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Fabric of porphyritic magmatites inferred

from the preferred orientation of feldspar phenocrysts

Vnitini stavba porfyrickych vyvielin stanovena dle pfednostni

orientace Zivcovych vyrostlic (Czech summary)

(6 text-figs., 2 photos)
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The determination of foliation and lineation in magmatic rocks can be often a difficult problem. Moreover, there are only a few
sound kinematic criteria for determination of a shear sense during magmatic flow. Therefore we improved the method of optical
goniometry that helps recognise the fabric of porphyritic rocks. This method enables: (1) determination of shape preferred ori-
entation (SPO) of feldspar phenocrysts, (2) more precise definition of magmatic foliations and lineations, and (3) assessment of
the kinematics of the combined coaxial and non-coaxial flow using asymmetries in feldspar subfabrics (Fernandez 1987).

The application of the method is demonstrated on samples of the Trebi¢ durbachites (E of the Bohemian Massif) in which K-feld-
spar phenocrysts reveal strong magmatic preferred orientations gained during the emplacement. Asymmetry between more ani-
sotropic and less anisotropic feldspar subfabrics in the XZ plane is compared with theoretical models for the fabric evolution of

particles in a slowly flowing viscous matrix (Jeffery 1922).
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Introduction

Magmatic planar and linear fabrics are important tools
in studies of architecture and mechanisms of emplace-
ment of intrusive bodies. A common problem encoun-
tered in fabric studies of coarse-grained magmatic
rocks is the correct determination of these structures,
namely magmatic lineations. Magmatic planar fabrics
are generally marked by flattened mafic inclusions
(Ramsay 1989), schlierens (magmatic segregations)
and shape preferred orientation (SPO) of different pla-
ty minerals, e.g., biotite and feldspars (Paterson et al.
1989). Usually it is possible to measure the orientation
of magmatic foliations directly in the field. On the ot-
her hand, a reliable determination of linear magmatic
fabric is often impossible due to the scarcity of suffi-
ciently elongated particles. The most pronounced fab-
ric constituents of magmatic rocks can be usually
formed by large feldspar phenocrysts. The determina-
tion of linear fabrics in the field using such markers is
very difficult because they have a general triaxial sha-
pe and magmatic foliation planes are usually not ex-
posed.

Understanding the mechanisms of emplacement of
magmatic bodies requires the knowledge of the sense
of flow under (sub)magmatic conditions. In the last
decade, several methods have been proposed in order
to determine the sense of magmatic flow using spatial
relationship of platy and tabular minerals (Den Tex
1969, Blumenfeld 1983, Fernandez et al. 1983,
Fernandez 1987, Blumenfeld - Bouchez 1988,
Fernandez - Laporte 1991). Nevertheless, the sense of
magmatic flow is still difficult to recognise in the field
due to the above mentioned uncertainties in defining
the lineation and consequently due to the lack of sui-
table "kinematic" XZ sections in outcrops. Moreover,

the sense-of-flow criteria such as tiling of phenocrysts
(Blumenfeld - Bouchez 1988) are relatively scarce and
give ambiguous results.

Our contribution presents one of the ways, even
though tedious, to overcome these difficulties. The
proposed method of optical reflection goniometry al-
lows precise determination of shape preferred orienta-
tion of large phenocrysts (e.g. feldspar, biotite) from
rock samples. Obtained fabrics enable the determinati-
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Fig. 1. The reflection goniometer and its main components
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on of magmatic lineations and foliations and may be
compared with theoretical models of fabric evolution
based on Jeffery theory (1922). As a result, the method
allows to define the sense of magmatic flow more pre-
cisely.

Optical reflection goniometry and measurement
of phenocryst preferred orientation

Description of the goniometer

The two-axial optical reflection goniometer (Fig. 1)
was constructed for the purpose of measuring orienta-
tions of large crystals exhibiting good quality cleava-
ge planes on a sampled piece of rock.

The apparatus yields reading of two angles which
define the position of the measured reflecting cleava-
ge plane.

a)

d3142 - standard position

multiples of uniform
distribution:

One of the essential components of the goniometer
is a stage rotating around a vertical axis in a range of
360° . This stage bears tracks for movement of the
sample along two perpendicular directions in a hori-
zontal plane. The oriented sample with a mark on the
plane oriented in the field is fixed on the tracks with
plasticine in such a way that the oriented plane is pa-
rallel to the stage and the strike and dip mark is paral-
lel to the tracks. Once fixed, the sample is movable
together with the stage in a vertical direction. The se-
cond rotational constituent is a vertical circle bearing
a collimator combined with a source of light beam.
This part of apparatus can be rotated around a hori-
zontal axis in a range of 180°.

