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Abstract

The analysis of the preferred orientation of crystals (crystal fabric) in magmatic rocks has become a widely used
technique for the reconstruction of the flow history. However, little is known about the evolution of the fabric during
flow. Here, numerical simulations are used to study the fabric evolution of low-concentration, laminar magmatic
flows (e.g. lava flows). The fabric evolution of (a) particle populations with a specified shape (cube, tablet, prism, and
transitional shape) and (b) crystal populations from a lava flow is analyzed in different flow geometries (simple shear,
hyperbolic and pure shear flows) assuming plane strain. Results show that fabric analysis of the whole crystal
population gives little information about flow kinematics, whereas the comparative analyses of crystal sub-
populations with different shapes allow us to recognize the flow geometry. Simple shear flow produces oscillating to
pseudo-stable fabrics. The fabric strength is lower with respect to that of hyperbolic and pure shear flows and the
preferred orientation of crystals does not coincide with the flow direction, except for large strain and specified shapes.
Sub-fabrics with opposite sense of shear may also develop, depending on the crystal shape and finite strain. Pure shear
and hyperbolic flows show stable to pseudo-stable fabrics. The preferred crystal orientation may or may not coincide
with the flow direction according to whether flow is in pure or hyperbolic shear. Results from numerical simulations
are comparable with those from experimental models and natural examples. The fabric strength depends on the
number of crystals and caution must be used in extrapolating the results beyond the scale of observation. The finite
strain in a sample from a lava flow from the Aeolian Islands is determined by the comparative analysis of the
calculated and measured fabric parameters (fabric intensity and crystal preferred orientation). Criteria to discriminate
among fabrics produced by different flow types are also provided. 2 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Many lava £ows and dikes show a preferred
orientation of crystals (crystal fabric) or elongated
vesicles, or both. This feature mirrors the defor-
mation su¡ered by magma during emplacement.
The use of the crystal fabric as a kinematic indi-
cator has become a widely used technique for the
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reconstruction of £ow history [1^5]. The preferred
orientation of crystals is considered to give infor-
mation about the local magma £ow, or transport,
direction. Most studies assume that: (a) crystals
are biaxial particles (i.e. with a 2D shape) and
(b) £owing magma deforms according to an ideal
non-coaxial model [1^3,6,7]. However, crystals are
solid particles with a 3D shape moving within a
viscous £ow that may deform according to a co-
axial strain (pure shear £ow), an ideal non-coaxial
strain (simple shear £ow) or a combination of
both (hyperbolic £ow) [8^10]. Previous models
of the emplacement of lava £ows indicate that
lavas are hyperbolic £ows in the near vent zone,
whereas they approach simple shear near the
front [9,10]. The increase of the simple shear com-
ponent away from the vent is due to the gravity-
driven movements of the £ow [9]. In lava tubes,
the central zone of the £ow is characterized by a
lack of a crystal preferred orientation, whereas at
the top and bottom crystals show a preferred ori-
entation consistent with the £ow direction [3].
This feature indicates that a plug-type £ow (i.e.
a low-velocity gradient) occurs in the central zone.
As the velocity gradient increases from the center
to the top and bottom zones, simple shear strain
also increases and crystals align to the £ow direc-
tion [3]. The above observations indicate that dif-
ferent crystal fabrics are expected to develop in
di¡erent types of £ow.

Theoretical and experimental models on the be-
havior of particles immersed in a viscous, laminar
£ow (ReI103) show that fabric evolution may
be complex [11,12]. The development of a regu-
larly oscillating, irregularly oscillating or stable
fabric in diluted dispersions (6 1 vol%) depends
on the £ow type and morphological composition
of the crystal population. In concentrated disper-
sions, fabric evolution is primarily controlled by
the mechanical interaction between the particles
[13].

Virtually no studies have been conducted on
the fabric evolution of particle systems with
shapes similar to those recognized in low-concen-
tration magmatic £ows (e.g. lavas). The only ex-
ception we know is a study on the rod-like micro-
lites from the Little Glass Mountain, California
[5]. However, these microlites are ellipsoids of rev-

olution with aspect ratio between 10 and 20, an
unusual case in most lavas of ma¢c to intermedi-
ate composition. In general, phenocrysts in lavas
cannot be approximated to ellipsoids of revolu-
tion. They also tend to have aspect ratios less
than 10 (e.g. plagioclases, pyroxenes, Fe^Ti ox-
ides, olivines, feldspathoids) and shapes character-
ized by agbgc, where a, b and c are the lengths
of a crystal’s minor, intermediate and major axes
(a9 b9 c) [14,15].

