PhD Thesis C.R. Huddlestone-Holmes

Chapter 2. An X-ray computed tomography study of
inclusion trail orientations in multiple porphyroblasts
from a single sample
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Abstract

Inclusion trails in 58 garnet porphyroblasts in a single sample from the Cram Hill
Formation in southeast Vermont were imaged using high resolution X-ray computed
tomography. The resulting 3D dataset, with an 11um voxel size, was analysed to determine the
distribution of microstructures preserved in the porphyroblasts. Texturally the porphyroblasts
have a large core with a sub-vertical foliation that has a clustered distribution. The mean
orientation has a plunge of 18° towards 292.8° and a 95% confidence cone semi-angle of 5.3°.
This steep foliation curves into a sub-horizontal foliation. The foliation intersection/inflection
axes (FIAs) defined by this curvature have a more tightly clustered distribution. Their
orientation has a plunge of 10.6° towards 200.5° and a 95% confidence cone semi-angle of 4.1°.
The trend of a second FIA was measured in the median of 17 of the garnets. These axes had a
mean orientation of 116.9° with a 95% confidence interval of 114.2° to 119.6°. The clustered
distribution of the foliation and FIA data from the core of the porphyroblasts, despite the
presence of several later foliation forming events, provide strong evidence that the
porphyroblasts have not rotated relative to a fixed geographic reference frame in this sample.
The data distribution can be readily explained as variations in the primary fabrics that have been
overgrown by irrotational porphyroblasts.

The lack of porphyroblast rotation is explained using the PBIS (progressive, bulk,
inhomogeneous shortening) strain model in which deformation partitions into zones of shearing
and zones of shortening or no strain. Porphyroblasts are effectively decoupled from the matrix
and do not rotate. The FIA orientations are shown to reflect the trend of steep foliations, which
is perpendicular to the direction of bulk shortening during horizontal compression, in a
succession of steep and flat foliation forming events. An extended deformation history of four

foliations is preserved in the porphyroblasts.

1 Introduction
In 1968 John Rosenfeld wrote on how curved inclusion trails trapped in garnet

porphyroblasts had been underutilized due to a lack of adequate methods of study. He
demonstrated how quantitative measurements of axes of curvature could be used in the
interpretation of the structural history of the rocks that hosted them. Rosenfeld followed this
with a more detailed investigation of these features complete with techniques for measuring
them (Rosenfeld 1970). While there has been much debate as to what curved inclusion trails
represent and how they formed (Bell 1985, lkeda et al. 2002, llg & Karlstrom 2000, e.g.
Schoneveld 1977, Stallard et al. 2002, Williams & Jiang 1999), there was a distinct hiatus in
any attempts to apply these features to solving geological problems. Twenty years after

Rosenfeld’s last communication on the topic, Bell and co-workers introduced the concept of the
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Foliation Intersection or Inflection Axis (Bell et al. 1995, FIA™; Hayward 1990). They provided
a simplified technique for measuring the axis of curvature (which they call the FIA). This
method has been applied to many geological problems including: investigating tectono-
metamorphic histories and correlating multiple phases of metamorphism on local and orogenic
scales (e.g. Bell et al. 1998, Bell & Mares 1999, Cihan & Parsons 2005, Lee et al. 2000, Sayab
2005, Yeh & Bell 2004); investigating foliation development and folding mechanisms (Bell &
Hickey 1997, Timms 2003); arguing for the lack of porphyroblast rotation (Bell et al. 1997,
Ham & Bell 2004, Hickey & Bell 1999); studying porphyroblast nucleation and growth relative
to deformation (Bell et al. 2003, Bell et al. 2004); reconstructing plate motions (Bell et al.
1995); constraining age dates (Bell & Welch 2002); and investigating pluton emplacement
mechanisms and timing (Davis 1993). Using FIAs, these authors have demonstrated that the
porphyroblasts have not rotated. If this holds true for most rocks, the value of FIAs to geologists
will exceed even Rosenfeld’s expectations.

