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Abstract

Studies of the microstructure, crystallographic orientation, chemical composition and three-dimensional shape of sigmoidal garnet reveal a
number of features that can be used to discuss its origin, and in particular to distinguish between rotational versus non-rotational models.
Crystallographic orientation mapping of sigmoidal garnet shows no evidence of subgrain formation or of being polycrystalline, suggesting
that neither ductile nor brittle deformation is significant. Chemical mapping shows that the garnet grew during a single metamorphic event,
arguing against ideas that sigmoidal garnet forms as the result of a series of independent growth events. The chemical mapping also reveals
anisotropic growth of garnet with the long axis of the ellipsoidal grain rotating in the same direction but to a lesser degree than the inclusion
trails. This is best explained as the result of syn-growth rotation of the garnet with respect to the foliation and maximum growth direction.
High-resolution X-ray CT scanning shows that the inclusion trails have a complex three-dimensional spiral geometry. This type of geometry
is predicted by rotational models of sigmoidal garnet formation. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Garnets with curved inclusion trails are commonly
referred to as ‘snowball’ or ‘sigmoidal’ garnets and are
a common feature of regional metamorphic rocks. The
inclusion trails are commonly very similar in composition
and show good continuation with the external foliation,
suggesting that they represent foliation that has been incor-
porated within the garnet during its growth. There is,
however, considerable debate on how to account for the
curvature of the inclusion trails. One school of thought,
the ‘rotationalists’, considers that these microstructures
form in a single phase of garnet growth and the curvature
is due to syn-growth rotation of the garnet with respect
to the foliation (e.g. Zwart, 1962; Rosenfeld, 1970;
Schoneveld, 1977). In this interpretation the two-fold sym-
metry axis of the inclusion trails lies parallel to the rotation
axis of finite deformation and can be used as a sense of
shear indicator. A second school, the ‘non-rotationalists’,
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proposes that garnet (and other porphyroblasts) maintain a
fixed orientation with respect to the earth’s horizontal (e.g.
Bell and Johnson, 1989; Johnson, 1990; Bell et al., 1992;
Hayward, 1992; Aerden, 1995; Hickey and Bell, 1999). In
this second case, the tight curvature seen in many sigmoidal
garnets is explained as the result of the garnet overgrowing a
series of differently oriented foliations, and the symmetry
axes of the inclusion trails are interpreted as the intersection
of a series of independent foliations and are referred to as
foliation intersection axes or FIAs (e.g. Bell et al., 1997,
1998; Bell and Mares, 1999). The consistent orientation of
FIAs reported by a number of workers is considered to
be one of the most crucial lines of evidence in support of
non-rotation (e.g. Bell et al., 1995). The implications of the
non-rotational model for sense of shear determinations,
folding mechanisms, and orogenic processes are discussed
by Bell et al. (1992, 1995) and Bell and Hickey (1997).
Most attempts to test the rotational and non-rotational
models have focused on looking for microstructural
evidence for or against rotation (Passchier et al., 1992;
Visser and Mancktelow, 1992; Wallis, 1992). For a single
grain, the question of whether the foliation or the garnet
rotates is a semantic one and depends only on the reference
frame chosen. For single grains, a more significant
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difference is that the rotational model implies that sigmoidal
garnet forms during a single phase of metamorphism
and associated non-coaxial deformation, while the non-
rotational model implies that the garnet preserves a poly-
phase history.

In this contribution we re-examine the problem of how
sigmoidal garnet forms by combining three different types
of studies. First, we used an X-ray microscope to study
whether or not the garnet is a single crystal. The shear
modulus and the creep strength of garnet are significantly
higher than those of other silicates (Karato, 1989; Bass,
1995). This suggests that garnet is unlikely to undergo
significant deformation under normal crustal conditions.
However, deformation may affect garnet shape, as sug-
gested by the following evidence. Tensile fractures were
recognised in oblate garnet grains occurring in ductilely
deformed rocks (e.g. Ji and Martignole, 1994). Laue X-ray
diffraction photographs detected plastic deformation of
garnet grains from mylonites formed at high temperatures
(Dalziel and Bailey, 1968; Ji et al., 1997). In addition, in
some cases the complex shapes of garnet are difficult to
explain in terms of a single stage of nucleation and over-
growth and may be the result of impingement and welding
of separate grains (e.g. Kamineni, 1978; Ikeda, 1993). The
assumptions accepted by both the rotational and non-
rotational schools that sigmoidal garnets were rigid single
grains throughout their growth are open to question and
their validity should be verified. In order to determine
whether the sigmoidal garnet grains are polycrystalline or
not, it is necessary to study variations in the crystallographic
orientation of an individual sigmoidal garnet. To study
this feature we used a newly-designed X-ray analytical
microscope.

