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Abstract

We interpret the shear environments that produced bubble textures in obsidian samples using the results of
theoretical, numerical and experimental studies on the deformation of bubbles in shear flows. In particular, we use the
shapes and orientations of bubbles (vesicles) in obsidian to estimate shear rates and shear stresses, and assess flow
type (simple vs. pure shear). This technique can be used to determine shear rates in volcanic conduits, the origin of
pyroclastic obsidian, and the emplacement history and dynamics of obsidian flows. A spherical bubble in a viscous
fluid subjected to a low Reynolds number, steady flow field deforms until it reaches a steady shape and orientation.
Bubble deformation is governed by the competing stresses from shearing that deforms, and surface tension that
rerounds. The ratio of these stresses is the capillary number, Ca. Because the relationships among Ca, bubble
orientation and shape differ for pure and simple shear, we can distinguish between these flow types using preserved
bubble geometries. Furthermore, because Ca is a function of shear rate, we can use relationships between Ca and the
magnitude of deformation to calculate shear rates when melt viscosity and surface tension are known. To demonstrate
the potential of the technique, we examine three obsidian samples chosen for diversity of origin and texture. Two of
the samples have low crystallinities and banding defined by layers of different vesicularity. Bubble geometries in a
spatter-fed obsidian flow sample record deformation by pure shear, whereas a juvenile obsidian clast from a
pyroclastic fall deposit records predominantly simple shear. A third sample from an obsidian flow has banding
marked by variable concentrations of microlites, and shows bubble deformation most consistent with dominantly
simple shear and some bubble relaxation. The highest shear rate and shear stress are recorded by the pyroclastic
obsidian (shear rate=0.01 s~!, shear stress =60 kPa). The spatter-fed obsidian flow sample deformed by pure shear
records the lowest shear stress (4.9 kPa). The obsidian flow sample, deformed by simple shear, records the lowest
shear rates (10760-107%% s~!) despite high shear stresses (22-36 kPa) because of the high viscosity of the degassed
rhyolite (0.13 wt% water).
© 2002 Elsevier Science B.V. All rights reserved.
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magma through conduits, lack direct observation
and thus require indirect methods to infer flow
dynamics. One approach to studying such pro-
cesses is to analyze the textures of the rocks
they produce. The shape, size, orientation and
number density of bubbles and crystals can pre-
serve a record of such parameters as magma
rheology (Smith, 2000), initial volatile saturation
pressure (Toramaru, 1989), ascent velocity (Tora-
maru, 1989), strain (Manga, 1998), strain rate
(Polacci and Papale, 1997), flow direction (e.g.
Shelley, 1985), shear sense (Vernon, 1987), effu-
sion rate (Hammer et al., 2000) and cooling rate
(Cashman, 1993). In this paper we use a combi-
nation of analog experiments and theoretical re-
sults to interpret the shape and orientation of
bubbles (vesicles) preserved in obsidian. We dem-
onstrate how to use bubble geometries to distin-
guish between pure and simple shear environ-
ments, and to calculate magma shear rates and
shear stresses.

Bubbles are nearly ubiquitous in volcanic rocks.
Because the preservation of bubble textures is fa-
vored by high cooling rates and high melt viscos-
ities, the analysis of bubble shapes for the pur-
poses of determining flow conditions is most
easily applied to silicic pyroclasts, lava flows and
domes. Here we analyze and interpret bubble ge-
ometries in obsidian. The high viscosity of silicic
melts results in long relaxation times (e.g. Tora-
maru, 1988) and the low total bubble content of
obsidian minimizes complications from bubble—
bubble interactions. Although bubble shapes in
basaltic magmas may also be used to study flow
dynamics (Polacci and Papale, 1997), the relaxa-
tion time is much shorter and bubbles will change
shape after emplacement. For example, in pahoe-
hoe, rapid quenching preserves stretched bubbles
only within a few millimeters of the flow surface
(Self et al., 1998), and internal bubbles relax to a
spherical shape prior to solidification (Hon et al.,
1994).

Because volcanic glass is transparent and me-
dian bubble sizes are small (<1 mm), we can
measure three-dimensional bubble geometries us-
ing polished rock slices and a petrographic micro-
scope. We are therefore not limited to interpreting
two-dimensional intersections with cut or eroded

surfaces, as in studies that use magmatic enclaves
as strain markers (Williams and Tobisch, 1994;
Tobisch and Williams, 1998; Ventura, 2001). Ad-
ditionally, in a steady shear flow, the finite surface
tension between hydrous gas and silicate melt re-
sults in a steady bubble shape once surface ten-
sion and viscous stresses are balanced. Thus, un-
like microlites (Manga, 1998) or compositionally
distinct enclaves (Tobisch and Williams, 1998;
Ventura, 2001), bubbles can act as strain-rate
markers rather than strain markers. Coward
(1980) assumed that bubble aspect ratios indicate
magma strain, but this assumption is only true
when surface tension can be neglected, which, as
we will see, is not an appropriate approximation
for small bubbles in volcanic glass.

Bubble deformation is governed by competing
stresses from shearing that deforms, and surface
tension that minimizes interfacial area. The ratio
of these stresses is the capillary number, Ca,
which is calculated by

aGls

Ca= al (1)
where a is the undeformed bubble radius, G is the
shear rate, ys is the suspending fluid viscosity, and
I' is the surface tension. As the relationships be-
tween Ca and bubble orientation and shape differ
for pure and simple shear (e.g. Taylor, 1934; Ral-
lison, 1984; Bentley and Leal, 1986; Stone, 1994),
it is possible to distinguish between these flow
types using bubble geometries preserved in glassy
rocks. Furthermore, because Ca is a function of
shear rate, we can use relationships between Ca
and bubble deformation, determined from exper-
imental and theoretical studies, to calculate shear
rates when melt viscosity and surface tension are
known. Similarly, shear stresses (o= Gu) can be
calculated from bubble geometry data and surface
tension.