The measurement consists in localising a position
of the maximum reflection of cleavage which is rea-
ched when the light beam is exactly perpendicular to
the measured plane. The selected cleavage is set to this

b)

55 data

d3142 - geographic position

Fig. 2. a) Stereoplots of poles to (001) cleavage planes of feldspar phenocrysts; b) the above stereoplots rotated to the geographical position

according to the orientation of the samples
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position by simultaneous rotations of the sample and
the collimator around the vertical and horizontal axes,
respectively. An azimuth angle of the measured planar
element is read on the angular scale of the rotational
stage and an inclination angle on the vertical circle.

Determination of magmatic foliation and lineation

The goniometer was designed to measure relatively
large minerals, several millimetres up to several centi-
metres in size, containing refractory cleavage planes,
e.g., micas and feldspars. On micas, the orientations of
basal (001) planes can be determined. If applied to
feldspar phenocrysts, the orientation of (001) and
(010) cleavages can be determined. Under favourable
conditions, these two cleavages are distinguished du-
ring the measurement according to morphology of the
phenocryst and better quality of (001) cleavage planes.
Poles to (001) surfaces, measured as reflections in the
goniometer, approximately confine the projection of
the longest crystallographic axes while poles to (010)
planes are normal to the largest face of the crystal. At
least 50 data are required to obtain a realistic picture of
the phenocryst spatial distribution.

Mica flakes commonly exhibit anisotropic planar
shapes. That is why micas may be compared with ne-
arly ideal planar particles and the preferred orientation
of poles to their (001) planes tends to coincide with the
XY plane of the strain ellipsoid. On the other hand,
feldspars are triaxial particles with shapes correspon-
ding to general fabric elements (Fernandez 1984).
Assuming that they crystallised relatively early during
the cooling of ultrapotassic magma, they may be com-
pared with rigid particles moving in a viscous flow,
Such particles are supposed to form complex fabrics
depending on their shape and the flow geometry.

Examples of preferred orientation of feldspars
from the porphyritic Tfebi¢ durbachite measured by
the reflection goniometer are shown in Fig. 2.

Statistical methods may be used to determine the
maximum and minimum density values of the distri-
butions. Most of the observed distributions display
double maxima or girdle patterns. All the measured
data are obviously related to the co-ordinate system of
the goniometer. After the appropriate rotation of the
data, they refer to the real geographic spatial orientati-
on. Such fabrics can be most easily quantified using
the orientation tensor statistics (Fara - Scheidegger
1963, Scheidegger 1965) by evaluation of the eigen-
vectors and eigenvalues of the orientation tensor. The
positions of eigenvectors define the X, Y, and Z axes
and the principal planes of the fabric ellipsoid. The
precise orientations of magmatic foliations can be re-
cognised according to the maxima of the poles to mi-
ca flakes or from feldspar (010) planes. The
orientation of magmatic lineation is given by the ma-
xima of poles to the feldspar (001) cleavage planes
(see Discussion bellow).

Comparison with theoretical models

Jeffery's (1922) equations describing the motion of ri-
gid ellipsoidal particle in slow viscous flows represent
the basis for modelling of the fabric evolution in mag-
matic state. The model presumes 1) non-interacting
particles and 2) viscous behaviour of the fluid. Despite
the fact that these conditions are not fulfilled in many
natural conditions, modelling of fabric evolution using
multiparticle system formed by general triaxial partic-
les in different flow geometries (JeZek et al. 1994)
may provide useful comparison with real fabrics.

Consider a right-handed co-ordinate system
(x1',x2",x3") with axes in fixed directions in space and
another co-ordinate system (X1,X2,X3) coincident with
axes of an ellipsoidal particle. Consider further an un-
disturbed flow characterised by the velocity gradient
tensor:

Vii'= dvj /dxi

with E'; and ,; representing the symmetric and
skew-symmetric parts of the tensor. The equations
describing the motion of a general triaxial particle
with axes a, b, ¢ are (Jeffery 1922):

wi =B Esn-Qs5
wy = ByE;3-Q5 1
wy = B3 Ey -0y

where w;, 1 = 1,2,3 are the angular velocities of the
particle around its axes and :

B; = (b%-c*)/(b%+c?),
B, =(c?-a?)/(c?+a?),
B; = (a%-b2)/(a®+b?).

Using the Euler angles, and describing the rotation of
the particle with respect to the fixed co-ordinate sys-
tem, three differential equations may be derived using
the known relations between the angular velocity w
and the time derivatives of the Euler angles:

12:I=(w1 sin Y + w, cos ) / sin
0=w, COS Y - Wy sin Wy (2)
= w; - Jcos O

The trajectory of the general triaxial ellipsoidal
particle in the flow may be computed by numerical so-
lution of equations (2). Considering an initially isotro-
pic multiparticle system, it is possible to model the
evolution of fabrics formed by population of triaxial
particles in any flow geometry. More details about the
modelling of the fabric evolution in a multiparticle
system are given in JeZek et al. 1994 and 1996.

