 0 7860.6 0 0.3
KL96/2 2057 27.6 9.5 9626.8 11311 2.1
KL96/3 1653 16.0 5.0 6136.3 399.0 11
KL96/4 1273 14.5 3.7 8077.9 373.3 11
KL96/SKY 0
KL96/4D1 13
KL96/8aL5 2.0
KL96/3D1 201 26.7 9.4 366.0

(only plagioclase)
KL96/5dL5 1093 13.7 0.9 4376.0 108.0
Mauna Loa samples
ML68/4 0 0 0 0 0 9.6
ML68/5 635 21.0 7.2 4480.6 1174.4 14.7
ML 68/6a 712 27.8 11.7 5697.3 1760.4 133
ML68/6b 386 6.2 16 1871.2 144.2 7.4
ML68/7 22.9
ML68/8 23.6
ML68/9a 337 8.0 0.5 2810.4 141.3 10.0
ML68/10a 613 155 53 3035.1 369.1 10.8

asum of all microlites measured in each sample

bMicrolite crystallinity calculated as the ratio between the area percentage of microlites and the area percentage occupied by microlites plus

glass. All values have been measured as average values for each sample

ing flows (Hon et a. 1994). In contrast, the near absence of
vesicles characteristic of distal ‘a‘a is more commonly at-
tributed to shearing and bubble collapse aided by the great-
er flow thicknesses and higher viscosities typical of ‘a‘a
(Lipman and Banks 1987). Data presented here are consis-
tent with the latter interpretation. In both flows vesicularity
decreases from ~65-70% to <30% over distances as short
as 50 m. Accompanying decreasesin vesicle number densi-
ty could result from anumber of different processes, but the
relatively high values of the vesicle deformation parameter
in transitional samples suggest gas loss through a perme-
able network and subsequent bubble collapse to be the most
likely explanation, with bubble deformation increasing per-
meability and aiding gas escape (e.g., Saar and Manga
1999). Vesicle deformation is aways smaller on the plane
parallel to the flow surface. Alignments of vesicles along a
preferential orientation suggest asimple stresstensor acting
on the flow, as coalescence would hinder a preferred direc-
tion of vesicles.

The correlation of groundmass crystallinity with surface
morphology is more dramatic than simple correlations with
distance from vent. Samples from the ephemeral vent with-
in the channel of the Mauna L oa 1868 flow are particularly
striking in this regard (Fig. 7; Table 3). Here lava effusion
following temporary storage within the channel produced
flow lobes with both smooth and rough (transitional)
pahoehoe surfaces to distances <20 m from the vent, with

total transition to ‘a‘a achieved at a distance less than <50
m from the ephemeral vent. Samples from smooth
pahoehoe surfaces have lessthan ~10% total microlite crys-
tallinity and <2% microlitic plagioclase (<150 mm),
whereas those with rough pahoehoe surfaces have >15%
microlite crystallinity and >5% plagioclase microlites
(>350 mm2). The smooth pahoehoe samples also have
<10% olivine phenocrysts, whereas the rough pahoehoe
have >10% olivine phenocrysts. The difference in phenoc-
ryst content of the surface crust likely reflects differencesin
olivine settling rates resulting from flow viscosity changes
with increasing groundmass crystallinity (e.g., Rowland
and Walker 1987), but the correlation of microlite content
with degree of surface roughness suggests that these two
features may be related. Comparison with the Kilauea sam-
ples (Fig. 6; Table 3) suggests that plagioclase microlites,
more than total bulk or microlite crystallinity, may lead to
transitional flow surface textures (see also Kilburn 1990).
Samples with <1% plagioclase microlites have smooth tex-
tures despite 12-14% pyroxene microlites, whereas those
with >4% plagioclase have pasty or transitional surface tex-
tures; plagioclase number densities are similar in both types
to those of the Mauna Loa samples. Thus, we tentatively
conclude that the abundance of platy plagioclase microlites
may play acritical role in determining flow surface textures
under conditions where crustal rupture is sufficient to ex-
pose the surface lavato high stresses (Cashman et al. 1997).



Crystallization kinetics

Microlite textures preserved in quenched (glassy) flow sur-
faces also provide insight into the kinetics of post-eruption
crystallization. Two interesting points emerge from con-
trasting the very high velocity emplacement of the 1996
Kilaueaflow with the (presumably) lower flow velocities of
the late-stage Mauna Loa flow from an ephemeral vent.
Firstly, both sample sets show evidence for a slight to sub-
stantial delay in the nucleation of plagioclase relative to py-
roxene. Thisdelay is particularly apparent in the pre-transi-
tion Kilauea sample, which has a very high amount of py-
roxene, all of which grew during transport through the open
channel (based on the absence of microlitesin vent samples
KL96/SKY, KL96/SPT), and only atrace amount of plagio-
clase. A measure of this delay is provided by pyroxene/pla-
gioclase volumetric abundance ratios, which range from 16
to4in al smooth Pahoehoe samples, whereas those of tran-
sitional samples are ~3. Delay of plagioclase nucleation is
well know from experimental studies on lunar basalt (Walk-
er et a. 1978) but is less pronounced in terrestrial basaltic
systems, except under conditions of very high cooling rates
(~100°C/h; Lesher et a., in press) or for a difference of a
few tens of degreesin theinitial-melting temperature of la-
vanear the liquidus temperature (Sato 1995).