The purpose of this work is to describe how
crystal fabric evolves in continuous, non-frag-
mented, low-concentration magmatic £ows, by se-
lecting crystal shapes and £ow parameters consis-
tent with those recognized in lava £ows. The
paper is organized as follows: (a) a summary of
the theory of particle rotation in viscous £ow and
a discussion of the assumptions relevant to mag-
matic conditions; (b) an analysis of fabric evolu-
tion in di¡erent £ow types (simple shear, pure
shear and hyperbolic £ow) for speci¢ed particle
shapes (cube, prism, tablet, intermediate shape),
(c) an analysis of the crystal fabric and shape
sub-fabrics of a sample from a lava £ow and their
evolution. The results are discussed in the light of
some natural examples. A possible methodologi-
cal approach to infer the ¢nite strain from the
analysis of the crystal fabric is proposed and cri-
teria for discriminating the fabrics produced by
di¡erent £ow types are also supplied. The results
of this study provide a tool for clarifying the kine-
matic signi¢cance of fabrics in low-concentration
magmatic £ows.

2. Theoretical background, assumptions and
constraints

2.1. Theory

The equations describing the rotation of a tri-
axial particle immersed in a slowly moving, New-
tonian viscous £uid are given in [16]. Analytical
solutions of Je¡rey’s equations [16] have been de-
rived in [11,17]. Here, only the solutions are re-
ported.

Given a coordinate system xP, yP, zP, which is
¢xed in space, and a rotating coordinate system x,

EPSL 6222 14-5-02

G. Iezzi, G. Ventura / Earth and Planetary Science Letters 200 (2002) 33^4634



y, z, which is coherent with the axes of a rotating
particle (Fig. 1a,b), the time derivative of the
Euler angles (P, a, i), which describe the rotation
of the particle, are:

dP
dt

¼ ðB1sin2i3B2cos2i Þð0:5Q 0cos2P3K
0sin2P Þþ

ðB1 þ B2Þð0:5Q 0sin2P þ K
0cos2P Þ

cosa sini cosi3Q
0 ð1Þ

da
dt

¼ ðB1 þ B2Þð0:5Q 0cos2P3K
0sin2P Þ

sina sini cosP þ ðB1cos2iB2sin2i Þ

ð0:5Q 0sin2P þ K
0cos2P ÞsinP cosP ð2Þ

di
dt

¼ B3ð0:5Q 0sin2P þ 2K 0cos2P Þð1þ cos2a Þ

sini cosi3B3K
0sin2P cosa ðcos2i3sin2i Þ

30:5Q 0cosa3
dP
dt

cosa ð3Þ

where KP and QP are the pure shear rate and simple
shear rate, respectively. B1, B2 and B3 are particle
shape parameters:

B1 ¼ ðb23c2Þ=ðb2 þ c2Þ ð4Þ

B2 ¼ ðc23a2Þ=ðc2 þ a2Þ ð5Þ

B3 ¼ ða23b2Þ=ða2 þ b2Þ ð6Þ

where a, b and c are the lengths of the particle
axes (a9 b9 c) (Fig. 1b).

Fig. 1. (a) Euler angle de¢nition (from [7], modi¢ed). xP, yP and zP refer to the ¢xed axes and x, y, and z to the rotating axes.
(b) Triaxial particle with axial lengths a, b and c (a9 b9 c). (c) Flow streamlines in simple shear, hyperbolic and pure shear
£ows (modi¢ed from [10]). KP and QP are the pure shear and simple shear strain rates, respectively.
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Assuming plane strain, at a large distance from
the particle, the undisturbed £ow is speci¢ed by
the velocity gradient tensor V [11,17]:

V ¼
K

00

00

00

2
64

3
75 ð7Þ

Hyperbolic £ows are characterized by KPg0 and
QPg0, simple shear £ows by KP=0 and QPg0, and
pure shear £ows by KPg0 and QP=0 [9,10] (Fig.
1c).