To compare the real preferred orientations of feld-
spar phenocrysts with the theoretical model, we have
studied the evolution of fabric in a multiparticle system
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Fabric evolution in 3-group model under two stress regimes

initial uniform distribution

SIMPLE SHEAR TRANSPRESSION
VELOCITY GRADIENT TENSOR VELOCITY GRADIENT TENSOR
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particle aspect ratio Fig. 3. Pole figures illustrating the fabric evolution in 3- group par-
ticle model under the regimes of simple shear (left side) and trans-
pression (right side). The short particles do not form a preferred

O10:12:15 orientation in either of the cases. The other two groups display tem-
0 10:15:25 porary maxima in the simple shear flow, i.e., the preferred orienta-
A 10 : 20 : 40 tion increases and disappears with a period depending on the

particle aspect ratio. When subject to transpression, the longest par-
ticles show a maximum stabilised near the X direction while the
shorter ones rotate faster and stabilise with a larger angular offset
from the XZ plane
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Fig. 4. The apparatus for delineation of the XZ plane

formed by triaxial particles with axial ratio similar to
that of K-feldspars. The stereoplots in Fig. 3 illustrate
the fabric evolution in 3- group particle model under
the regimes of simple shear and transpression.

The short particles do not form a preferred orienta-
tion in either of the cases. The other two groups dis-
play temporary maxima in the simple shear flow, i.c.,
the preferred orientation increases and disappears with
a period depending on the particle aspect ratio. When
subject to transpression, the longest particles show a
maximum stabilised near the X direction while the
shorter ones rotate faster and stabilise with a larger an-
gular offset from the XZ plane. The sense of angular
difference between the longest and shorter particle
maxima is significant for the determination of the sen-
se of shearing.

Photo 1 a, b: The sections cut
through the samples along the cal-
culated XZ planes, showing a di-
stribution and shapes of feldspar
phenocrysts. In these sections the
frequency of phenocrysts' aspect
ratio and angular preferred orien-
tation were quantified

Scale for setting

Rock sample

the sample
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Method for determination of the sense
of magmatic flow

The available methods for determination of the sense
of magmatic flow are based on (a) angular differences
between subfabrics formed by particles of different
shapes (Fernandez and Laporte 1991) in space or in
X7 section, or on (b) mutual interactions of particles
(tiling - Den Tex 1969, Blumenfeld - Bouchez 1988).
The determination of XZ plane in magmatic rocks in
the field is often impossible and consequently the field
application of the above mentioned method is equivo-
cal. However, the determination of fabric axes using
the reflection goniometry enables to obtain the XZ
section which is most convenient for kinematic ob-
servations.

For this purpose, a special apparatus was devised
(Fig. 4).
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It enables biaxial rotation of the sample into such a
position that the calculated XZ plane becomes verti-
cal, fixing of the sample position with plaster and cut-
ting parallel to XZ plane of the fixed sample. The
device consists of a horizontal stage rotational around
a vertical axis and bearing a mould for stabilisation of
the sample with plaster. The stage allows the rotation
of sample into the position when the strike of XZ pla-
ne becomes parallel to the east-west horizontal axis of
the apparatus, The sample is fastened by a lateral
clamp which can be rotated around the east-west hori-
zontal axis so that the dip of the XZ plane turns verti-
cal. Then the mould is lifted up to a level of the sample
that will be fixed with plaster, and the sample can be
cut by a vertical saw.

Kinematic analysis in the XZ plane

We have attempted to determine the kinematics of
magma motion from the samples of the Trebi& durba-
chite analysing the feldspar distribution in the XZ pla-
ne (Photo 1 a, b). v

In this plane, orientations of feldspars' long axes
with respect to a reference line and their aspect ratios
were measured (Fig. 5).

Freuquency of phenocryst aspect
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The phenocrysts were divided into two groups
according to their aspect ratio, thus yielding two sub-
fabrics. Angular differences in the orientations of the
maxima of both sub-fabrics, shown in rose diagrams
(Fig. 6), with two distinct classes of aspect ratio were
found.

They may be used as a sense of non-coaxial flow
criterion (Fernandez - Laporte 1991). Yet, the use of
these relationships between different subfabrics as a
kinematic criterion is not straightforward and requires
the following discussion.