To demonstrate the application of these tech-
niques to real samples, we examine three obsidian
clasts chosen for diversity in origin and texture.
Samples include both effusive and pyroclastic ob-
sidian, and clasts with internal banding marked
by variable concentrations of bubbles and micro-
lites. We describe how to calculate shear rates and
shear stresses from bubble geometries and to dis-
tinguish between deformation by pure or simple
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shear. These parameters can be used to constrain
time scales and physical processes involved in ob-
sidian dome emplacement, flow of silicic magma
through volcanic conduits, and the origin of py-
roclastic obsidian. The combined analysis of mi-
crolite orientation (Manga, 1998; Castro et al.,
2002) and bubble geometry thus has the potential
to provide a complete picture of flow kinematics
and dynamics.

2. Bubble geometry in shear flows

A spherical bubble in a low Reynolds number
(Rex1), steady flow field deforms with a time-
dependent shape and orientation until it reaches a
steady geometry or breaks into multiple bubbles.
With modest deformation, the bubble is spheroi-
dal but pointed ends develop with sufficient defor-
mation. The steady bubble geometry depends on
(1) the viscosity ratio, A, the ratio of the bubble to
suspending fluid viscosities, (2) the concentration
of surfactants, and (3) the capillary number, Ca
(e.g. see review paper by Stone, 1994). Beyond
some critical Ca value, Ca., which increases
with decreasing A, a bubble cannot sustain a
steady shape but deforms continuously and then
breaks into smaller bubbles (e.g. Bentley and
Leal, 1986).

Based on experimental and theoretical models
for Cac, (Bentley and Leal, 1986; Hinch and Ac-
rivos, 1980; Grace, 1971), vapor bubbles in sili-
cate melts (107°<A<10"'7) are expected to
reach a stable (possibly highly deformed) shape
rather than break in steady shear flow. We as-
sume that effects of surfactants can be ignored
because coalescence textures are abundant in
pumice (e.g. Klug and Cashman, 1996; Klug et
al., 2002) and there are no known surfactants in
magmas. Therefore, provided the concentration of
bubbles is sufficiently low that we can neglect the
influence of bubble-bubble interaction, a reason-
able assumption for the concentrations studied
here (Manga et al., 1998), the steady geometry
of bubbles will be solely a function of Ca.

To characterize the geometry of a bubble we
need to specify its orientation and shape. The
flow-induced orientation of a bubble with respect

f

Fig. 1. Schematics of a bubble of radius a, deformed by sim-
ple shear (left) and pure shear (right). /, b, and ¢ are semi-
principal axes of the deformed bubble ellipsoid, where / is
half of the major axis (longest dimension), b is half of the
minor axis, and ¢ is half of the intermediate axis perpendicu-
lar to both b and / (b<c¢</). The angle between / and the
flow direction is 6.

to the shear flow field is described by the angle 6
between the principal axis of the bubble (longest
dimension /) and the shear direction, measured in
a plane containing both the shear direction and
the velocity gradient (Fig. 1). For a single bubble
in pure shear flow, elongation is parallel to the
shear direction (6= 0) regardless of the magnitude
of bubble deformation. However, in simple shear
flow, 6=45° for slightly deformed bubbles
(Ca<1) and decreases toward zero as Ca in-
creases (e.g. Rallison, 1984). We quantify the
magnitude of flow-induced bubble deformation
using two dimensionless parameters, D = (/—b)/
(I+b) and l/la, where [ and b are the semi-major
and semi-minor axis of the sheared bubble, re-
spectively, and « is the radius of the undeformed
bubble (Fig. 1). These parameters are not inde-
pendent, but D is convenient for small deforma-
tions (Ca < 1) while //a is useful for Ca > 1.

The theoretical relationships for deformation
parameters and orientations as a function of Ca
for Re<1 and A< 1 are summarized in Table 1.
The difference in bubble shapes in pure and sim-
ple shear for a given shear rate is dramatic. For
example, if Ca=10, a bubble has an aspect ratio
(I/b) of about 36 for simple shear and 6.4 X 10* for
pure shear. Results of theoretical predictions of
shape and orientation for Ca <1 agree well with
experimental data (Taylor, 1934; Torza et al.,
1972; Bentley and Leal, 1986; Guido and Greco,
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Table 1
Theoretical equations for bubble orientation and deformation in pure and simple shear with Re<1 and 1=0
Pure shear Simple shear References

Bubble deformation, Ca <1 D=2Ca D=Ca Taylor, 1932, 1934; Cox,
1969

Bubble deformation, //a>1 lla=16Ca? 2 lla=3.45Cal/? Hinch and Acrivos, 1980;
Buckmaster, 1972; Acrivos
and Lo, 1978; Stone, 1994

Bubble orientation, Ca < 1 0=0 0= (m/4)—0.6Ca Rallison, 1980; Guido and
Greco, 2001

Bubble orientation, //a>>1 6=0 6=tan"1(0.359Ca—3/%) Acrivos and Lo, 1978;

Canedo et al., 1993

2 The constant of proportionality in the bubble deformation equation for //a>1 assumes that P/Gus =2, where P is the pres-
sure in the bubble, which is the only stable solution (Acrivos and Lo, 1978).

2001; Rust and Manga, 2002) and numerical cal-
culations (Rallison, 1981; Pozrikidis, 1993; Ken-
nedy et al., 1994; Uijjttewaal and Nijhof, 1995;
Loewenberg and Hinch, 1996). Experiments by
Rust and Manga (2002) confirm theories derived
by Hinch and Acrivos (1980) for bubble (1<1)
shape and orientation at //a>1, and show that
they are applicable to Ca>1.0 and 0.5, respec-
tively. These experimental data span the small
and large deformation limits, and allow us to de-
rive empirical equations for (D) and D(Ca) that
are good approximations for all bubble deforma-
tions (0< D <1):

o — g—D (g +0.712(D—1)) 2)
and
D = (0.65 + e 1€) tan~!(Ca). (3)

When the shear stress deforming a bubble is
removed, the bubble relaxes towards a spherical
shape due to surface tension. As its shape relaxes,
the bubble orientation remains constant, preserv-
ing its shear-induced orientation. Despite their
small radius of curvature, the pointed ends of
deformed bubbles remain pointed through signifi-
cant shape relaxation (Rust and Manga, 2002).
Therefore, the preservation of pointed ends in ob-
sidian samples does not preclude significant shape
relaxation prior to quenching.

