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Abstract

The shape and three-dimensional orientation distribution of microlites are measured in obsidian from Little Glass
Mountain, CA. Measurements are made from thin sections using an image series of high magnification digital micrographs
taken serially through different focal depths. These measurements agree well with the theoretically predicted and
experimentally measured distribution of long slender rods in a Newtonian fluid undergoing simple shear flow. In this type of
flow, rods in a dilute suspension rotate periodically, spending most of the time aligned with the flow. Measurements of the
detailed orientation distribution integrated with theoretical models provide a tool for inferring flow dynamics and the timing
of magmatic processes. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The nature of magmatic processes, such as solidi-
fication, degassing and flow behavior, are often in-
ferred from the textures and structures preserved in
volcanic rocks. Measured vesicle-size distributions,
for example, can be used to infer eruption parame-
ters, such as nucleation depth and ascent velocity
Ž .Toramaru, 1989 , and crystal-size distributions can

Ž .be used to infer solidification rates Cashman, 1993 .
Preferred orientations and imbricated crystals can

Žalso be used to infer strains e.g., Shelley, 1985;
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.Smith et al., 1994; Ventura et al., 1996 . Here, I
examine the three-dimensional orientation distribu-
tion of rod-shaped albite microlites in obsidian, and
consider the relationship between microlite orienta-
tion and properties of the flow.

The goal here is to show how measured orienta-
tion distributions can be interpreted within a theoreti-
cal framework. I begin by reviewing the dynamics of
long slender particles in shear flows, including re-
search results from the last few years. Next, a new
method is presented for quantifying the three-dimen-
sional orientation of microlites; the technique is then
applied to an obsidian sample from Little Glass
Mountain, CA. Agreement between measured and
theoretical distributions suggests that the technique
may be useful in determining the emplacement his-
tory and dynamics of obsidian flows, when applied
to a representative suite of oriented samples.

0377-0273r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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2. Orientation of microlites: theoretical considera-
tions

Consider a rod-shaped particle immersed in a
flow, uext, in which inertial forces can be neglected.
Specifically, the Reynolds number of the rod, GL2rn

is <1, where G is the magnitude of the local strain
rate, L is the rod’s length, and n is the kinematic
viscosity of the liquid.

I consider two end-member flows, a pure shear
flow:

uext s Gx , yGy , 0 , 1Ž . Ž .

and a simple shear flow:

uext s Gy , 0, 0 . 2Ž . Ž .
ext Ž ext ext ext.Here, u s u , u , u , and x, y and z indi-x y z

cate distances in the coordinate system shown in Fig.
1a. For the pure shear flow, the x direction is the
direction of extension; for the simple shear flow, the
x direction is the flow direction and vorticity is in
the z direction. Two angles are defined in order to
characterize the orientation of the rod: f, measured
from the y direction, and u , measured from the z
direction.

Ž .Jeffery 1922 first solved the equations of motion
for an axisymmetric ellipsoidal particle in a low-Re-
ynolds-number simple shear flow and found that
such a particle will rotate with period:

Ts2p R q1rR rG , 3Ž . Ž .l l

where R is the aspect ratio of the ellipsoid. Brether-l
Ž .ton 1962 showed that the equations developed by

Ž .Jeffery 1922 apply to any axisymmetric object and
that the dynamics of rod-shaped particles is equiva-
lent to the dynamics of ellipsoids with aspect ratio
R f1.35R , where R denotes the aspect ratio ofl r r

the rod. Nonaxisymmetric particles may undergo
either chaotic, periodic or quasi-periodic rotations
Ž .Yarin et al., 1997 .

The differential equations governing the motion
Žof particles in a simple shear flow are e.g., Jeffery,

.1922 :

df G
2 2 2s R cos fqsin f 4Ž .Ž .l2d t R q1l

Ž .Fig. 1. a Definition of coordinate system, orientation angles u

and f, and the direction of the simple shear flow considered here,
Ž . Ž .Eq. 2 . b Illustration of Jeffery orbits for different values of the

orbit constant C.

and

du R2 y1l
sG sin u cos u sin f cos f , 5Ž .2d t R q1l

where t is time. Each of these closed trajectories
Ž .sometimes called Jeffery orbits can be conveniently

Ž .characterized by an ‘orbit constant’ Fig. 1b :
1

22 2 2tan u R cos fqsin fŽ .l
Cs . 6Ž .