Second, we examined the relationship between chemical
zoning patterns in sigmoidal garnet and the microstructure.
Extensive petrographic and theoretical studies of chemical
zoning of garnet have been very successful in revealing the
associated growth and resorption histories (see Spear (1993)
for a review). The original growth zoning can be used to
determine the overall external shape of garnets during its
growth (e.g. Spiess and Bell, 1996; Spear and Daniel, 2001).
An important aspect of the non-rotational model is that the
garnet should undergo a series of roughly orthogonal shape
changes (e.g. Fig. 6 in Bell et al. (1992)). In contrast,
rotational models predict either equidimensional growth or
continuous change in orientation of the long axis. Chemical
zoning patterns perhaps represent one of the best ways to
test the non-rotational models. To our knowledge, however,
this aspect of sigmoidal garnets has not before been
explicitly studied. Qualitative X-ray mapping and quanti-
tative chemical analyses were used to determine a chemical
contour map of the sigmoidal grain. These studies reveal
changes during growth both in the external shape of garnet
and orientation of its long axis.

Third, we observed the three-dimensional (3-D) shape of
the inclusion trails using X-ray computed tomography (CT).

Rotational and non-rotational models make different pre-
dictions about the 3-D shape of the inclusion trails in
sigmoidal garnet. This can potentially be used to distinguish
the models. However, the true 3-D distribution of inclusions
is difficult to observe. One approach is to study serial
sections combined with observations using a universal
stage microscope (e.g. Powell and Treagus, 1967, 1970;
Johnson, 1993; Bell et al., 1995). However, important
information can be lost during the sectioning and re-
examination of the same samples is not possible. Sectioning
at intervals of several millimetres is likely to be too large to
judge whether inclusion trails trace continuously or dis-
continuously. In contrast, modern X-ray CT methods are
non-destructive and it has been shown that this can be
applied to rocks to determine 3-D structures such as location
of crystals, crystal size and whether or not the crystals
form clusters (e.g. Denison et al., 1997). Here we present
a developed method for studying the 3-D shape of the
internal fabrics of porphyroblasts using CT scanning with
an unprecedentedly high resolution.

2. Analytical work

In this study, two metapelite samples both containing
sigmoidal garnets were invesitgated, #80904 from the
Dalradian rocks of NW Scotland and #MS95 from the
Austroalpine nappes of the Eastern Alps. The analytical
procedures are as below.

A specially-designed X-ray analytical microscope at
Kyoto University was used to examine the crystallographic
orientations of sigmoidal garnet grains to determine whether
the sigmoidal garnet is a single crystal or polycrystalline.
The X-ray microscope was constructed by combining a
special goniometric stage with a conventional X-ray ana-
Iytical microscope [HORIBA XGT-2000] (Shimobayashi et
al., 1999). The goniometric stage is composed of a large
tilting stage (y-stage) and a rotation stage (¢-stage). A
small X-Y scanning stage (=10 mm in each direction) is
mounted on the ¢-stage. These stages can be controlled to a
high level of accuracy with stepping motors controlled by
two personal computers; one for the y- and ¢-stages and the
other for the X-Y stage. An X-ray beam generated by a
microfocus X-ray tube (Rh target) is focused onto a spot
less than 10 wm in diameter with the working distance
of 1 mm through the X-ray guide tube (XGT), and this
irradiates the sample placed on the X-Y scanning stage.
An energy-dispersive spectrometer (EDS) detects the
fluorescent and back-scattered X-rays emitted from the
sample. In the case of crystalline materials, the diffracted
X-rays can also be detected with the EDS. By adjusting the
x- and ¢-stages, we can obtain a strong and clear signal of
the diffracted X-rays. If the sample is scanned by moving
the X-Y stage with the y- and ¢-stages fixed, we can simul-
taneously obtain images of both the fluoresced and
diffracted X-rays of a given area. The mapping of the
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sigmoidal garnet was carried out under the conditions of
50 kV accelerating voltage, 1 mA tube current, 5 X 5 pm
pixel size and 1000 ms dwelling time.

In order to examine chemical zoning of the garnet grain,
we first employed a wavelength-dispersive X-ray analytical
system (JEOL JXA-8800) with X-ray mapping software at
Shiga University. A beam current of 20 nA and an acceler-
ating voltage of 15 kV were used with a 2 X 2 um pixel size
for a 25 ms dwelling time. In total 1000 X 1000 pixels were
obtained for the mapping. The chemical compositions of
constituent minerals were determined using a scanning elec-
tron microscope (JEOL JSM-5800LV) combined with a
Link ISIS analytical system at Kyushu University, under
analytical conditions of 500 pA beam current, 20 kV
accelerating voltage and 100 s livetime.

Three-dimensional structures of sigmoidal grains of
garnet in sample #80904 were obtained by the X-ray CT.
A rock specimen was imaged by a microfocus X-ray CT
scanner, ELESCAN NX-NCP-C80-I(4) (Nittetsu Elex Co.)
at Osaka University. The CT scanner has a microfocus
X-ray tube (6 X 8 wm) with a W target and a CCD camera
(54 x 72 mm and 480 X 640 pixels) as the X-ray detector.
Details of this scanner are described in Tsuchiyama et al.
(2002). A columnar sample was prepared from the rock to
reduce imaging artifacts by the CT method. A large sample
(15 mm in diameter and 15 mm in height) was imaged first
to search garnet grains suitable for detailed imaging by
using a smaller sample with higher resolution. CT slices
perpendicular to the axis of the columnar sample were
imaged at an X-ray accelerating voltage of 80 kV and
tube current of 25 wA. The 3-D structure was obtained
from 182 successive slices. Each CT image has 512 X
512 pixels with a magnification of four and the correspond-
ing pixel size and slice width are 35.2 X 35.2 um?” and
84.4 wm, respectively.