A second point of interest is the extraordinarily high
microlite number densities observed in the 1996 Kilauea
samples (Table 3). Crystal nhumber densities increase with
increasing rates of supersaturation, and, when calibrated,
can be used to estimate rates of cooling in basaltic systems
(Cashman 1993). The extent to which nucleation is aided
by high strain rates (Kouchi et al. 1986) has never been ful-
ly quantified. Measured values in excess of 8000 mm-=2 are
high relative to published crystal number density measure-
ments for the ‘a‘a flow produced by Mauna Loa in 1984
(Crisp et a. 1994) and to those of a small channel-fed ‘a‘a
flow from Kilauea sampled in May 1997 (Cashman et al.
1997). The extremely high pyroxene nucleation rates im-
plied by these data, together with the dramatic delay in pla-
gioclase nucleation, are most easily attributed to very high
rates of initial cooling produced by high rates of crustal dis-
ruption and stirring within the rapidly flowing channel lava
(asfor the 1 February 1996 flow). Both plagioclase and py-
roxene number densities in the Mauna Loa 1868 samples
more closely resemble those of the above referenced stud-
ies and appear to reflect more typical rates of cooling
(10-50°C/h; Cashman et al. 1997) and crystallization (~30
vol.%/h) in near-vent portions of open channel flows.

Vesicles as recorders of strain rate

Vesiclesin pahoehoe tend to be spherical, whereas those in
‘a‘a are commonly highly deformed (Macdonald 1953; Pol -
acci and Papale 1997). Moderate bubble deformations
(D<0.4) reflect moderate Canumbers, and under these con-
ditions we have pointed out that D can be directly equated
with Ca. This raises the possibility of using measured vesi-
cle shapes, together with vesicle size and estimates of flow
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viscosity, to determine strain rates. Firstly, however, ques-
tions of preservation must be addressed.

When bubbles deform, they have pointed tips (Stein and
Spera 1992). Bubbles relax by re-rounding, which first af-
fects the tips with their very high radii of curvature. True
pointed tips are rare to nonexistent in deformed vesicles
preserved in basalt, suggesting that al have undergone
some degree of re-rounding and relaxation. Thus, strain
rates estimated from measured bubble deformations are
minimum values. Time scales of re-rounding (1) can be es-
timated from bubble radius (r) and melt surface tension and
viscosity, T =rp/s. Calculated re-rounding timesare <1 sfor
small (1 mm) bubbles and low (100 Pa s) melt viscosities.
However, increasing crystallinity in a flow results in in-
creasing bulk viscosity (Gay et al. 1969; Shaw 1969;
Pinkerton and Stevenson 1992; Pinkerton and Norton
1995), which for crystallization of <30% will likely be
more important than the effects of changing temperature
and composition of the liquid (Crisp et al. 1994; Montierth
et a. 1995). Simple application of the modified Einstein-
Roscoe equation (Marsh 1981; Pinkerton and Stevenson
1992) suggests that viscosity increases up to five times as
the result of increasing crystallinity alone. Thiswill serveto
increase time scales required for bubble relaxation and sug-
gests that, in part, the more highly deformed vesicles pre-
served in transitional to ‘a‘a flow morphologies may reflect
the higher flow crystallinities (and thus viscosities) of ‘a‘a
rather than particularly high strain rates.

Given the limitations imposed by the relaxation times
calculated herein, measured vesicle deformations can still
be used to place constraints on strain rates in lava flows.
Minimum strain rates estimated from vesicle deformations
are between 1 and 0.1/s. These strain rates are reasonable,
although they are somewhat lower than maximum estimates
of ~5-10/s derived from velocity and depth measurements
(Fink and Griffiths 1990) on active flows (Lipman and
Banks 1987). Thus, vesicle deformation measurements,
when coupled with characterization of the matrix viscosity,
can be used to obtain reasonable minimum estimates of
strain rate.

Conclusion

As noted by Macdonald (1953) and Peterson and Tilling
(1980), the transition of lava surface morphologies from
pahoehoe to ‘a‘a can occur under avariety of physical con-
ditions. Two of these (open channe flow and
remobilization of material from ephemeral vents) have
been studied herein. In both cases the transition to ‘a‘a in-
volves (a) an increase in microlite crystallinity and number
density of the groundmass, (b) a decrease in vesicularity
and vesicle number density, and (c) an increase in the vesi-
cle deformation parameter D. All of these textural changes
can be quantified and interpreted in the context of the dy-
namics of flow emplacement. Changesin microlite crystal-
linity provide a measure of the extent to which cooling has
occurred in the flow, whereas crystal number densities
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(and, in ageneral sense, the degree to which plagioclase nu-
cleation is delayed) can be used to estimate the rates at
which that cooling occurred. Increasing groundmass
crystallinities will, in turn, increase lava viscosity and
change the response of the flow surface to deformation. In-
creasing crystallinities will also affect the overall rheologic
behavior of the flow and provide alink between small-scale
textural features and macroscopic changes of lava morphol-
ogy, such as the larger-scale autobrecciation characteristic
of the pahoehoe—a‘a transition. Flow surface morpholo-
gies are not as sensitive to the olivine phenocryst content,
an observation that led Peterson and Tilling (1980) to the
conclusion that flow morphology was not directly related to
crystalinity.

Changes in vesicularity and vesicle size and shape can
be used to estimate rates of gasloss and/or resorption with-
in the flow, and they may ultimately contribute information
on the development of permeability within ‘a‘a flows. Pre-
served vesicle deformations provide minimum estimates of
flow strain rates for conditions of low capillary number
(Ca), in addition to recording distributions of strain across
flow lobes (Polacci and Papale 1997). Thus, the transition
of lava from pahoehoe to ‘a‘a surface morphologies and
emplacement styles involves numerous textural and
rheologic changes within the melt, all of which provide
some record of the active process.
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