The characteristic time scale for bubble relaxa-
tion (e.g. Toramaru, 1988), also referred to as the
surface tension time scale (e.g. Guido and Greco,
2001), is calculated by:

alls
T= T 4)
For a 100 um radius bubble and I'=0.1 N/m, if
Us =100 Pa s (basalt), 7=0.1 s, and if us=10°
(rhyolite), T=12 days. The time for a bubble to
reround depends on 7 and the initial deformation
of the bubble. Bubble relaxation data (Re<1,
A<1) from experiments by Rust and Manga
(2002) are fit by:
I—a _ _oe11e
I—a € /s, (5)
where /; is the initial (steady) / prior to relaxation,
and ¢ is time. Fig. 2 combines Eq. 5 and theories
for bubble deformations in steady pure and sim-
ple shear flows (Table 1) to show how //a changes
as a function of steady-state Ca (i.e. Ca before
shear ceased) as bubbles reround due to surface
tension.

3. Methods

Polished thin sections of each sample are made
in two or three mutually perpendicular planes. If
the glass is clear and the crystallinity low, thin
sections thicker than the standard 30 um increase
the number and size of bubbles that can be mea-
sured. Ideally, a thin section has an orientation
that enables measurements of /, » and 6, which
is the plane perpendicular to the shear plane and
contains the shear direction and the velocity gra-
dients. If shearing generates flow banding and
strains are sufficient to orient the bands parallel
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Fig. 2. Dimensionless elongation (//a) of bubbles deformed in
pure (dotted lines) and simple (dashed lines) shear with time
as bubble shapes relax due to surface tension once bulk flow
ceases. Time is non-dimensionalized by dividing by the char-
acteristic relaxation time (Eq. 4). Solid lines are theoretical
high deformation limits for steady flows (Table 1).

to the shear plane, the pertinent plane for mea-
suring 6 is perpendicular to flow banding and
parallel to flow lineation, marked by alignment
of high aspect ratio bubbles or crystals.

Bubbles are photographed with a digital cam-
era attached to a petrographic microscope. The
fastest, most consistent method to determine bub-
ble dimensions is to print photomicrographs and
measure lengths with a digital micrometer. Bubble
orientations are determined using NIH image
software. The principal axes of the bubbles are
manually designated, and for the samples with
only one or two bubbles in focus per image, lines
marking bubble orientations from multiple photo-
micrographs are combined into a single bitmap.
When the orientation of slightly deformed bub-
bles is difficult to judge, photomicrographs are
directly imported into NIH image without mark-
ing principal axes.

4. Case studies

Our aim is to use the geometry of bubbles in

glassy volcanic rocks to estimate shear rates and
make qualitative assessments of flow type (e.g.
simple vs. pure shear). To demonstrate the poten-
tial of the technique, we examine three obsidian
samples. The Mayor Island (MI) sample is from a
spatter-fed obsidian flow, the Rock Mesa (RM)
sample is obsidian from a pyroclastic fall deposit,
and the Big Glass Mountain (BGM) sample is
from an effusive obsidian flow. With this sample
set we have both effusive (MI, BGM) and pyro-
clastic (RM) obsidian, banding marked by vari-
able concentrations of both bubbles (MI and
RM) and microlites (BGM), and anticipated
flow regimes that are both dominantly pure shear
(MI) and simple shear (RM and BGM). The ve-
sicularities and crystallinities of bands in the three
samples are listed in Table 2. Table 3 summarizes
the results of the bubble geometry analyses.

4.1. Mayor Island (MI)

The Mayor Island sample (MI) is from the 8 ka,
fountain-fed, pantelleritic lava flow, Mayor Island,
New Zealand. It was collected from the upper ob-
sidian layer (Stevenson et al., 1993) at Taratimi
Bay. Based on large scale flow morphology and
textures of relict clasts in the basal obsidian layer,
Stevenson et al. (1993) infer that spatter from a
lava fountain accumulated near the caldera rim,
homogenized and remobilized as a lava flow.
Although fire fountains are common in basalt
eruptions, they require relatively low magma vis-
cosities, and thus are generally not possible in
rhyolite eruptions. However, strongly peralkaline
rhyolite such as the 8 ka Mayor Island flow has
sufficiently low viscosity that rapidly accumulated
pumice can compact and remobilize.

Fig. 3 shows photomicrographs of the MI sam-
ple taken in two orientations, both of which are
perpendicular to banding defined by layers of var-
iable bubble concentrations. The main photomi-
crograph (Fig. 3a) is parallel to the bubble elonga-
tion direction and is suitably oriented for
measuring /, b, and 6. The inset (Fig. 3b) shows
bubbles in a plane oriented perpendicular to the
bubble lineation. A photograph of bubbles in a
shear plane (parallel to banding; perpendicular to
both Fig. 3a,b) is published in Manga et al. (1998).
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Table 2
Vesicularity and crystallinity data

Sample Band # Vesicularity (%) Crystallinity (%)
Mayor Island 1 12 <1

2 11 <1

3 18 <1

4 10 <1

5% 25 <1
Rock Mesa 1 0.4 <1

2 <1 <1

3 <1 <1

4 <1 <1

5 3.0 <1

6 1.1 <1

7 1.6 <1

8 0.8 <1
Big Glass Mountain 1 <1 0.9

2 <1 1.6

3 <1 0.6

4 <1 1.4

2 Bubbles in Mayor Island band 5 were only measured in cross-section (perpendicular to flow direction).

We can make useful, qualitative observations
from the thin sections without measuring any bub-
bles. It is clear from Fig. 3a that the degree of
deformation is a function of bubble size. While
the smallest bubbles are nearly spherical and
slightly larger bubbles are spheroidal, the largest
bubbles are elongate with pointed ends. Unlike
shape, bubble orientation is not a function of
size. Bubbles are elongate parallel to both banding
and to the average orientation of sparse microlites.
This alignment of prolate bubbles (Fig. 3a) is con-
sistent with deformation in a flow field dominated
by two-dimensional pure shear (e.g. Rallison,
1984).