A small columnar sample (4.5 mm in diameter and 4 mm
in height), which contains full garnet grains, was removed
from the large sample. This sample was imaged at 60 kV
and 49 p.A with higher magnification. The pixel size and the
slice width became 10.5 X 10.5 um?* and 8.44 wm, respec-
tively. This gives the spatial resolution of about 25 pwm. For
obtaining a cross-sectional image, 450 projections were
obtained at 0.4° intervals during the rotation of the sample.
The contrast of the projections was 14 bit resolution. To
save the time needed for imaging, 13 slices were imaged
at a time with a cone beam and this imaging process was
repeated 22 times by successively changing the sample
height position. Although a cone beam correction was not
made, the shapes of garnet grains in the CT images were not
greatly affected by the cone beam because the number of the
images taken at one time was small. The 3-D structure was
obtained from 360 slices. The total time taken for the
detailed images was about 2 h for taking the X-ray projec-
tions and about 3 h for reconstruction of CT images from the
projections. A single crystal of olivine from San Carlos,
USA, which was used as a standard for identifying mineral

phases in the rock sample, was embedded in a columnar
container (4.5 mm in diameter) of silicon powder with a
resin according to Tsuchiyama et al. (2002). This was also
imaged under the same conditions as the sample.

3. Sample descriptions
3.1. Geological setting

The first sample, #80904, is from the NW part of the
Dalradian rocks in the Loch Leven area, Inverness-shire,
Scotland. Two stages of deformation (D;, D,) are respon-
sible for the major structures of the area (Bailey and Maufe,
1960; Treagus, 1974; Ikeda, 1996). The first phase of defor-
mation is responsible for tight folding of the original strati-
graphic sequence, which is associated with the formation of
an axial planar schistosity. This foliation (S;) is sub-parallel
to the bedding plane throughout the area except for local
exposures of closures of tight D, folds. The second phase of
deformation (D,) includes deflection of both stratigraphy
and the D, fold axial surface. D, deformation is associated
with the formation of a crenulation cleavage (S;). The
second foliation (S,) is deflected around garnet grains that
include the strongly curved S; fabric (Treagus, 1974). No
clear stretching lineation is observed. This may be either
because it was not developed originally or, alternatively,
because it has been obliterated by the effect of subsequent
deformation and recrystallisation. Locally, cross-bedding is
well preserved in quartzite layers (Bailey and Maufe, 1960)
suggesting relatively low strain. The well-developed folia-
tion in the metapelite lithologies implies, however, that this
rock type has undergone considerably higher strain.

The area belongs to the garnet zone as defined by Bailey
(1923). The metamorphic conditions of the garnet zone of
the Dalradian rocks are estimated to be around 6 kbar
and 500 °C (Richardson and Powell, 1976; Pattison, 1989;
Pattison and Voll, 1991). Pattison and Voll (1991) have
proposed the following reaction that accounts for the forma-
tion of garnet:

muscovite + chlorite + quartz
= garnet + biotite + H,O — fluid. @))

The second sample, #MS95, is a metapelite from within a
broad kilometre-scale shear zone along the base of the
Austroalpine nappes of the Eastern Alps (for detailed
description see Wallis and Behrmann (1996)). Within this
shear zone there are penetrative ductile fabrics related to
both crustal thickening associated with prograde meta-
morphism (D,) and crustal thinning associated with retro-
grade metamorphism (D). In both deformation phases the
stretching direction is oriented W to NW and the tectonic
fabrics show a general monoclinic symmetry suggesting
non-coaxial deformation with the vorticity vector parallel
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Fig. 1. Photomicrographs of sigmoidal garnet. (a) Sample #80904 from the Dalradian metamorphic region. (b) Detail of (a). (c) Sample #MS95 from the
western Alps. (d) Detail of (c). All photomicrographs in plane polarised light. Abbreviations: tr-z, truncation zone; ms, muscovite; bi, biotite; ilm, ilmenite; qz,

quartz; amp, amphibole.

to the intermediate principal axis of finite strain and top-to-
the-W to NW sense of shear (Wallis and Behrmann, 1996).
Garnet growth took place during Cretaceous Barrovian-
type metamorphism. The presence of the assemblage
biotite + kyanite + staurolite + garnet (Fig. 7a in Wallis
and Behrmann (1996)) suggests minimum metamorphic
conditions of around 7 kbar and 630 °C (Spear and Cheney,
1989). Under these conditions crystal plasticity is likely to
be the dominant deformation mechanism in quartz-rich
rocks and this is supported by the presence of D, quartz
crystallographic preferred orientation patterns.