Johnson (1999) raised a series of questions about the measurement of FIAs, mostly
regarding measurement errors and the spread of orientations in a single sample. The technique
Hayward (1990) described for measuring FIAs yields the average orientation for a sample but
cannot measure the orientation of a FIA in an individual porphyroblast. As a result it is difficult
to know what the porphyroblast to porphyroblast variation in FIA orientations within a single
sample is. The true statistical spread of trends for a sample is unknown. Upton et al. (2003) give
a method to determine the spread of values in a single sample using a maximum likelihood
approach. However, this technique provides only an indirect measure of the distribution. To
allow FIAs to be used to their full potential, questions about the statistical confidence that can
be assigned to the determined trends need to be answered. To do this the FIAs in individual
prophyroblasts need to be measured in statistically significant quantities so that rigorous
analysis can be done.

High resolution X-ray computed tomography (HRXCT) provides a technique that
allows inclusion trails to be imaged in intact samples (Huddlestone-Holmes & Ketcham 2005).
Previously, serial sectioning of individual porphyroblasts has been used to look at the
morphology of the structures preserved inside porphyroblasts (e.g. Johnson 1993b, Johnson &
Moore 1996). This is a laborious technique, unsuitable for collating statistically significant
amounts of data. It is also difficult to correlate inclusion trail surfaces from section to section,
which reduces the accuracy. Using HRXCT, the three-dimensional orientation of FIAs can be
measured to a five-degree range in plunge and plunge direction. A large amount of data can be
acquired relatively quickly without destroying the sample allowing the application of
complimentary techniques if required.

This chapter examines the distribution of FIAs in 58 porphyroblasts from a single

sample. The plunge and plunge direction of the FIAs have been measured. Statistical analyses
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of the results were applied to describe these data and determine the confidence that can be
placed in the measured orientations. By looking at the geometry of the inclusion trails in this
sample, inferences can also be made as to what the FIA measurements actually represent, as

well as the process that formed them.

1.1 What is a FIA?

Foliation inflection or intersection axes (FIAs) are interpreted to be the intersection of
successive foliations, or the curvature of one into the next, that have been overgrown by a
porphyroblast (Bell et al. 1995, Hayward 1990). Rosenfeld (1970) and others would argue that
FIA are the result of the porphyroblast including an active foliation which is causing it to rotate
(Fig. 1) and that the FIA is actually the axis of this rotation. Bell et al. (1995) argue that FIAs
are the product of overprinting deformation events/foliations and that porphyroblast rotation is
not necessary to produce them. The measurement of FIAs makes no inference whether the
porphyroblast has rotated or not. If a porphyroblast has not rotated, FIAs within it will still be in
their original orientation. If the porphyroblasts has rotated, subsequent foliation forming events
will reorient the earlier FIAs. This study will examine whether there was evidence for
redistribution in this sample.

FIAs formed by the porphyroblast rotation model will be perpendicular to the direction
of movement in the foliation (i.e. the axis of principal strain). FIAs formed by the second of the
above models will be perpendicular to the direction of bulk shortening. This is based on the
observation that foliations form perpendicular to this direction (e.g. Hobbs et al. 1976, Passchier
& Trouw 1996). Bell and Johnson (1989) have argued that foliations in orogenic belts alternate
between vertical and horizontal as orogenesis progresses. It follows from this that the

orientation of FIAs will be a reflection of the strike of vertical foliations.

1.2 The Rotation Debate
The accepted paradigm in the earth sciences until the mid-eighties was that

porphyroblasts and other rigid objects rotate with respect to a geographical reference frame
during non-coaxial deformation. The rotation is due to the vorticity created by the simple
shearing component of the deformation (Lister & Williams 1983, Rosenfeld 1970). Bell and
others (Bell 1985, Bell et al. 1989, Bell et al. 1992a, Bell & Johnson 1990, Bell et al. 1992c,
Johnson 1993a, Steinhardt 1989) argue that porphyroblasts do not rotate due to the effects of
deformation partitioning.

The debate concerns deformation mechanisms. Bell (1981) proposed the PBIS
(progressive, bulk, inhomogeneous shortening) strain model, which is based on the concept that
the deformation partitions into zones of progressive shearing (shearing) and zones of