Qualitative observations are confirmed and
quantified with data from 333 bubbles. Measure-

Table 3

ments of /, b and 6 were made from bubbles with-
in the area of Fig. 3a, as well as from areas of
similar size in two other bands of the same thin
section. D is calculated from measurements of /
and b. To calculate the non-deformed bubble ra-
dius for determining //a, we examine the cross-
sectional shapes of bubbles. Perpendicular to
elongations, bubbles are elliptical (Figs. 3b and
4) with aspect ratios independent of band vesicu-
larity and only slightly dependent on bubble size.
Data from two bands with vesicularities of
¢=0.10 and 0.25, respectively (Fig. 4), are well
described by:

¢=0.0151b% + 1.37b, for b and c in um, (6)

where ¢ is the semi-principal axis of the elliptical

Flow type and Ca/a determined from bubble geometries, and physical properties of fluids (¢ and I') used to calculate shear rate

(G) and shear stress (o)

Sample Flow type log Cala (m™") log us (Pa s) I" (N/m) log G (s71) o (kPa)

MI pure 4.2 8.87 0.3 —=5.2 4.9

RM mostly simple 5.2-5.5% 6.7 0.3 -2 60

BGM bands 2, 4 mostly simple, 5.1 11.2 0.3 —6.6 36

BGM bands 1, 3 some bubble 4.9 11.2 0.3 —6.9 22
relaxation

* log Cala=5.3 used to calculate G and o.
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Fig. 3. Photomicrographs of the Mayor Island sample perpendicular to flow banding, (a) parallel to the bubble elongation linea-

tion, and (b) perpendicular to the bubble lineation.

section of the bubble perpendicular to the elonga-
tion of the bubble (Fig. 1). We assume the bubble
volume is constant throughout deformation, ap-
proximate the bubble as ellipsoidal, and calculate
bubble radius from:

a = (Ibc)'3. (7)

Additional data are obtained from a thin sec-
tion parallel to the shear plane (parallel to band-
ing). For this thin section / and ¢ are measured
directly and b is calculated from data in Fig. 4.
Most of the bubbles measured are from an area
I mm by 0.8 mm (figure 1 of Manga et al., 1998).
To extend the range of bubble sizes, we include
data from the 18 largest bubbles in the thin sec-
tion that are approximately symmetrical and have
both ends within the glass.

To determine how the deformation parameters
D and //a vary with Ca, we plot both as a function
of a, which is proportional to Ca (Eq. 1) for con-
stant G, I" and ps (Fig. 5). In Fig. Sa, a straight
line fit to the data for D <0.5 and ¢ <15 pum is

D =0.0326a. Based on the alignment of bubbles
parallel to banding and average microlite orienta-
tions, we assume that the flow is pure shear and
capillary numbers can be calculated (Table 1)
from Ca= D/2=0.0163a, where « is in pum. This
relationship was used to determine the upper hor-
izontal axes in Fig. 5b. Similar fits to subsets of
data from different bands (Table 2) give relation-
ships ranging from Ca=0.0140a (band 4) to
Ca=0.0185¢ (band 2). With increasing a, the
data approach laxa®«Ca?, which is consistent
with pure shear flow (Fig. 5b). For //la>5, the
data match the theoretical //a> 1 upper limit (sol-
id line in Fig. 5b) remarkably well, although there
were only sufficiently large bubbles in band 1 to
define this trend.

Rearranging Eq. 1, we see that shear rate (G)
and shear stress (o= ;G) are functions of Cala:

_Car
a Us

G (8)

and
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Therefore we can calculate G and o with esti-
mates of melt viscosity and bubble-melt surface
tension. Stevenson et al. (1995) measured the vis-
cosity of obsidian from the 8 ka Mayor Island
lava flow using the parallel-plate method of Bag-
dassarov and Dingwell (1992). We use the viscos-
ity at 692°C (10337 Pa s), which is their highest
temperature measurement (the sample vesiculated
at 710°C, 1 atm). For surface tension we use
I'=0.3 N/m based on recent experiments by Bag-
dassarov et al. (2000) on Armenian rhyolite ex-
trapolated to 700°C. With these parameters, and
Cala=1.63x10* m™!, the shear rate and shear

stresses calculated for the Mayor Island obsidian
sample are 6.6x107% s7! and 4.9 kPa, respec-
tively (Table 3).

4.2. Rock Mesa (RM)

The second sample is an obsidian clast from a
2200 yr BP pyroclastic fall deposit from Rock
Mesa (RM) on the southwest flank of South Sis-
ter Volcano, Oregon, USA (mapped by Scott,
1987). Obsidian is a common component of pyro-
clastic deposits that are associated with obsidian
flows (e.g. Newman et al., 1988; Rodgers, 1996;
Gardner et al., 1998). Obsidian is found through-
out the Rock Mesa pyroclastic fall deposit along
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parallel to the flow direction and perpendicular to banding (shear plane). The data from band 1 are from a thin section that is
parallel to the banding and thus involve measurements of / and ¢. The plus symbols (+) are for a subset of the data in band 1
(a<9 um) for which the longest dimension of the bubbles is perpendicular to the elongation of larger bubbles in the thin section.
For these bubbles we let / be half of the length of the bubble in the direction of the elongation of larger bubbles. Thus for these

bubbles we let /<c.

with white pumice, gray (microlite-rich) pumice,
and non-juvenile lithics. The clast we examine was
collected at site 2 of Rodgers (1996), 2300 m
south of the Rock Mesa vent, 1 m from the

base of the deposit, which is 2.1 m thick at this
location. At this stratigraphic level, the juvenile
component of the 4-8 mm size fraction of the
tephra is 49 wt% white pumice, 35 wt% obsidian,
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Fig. 6. Photomicrograph of the Rock Mesa sample (location indicated in Fig. 7). Picture is perpendicular to banding, with lower
and upper edges parallel to banding. A flowline marked by tiny xenolith pieces is deflected around a larger xenolith fragment.
This flowline closely resembles a theoretical streamline (dashed line) for simple shear around a 45 um sphere (Manga, 1998).
Bubbles are oriented at an angle to the banding (and the straight portions of the streamline) which is consistent with dominantly
simple shear flow with the top of the picture moving from left to right with respect to the bottom.

and 16 wt% gray pumice (Rodgers, 1996). The
clast is vitreous (crystallinity, ¢.<<0.01) with
banding defined by variations in vesicularity.