Eqs. 1^7 indicate that the position of a rotating
triaxial particle with respect to the ¢xed coordi-
nate system is determined from: (a) the shape,
(b) the initial position and (c) the £ow geometry.
If these parameters are de¢ned, it is possible to
analyze the fabric evolution of a multiparticle sys-
tem by assigning an initial position to each par-
ticle and by incrementing the ¢nite strain [Q (sim-
ple shear), K (pure shear) or a combination of the
two] at a constant strain rate. In this work, the
fabric evolution of multiparticle systems is ana-
lyzed using the Muple software [18]. The basic
features and routines of Muple may be found in
the original paper [18] and a summary is reported
in Appendix 1.

2.2. Assumptions and physical constraints

The above equations are applicable to mag-
matic £ows only if particular physical conditions
are satis¢ed. These include:

1. particles do not interact each other [13] ;
2. particles do not deform;
3. lack of variation in particle shape (e.g. due to

growth) during the £ow;
4. continuous (non-fragmented) laminar £ow (liq-

uid plus particles) (ReI103) ;
5. Newtonian £ow behavior and constant strain

rate.

Condition (1) may not be satis¢ed by all mag-
matic £ows, but should hold for dilute £ows
such as sub-aphyric basalts and rhyolites (e.g. ob-
sidians). According to [5], dilute dispersions are
characterized by nl3I1, where n is the number

density (number of crystals/m3) and l is the
length. This is the condition for which no inter-
action between particles occurs in the £ow. Con-
dition (2) is generally satis¢ed in all non-frag-
mented £ows for which crystals are rigid,
whereas the viscous melt has a Newtonian or a
Bingham behavior [19]. Condition (3) is generally
not satis¢ed: the shape of crystals re£ects the
growth rate, which strongly depends on the
cooling rate and £uid content of the magma
[20,21]. However, if the cooling rate and £uid
content are constant, it may reasonably be as-
sumed that the shape (i.e. the axial ratio) does
not change during the growth. Condition (4) is
valid for the majority of lava £ows [22], although
rare examples have been cited for high-velocity,
partly turbulent £ows [23]. Condition (5) is not
always satis¢ed. Flowing magmas generally
show a Bingham behavior [24,25] and a variable
strain rate during emplacement. However, [7] re-
ports that Je¡rey’s analysis is generally valid for
non-Newtonian media (e.g. pseudoplastic and
elastoviscous £ows) and, according to [26], the
strain rate may be considered to be constant in
near-vent £ows (i.e. distances from the vent in the
order of V101^102 m). In the following, we as-
sume that the strain rate remains constant, at
least at a length scale of 1031^1033 m, which is
the scale of practical observation (thin section).
Strain rate may vary within the £ow at a larger
scale, however, we limit our analysis to a 1031^
1033 m length scale. Finally, the £ow must be
avesicular, since vesicles induce an internal defor-
mation that may locally modify the bulk £ow ge-
ometry [27] and, as a consequence, the crystal
fabric.

3. Fabric evolution of particle systems of the same
shape

3.1. Particle shape and fabric parameters

Taking into account the practical scale of ob-
servation (1031^1033 m) and the shape of crystals
generally occurring in lava £ows [14,15], we have
selected four crystal-shape populations for de-
tailed study (Fig. 2). Each population consists of

EPSL 6222 14-5-02

G. Iezzi, G. Ventura / Earth and Planetary Science Letters 200 (2002) 33^4636



112 particles. Population C is characterized by
pseudo-cubic particles (a/b= b/c=0.9), population
P contains prismatic particles (a/b=0.9; b/c=0.1),
population TA consists of tablet-like particles (a/
b=0.1; b/c=0.9) and population TR is character-
ized by particles with a shape transitional among
the previous ones (a/b=0.5; b/c=0.4). We analyze
the fabric evolution of each population in three
£ow types: simple shear £ow, pure shear £ow and
hyperbolic £ow (Fig. 1c). Lava £ows are charac-
terized by strain rates in the range 1031^1035 s31

[28]. Finite strains calculated from the preferred
orientation of crystals in obsidians and andesites
generally do not exceed Qv10 [3,5]. In the numer-
ical simulations (Eqs. 1^3 and 7) we select the
following strain rates:

1. KP=0 and QP=5U1032 s31 for the simple shear
£ow;

2. KP= QP=5U1032 s31 for the hyperbolic £ow;
3. KP=5U1032 s31 and QP=0 for the pure shear

£ow.