Discussion

In the limelight of the discussion is the applicability
and reliability of the method. Undoubtedly, it depends
on favourable size of phenocrysts with regards to the
goniometer magnification, and a crystallisation su-
ccession that provides conditions under which rigid
particles may move in the matrix. The reflection goni-
ometry allows determination of SPO of the minerals
with good cleavage such as biotites or porphyritic
feldspars. Measurement of SPO of both the minerals in
one sample can reveal the flow geometry and kinema-
tics, which are usually difficult to obtain by other me-

Frequency of phenocryst aspect
ratio - sample 3021
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Fig. 5. Frequency of aspect ratio of feldspar phenocrysts measured in the calculated XZ, plane
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Fig. 6. Orientation rose diagrams of
the phenocrysts. Long particles dis-
play a sharp maximum while the
orientation of the short ones are
contained in a wider range.
Diameters of the roses indicate the
mean orientation for each populati-
on, The arrows between the maxi-
ma of long and short particles in the
combined diagrams indicate the an-
ti-clockwise rotation of phenoc-
rysts, i.e., sinistral sense of shearing

ans. As stated above, micas may be compared with
planar markers and it is possible to deduce the flow
symmetry directly from their SPO (e.g. Sanderson -
Meneilly 1981). On the other hand, feldspars exhibit
general triaxial shapes and their fabrics are more com-
plex (JeZek et al. 1994) and not related unequivocally
to the flow geometry. Nevertheless, the comparison of
feldspar and mica subfabrics may yield constraints on
flow kinematics. Another problem is caused by twin-
ning of feldspars. Ideally, basal cleavage of both parts
of twins should be measured, thus yielding two maxi-
ma with an angular difference about 50° and a shape
preferred lineation lying in the axis of the angle. A li-
mited work space of the goniometer, however, someti-
mes prevents the regular measurement of both parts of
all twins. In spite of this technical drawback, the com-
parison with observable lineations in the field indica-
ted by an elongation of mafic enclaves proved that the
application of this method is substantiated.

Angular differences between subfabrics formed by
particles of different shapes appear during non-coaxial
flows (Fernandez - Laporte 1991). This is due to diffe-
rent rotation velocities of relatively short and long par-
ticles in the flow: short particles spin faster than the
long ones (see e.g. Ghosh - Ramberg 1976). However,
numerical models of fabric evolution (Freeman 1985,
JeZek et al. 1994) indicate that the motion of rigid par-
ticles i1s (quasi)periodic in many non-coaxial flows,
even if a certain component of flattening across the X7
plane is present. Consequently, fabrics resulting from a
general non-coaxial flow are irregularly oscillating and
do not form stable subfabrics which could be used for
deducing the sense of flow. It depends on the amount
of shearing (y) and on the particle shapes, whether the
resulting fabric will be stable or not. It follows that the
angular difference between different subfabrics cannot
be used as a kinematic marker directly in all geometri-
es of non-coaxial flows, without further consideration
of the flow geometry and particle shapes.

d3142 asp.ratio >2.3 asp.ratio< 1.5

d3021 asp.ratio >2.3 asp.ratio < 2.3

llshortll

combined diagram

combined diagram
Conclusion

The fabric of magmatic bodies, in particular magmatic
lineations, are usually difficult to obtain directly in the
field. The proposed method of measurement of SPO of
large phenocrysts in magmatic rocks by means of ref-
lection optical goniometry enables the quantitative de-
termination of magmatic foliations and lineations in
porphyritic igneous rocks. Moreover, it allows to
quantify the differences between the SPO of different
subfabrics formed by minerals of unequal shapes and
to compare the SPO of measured minerals with theo-
retical models of fabric evolution. Conclusions on the
kinematics of non-coaxial flows may be drawn with
higher precision than if scarce and ambiguous field
criteria are used only.
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Vnitini stavba porfyrickych vyvielin stanovena dle piednostni orientace Zivcovych vyrostlic

Urgeni magmatickych foliaci a lineaci je obvykly problém, s nimZ se setkdvdme pfi terénnim studiu vyvFelych hornin. JeSt& obtiZn&j3i byva
snaha uréit orientaci pohybu tekouciho magmatu. Z téchto divodu predklidame zdokonalenou metodu optické reflexni goniometrie, kterd se
vyuZiva pro podrobné studium vnitini stavby porfyrickych magmatitii. Tato metoda umoZiiuje: 1. urdeni tvarové pfednostni orientace Zivco-
vych vyrostlic, 2. pfesné&j§i urfeni magmatickych foliaci a lineaci a 3. stanoveni smyslu kombinovaného koaxiélniho a nekoaxidlniho magma-
tického toku, zaloZené na asymetriich dil¢ich staveb (Fernandez 1987).

VyuZiti této metody je demonstrovéno na vzorcich tiebi¢ského durbachitu, v n€m# Zivcové vyrostlice vykazuji pfednostni orientaci ziska-
nou b&¢hem vmistovéni plutonu, Zméfené magmatické stavby jsou porovndny s vysledky matematického modelovani pohybu pevnych &istic,
undsenych v toku viskézni kapaliny (Jeffery 1922).