FT infrared spectroscopy analyses of glass in
different bands of the sample range from 0.9 to
1.2 wt% total H,0 and 2-11 ppm molecular CO,.
These water contents correspond to a depth of
about 450 m (assuming magmastatic pressure),
confirming that the obsidian fragmented in the
conduit and is not the result of destruction of a
pre-existing obsidian dome. We calculate a melt
viscosity (us) of 10%7 Pa s using the hydrous gran-
itic melt viscosity model of Hess and Dingwell
(1996), assuming a temperature of 850°C and
1.1 wt% water (average of six FTIR analyses).
The average cooling rate calculated from H;Op,
and OH data (Zhang et al., 2000) is 22°C/s. Be-
cause such rapid cooling leads to rapid viscosity

increase, bubble shape relaxation after fragmenta-
tion is not an issue.

Preliminary examination of thin sections of RM
obsidian suggests that, in contrast to the MI flow
sample, deformation was dominated by simple
shear. First, the rare high aspect ratio microlites
are, on average, parallel to banding (defined pri-
marily by vesicularity) but the bubbles are ori-
ented at an angle to banding. Furthermore, 6 is
a decreasing function of bubble size. Finally, a
streamline marked by a thin band of fine xenolith
material around a larger xenolith fragment (Fig.
6) is consistent with simple shear around a freely
rotating sphere (Manga, 1998).

Bubble dimensions (/ and ») and orientations
(6) were measured in eight bands marked in Fig.
7. The vesicularity and crystallinity of these bands
are listed in Table 2. Unfortunately, these mea-
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Fig. 7. Plot of bubble deformation parameter D = (/I—b)/(I+D)

vs. bubble radius for the Rock Mesa sample. The thick gray line is

Dla=3.0x10°> m™!, the thin black line is D/a=1.5x10°. The inset is a photograph of the Rock Mesa thin section parallel to
flow direction. The greater the porosity, the darker the band. Boxes on the photograph indicate regions from which bubble ge-
ometry data were collected. The numbers and symbols to the right of these boxes correspond to the band numbers in Table 2

and symbols used in Figs. 8 and 9.

surements provide few data for bubbles with mi-
nor deformation (D < 0.5) that are most useful for
calculating Ca and G (cf. Eq. 8). We make esti-
mates of Cal/a by drawing bracketing lines from
the origin to the cluster of data near D=0.5 (Fig.
7). Assuming simple shear and thus D=Ca for
small D (Taylor, 1934), we estimate 1.5X10° =<
Cala=3.0x10° m~'. Using us=10%7, I'=0.3
N/m and Cala=2%10° m~!, we calculate G=
1x1072 s7!, 6=60 kPa. The calculated shear
rate for the Rock Mesa pyroclast is three orders
of magnitude greater than for the Mayor Island
lava flow sample (Table 3).

In simple shear, the orientation of bubbles (6)
should be related to D (Table 1; Eq. 2) which in
turn depends on Ca (Table 1; Eq. 3). For all
bands, 6(D) is less than expected for simple shear
(Fig. 8). Deviations from experimental (Rust and
Manga, 2002) and theoretical (Canedo et al.,

1993) results increase with decreasing vesicularity.
If the variation in 6 with vesicularity were the
result of bubble-bubble interactions, we would
expect the data from the lowest vesicularity bands
to most closely resemble analog experiments on
single bubbles. Simulations of concentrated emul-
sions by Loewenberg and Hinch (1996) also indi-
cate that bubble-bubble interactions should re-
duce 6. Our data thus require an alternative
explanation.

In the MI sample, we saw that pure shear pro-
duced bubbles with 8=0 (Fig. 3). Therefore our
RM bubble orientation data could be explained
by a pure shear component to the deformation
that increased with decreasing vesicularity. This
notion is corroborated by trends in the //a versus
a plots (Fig. 9). Band 8 (¢=0.008; Fig. 9¢) bub-
bles best fit the theoretical high //a limit of Hinch
and Acrivos (1980) (Table 1) and experimental
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Fig. 8. Plot of orientation of bubbles relative to banding vs. bubble deformation parameter D. Symbols are the same as in Fig.
7. The curve is Eq. 2, which is a fit to experimental data (Rust and Manga, 2002) on bubble orientations in simple shear flow.

In pure shear 6=0.

data (Rust and Manga, 2002) for simple shear.
Bubbles in lower vesicularity bands (bands 1-4;
$»=0.004, <0.01, <0.01, and <0.01) as well as
the slightly more vesicular band 6 (¢=0.011) all
show deviations from simple shear towards the
expected higher slope for pure shear (Fig. 9a,b),
with the greatest deviation from the lowest vesic-
ularity band (band 3). It is difficult to define the
relative contributions of pure and simple shear, as
the relationships among orientation, deformation
and bubble size are not linear, and thus solutions
to the simple and pure shear cases cannot be
superposed (Stone, 1994). Slight variations in
flow type within the sample could also account
for much of the observed range in D/a (Fig. 7).
Deformation data from the two most vesicular
bands (5 and 7; ¢=0.030, 0.016) have the greatest
scatter (Fig. 9d). Our only explanation is that
bubbles cause local perturbations in shear rate
and flow direction, thus affecting the shape and
orientations of neighboring bubbles. Despite
much greater vesicularities (0.09<¢$<0.15) in

the four MI bands, the MI data show much less
scatter (Figs. 4 and 5). The MI sample was de-
formed by pure shear whereas the RM sample by
dominantly simple shear. Because all bubbles are
parallel in pure shear, bubbles may have less effect
on neighboring bubbles.

4.3. Big Glass Mountain (BGM)

The third sample is from Big Glass Mountain
(BGM), a rhyolite obsidian dome at Medicine
Lake, California, USA. The sample was collected
at the flow front and exhibits banding defined by
variable concentrations of clinopyroxene micro-
lites (determined by SEM). Bubble geometries
were measured in four bands (Fig. 10). Because
of very low vesicularity (¢<<0.01), within each
band, bubble geometries were measured over
areas as large as 90 mm? (using two thin sections).