progressive shortening (shortening or no strain, Fig. 2). A pre-existing porphyroblast will
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Figure 1. The two models for the formation of curved inclusion trails are shown here. In (a), a spherical
porphyroblast is shown along with a curved foliation plane that it includes. The dashed lines show the
axes of rotation of this foliation plane. The large solid arrows show the shear sense that would have been
necessary to form this geometry via porphyroblast rotation, the dotted arrows show the shear sense that
would have rotated a flat foliation to the vertical in an irrotational model. A cross section of the rotational
model is shown in (b), where a porphyroblast grows while being rotated by shear on the foliation. (c) to
(f) show the progressive development of curved trails in the deformation partitioning model. A
porphyroblast (grey oval) grows in the crenulation hinge (d), eventually overgrowing the curvature of the
sub vertical foliation into the flat foliation (e). The deformation intensifies against the edge of the
porphyroblast which has stopped growing (f).
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Figure 2. This series of strain field diagrams in the g;¢, plane demonstrates the development of non-
coaxial Progressive Bulk Inhomogenous Shortening (PBIS, Bell 1981). A reference grid is shown in (a)
along with a marker band (heavy line). Early in deformation the strain will not have partitioned (b) and
coaxial shortening dominates. As deformation progresses (c), the strain partitions into zones of no strain
(grey ellipses), zones of shortening (between the ellipses and the dotted lines) and zones of shearing
(between the dotted lines). In (b) and (c) the dark grey ellipse represents a porphyroblast which causes
strain to partitions around it throughout deformation.

partition the deformation so that it is in a zone of no strain (Fig. 2d). It is effectively decoupled
from the matrix and does not rotate. This concept has formed the central plank of the non-
rotation argument since first used in this way by Bell (1985). The majority of theoretical models
for rigid body rotation are based in hydrodynamics theory (e.g. Samanta et al. 2002a) and,
unsurprisingly, these models predict that a rigid body in a fluid undergoing a deformation with a

simple shearing component will rotate. Significantly, the rotational models do not account for
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the great wealth of data that suggests that porphyroblasts do not rotate (e.g. Aerden 2004,
Aerden 1995, Bell & Chen 2002, Bell & Hickey 1999, Evins 2005, Hayward 1992, Johnson
1990, Jung et al. 1999, Steinhardt 1989).

Recently, several papers describing the results of analogue modeling cast doubt on the
validity of hydrodynamic models (Aerden 2005, Ceriani et al. 2003, Mancktelow et al. 2002,
Stewart 1997, ten Grotenhuis et al. 2002). Two problems have been identified, firstly the
applicability of a viscous fluid as an analogue to rocks that are anisotropic and heterogeneous.
Secondly, the nature of coupling between the matrix and porphyroblast appears to have a
significant effect. It is clear from the literature that the scientific community still has no firm
consensus as to whether or not curved inclusion trails form by rotation. How these data fit with

both of these hypotheses will be investigated.

1.3 Geological Setting

The oriented sample selected for this study comes from southeast Vermont, where the
pioneering work on curved inclusion trails by Rosenfeld (Rosenfeld 1968, Rosenfeld 1970) was
done. Sample V209 was collected from the Cram Hill Formation in southeastern Vermont and is
ideally suited to this kind of study because it has a high density of garnet porphyroblasts, most
with well-developed inclusion trails (Fig. 3). It is a carbonaceous pelite that has been
metamorphosed to amphibolite facies and contains quartz, muscovite, garnet, biotite, calcite,
ilmenite and trace epidote. Fine graphite is present throughout the rock as a dusting of grains
that, in places, form density bands. At hand sample scale quartz and mica rich bands are
observed. Inclusion trails within garnet are composed of quartz, ilmenite, graphite, magnesian

siderite, hydrated iron oxide and pyrophyllite.

1.4 Previous Work
Bell et al. (1998) document three separate FIAs for sample V209. Oldest to youngest

(core, median and rim/matrix), these trend at 45°, 110° and 30° respectively (relative to
magnetic north, which is 14° west of true north at the sample locality) and are assigned to
regional FIA sets 1, 2 and 4 respectively. In the same study Bell et al. (1998) reported FIAs for
88 samples from the region where sample V209 was collected. They distinguished four distinct
FIA sets in the region, trending SW-NE, W-E, NNW-SSE and SSW-NNE (sets 1 to 4
respectively, 1 youngest, 4 oldest). Some examples of how these data have been used include
distinguishing multiple phases of metamorphism (Bell et al. 1998), constraining age dates (Bell
& Welch 2002) and investigating regional patterns of deformation partitioning (Bell et al.
2004).