We perform the calculation from K or Q=0 up to
K or Q=50. Each population is assumed initially
(zero strain) to be isotropic, without a preferred
orientation.

The fabric evolution is de¢ned by two parame-
ters:

1. The fabric intensity I=7.5 g3
i¼1 (Ei31/3),

where Ei are the normalized eigenvalues of
the orientation tensor [29]. This parameter is
a measure of fabric strength, i.e. of fabric ani-
sotropy. I=0 indicates an isotropic fabric. As
the number of aligned particles increases, I also
increases.

2. The angle N between the eigenvector associated
with the largest eigenvalue of the orientation
tensor and the £ow direction (the xP-axis) in
a xP^zP plane. N is independent of the number
of aligned particles. This angle represents the
preferred orientation of the particles with re-
spect to the £ow direction. The structural sig-
ni¢cance of the fabric parameters I and N is
illustrated in Fig. 3a. The reference frame
adopted in this study is shown in Fig. 3b.
For reasons of symmetry, the angle is referred
to the ¢rst and fourth quadrants. In a sinistral
simple shear, rotation of the preferred fabric
orientations from negative to positive N values
is consistent with the shear sense whereas ro-
tations from positive to negative N values indi-
cate backward rotations, opposite to the im-
posed sense of shear.

In this paper, the variations of I and N with re-
spect to Q and K are analyzed. Consequently, the
results of the numerical simulation do not change

Fig. 2. Mineral shape in terms of the three axial lengths a, b, c (modi¢ed from [14]). The crystal shapes selected for the fabric
analysis are shown as dots. C (cube), P (prism), TA (tablet) and TR (transitional) are the abbreviations used in the text.
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if the strain rate (QP or KP) varies because I and N

depend on the ¢nite strain (Kor Q) [29] and not on
the strain rate. The fabric evolution of the four
selected populations in the di¡erent £ow types is
shown in Fig. 4.

3.2. Fabric evolution in simple shear, hyperbolic
and pure shear £ows

In a simple shear £ow (Fig. 4), the fabric of
population C is oscillatory with periodic varia-
tions. The maximum I value is 0.1. The fabric
intensity of population P increases irregularly up
to I=4 at Q=33 and then slightly decreases

(I=3.2 at Q=50). Population TR shows a more
complex, irregular oscillating fabric. The maxi-
mum I is 2 at Q=14 and the minimum I is 0.3
at Q=28. Population TA is characterized by an
initial increase of I (I=1 at Q=15) and by a
slightly oscillating pattern with I values between
0.9 and 1.1 at 15v Qv 50. Populations TA and P
show a preferred orientation approaching that of
the xP-axis only at large strains (Qv 28). Popula-
tion C never attains a stable preferred orientation
showing pseudo-periodic N variations. Population
TR is characterized by signi¢cant N variations.
This population reaches a stable preferred orien-
tation, which is that of the xP-axis, at Qv 40. As

Fig. 3. (a) Model of fabric evolution in a multiparticle system of 120 rigid inclusions with axial ratio 1:1:4 in a sinistral simple
shear £ow. Black dots represent the long axes of the particles (equal angle, lower hemisphere projection on a xP^zP plane). Gray,
larger dots represent the orientation of the eigenvectors associated to the eigenvalues E1, E2, and E3 of the orientation tensor.
The ¢nite strain Q increases from left to right. The values of the fabric parameters I, N and Q are also reported. (b) Geometry
adopted for the analysis of crystal preferred orientation. A sinistral simple shear Q is imposed. The pure shear K parallels the
xP-axis and zP-axis.
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strain increases, populations C and TR are char-
acterized by negative to positive N variations and,
on the opposite, by positive to negative N varia-
tions. These latter variations indicate backward
rotation of the particles (i.e. sense of rotation op-
posite to the imposed sense of shear). Population
TR shows a backward rotation at 259 Q9 33.

In a hyperbolic £ow (Fig. 4), the fabric inten-
sity of the populations P, TR and TA increases
progressively up to I=5 as the strain increases.
However, the rate at which the fabric strength
of populations P and TR increases is higher
with respect to that of population TA. Population
C shows a periodic fabric variation with a max-
imum I value of 0.3. The populations P, TR and
TA show a stable fabric preferred orientation at
Q=Kv 10. The fabric preferred orientation is con-
sistent with the £ow direction. Population C
shows periodic N variations with values ranging
from 310 to 70.