The flow direction, marked by microlite align-
ment, is clear. Fractured or sawn surfaces approx-
imately perpendicular to the microlite lineation
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Fig. 9. Plots of dimensionless bubble elongation (/a) vs. bubble radius (a) for bubbles in eight bands of the Rock Mesa sample.
Symbols are the same as in Fig. 7. Solid and dashed lines are theoretical relationships for high deformation in pure shear and
simple shear, respectively (Table 1). As in Fig. 7, thick gray lines (solid and dashed) are based on D/a=3.0x10° m~!, and the

thin black lines are based on D/a=1.5X10°> m~!.

appear black in hand sample with banding faint
or not visible. A thin section in this orientation
shows that bands are not parallel and some band
thicknesses are variable (Fig. 10a). However, if
cut in a particular orientation parallel to flow di-
rection (Fig. 10b; explained further below), the
bands appear parallel. In simple shear flow, any
pre-existing folds or heterogeneities are smeared

in the flow direction but are preserved in the plane
perpendicular to the flow direction. The banding
geometry could also be produced by two-dimen-
sional pure shear which flattens heterogeneities
parallel to the principal stress (perpendicular to
the flow direction) and stretches heterogeneities
parallel to the flow direction. Therefore the bands
in this sample do not represent shear planes and
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Fig. 10. Thin sections of the Big Glass Mountain sample: (a) perpendicular to flow direction, (b) parallel to flow direction. Num-
bers mark the four bands from which bubble data were obtained (Table 2). The darkness of bands correlates with microlite con-

tent.

their geometry is consistent with simple shear or
two-dimensional pure shear.

We made two thin sections for /, b, and 6 mea-
surements. The optimal orientation for these mea-
surements is perpendicular to the shear plane and
parallel to the flow direction. The shear plane
orientation is not known, so the thin sections
were made approximately perpendicular to the
average orientation of the bands in the thin sec-
tion perpendicular to the flow direction (Fig. 10).
Both contain the mineral lineation, but the thin
section orientations differ by 5°. Data from the
two thin sections are not significantly different.
In these thin sections, the bands are of constant
thickness and parallel to the microlite lineation
(Fig. 10b), as expected for a plane containing
the velocity gradient and flow direction.

Deformation parameters and orientations of
bubbles from the four bands marked in Fig. 10b
are plotted in Figs. 11 and 12. Bubble radii were
calculated by Eq. 7 using ¢=1.23h, based on as-
pect ratios of bubbles perpendicular to the flow
direction. We group the bubble geometry data
based on band crystallinity, with bands 1 and 3
having relatively low crystallinity (¢, =0.009 and

0.006, respectively) and bands 2 and 4 having rel-
atively high (but low in absolute terms) crystallin-
ity (¢.=0.016 and 0.014, respectively). Within
each band there is banding on a smaller scale
and the ¢. values (Table 2) are averages for the
mm-scale bands.

Linear best fits to small deformation data (Fig.
11a) give D/a=1.2x10° m~! and D/a=7.3x10*
m~! for the higher and lower crystallinity bands,
respectively. The most deformed bubbles in all
bands satisfy //ax a'/?, which is consistent with
simple shear flow (Fig. 11b), although the bubbles
in the low ¢@. bands are less deformed than pre-
dicted for simple shear. For the purpose of deter-
mining shear rates, we assume simple shear flow
for all bubbles in this sample and therefore use
Ca=D to calculate Ca from low D data. For
I'=0.3 N/m and p,=10""? Pa s (the viscosity of
Little Glass Mountain melt at 856°C (Webb and
Dingwell, 1990)), Ca/a=1.2x10° m~' and Ca/
a=73%x10* m~! correspond to ©=36 kPa,
G=23x10"7 s7! and 0=22 kPa, G=1.4x10"7
s~1, respectively.

In the above calculations I, us, and shear type
are assumed constant and therefore the variations
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Fig. 11. Deformation of bubbles in the Big Glass Mountain sample as a function of bubble radius. Black filled circles are from
the relatively higher crystallinity bands 2 and 4, and open circles are data from bands 1 and 3 (Fig. 10; Table 2). (a) Plot of
D vs. a. The thick gray line in the inset (fit to open circles) is D/a=7.3x10* m™!; the thin black line (fit to filled circles) is
D/a=1.2%x10°> m™!. (b) Plot of //a vs. a. Solid and dashed lines are theoretical relationships for high deformation in pure shear
and simple shear, respectively (Table 1). Thick gray lines (solid and dashed) and thin black lines are based on D/a relationships
marked in the inset of panel a.
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in D/a ratios are attributed to shear localization.
Other possible contributors to the greater D/a
(and thus greater apparent G) in the high ¢, bands
are smaller I', greater ys, and a greater component
of pure shear in these bands. It is reasonable to
assume constant I because surface tension is not
sensitive to small differences in composition (Bag-
dassarov et al., 2000). Melt viscosity is very sen-
sitive to water content for low water concentra-
tions (Hess and Dingwell, 1996; Schulze et al.,
1996); however, FT infrared spectroscopy analy-
ses of total water content in all four bands are
indistinguishable (0.131-0.132 wt%). Given that
the melts have identical water contents and crys-
tals increase the bulk viscosity of magmas (e.g.
Pinkerton and Norton, 1995; Ryerson et al.,
1988; Bagdassarov et al., 1994; Lejeune and Ri-
chet, 1995), it seems unlikely that the 1.6 times
greater D/a for the high ¢. bands over the low
@ bands reflects greater shear rates in the former.
However, it is possible that higher shear rates
promote crystal nucleation (Kouchi et al., 1986).
If variations in D/a are not due to G differences,
there must be variations in shear type. A compo-
nent of pure shear in the high ¢, bands is plau-
sible. As discussed further below, the high defor-
mation bubble data and bubble orientation data
are most simply explained by there being a com-
ponent of pure shear in the high ¢, bands and all
bubbles undergoing some shape relaxation.
Deformation data for bubbles in the high ¢,
bands lie just below the theoretical limit for sim-
ple shear for /fa>1 (Table 1; Fig. 11b) in accord
with experimental results of bubble shapes in sim-
ple shear (Canedo et al., 1993; Rust and Manga,
2002). However, data for the low ¢, bands do not
follow predicted trends for either pure or simple
shear. Our experimental results (Rust and Manga,
2002) indicate that the high deformation limit
(lla=3.45Ca'/?) for simple shear predicted by
Hinch and Acrivos (1980) is a good approxima-
tion for Ca > 1, which corresponds to ¢ > 13.7 um
for bubbles in the low ¢, bands. Bubbles in these
bands with Ca>1 satisfy l/axa'/?, but the con-
stant of proportionality is considerably less than
predicted. The simplest explanation is shape relax-
ation after the cessation or reduction of shear
stress. Comparison of these data with Fig. 2 sug-
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Fig. 12. Plot of orientation of bubbles relative to banding vs.
bubble deformation parameter D. Symbols are the same as
in Fig. 11. The curve is Eq. 2, which is a fit to experimental
data (Rust and Manga, 2002) on bubble orientations in sim-
ple shear flow. In pure shear 6=0.

gests a relaxation time of about one characteristic
relaxation time (Eq. 4) if flow was entirely simple
shear. An alternative explanation is that equilib-
rium bubble shapes were never achieved. The time
scale for a bubble to reach a steady shape in
steady shear flow is of the same order as for shape
relaxation (Hu and Lips, 2001). However, bubble
orientation data are not consistent with the hy-
pothesis that bubbles never reached steady shapes.