3.2. Microstructure

The mineral assemblage of the pelitic sample #80904 is
garnet + biotite + muscovite + chlorite + plagioclase +
quartz + ilmenite + graphite, and is consistent with the
garnet-forming reaction given by Eq. (1). Preferred orien-
tation of muscovite and biotite defines the foliations (S; and
S,) in this sample. Crenulation of S; formed during the

second phase of deformation produces a compositional
banding composed of millimetre-scale mica-rich and -poor
layers. A crenulation lineation related to a later stage of
deformation is also recognised on the S, surface. A thin
section was prepared perpendicular to both S; and S,. In
this plane, most garnet grains have clear spiral trails of
inclusions, suggesting that the two-fold symmetry axis of
most grains is perpendicular to the section. The horizontal
direction of the photomicrograph shown in Fig. la corre-
sponds to the direction of the strike of S; (N35°W).
Foliations S; and S, are roughly horizontal and vertical,
respectively.

The spiral arms of the garnet grain shown in Fig. la are
symmetrical. They are in contact with the grains of musco-
vite and biotite comprising S|, suggesting that the arms grew
together with biotite at the expense of the S; muscovite
through reaction (1) and that the growth was controlled by
diffusion in the matrix. Some S; biotite grains are partially
included at the margin of the garnet grain (Fig. 1a). These
indicate that garnet growth occurred both during and after
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'R: Fe, G: R1, B: K

0.6 mm

Fig. 2. X-ray image maps of the sample #80904 for the {842} reflection (R;) and K« lines of K and Fe of the garnet and the summation of the three lines. The

garnet grain is identical to that in the centre of Fig. la.

the first phase of deformation. The inclusion trails within the
garnet grain are therefore a continuation of S;, as described
by Treagus (1974). Fine-grained elongate inclusions of
quartz and ilmenite occur completely within the garnet
grain (top centre of Fig. 1b). In contrast, coarser and less
ellipsoidal quartz grains lie between the spiral arms of the
garnet, where skeletal garnet grew along quartz grain
boundaries, partially enclosing the quartz grains. The traces
of long axes of the former inclusion grains have a tightly
spiral shape, whereas those of the latter grains are less
curved. The boundary between the domains containing
these two types of inclusions is geometrically analogous
to the truncation plane of Bell and Johnson (1989). The

skeletal branches of garnet intervening spiral arms are
curved, i.e. upward convex at the right-hand side of Fig.
1b and downward convex at the left-hand side. These curva-
tures are similar to those of included foliations that are
originally located at the strain shadow by the rotational
model of Schoneveld (1977).

The sample #MS95 contains garnet, biotite, amphibole,
muscovite and quartz together with minor calcite, plagio-
clase and secondary chlorite. The sample was cut perpen-
dicular to the foliation and in a direction parallel to the
dominant stretching lineation (Fig. 1c). Garnet in this
sample is ovoidal and is not composed of spiral arms
with intervening skeletal parts. Most grains of quartz and
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high 0.4 mm

Fig. 3. X-ray image maps with respect to Fe, Mn, Mg and Ca. Grains of garnet in (a) and (b) are identical to those in Fig. la and c, respectively.

ilmenite are completely included in garnet. In spite of such
differences in the mode of occurrence, the garnet of sample
#MSOS5 also contains spiral and less curved inclusion trails
(Fig. 1d). The spiral fabrics within the garnet are a continu-
ation of the S; foliation (see above) although the dominant
mesoscopic fabric in this sample is in fact S (see also Fig.
7b of Wallis and Behrmann (1996)). Coarse garnet
(<2 mm) is common in the sample and, in general, different
grains show very similar spiral features with two-fold
symmetry axes approximately perpendicular to the section
surface. However, locally, the inclusion trail patterns of the

garnet suggest the spiral axis is oriented obliquely to the
section surface. This variation in the orientation of the spiral
axes may be explained by Ds deformation that postdates
garnet growth.

3.3. Crystallographic orientation

For the grain shown in Fig. 1a, an X-ray diffraction peak
was detected with ca. 5.16 keV in the energy-dispersive
spectrum when the beam was focused on a point of garnet
grain at y = +2° and ¢ = 0°. This peak can be attributed to
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Fig. 3. (continued)

diffraction by {842} planes. We then set an energy range
between 4.98 and 5.32keV as R; and by scanning the
sample we obtained maps of both crystallographic orien-
tation and element distribution. Fig. 2 shows the crystallo-
graphic orientation map and two element maps for K and Fe,
respectively. A map for R; shown in Fig. 2 shows that the
whole of the sigmoidal grain of garnet is uniformly
coloured, indicating that every part of this garnet grain
has the same crystallographic orientation. The degree of
angular mismatch in crystallographic orientation that can
be recognised depends on the working distance used in

the measurement. A working distance of 3 mm was used
to detect the X-ray intense enough to construct Fig. 2. In
this case it is not possible to recognise differences in crystal-
lographic orientation of less than 4°. To check the signifi-
cance of these results we also studied the sample using a
working distance of 20 mm, which enable us to recognise 1°
differences in crystallographic orientation, despite the low
X-ray intensity and the low resolution (X-ray beam: 100 pm
in diameter). In both cases a uniform reflection pattern
indicated no crystallographic mismatch across the grain.
In addition to the garnet of this study, several other grains