In a pure shear £ow (Fig. 4), all populations
show a progressive increase of I. The rate of I
increase is higher for populations P and TR. In
all populations, fabric preferred orientation corre-

sponds to the £ow direction: Nv0‡ at K between 1
and 50.

The fabric evolutions shown in Fig. 4 have been
obtained using populations of 112 particles. In
Fig. 5, the fabric evolution of two populations
with particles of the same shape (transitional)
but with a di¡erent number of particles (32 and
112) is shown. No signi¢cant di¡erences in both I
and N occur between the two populations in hy-
perbolic and pure shear £ows. Some divergence
between the two populations may be recognized
in simple shear £ow, mainly for Qs 20. However,
the general pattern of the fabric evolution param-
eters is similar. Using cubes, prisms or tablets (not
shown), the intensity increases as the number of
particles in each population decreases.

4. Fabric evolution of particle systems of di¡erent
shape: an example from a lava £ow

4.1. Crystal shapes and fabric parameters

We here analyze the fabric evolution of a sys-

Fig. 4. Results of numerical simulations for cube, prism, tablet, and transitional shapes in simple shear, hyperbolic and pure
shear £ows. I is the fabric intensity. N is de¢ned in Fig. 3. Populations consist of 112 particles. At Q=0 and K=0, I=0. At I=0,
N is unde¢ned. On Q or K vs. N plots, N is reported for Is 0.
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tem consisting of particles with di¡erent shape
and propose a possible methodological approach
to the analysis of the crystal fabric of lava £ows.
We select shapes from a sample collected in the
central portion of basaltic lava £ow from the
Mount Fossa delle Felci volcano (Salina Island,
Aeolian Islands, Italy; Fig. 6a). The collected
sample is oriented (Fig. 6a). The x-axis is parallel

to the £ow direction and the z-axis is orthogonal
to the substratum on which the £ow moved. Crys-
tal shapes have been collected from three thin
sections. The sections are parallel to the x^y,
x^z and y^z planes (Fig. 6a). The rock shows a
sub-aphyric texture and consists of an assemblage
of crystals (plagioclase, clinopyroxene, olivine)
immersed in a glassy matrix with Fe^Ti oxides.

Fig. 5. Results of the numerical simulation for a transitional shape in a simple shear, hyperbolic and pure shear £ow using popu-
lations of di¡erent number (n) of particles. I is the fabric intensity. N is de¢ned in Fig. 3. At Q=0 and K=0, I=0. At I=0, N is
unde¢ned. On Q or K vs. N plots, N is reported for Is 0.

Fig. 6. (a) Location map of the Mount Fossa delle Felci lava £ow and orientation of the sample and of the three orthogonal
thin sections. (b) Shape of plagioclase, pyroxene and olivine in the lava £ow from Mount Fossa delle Felci. Bars indicate the var-
iation in measurements and dots the arithmetic mean.
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The crystals have a number density n=7.6U1010

m33 and a mean length l=8.7U1034 m; nl3 is 0.5
and the volume fraction of crystals is 0.017. These
values indicate that the lava £ow was a low-con-
centration suspension. The abundance of Fe^Ti
oxides is about 0.02 vol%. The relative abundance
of the phenocrysts and their number in a thin
section is : plagioclase = 57% (n=113), clinopyro-
xene = 26% (n=52) and olivine = 16% (n=31).
Neglecting the Fe^Ti oxides, the shape of the
main phases has been determined following
[2,14,15].

The results are summarized in Fig. 6b, where
the arithmetic mean and the variation range of
the axial ratios (a/b and b/c) of the mineral phases
are shown. The parameters I and N have been also
calculated. Plagioclases are characterized by a/
b=0.33, b/c=0.75, I=0.9 and N=36‡, clinopy-
roxenes by a/b=0.7, b/c=0.45, I=1.4 and
N=5‡, olivines by a/b=0.8, b/c=0.71 and I=0.3
and N=18‡. For the whole population, I and N are
0.9 and 35‡, respectively.

Taking into account the particle number and
the mean axial ratios of the three main phases,
we consider a population of 196 particles (crys-
tals) as representative of the sample. This popu-
lation consists of three sub-populations: 113 pla-
gioclases, 52 clinopyroxenes and 31 olivines. We
analyze the fabric evolution of each sub-popula-
tion and of the whole crystal population in simple
shear, hyperbolic and pure shear £ows. The £ow
parameters are the same as used in Section 3 and
the fabric is assumed to have been isotropic at
zero strain.