Bubble orientations are not altered by bubble
relaxation and thus preserve the orientation of
bubbles prior to relaxation (Rust and Manga,
2002). Therefore, if bubble relaxation is a factor
then bubbles should be oriented at smaller angles
to the flow direction than predicted (given their
shape) for simple shear. This is true for bubbles in
all four bands analyzed (Fig. 12). Lower 6 than
expected for a given bubble deformation could
also be caused by a component of pure shear,
by bubble expansion, or by particle—particle inter-
actions, but not by lack of sufficient strain for
bubbles to reach their steady shapes. Therefore,
bubble orientation data are consistent with bubble
relaxation and not with transient bubble shapes.
Given that bubbles in the lower crystallinity
bands seem to have relaxed and bubbles in all
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bands have much smaller € than predicted for
simple shear, it is likely that the bubbles in the
higher crystallinity bands have also relaxed. In
these bands, the preserved bubble shapes as a
function of size approach predictions of high de-
formation theory for simple shear. To have re-
laxed to this geometry requires a small component
of pure shear that creates higher deformations
for the same Ca. This could account for the dif-
ferences in D/a for the bands (Fig. 11a) without
invoking differences in melt viscosity or shear
rate.

5. Errors in determining G and o

Potential sources of error in calculations of
shear rate and shear stresses from bubble geome-
tries include estimates of melt viscosity, surface
tension, and flow type as well as the effects of
shape relaxation, bubble growth, transient bubble
shapes (steady shapes never reached in flow), and
bubble interactions with neighboring bubbles and
crystals. The largest source of error in determin-
ing shear rate is determination of melt viscosity,
which depends on, among other parameters, the
water content and temperature of the melt. Both
of these parameters must thus be constrained by
measurements or petrologic estimates. In contrast,
shear stresses are well constrained because the
only fluid property required in their calculation
is surface tension (o=uG=1ITCala), which is
much less sensitive than viscosity to melt compo-
sition and temperature (Murase and McBirney,
1973; Taniguchi, 1988; Walker and Mullin,
1981; Bagdassarov et al., 2000; Mangan and Sis-
son, 2000). Shear rate and shear stress estimates
are more accurate with knowledge of flow type
because D(Ca) differs for pure and simple shears.
However, misidentifying flow type (pure vs. sim-
ple shear) at most contributes an error of a factor
of two, and in practice errors from flow type as-
sessments are considerably less. Both bubble re-
laxation once flow has ceased or slowed, and non-
attainment of steady bubble shapes, reduce appar-
ent shear rate and shear stress. Based on analog
experiments (Rust and Manga, 2002), if bubbles
have relaxed for one characteristic relaxation time

1

Fig. 13. Experimental results (Rust and Manga, 2002) of
shape relaxation of air bubbles in corn syrup (us =118 Pa s)
after simple shear flow has ceased (motor turned off). Data
are from four bubbles that began with aspect ratios (/b) of
9, 18, 20 and 27, with undeformed radii of «=0.9, 2.5, 1.8
and 2.5 mm, respectively. These are the same bubbles as in
figure 6 of Rust and Manga (2002). The shape of the bub-
bles is expressed by D/D;, where D; is the deformation pa-
rameter D = ([—b)/(/+b) before the motor was turned off and
the bubble shape relaxed. Time is non-dimensionalized by di-
viding by the characteristic relaxation time (Eq. 4). The
curve is a second-order polynomial fit to the #7<5 data:
D/D; =—0.0103(#/7)>—0.128(¢/7)+1. Because DxCaxG this re-
lationship is useful to evaluate error due to bubble relaxation
in calculation of shear rates from D(a) relationships.

(Eq. 4), the calculated shear rate and shear stress
will be about 14% lower than the actual flow pa-
rameters (Fig. 13). Because of the high viscosity
of rhyolite melt, relaxation times for bubbles in
obsidian are long and shape relaxation will gen-
erally not be an important factor after fragmenta-
tion in explosive eruptions. Bubble interactions on
average cause increased bubble deformations (Fig.
14), but numerical simulations of three-dimen-
sional interacting and deforming bubbles in sim-
ple shear (Manga and Lowenberg, 2001) indicate
that even for ¢=0.25, bubble interactions will re-
sult in a less than 10% overestimation of shear
rate and shear stress.

Another potential source of error is bubble
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Fig. 14. Calculations of bubble deformation (D) for ordered
suspensions of three-dimensional bubbles immersed in simple
shear flows. Figure 2 of Manga et al. (1998) illustrates the
bubble geometries for the calculations. The problem formula-
tion and numerical procedures are the same as those used in
Manga and Lowenberg (2001). Values of D are accurate to
better than 1%. Numerical simulations for a single bubble
suspended in an infinite fluid (¢=0) agree with small-defor-
mation theory (D =Ca). Bubble-bubble interactions lead to
greater bubble deformations for a given Ca.

growth during eruption in response to decreasing
pressure. Bubble growth rate is controlled by
viscous deformation of the surrounding melt.
The time scale for bubble growth iS Tgowih =
W(AP—2TI"/a), where AP is the pressure difference
between the bubble and surrounding melt (e.g.
Navon and Lyakhovsky, 1998; Navon et al,
1998 ; Stevenson et al., 1997) and 21 /a is the com-
ponent of this pressure difference due to surface
tension. The time scale for deformation of bub-
bles by shear flow is Tyeformation = a@t/I" (Hu and
Lips, 2001; Rust and Manga, 2002). For a bubble
of radius 10 um and surface tension of 0.3 N/m,
Tdeformation = Tgrowth fOT overpressures (AP) of order
10° Pa. While substantially higher overpressures
can be achieved in explosive eruptions (e.g. Na-
von and Lyakhovsky, 1998; Zhang, 1999), pyro-

clastic obsidian likely forms along conduit walls
where ascent velocities are low (Newman et al.,
1988; Bursik, 1993). Thus in general we expect
ascent rates for effusive and explosive obsidian
to be sufficiently slow that the time scale for bub-
ble growth will exceed the time scale for bubbles
to deform due to shear flow.