R l
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Ž . Ž .The analogous expressions to Eqs. 4 and 5 for
Ž .a pure shear flow are e.g., Gay, 1966 :

df R2 y1l
sG sin 2f 7Ž .2d t R q1l

and

du 1 df
sy cot 2f sin 2u . 8Ž .

d t 2 d t

Whereas particles in a simple shear flow rotate con-
tinuously, particles in a pure shear flow become, and
remain, aligned in the direction of extension.

In order to highlight the difference in orientation
distributions between pure and simple shear flows,
calculated distributions are shown in Fig. 2 for ellip-
soids with aspect ratio R s10. I assume the parti-l

cles are initially randomly oriented and do not inter-
act hydrodynamically. I obtain these theoretical dis-
tributions by integrating the equations of motion Eqs.
Ž . Ž . Ž . Ž .4 , 5 , 7 and 8 for one million random initial
orientations. The orientation distribution is character-
ized by the standard deviations s and s of theu f

angles u and f, respectively. In the pure shear flow,
all particles become aligned with the direction of
extension and both s and s approach zero. In theu f

simple shear flow, however, s and s approachu f

finite constants. The actual distributions of f and u

for the simple shear flow are shown later.
The equations presented above apply only if the

Žsuspension is sufficiently dilute volume fractions

Fig. 2. Standard deviation s and s of the angles u and f as au f

Ž .function of strain for a pure shear dashed curves and simple
Ž .shear solid curves .

.c<1 that hydrodynamic interactions among the
particles can be neglected. Suspensions of rods are
called ‘dilute’ if nL3

<1, where n is the number
density, i.e., number of microlites per unit volume
Ž .e.g., Batchelor, 1971 . In the so-called ‘semidilute’
limit, nL3 is no longer <1, but nL2d-1, where d

Žis the rod’s diameter e.g., Fredrickson and Shaqfeh,
.1989 . In the semidilute limit, particles are still

separated by many particle diameters, but not by
many particle lengths. The effects of interactions
between particles on their orientation is discussed in
more detail below.

Finally, I note that the two flows considered here
are only end members, and in general, flows will
involve a combination of both pure and simple shear.
Due to the linearity of the equations of motion

Ž .governing flow at Reynolds numbers <1, Eqs. 4 ,
Ž . Ž . Ž .5 , 7 and 8 can be added linearly to describe the
evolution of particle orientation.

3. Orientation distribution: measurements

Two thin sections were prepared from a single
sample of obsidian from the Little Glass Mountain,
CA, obsidian flow. The sample was collected from
the front of the flow. The sample is visually ‘flow’
banded, and contains alternating ‘dark’ and ‘light’
bands ranging in thickness from less than 1 mm to
about 5 mm. The color differences result from varia-
tions in microlite crystallinity. The thin sections were
cut both parallel to the flow direction inferred from
the orientation of stretched vesicles and perpendicu-
lar to the layering represented by the flow bands. In
this particular sample, microlites are oriented parallel

Ž .to the flow bands x direction ; however, this is not
Ž .always the case Fink, 1983 .

Because the particle orbits determined by Eqs.
Ž . Ž . Ž . Ž .4 , 5 , 7 and 8 are fully three-dimensional, the
three-dimensional orientation of microlites must also
be measured. In addition, a justified interpretation of
preferred orientations requires ‘‘simultaneous mea-
surements of both grain shapes and grain orienta-

Ž .tions’’ Willis, 1977 due to the dependence of parti-
cle dynamics on their aspect ratio.