1640 T. Ikeda et al. / Journal of Structural Geology 24 (2002) 1633—1646

Table 1
Representative analyses of constituent minerals of sample #80904

Mineral Biotite Muscovite Chlorite Plagioclase Ilmenite Garnet

Analysed point Bt-12 Ms-1 Chl-1 Pl-1 IIm-3 Grt-93 rim Grt-36 core
Si0, 35.33 47.28 27.92 64.54 0.45 37.11 37.15
TiO, 2.16 0.52 52.11

ALO; 17.41 31.34 19.50 2242 20.55 21.00
FeO 25.61 2.93 31.32 0.21 43.49 34.20 27.80
MnO 4.24 0.36 5.39
MgO 6.39 1.47 8.28 1.06 0.53
CaO 3.28 0.14 6.47 8.63
Na,O 0.74 0.84 0.83 10.21

K,O 8.99 10.21 3.09 0.14

Total 96.63 94.59 90.94 100.80 100.43 99.75 100.50
Si 5.470 6.392 5.939 2.831 0.045 3.010 2.986
Ti 0.252 0.053 3.939

Al 3.177 4.994 4.889 1.159 1.964 1.990
Fe 3.316 0.331 5.572 0.008 3.655 2.320 1.869
Mn 0.361 0.025 0.367
Mg 1.475 0.296 2.626 0.128 0.064
Ca 0.154 0.015 0.562 0.743
Na 0.222 0.220 0.342 0.868

K 1.776 1.761 0.839 0.008

0= 22 22 28 8 12 12 12

also show a high contrast in the map for R, (Fig. 2). This is
due to a chance coincidence in the direction of diffracted
X-rays from the garnet and other minerals. Superposing the
three images related to both composition and crystallo-
graphic orientation allows the different grains to be distin-
guished (RGB image in Fig. 2). Only the garnet grain is

a) Mn

Fe

b)

Mnp <+—

02 0.1

Fe + Mg

Fig. 4. Chemical composition of garnet from the sample #80904.
(a) Fe~Mg—Mn ratio; (b) Mn—(Fe + Mg)—Ca ratio.

coloured yellow. In contrast, biotite grains are purple. The
orientation maps using different diffracted X-rays (e.g.
{1042}, {642} and {1222} reflections at different y—¢ con-
ditions) also show that the whole region of the sigmoidal
grain has the same crystallographic orientation. Conse-
quently, we concluded that the sigmoidal garnet grain was
composed of a single crystal in spite of its complex shape.
The same technique applied to the grain of the sample
#MS95 shown in Fig. lc confirmed that this was also
composed of a single crystal with no evidence of subgrain
formation.

3.4. Mineral composition

Qualitative chemical zoning profiles with respect to Fe,
Mn, Mg and Ca of the garnet grains of Fig. la and c are
shown in Fig. 3a and b, respectively. Garnet grains from
both samples show an increase in Mg and decreases in
Mn and Ca from the core towards the periphery. Each
grain shows a single maximum in the Mn content. Enrich-
ment of the spessartine component at the margin is not
recognised. The chemical zoning of both grains is con-
tinuous except for the upper-left and lower-right parts of
the grain in Fig. 3a, where a possible chemical discontinuity
exists. The region where a deflection of the inclusion trails
is recognised does not coincide geometrically with the
location where a chemical discontinuity may be present.
The shapes of described contours in chemical composition
are not circular but approximately ellipsoidal and oriented
obliquely to the slightly ellipsoidal shape of grain. In both
samples, the long and short axes of the contour ellipses
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Fig. 5. Chemical contour map of the same garnet grain as shown in Fig. 3a. The lines are defined by quantitative analyses of the points shown as solid dots.
Numbers denote the spessartine content of the contour line in mol%. Open and solid inclusions are quartz and ilmenite, respectively. Note that the long axes of
the shape encompassed by the contours rotate clockwise with descending spessartine content and that the contour of 10 mol% spessartine shows the

development of two spiral arms.

show relative rotations with increasing diameter that are
compatible with the sense of curvature shown by the
inclusion trails (Fig. 3a and b).

Quantitative chemical analyses of the sample #80904
allow these features to be defined more precisely. Constitu-
ent minerals other than garnet are chemically homogeneous
within the section, and their representative analyses are
shown in Table 1. The spessartine content decreases from
12 mol% at the centre to nearly zero at the periphery (Fig.
4). In total, analyses of 180 points were used to define the
chemical contour lines for the spessartine component of the
garnet (Fig. 5). The chemical contours are neither parallel
nor perpendicular to the direction of the spiral arms of the
garnet grain. The shape encompassed by the contour line of
10 mol% of spessartine content has two spiral arms. Similar
shapes of contours are obtained if other endmembers of
garnet are used to produce chemical maps.