6. Summary and discussion

Surface tension allows steady bubble shapes to
be reached in steady shear flow, and thus bubbles
record strain rate rather than strain. Flow type
(simple vs. pure shear) can be qualitatively as-
sessed from the orientation of bubbles as a func-
tion of bubble deformation, as well as from the
shape of moderately and highly deformed bubbles
(Ca>1) as a function of Ca. Magma shear rates
and shear stresses can be calculated from the de-
formation of slightly deformed bubbles (D <0.5)
for which D and Ca are linearly proportional.

The three case studies presented here demon-
strate what information can be determined from
bubble geometry analysis (summarized in Table
3). Bubble shapes and orientations indicate that
a sample from the spatter-fed MI obsidian flow
was deformed by pure shear whereas both a juve-
nile obsidian clast from the RM pyroclastic fall
deposit and an effusive BGM obsidian flow sam-
ple were deformed predominantly by simple
shear. The RM sample records a higher shear
rate and shear stress than the obsidian lava flow
samples. The shear rate calculated for the RM
pyroclast (0.01 s™!) is three and five orders of
magnitude greater than for the MI and BGM
samples, respectively. These results are consistent
with observations of orders of magnitude decrease
in effusion rate between explosive and effusive
eruption conditions (Scandone and Malone,
1985; Carey and Sigurdsson, 1989; Nakada et
al., 1995; Young et al., 1998). The shear stresses
of the BGM sample (22-36 kPa) are of the same
order of magnitude as for RM (60 kPa) but the
melt viscosity is much greater due to loss of vol-
atiles (0.13 wt% water in BGM vs. 1.1 wt% water
in RM), thus resulting in much lower shear rates
for BGM. There is no significant shear localiza-
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tion in the bands of variable vesicularity in the
RM and MI samples, but the component of
pure shear in the RM sample is inversely related
to layer vesicularity. The BGM obsidian flow
sample, which contains bands of variable crystal-
linity but very low vesicularity (¢<0.01), may,
like the RM sample, have deformed by domi-
nantly simple shear with small variations in the
component of pure shear in different bands. The
BGM data are explained by a small component of
pure shear in the higher crystallinity bands and
some shape relaxation of all bubbles.

Determining shear rates, shear stresses and flow
types from bubbles in obsidian can constrain time
scales and physical processes involved in obsidian
dome emplacement, conduit flow and the forma-
tion of pyroclastic obsidian. Obsidian dome erup-
tions have never been directly observed. We cal-
culate shear rates of 1.4-2.3x 1077 s™! for the Big
Glass Mountain obsidian flow sample. These
shear rates are at the low end of estimates by
Fink (1980) from the spacing of ridges (folds)
on this flow (1.4x1074-8.3x1077 s7!). Castro
(1999) calculated a similar shear rate for Obsidian
Dome, California based on crystal growth times
and total strain indicated by microlite orientation
distributions (G=7.5x10"7 s~!). More recently,
Castro et al. (2002) estimate a strain rate of
2.3x 1078 for Obsidian Dome using an emplace-
ment time based on laboratory experiments (Fink
and Griffiths, 1998). For our calculations of BGM
strain rates, a strain of one (typical flow front
strain (Castro, 1999; Castro et al., 2002)) is
reached in 49-80 days.

Flow conditions in volcanic conduits are less
well constrained than obsidian lava flow dynam-
ics. Our technique provides estimates of shear
rates and stresses near conduit margins, where
pyroclastic obsidian probably forms (e.g. New-
man et al.,, 1988; Bursik, 1993). As volatiles
may leak into country rocks, information on
flow near conduit margins may also provide in-
sights into syn-eruption degassing and the forma-
tion of obsidian. There is considerable evidence
for open system degassing during transport of
magma through volcanic conduits (Newman et
al., 1988; Dobson et al., 1989; Taylor, 1991; Jau-
part, 1998), but the physical mechanisms by

which exsolved volatiles escape from magma are
poorly constrained (Menand and Tait, 2001). Our
data from a single Rock Mesa pyroclast show
dominantly simple shear deformation. This flow
regime will produce permeability anisotropy with
the highest permeability parallel to conduit walls
and thus favors vertical rather than horizontal gas
escape.

In each case study we examined only a single
obsidian sample from a lava flow or pyroclastic
fall deposit. We do not claim that these samples
are representative of the deposits as a whole. In
fact, we expect spatial variations in shear type and
shear rate in lava flows (e.g. Merle, 1998) and
large variations in volatile content (Newman et
al., 1988), shear rate, and perhaps flow type with-
in volcanic conduits. In lava flows we anticipate
an increasing component of simple shear from top
to base and shear localization due to non-homo-
geneous magma rheology. Although we found
only minor shear localization in millimeter-scale
banding in our samples, obsidian flows often
have meter- and centimeter-scale bands of frothy
lava that could be loci for shear localization.
Thus, suites of samples with good spatial distri-
bution are required to evaluate flow dynamics in
conduits and lava flows.

In this paper we have dealt exclusively with
obsidian samples because dilute bubble suspen-
sions are simplest to interpret due to limited bub-
ble-bubble interactions (Fig. 14). While useful in-
formation can be gained from analysis of bubbles
in obsidian, a similar approach to determining
flow parameters from bubbles in pumice would
be valuable for understanding conduit processes
operative during explosive eruptions. Due to the
high bubble content of pumice, bubbles will affect
the orientation and shapes of neighboring bubbles
by locally disturbing the flow field and through
coalescence. Despite complications from these
bubble-bubble interactions, there is potential to
use the shapes of bubbles in pumice to put limits
on the shear rates and shear stresses deforming
the magma. Combined with microlite orientation
data (e.g. Manga, 1998; Castro et al., 2002), bub-
ble geometry analysis has the potential to provide
a complete picture of flow with kinematics from
microlites and dynamics from bubbles.
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