The measurement technique involves making a set
Ž .of high-magnification 500= digital photomicro-
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Fig. 3. Example of a set of stacked set of digitized images taken from various focal depths within a thin section. Sample is from the Big
Obsidian Flow at Newberry, Oregon. The bold lines represent the orientation of the microlites, the thin curves are traces of the microlites in
each image. The disks show the position of the focussed part of each microlite in each image.

graphs at 2-mm depth intervals from the bottom
focal plane to the upper focal plane of the thin
section. For a given image, the outline of each
microlite is digitized in a computer-assisted drafting
Ž .CAD program. In each image a point marker is
placed at the focal point of each microlite, that is, the
position at which each microlite is most in focus.
The images are stacked as a set of layers in the CAD
program and the upper and lower focal points of
each microlite are connected. The CAD program can
then be used to calculate the orientation, width, and
length of each microlite. Fig. 3 shows a stacked set
of digitized images in order to illustrate the measure-
ment procedure. The sample in Fig. 3 is from the Big
Obsidian Flow at Newberry volcano, OR, and is
used for illustrative purposes because of its relatively
low density of microlites.

Table 1 summarizes measured geometrical proper-
ties of the microlites in the Little Glass Mountain
thin sections. I estimate the uncertainties in measure-
ments of f and u to be about 18 and 58, respec-
tively. The much larger uncertainty of u is due to
the limited depth resolution that can be obtained with
2-mm focusing intervals.

The measurement technique employed here has
several advantages compared to previous techniques

Žfor measuring three-dimensional orientations e.g.,
.Shelley, 1985; Wada, 1992 : all possible orientations

can be measured, orientation and shape are simulta-
neously determined for each crystal, and measure-
ments can be made for all the crystals within the
chosen volume. In Fig. 4, I show examples of digital
photomicrographs from both thin sections along with
the measured orientation distributions projected onto

Žthree different planes. In the x–y plane see Fig. 1a
.for a definition of axes , the microlites are well-

aligned and are parallel to the macroscopic flow
banding. Orientations in the other two planes are
more scattered. Finally, the measurement procedure

Table 1
Microlite properties of the two obsidian thin sections

Property Section A Section B

Number of microlites 166 475
Volume fraction, c 0.0058 0.014

y3 14 14Ž .Number density, n m 1.63=10 6.34=10
Ž .Mean length, L mm 17.3 18.5
Ž .Mean diameter, d mm 1.22 1.47

3nL 0.83 4.0
2nL d 0.059 0.30
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Ž . Ž .Fig. 4. Examples of photomicrographs top and projections bottom of the three-dimensional measured microlite orientations onto three
Ž . Ž .orthogonal planes. Sample is from Little Glass Mountain, CA. a and b correspond to thin sections from light- and dark-colored bands,

respectively.

described here also produces the three-dimensional
Ž .crystal size distribution CSD . It is beyond the

scope of this paper to interpret the CSDs.

4. Orientation distribution: measurements com-
pared with theory

In both pure and simple shear flows, microlites
tend to become oriented subparallel to the flow. In a
simple shear flow, a steady-state distribution of ori-

Ž .entations is obtained Fig. 2 . By contrast, in pure
shear flows, microlites will eventually become nearly
perfectly aligned; in fact, the effect of particle–par-

Žticle interactions will be to promote alignment Gay,
.1966 . Below, I argue that the orientation distribu-

tion of Little Glass Mountain microlites is dominated

by simple shear flow, and then compare the detailed
theoretical and measured distributions.

The interaction between microlites and a phe-
nocryst is shown in Fig. 5. On the right, I show half
of a rounded phenocryst from the same Little Glass
Mountain obsidian sample; on the left, I show calcu-
lated streamlines for simple shear flow around a
rigid sphere. Surrounding such a sphere there is a
region of fluid that remains near, and rotates with,

Ž .the sphere the stippled region ; this region would
Ž .not exist in a pure shear flow see inset of Fig. 5 .

The calculated streamlines in Fig. 5 and the inset
correspond to flow around a sphere in an external

Ž . Ž . Žflow described by Eqs. 2 and 1 , respectively see
Ž . .Leal 1992 for the detailed velocity solutions .

Comparing microlite orientations and streamlines for
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Fig. 5. Left: Calculated streamlines for simple shear flow around a freely rotating solid sphere. Right: Microlite orientation around a
phenocryst. The stippled region on the left contains fluid that remains near, and rotates with, the sphere. Inset: Calculated streamlines for
pure shear flow around a solid sphere.

simple shear, I observe similar amounts and patterns
of flow distortion by the sphere and phenocryst.