Fig. 6 plots the long axes of the contour shapes as a
function of the angle made with the matrix schistosity, S;.
The results show that the long axis rotates clockwise some
40° during the chemical interval between 10 and 4 mol% of
spessartine. During the same growth interval, inclusion
trails show a change in orientation of about 90°. For a
given change in spessartine content the angular changes in
both inclusion trails and the long axis of the contour
decrease with increasing diameter.

3.5. Three-dimensional geometry

Fig. 7 shows successive CT images, which focuses on a
single garnet grain of the sample #80904. The images are
arranged in order of increasing distance from the viewpoint,
with a spacing between the images of 75.9 wm. The



1642 T. Ikeda et al. / Journal of Structural Geology 24 (2002) 1633—1646

1.5 T T T T T T T T T T T T T T T
5 periphery-
g 1.0F 4
E | _
= 5 L
]
g | 6b
s b4 ]
o
0.5 | 8
L 10 -
- spessartine content (mol %) |
D - B
0 ! i 1 1 L | ! L ! 1 1 ! 1 I L
0 30 60 90 120 150 180
6 (degree)

Fig. 6. Diameters of the shape encompassed by the chemical contours of garnet grain in Fig. 5 as a function of the angle from the external schistosity Sy, 6,
which is measured anticlockwise. The arrows show the approximate portions in which the garnet grain incorporates coarser and less ellipsoidal quartz grains.

orientation of the image is the same as Fig. la, i.e. the
schistosity (S;) of the sample lies horizontal.

The differences in brightness are related to the X-ray
attenuation of minerals. Objects with high and low bright-
nesses correspond to those with high and low linear attenua-
tion coefficients (LAC), respectively. Because the LAC
value is a function of the photon energy of the incoming
X-ray beam and in the present study, a polychromatic X-ray
beam was used, we used an olivine crystal from San Carlos,
USA (SCO = San Carlos olivine: Fog;g) as a standard to
quantitatively evaluate the CT value, which is a quantitative
expression of the brightness in a CT image (Tsuchiyama et
al., 2002). The range of the CT values, which were normal-

'39.5

Ht

plgz ms

ised by those of SCO and air (defined as 100 OU for SCO
and 0 OU for air: OU = olivine unit), was adopted from
39.5 to 224 OU in Fig. 7 to show better contrast among
the minerals.

The LAC values of the minerals in the present specimen
can be calculated from the chemical compositions (Table 1)
and the densities as a function of the photon energy (e.g.
Tsuchiyama et al., 2000). The densities of the minerals were
estimated from the reference values of endmembers for
minerals (Olhoeft and Johnson, 1989) by assuming that
Vegard’s law can be applied to garnet and plagioclase.
The normalised LAC values are 211, 133, 85.0, 67.2, 66.9
and 356 OU at 60kV for garnet, biotite, muscovite,

T

224 OU

b

bi ga ilm

Fig. 7. Successive CT images of a sigmoidal garnet from sample #80904 for every nine slice intervals (75.9 wm interval). The width and height of each CT
image is 1.90 mm. The range of normalised CT values showing each image is from 39.5 to 224 OU. The CT values expected for plagioclase (pl), quartz (qz),
muscovite (ms), biotite (bi), garnet (ga) and ilmenite (ilm) are also shown together with a grey scale. The CT value for ilmenite is out of scale. See text for more

details.



T. Ikeda et al. / Journal of Structural Geology 24 (2002) 1633—1646 1643

plagioclase, quartz and ilmenite, respectively. Chlorite has a
LAC value similar to biotite. The garnet LAC value is
almost constant within the compositional range of the
zoning. If the calibrated relation between the normalised
LAC and CT values for the present CT scanner obtained
by Tsuchiyama et al. (2002) was used, the normalised CT
values expected for the minerals would be 180, 130, 85, 67,
67 and 250 OU, respectively. They are shown with a grey
scale in Fig. 7.

The bright object at the centres of Fig. 7b—q is garnet.
Small objects slightly darker than garnet in the matrix are
biotite. Large objects below the garnet grain (Fig. 7m-r) are
also biotite. Quartz, plagioclase, and muscovite are imaged
as dark matrix. Quartz and plagioclase cannot be dis-
tinguished from each other because their LAC values are
almost the same. Slightly brighter portions in the matrix are
muscovite. The concentric rings observed in the figure
are imaging artifacts superimposed on the CT images.
This ring artifact is mainly caused by time drift of the
X-ray detector elements during the data acquisition.