4.2. Evolution of the crystal fabric in simple shear,
hyperbolic and pure shear £ows

Results of the analysis are shown in Fig. 7. In a
simple shear £ow, both the mineral sub-popula-
tions and the whole population show an irregular
oscillating fabric. I values do not exceed 1.7. The
preferred orientation is also oscillating with the
larger variations (up to 140‡) in the olivine sub-

Fig. 7. Results of the numerical simulation for plagioclase, clinopyroxene, olivine (Fig. 6) and whole rock population from a lava
£ow of Mount Fossa delle Felci volcano in a simple shear, hyperbolic and pure shear £ow. I is the fabric intensity. N is de¢ned
in Fig. 3. At Q=0 and K=0, I=0. At I=0, N is unde¢ned. On Q or K vs. N plots, N is reported for Is 0.
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population. None of the sub-populations reaches
a stable orientation. Backward rotation occurs in
both plagioclase and clinopyroxene sub-popula-
tions as well as in the whole population for
209 Q9 26 and Qv 40.

In a hyperbolic £ow, the fabric strength of the
plagioclase and clinopyroxene sub-populations, as
well as of the whole population, increases progres-
sively as strain increases. However, the rate at
which I increases is largest for the clinopyroxenes
(I=5 at K= Q=26). The plagioclase sub-popula-
tion reaches the maximum intensity (I=5) at
K= Q=48. The maximum fabric strength of the
whole population is 4.6 at K= Q=46. The fabric
strength of the olivine sub-population regularly
increases up to K= Q=13. At higher strain, I
shows an irregularly oscillating pattern with
values between 2.6 and 3.7. The preferred orien-

tation of the plagioclase and clinopyroxene sub-
populations and of the whole populations reaches
a stable value at K= Qv 10. However, the angle
between the xP-axis and the fabric preferred ori-
entation is 3‡ for the plagioclases, 5‡ for the cli-
nopyroxenes and 8‡ for the whole population.
Olivine sub-population shows an irregularly
oscillating N pattern (16‡9 N9 25‡) at K= Qv
16.

In a pure shear £ow, the fabric strength of all
the sub-populations and of the whole population
increases progressively up to I=5. The rate of the
fabric intensity increase of the clinopyroxene sub-
population is larger than that of the olivine sub-
population, whole population and plagioclase
sub-population, respectively. The preferred orien-
tation of all the sub-populations and of the whole
population is that of the xP-axis at Kv 3.

Fig. 8. N vs. I curves from the results of the numerical models shown in Fig. 7. Full dots (simple shear £ow), empty dots (pure
shear £ow) and squares (hyperbolic £ow) are increments of ¢nite strain (vQ or vK=1). The fabric parameters I and N determined
in a sample from a lava £ow of Fossa delle Felci volcano are reported as gray dots.
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4.3. Determination of the ¢nite strain from fabric
analysis

In Fig. 8, the I and N values determined for
each crystal sub-population are reported on theo-
retical N vs. I curves. The N values are positive in
the clinopyroxene and olivine sub-populations
whereas they are negative in the plagioclase sub-
population and in the whole population. The fab-
ric parameters of both the sub-populations and
whole population lie on the curves of simple shear
£ow (Fig. 8). This feature also suggests that if
particle interaction occurred it must have played
a minor role in the fabric evolution. The deter-
mined I and N values of each sub-population may
be used to infer the ¢nite simple shear strain
graphically (Fig. 8). The clinopyroxene parame-
ters indicate Q=11, while the plagioclase and ol-
ivine parameters indicate Q=9 and Q=10, respec-
tively. The parameters of the whole rock are
consistent with Q=8. As a result, the calculated
values of the ¢nite strain Q are between 8 and
11. This estimate has signi¢cance only for the an-
alyzed rock volume and cannot be representative
of the whole lava £ow. However, the calculated Q

values are comparable with previous estimates on
samples from other lava £ows (i.e. obsidians from
Little Glass [5] and andesites from Porri volcano
[3]), which also underwent simple shear deforma-
tion with values of ¢nite strain QW10.