ŽThere is also a region around the phenocryst corre-
.sponding to the fluid which rotates with the sphere

in which microlite orientations are disturbed. On the
basis of the agreement between observed orientations
and calculated streamlines for simple shear flow, in
the rest of this section, I will assume that flow was
predominantly a simple shear flow.

In Fig. 6, I show the measured distribution of f

for microlites with aspect ratios in the range 10-R r

-20. Probability distributions are normalized so that
the probability distribution integrated over all values
is 1. For comparison, I also show the theoretical
distribution for different aspect ratios, R , assumingr

the rods are initially randomly oriented and do not
interact. I obtain the theoretical distributions for
simple shear flow by integrating the equations of

Ž . Ž .motion Eqs. 4 and 5 for 10 million random initial
orientations. The theoretical distributions are steady-
state results that derive from large strains of greater

Ž .than about 10 see Fig. 2 . In a pure shear flow, by
contrast, the width of the theoretical distribution

Ž .decreases continuously with increasing strain Fig. 2
and nearly perfect alignment occurs for strains greater
than about 3. The measured f distribution is nearly
identical to the theoretical results for simple shear
for noninteracting rods; similar agreement is also
found in laboratory experiments with both dilute and

Ž .semidilute fibrous suspensions Stover et al., 1992 .

Ž . Ž .Fig. 6. Measured histograms and theoretical curves distribution
of f. Theoretical results are shown for rod aspect ratios, R , of 7,r

14 and 21. Measurements are for microlites with aspect ratios
Ž . Ž .between 10 and 20. a and b correspond to Section A and B in

Ž . Ž .Fig. 2. Inset shows measured histograms and theoretical curves
distribution of u for the same microlites. Theoretical curves are
for aspect ratios of R s14.r
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The slight asymmetry in the f distribution, by about
Ž .18, for sample A Fig. 6a may arise because the thin

section was not cut exactly perpendicular to the
vorticity direction.

The measured u distribution, along with that ex-
Ž .pected for noninteracting rods governed by Eqs. 4

Ž .and 5 , is shown in the inset of Fig. 6. Unlike the f

distribution, the measured u distribution is clearly
different from the theoretical distribution. This dif-
ference was also observed in experiments with fibers

Žin shear flows, both in the dilute Anczurowski and
. Ž .Mason, 1979 and semidilute Stover et al., 1992

regimes; in both cases, the broadening of the u

distribution is attributed to hydrodynamic interac-
tions between the rods. In non-Newtonian, shear-

Ž .thinning fluids, theoretical results Leal, 1975 and
Ž .experimental measurements Gauthier et al., 1971

have shown that dispersion in the u distribution is
also characteristic of non-Newtonian, shear-thinning
fluids, especially for strains greater than about 10
Ž .Ferguson, 1979 . However, I show next that the
effect of particle–particle interactions in a Newto-
nian fluid is to produce u distributions very similar
to the measured ones, and it is not necessary to
invoke non-Newtonian rheologies to explain the
measurements in Fig. 6. Indeed, laboratory experi-
ments have shown that for strain rates less than
about 10y4 to 10y3 sy1, Little Glass Mountain

Ž .obsidian is Newtonian Webb and Dingwell, 1990 .
The mean strain rates during the Little Glass Moun-
tain eruption were probably substantially lower. A
strain rate of )10y3 sy1 would imply an emplace-
ment time of less than 6 h for the entire flow
assuming that the aspect ratio of about 20 for the

Ž .flow length of 2 km, thickness of 100 m implies a
total strain of about 20.

Even in dilute suspensions, hydrodynamic interac-
tions between suspended rods result in an orientation
dispersion. This dispersion is characterized mathe-
matically by a tensorial diffusion coefficient in the
governing differential equation for the probability
distribution function describing particle orientation
Ž .e.g., Leal and Hinch, 1971 . Because the simple
shear flow and orientation distribution are
anisotropic, there is no reason to expect the orienta-

Ž .tion diffusion to be isotropic Stover et al., 1992 .
Following the notation and terminology of Stover et

Ž .al. 1992 , the diffusivity in the u and f directions

are denoted D and D , respectively. Rahnama etuu ff

Ž .al. 1995 find solutions, in terms of the orbit con-
Ž Ž ..stant C as in Eq. 6 and the diffusivity ratio