The successive images of the whole garnet grain shows
that the height of the grain is about 1.2 mm, which is similar
to its width. The image with the maximum width is Fig. 7i
suggesting that this represents a section passing very close
to the centre of the garnet. Although the spatial resolution
still has room for improvement, the images allow the
general geometry of the quartz inclusion trails within the
garnet to be discerned. In Fig. 7i, the spiral shape of
the garnet grain can be seen and it has arms that curve
with a clockwise sense and decreasing curvature with
increasing distance from the centre of the grain. The arms
at the 3-D centre of the grain (Fig. 7i) are inclined anti-
clockwise ca. 50° with respect to the schistosity, S;. In
contrast, the arms that pass through the upper or lower
portions of the grain have distinct orientations. The orien-
tations of the arms passing through the two-dimensional
centres are almost parallel to S; in Fig. 7f and m. The change
in orientation of the arms seems to be continuous even with
an image spacing as small as 75.9 pm. Significant features
analogous to truncation planes of Bell and Johnson (1989)
were not detected. The changes in the geometry of the arms
in successive images suggest that the arms or inclusion trails
have a complex non-cylindrical 3-D shape with tighter
curvature near the centre of the grain. This type of geometry
is consistent with the 3-D structures of the twisting inclusion
trails described by Powell and Treagus (1967, 1970) and
Johnson (1993). The pattern of inclusion trails maintains
good two-fold symmetry throughout the sections, suggest-
ing that the orientation of the symmetry axis (rotation axis
or FIA) of the grain is almost perpendicular to the images.

4. Discussion

The orientation of the symmetry axis of the garnet grain
shown in Fig. 7 is approximately parallel to the intersection

of S; and S, in Fig. 1la, i.e. parallel to the intersection of
two highly oblique foliations. This configuration can be
explained by both the rotational and non-rotational models,
as suggested by Bell et al. (1995). However, the complex
but regular involute spiral shape of the inclusion trails
revealed by the CT scanning is best explained by a
rotational model. In non-rotational models, the orientation
of inclusion trails should change discontinuously in the
direction of two-fold symmetry axis, as well as in radial
directions perpendicular to this axis. In this section we
examine the chemical zoning and microstructures described
above to further test which of the two models is most plau-
sible.

The pyrope content of garnet produced by reaction (1)
increases with ascending metamorphic temperature. The
composition of matrix biotite and that of the periphery of
the garnet grain with maximum pyrope content may provide
a peak metamorphic temperature of the sample #80904,
which is 470 °C using the geothermometer of Ferry and
Spear (1978) at a pressure of 6 kbar. Using the method of
Dasgupta et al. (1991) gives an estimated 10 °C lower than
that of Ferry and Spear (1978). These temperatures are
insufficient to modify the growth zoning of garnet effec-
tively by volume diffusion (e.g. Yardley, 1977; Dempster,
1985; Ikeda, 1993). The consistent crystallographic orien-
tation and the presence of a single Mn maximum within any
grain indicate that the shape of the sigmoidal grain is due to
nucleation in one place and subsequent overgrowth on it.
None of the processes of plastic deformation, impingement
of multiple grains or brittle fracturing followed by crack-
filling can explain the sigmoidal shape. The lack of a zone
with Mn enrichment suggests that no resorption of garnet
took place during and after growth of garnet. We can, there-
fore, regard the chemical contours as representing the grain
shapes during growth. The chemical zoning of garnet shown
in Fig. 5 suggests the following aspects of the growth
history.

First, the continuous growth zoning preserved in garnet
grain indicates that the continuous garnet growth took place
through a single increase in metamorphic grade, i.e. a single
metamorphic event. It is difficult to produce such chemical
zonings of garnet by discrete multiple stages of garnet
growth as is required by the non-rotational model. Second,
a single chemical contour representing a growth surface
envelops quartz grains with distinctly different orientations
(e.g. 8 and 10 mol% spessartine contours in Fig. 5). This
suggests that ‘truncation zones’ such as that shown in Fig. 1
are formed by the simultaneous incorporation of distinctly
oriented quartz grains. The coarser grains may originally
have formed in strain shadows around the garnet as
suggested by Schoneveld (1977). Third, during part of its
growth the garnet grain had a clear spiral morphology as
shown by the shape of the 10 mol% spessartine contour
(Fig. 5). A radial trace across the garnet, therefore, gives
us no clear information about the temporal sequence of
either the incorporation of minerals or the orientation of
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Fig. 8. Progressive changes in shape and orientation of a rotating grain undergoing anisotropic growth on a spherical nucleus during anticlockwise rotation.
The amount of incremental increase in radius is given by Eq. (2) as a function of the angle from the mica-rich portion, w. The grains are arranged so that their
nuclei have an identical orientation that is 180° from the initial starting position. The numbers denote the rotation angle through which the core of the grain had
rotated when the encompassing grain was formed. The sigmoidal lines emanating from the centre represent the trace of the portion of the maximum growth

rate.

external foliation with respect to the garnet. Finally, the long
axis of the grain has rotated during its growth, in the same
direction as the inclusion trails, but to a lesser degree (Fig.
6). The difference in behaviour between the change in orien-
tation of the shape of the grain and the orientation of the
inclusion trails is a puzzling feature not readily explained by
either the rotational or non-rotational models. The non-rota-
tional model for the general development of porphyroblasts
(e.g. Bell and Johnson, 1989) invokes a series of stages with
horizontal and vertical foliations roughly perpendicular to
one another. Even though the model does not deal with the
anisotropic growth, it is expected that the direction of the
maximum growth rate is largely controlled either by the
presence of micas suitable for the garnet-producing reaction
or by growth in a non-hydrostatic stress field. Orthogonal
changes in the stress field will bring about orthogonal
changes not only in the orientation of foliation, but also in
the direction of the maximum growth rate, which is incon-
sistent with the observed features in the present work. The
observed changes in shape of the garnet and orientation of
inclusion trails are, however, compatible with a rotational
model as outlined below.