5. Discussion

The results of this study allow us to put some
constraints on the evolution of crystal fabric in
low-concentration magmatic £ows. According to
Eqs. 1^7, the fabric is determined by: (a) the rel-
ative abundance of crystal populations with dif-
ferent shape, (b) the £ow type (simple shear, hy-
perbolic, pure shear £ow), and (c) the strain
magnitude.

In populations characterized by a di¡erent
number of crystals of the same shape, the fabric
parameters (I and N) do not di¡er signi¢cantly in
hyperbolic and pure shear £ows (Fig. 5). In simple
shear £ows, however, some di¡erences between
the values of the fabric parameters have been ob-

served. As a consequence, the number density n
must be taken into account when analyzing crys-
tal fabrics and caution must be used in extrapo-
lating the fabric parameters from the sample scale
(e.g. thin section; length scale 1031^1033 m),
where n is generally constant, to a larger scale
(e.g. the bulk £ow), where n may vary. We con-
clude that the method proposed here for the cal-
culation of ¢nite strain from fabric analysis (Fig.
8) may be useful to determine the strain pattern of
a lava £ow when (a) a large set of samples is
available and (b) samples have similar n values.

The results from numerical simulation show
that in systems containing crystal populations of
di¡erent shape, irregular to periodic oscillations
of the fabric parameters characterize simple shear
£ows whereas a stable fabric characterizes pure
shear £ow (Figs. 4 and 7). This observation is
consistent with the results of experimental models
on 2D particles immersed in a viscous £ow ([30]
and references therein) and theoretical models on
rod-like particles [5]. Depending on the crystal
shape and on the ratio between simple shear
(non-coaxial) and pure shear (coaxial) strain, the
fabric may evolve cyclically or to a stable orien-
tation.

Simple shear £ows always show lower fabric
strength with respect to hyperbolic £ows and to
pure shear £ows. A low fabric anisotropy in a
lava £ow or dike is generally interpreted to be
indicative of a plug-type £ow (e.g. [3,31]) or tur-
bulent movements [32]. However, the low aniso-
tropy may be due to a pure shear £ow at the early
stages or a simple shear £ow. This conclusion is
supported by results from recent experimental
studies on the anisotropy of magnetic susceptibil-
ity in lava £ows [33]. These studies show that
lavas subjected to shearing yield a lower degree
of anisotropy even when high strains are imposed
on it.

In a simple shear £ow (Fig. 4), semi-periodic
oscillations characterize particles with agbgc
(transitional shape) whereas periodic oscillations
characterize particles with avbvc (cubic shape).
Pseudo-stable fabrics characterize particles with
avbIc (prism) or aIbvc (tablet) at Qv 28.
However, the preferred orientation of prisms
and tablets mirrors that of the £ow direction
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only at large strain (Qv 40). Prisms and tablets are
therefore good indicators of the £ow direction
only in simple shear £ows that su¡ered high de-
formation. On the contrary, the preferred orien-
tation of prism, tablet, cube and transitional
shapes in a pure shear £ow is always indicative
of the (local) £ow direction. These observations
suggest that the crystals preferred orientation is
not representative of the £ow direction for lava
£ows that: (a) move in simple shear [5,10] and (b)
are characterized by low values of ¢nite strain
[3,5].

In a simple shear £ow, the fabric evolution of
the crystal sub-populations and whole population
of a sample from a basaltic lava £ow from Mount
Fossa delle Felci on Salina (Figs. 6^8) is charac-
terized by irregular oscillations with backward ro-
tations of crystals. None of the populations
reaches a stable orientation. The numerical anal-
yses on particles of di¡erent shape (e.g. cubes and
transitional shapes in Fig. 4) also indicate that
backwards rotation of crystals may occur in
both simple shear and hyperbolic £ows. Conse-
quently, populations with low fabric strengths
and preferred orientations indicative of opposite
shear sense may be interpreted as products of a
simple shear £ow or a hyperbolic £ow. Accord-
ingly, the fabric analysis of the whole crystal pop-
ulation gives little information about the (local)
£ow type, £ow direction and strain magnitude,
whereas the comparative analysis of the crystal
sub-populations may be a better guide to infer
the £ow type and the ¢nite strain.