D rD , for the orientation distribution which ac-uu ff

counts for anisotropic orientation dispersion:

Duu
4Cb ž /Duu

p C s ,Ž .b 3r22C Db uu 34 q1 1yCŽ .bž /1yC Db ff

9Ž .
Ž .where p C is the probability of a rod having ab

Ž .given value of C sCr 1qC . In Fig. 7, I compareb

the measured distribution of orbit constants with the
Ž .theoretical model of Rahnama et al. 1995 for

D rD s4 and 1.2. The values of D rD useduu ff uu ff

here to generate the curves in Fig. 7 are ‘best-fit’
values and are not based on theory. The ‘best-fit’
values of D rD used to explain the experimentaluu ff

Ž .measurements of Stover et al. 1992 and An-
Ž .czurowski and Mason 1979 are similar to the two

values used here for their respective concentrations
3 Ž .nL see Fig. 5 in Stover et al., 1992 .
Given the resolution of our three-dimensional ori-

entation measurements, there is excellent agreement
between measurements and theory for the f orienta-

Ž .Fig. 7. Distribution of C sCr 1qC , where C is the orbitb
Ž .constant defined by Eq. 6 and shown in Fig. 1b. The open and

solid points correspond to Sections A and B shown in Fig. 2. The
dashed curve is the distribution of C for initially randomlyb

oriented microlites moving in Jeffery orbits; the solid curves are
model predictions accounting for hydrodynamic orientation distri-

Ž .bution Rahnama et al., 1995 .
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tion. The overall orientation distribution, character-
Ž Ž ..ized by the orbit constant C Eq. 6 , also agrees

well with theoretical predictions if hydrodynamic
interactions between microlites in a Newtonian fluid

Ž .are considered Fig. 7 . Thus, the observed orienta-
tion distribution is probably dominated by the reori-
entation of microlites in a simple shear flow. Implicit
in the current analysis is the assumption that micro-
lites formed prior to the flow responsible for the
preserved orientation. The history of nucleation and
growth during flow will affect the size distribution of

Ž .microlites e.g., Marsh, 1988 and possibly their
orientation distribution.

5. Concluding remarks

Obsidian domes and flows are common through-
out the western USA and represent a major part of
the late Holocene volcanic record in the Pacific
Northwest. Because ‘‘no geologist has ever wit-

Ž .nessed an obsidian in motion’’ Nichols, 1941 con-
straints on the physical processes and timing of
mechanisms responsible for their formation are de-
rived mostly from textural and structural studies
Že.g., Christensen and Lipman, 1966; Fink, 1983;
Eichelberger et al., 1986; Fink et al., 1992; Smith

.and Houston, 1994 . Microlite orientation is one type
of microstructure preserved in obsidian flows that
may provide quantitative information about emplace-
ment dynamics.

In comparing measured and calculated orientation
distributions I assumed the flow was a simple shear

Ž .flow based on Fig. 5 . This assumption implies
Ž .strains greater than about 10 see Fig. 3 . Consider-

ing that the sample was collected from the front of
the flow, it is not unreasonable to expect that the
obsidian experienced strains larger than about 10.
Such large strains preserved in microlite orientations
would thus imply that at least these microlites formed

Ž .in the conduit or near the vent, and no or few
microlites formed after the flow ceased. Indeed, flow

Žbands appear to be ubiquitous e.g., Manley and
.Fink, 1987; Swanson et al., 1989 implying that

some microlites are present in the conduit. Obsidian
flows also exhibit a range of complex flow structures

Žincluding diapirs and buckle folds e.g., Fink, 1983;
.Castro and Cashman, 1996 . The total strains associ-

Žated with folds are generally less than about 1 J.
.Castro, personal communication and the orientation

distribution produced by the simple shear associated
with flow advance should not be overprinted signifi-

Ž .cantly see Fig. 2 .
In summary, the orientation distribution of micro-

lites presumably reflects the combined history of
crystallization and flow. Three-dimensional orienta-
tion measurements can be interpreted in terms of the
dynamics of microlites in various types of flow, and
such an integrated approach can thus potentially
provide quantitative insight into magmatic processes
that occur during obsidian flow emplacement.
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