We consider a growing grain of garnet that is simul-
taneously rotating anticlockwise with respect to a reference
frame attached to the external foliation. We also assume that
the direction of the maximum growth rate is parallel to the
foliation. Once incorporated into the grain, the inclusions
undergo rigid-body rotation and their orientation gives a
measure of the true rotation of the grain. In contrast the

long axes of the growing grain rotate to a lesser degree
because the maximum incremental growth direction is
maintained in a direction parallel to the foliation. A simple
calculation represents this phenomenon semi-quantitatively.
Consider anisotropic growth on a spherical nucleus during
anticlockwise rotation. The incremental growth of the radius
per incremental rotation, Ar, is assumed to be time-inde-
pendent and a function of the angle from the direction of
the maximum growth rate, w, such that the increment
produces an ellipse of the form:

2,2

ab
Ar(w) =
(@) \/azsinzw + b2coslw

(©))

where a and b denote the lengths of the long and short axes
of the ellipse, respectively. Parameters Ar, a and b are
normalised by the radius of the grain after 180° rotation,
i.e. they all have dimensions of degree '. We can then
calculate the shape and orientation of the grains as a func-
tion of the rotation angle of their nuclei. All the shapes
encompassed by the contours shown in Fig. 5 possess an
identical nucleus that are rotated through a specific angle. In
order to compare the theoretical results with Fig. 5, all the
calculated shapes are shown after a 180° rotation of the core.
One such example is shown in Fig. 8 where values of 0.8
and 0.4 are used for a and b, respectively. The numbers
represent the full rigid body rotations of the core. In this
example it can be seen that the long axis of the grain only
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rotates 70° when the grain has undergone a full rotation of
180°.

Whether or not they include the anisotropic growth
feature discussed above, all rotational models predict a
complex non-coaxial twisting feature of the inclusion trails
related by a centre of symmetry and a two-fold rotation axis
(Powell and Treagus, 1970; Schoneveld, 1977). The CT
images of this study suggest that the inclusion trails of the
garnet in this study have a complex involute spiral geometry
(Fig. 7). This result is consistent with the rotational model
proposed in this study.

The present calculation gives a semi-quantitative expla-
nation of the observed geometrical features of garnet;
however, it should be noted that the calculation does
not consider change in the rotation rate of the grains. In
general, such changes are expected for non-spherical grains
suspended in a viscous matrix undergoing non-coaxial flow
(Jeffery, 1922; Powell and MacQueen, 1976; Masuda et al.,
1995). When deformation is simple shear, the rate of
rotation will be minimum when the long axis of the ellip-
soidal grain is parallel to the shear plane and shear direction,
which at high strains will be subparallel to the stretching
lineation. This will enhance the anisotropic growth
described by Eq. (2) and may increase the angular difference
between the true relative rotation and the long axis rotation.
The above calculation also does not include movement of
the material in the vicinity of the garnet grain due to viscous
flow, which is examined theoretically by Masuda and Ando
(1988) and Gray and Busa (1994). In contrast, Rosenfeld
(1970) proposes a simple model, referred to as ring model,
in which the grain growing isotropically rotates and incor-
porates inclusion minerals occurring within a fixed plane.
Gray and Busa (1994) show that the ring model is applicable
if the rotation angle is less than 180°, suggesting that the
effect of not considering the movement of the material
around garnet is negligible. The mica-rich portion is ca.
120° from the schistosity S; (Fig. 1a). Rotating Fig. 8 anti-
clockwise ca. 120° may also explain the vertically-oriented
long axis of the shape at the early stage. Despite the simplifi-
cation, the present model can well explain the observed
phenomenon that the long axis rotates less than the grain.

5. Conclusions

Sigmoidal garnets from two separate samples are single
crystals, showing that significant ductile or brittle deforma-
tion is not required to form them and also that they are not
the result of the amalgamation of independent grains.

Chemical mapping of sigmoidal garnets is continuous
with no clear breaks suggesting that they grew during a
single metamorphic event. Detailed chemical mapping
also reveals that the garnet grew in elongate, approximately
ellipsoidal, shapes. The long axis of individual growth ellip-
soids do not coincide but show an angular displacement.
This displacement has the same sense as that of the curva-

ture of the internal fabric of the garnet. These features are
best explained as continuous syn-growth rotation of the
garnet with respect to the maximum growth direction of
the garnet. Non-rotational models for the formation of
sigmoidal garnet would suggest a much more complex
pattern with sudden changes between different growth
stages.

CT scanning of sigmoidal garnet can successfully reveal
the main features of the 3-D shape of the inclusion trails and
orientation of the symmetry axis without cutting the sample.
The results of this study show that the spiral arms have a
complex 3-D spiral geometry. This type of geometry is
consistent with twisting features predicted by rotational
models for the formation of sigmoidal garnets.
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