The results of the analysis presented here allow
us to explain the features of the fabric of some
lava £ows. Ventura et al. [3] report the occurrence
of a crystal fabric characterized by the lack of a
preferred orientation in the central portion of a
andesitic lava £ow from the southern £ank of the
Porri volcano (Aeolian Islands, Southern Italy).
Samples from the top and base of the £ow show
a higher strength. The preferred orientation of
these samples approaches that of the £ow direc-
tion moving from the center to the top and bot-
tom of the £ow. The fabric of the central portion
of the £ow has been interpreted to result from a
plug-type £ow; the fabric from the top and base

of the £ow has been interpreted to result from a
simple shear £ow. The results from numerical
simulations are consistent with this interpretation:
the central zone of the £ow is characterized by
low strain whereas the upper and basal zones
are a¡ected by higher strain. Moving from the
center to the top and basal zones, the strain in-
creases according to a simple shear or hyperbolic
£ow. This interpretation is supported by results
from numerical models on strain variations in
lava tubes [34].

Higgins [14] has described the preferred orien-
tations of crystals at di¡erent heights above the
base of an andesitic lava £ow from Mt. Taranaki
(New Zealand). Samples at the base of the lava
£ow show a well-de¢ned absolute maximum in
the crystal preferred orientation, which is parallel
to the £ow direction (¢g. 11 in [14]). Samples
from the top of the £ow show an absolute max-
imum, which is not parallel to the £ow direction,
and second-order relative maxima. In the light of
the results from the present study, two di¡erent
deformation patterns may be proposed: (a) pure
shear occurs at the bottom and simple shear, or a
combination of simple and pure shear, at the top;
(b) simple shear strain, or the simple shear com-
ponent in a hyperbolic £ow, increases from the
top to the bottom of the £ow. Deformation pat-
tern (a) disagrees with results from experimental
models on the strain pattern in lava £ows with an
upper free surface [9]. These models show that
lava £ows are characterized by a nearly constant
component of pure shear and by a component of
simple shear that increases from the top to the
bottom. Consequently, we conclude that the fab-
ric features of the Mt. Taranaki lava £ow mirror
the deformation pattern depicted in (b).

All the results from this study indicate that:
(a) the kinematics and deformation pattern of
low-concentration magmatic £ows can be analyti-
cally reconstructed using crystal shapes and
(b) ¢eld data may be compared with results
from numerical models if measurements of the
crystal preferred orientation and fabric intensity
are available. Further studies will focus on the
analysis of the fabric evolution in £ows with
time-variable £ow geometry.
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6. Conclusions

The results of this study may be summarized in
four points :

1. The crystal fabric of a lava £ow depends on:
(a) the relative amount of crystal populations
with di¡erent shape, (b) the £ow type (simple
shear, hyperbolic, pure shear £ow), and (c) the
strain magnitude.

2. The fabric analysis of the whole crystal popu-
lation of a lava £ow gives little information
about £ow kinematics, whereas the compara-
tive analysis of crystal (shape) sub-populations
may provide a good tool for inferring the £ow
type. The fabric parameters of di¡erent sub-
populations may be used to determine the ¢-
nite strain.

3. Unstable crystal fabrics characterize lavas
moving in simple shear. The crystal shape
sub-fabrics and the whole rock fabric are char-
acterized by low fabric strength and by a crys-
tal preferred orientation that does not coincide
with that of the £ow direction. Crystal shape
sub-fabrics with opposite senses of shear may
also develop.

4. Stable crystal fabrics characterize lavas moving
in pure shear. The crystal shape sub-fabrics
and the whole rock fabric are characterized
by high fabric strength and by a crystal
preferred orientation that coincides with the
£ow direction. Depending on the shape of crys-
tals, hyperbolic £ows show stable to pseudo-
stable fabrics. The preferred crystal orienta-
tions may or may not coincide with £ow direc-
tion.
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Appendix 1

To solve Eqs. 1^3, Muple program requires
the following input parameters: (a) the number
of particle populations with a ¢xed axial ratio,
(b) the length of the particle axes (a, b, c) of
each population, (c) the number of particles in
each population, (d) the components QP and KP

of the velocity gradient tensor V (Eq. 7), (e) the
time step vt used for the calculations. As QP= Q/t
(KP=K/t) is constant, Q (K) increases as t increases.
For solving Eqs. 1^3, a subroutine of IMSL that
performs the fourth- and ¢fth-order Runge^Kutta
method is found to be satisfactorily precise with
respect to the considered number of time incre-
ments [18]. The provided output are: t, I and N ;
t is used to estimate Q (K) at each time step
through the relationship Q= QPt (K=KPt).
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