43



PhD Thesis C.R. Huddlestone-Holmes

Figure 3. Photomicrograph of sample V209 showing its garnet density and inclusion trails. Note that the
bulk of the trails are steep in the core of the garnets, with a clockwise asymmetry. The section is oriented
east-west looking north. The short edge of the image is approximately 11mm.

2 Methods

2.1 The Asymmetry Method
Hayward (1990) introduced the asymmetry method for determining FIA orientations

which was later refined by Bell et al. (1995). Using the horizontal plane as a reference, the
strike of the FIA is determined first. Six vertical thin-sections striking at 30° increments are
prepared for each sample. The asymmetry of curved inclusion trails are noted for porphyroblasts
in each thin-section viewed in the same direction (clockwise about a vertical axis). The trend of
the FIA is constrained to a 30° interval over which the observed asymmetry flips. Two
additional vertical thin-sections are cut to further constrain the trend to a 10° interval (Figs. 4
and 6). A similar procedure is followed to obtain the plunge of a FIA; a series of thin-sections
dipping in the vertical plane that contains the trend of the FIA are prepared, and again, the

interval over which the asymmetries flip is determined.
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Figure 4. This figure illustrates the asymmetry method. In this case the FIA is oriented at approximately
015°. Vertical thinsections striking at 000°, 030° and 060° are shown — note the flip in asymmetry of the
inclusion trails in the grey “porphyroblasts” from clockwise to anti-clockwise between 000° and 030°.
Extra sections between these two would allow the FIA to be constrained further. A similar process can be
used to define the plunge of the FIA.

2.1.1 Asymmetry Method Statistical Analysis
Some work has been published that discusses the statistical analysis of FIA data

collected in a region (Bell et al. 1998, Yeh & Bell 2004). However, apart from reporting the
range over which the flip in asymmetry occurs, there has been no way of describing the
confidence of an individual FIA measurement until recently. Upton et al. (2003) developed a
maximum likelihood estimation (MLE) approach to fit a cyclic logistic regression to asymmetry
data allows the FIA orientation and a shape parameter to be determined. The shape parameter,
B, describes how rapidly the asymmetry of inclusion trail curvature changes as the FIA
orientation is approached. This allows a confidence interval to be calculated. This technique has
been greatly improved in Chapter 3 using bootstrapped estimates of the model parameters.

These methods have been applied in analysing the asymmetry data described.

2.2 High Resolution X-ray Computed Tomography
High resolution X-ray computed tomography (HRXCT) is a technique that can be used

to image the structures preserved within solid objects such as rocks. It is an adaptation of
medical X-ray computed tomography (X-ray CT) with the benefits of increased resolution
(<10um cf. 2-3m), longer scan times and higher X-ray energies (up to 400 keV). Recently this
technique has been applied to imaging inclusion trails in garnet posphyroblasts (Bauer et al.
1998, lkeda et al. 2002). In chapter 1 of this thesis the technique is described in full,
demonstrating the detail that can be seen in images produced by HRXCT and comparing them
with more familiar polarizing microscope images and compositional maps collected on an

electron microprobe.
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In summary, HRXCT in geological materials measures the attenuation of X-rays as they
pass through different minerals in the sample. Minerals with a higher average atomic number
(2) and higher density will attenuate more X-rays, and are traditionally assigned lighter shades
in a greyscale image (like bones in an X-ray). The amount of attenuation is in part related to the
energy of the X-rays. Because the X-ray sources are polychromatic, images constructed using
HRXCT are qualitative. Phases such as quartz, the feldspars, calcite and micas have
significantly lower attenuation coefficients (a measure of the level of X-ray attenuation) than
garnet, while iron oxides and REE phases such as monazite are significantly more attenuating.
As a result, HRXCT images provide clear differentiation between matrix, garnet and inclusions
within the garnet. The three-dimensional datasets created by HRXCT are actually a stack of
two-dimensional slices taken through the object of interest. The slices are typically scanned
with a fan of X-rays passing through the object as it is turned through 360° and data is collected
at rotational increments (views). An image for each slice is reconstructed from these data and

they are stacked together to form the three-dimensional dataset.

2.2.1 HRXCT Scan Parameters
To prepare the sample for HRXCT, two horizontally oriented slabs 30mm thick were

cut from the top and bottom of the specimen. Two vertical drill cores 11mm in diameter were
taken from each slab (Fig. 5). To ensure that the orientation of the drill cores was preserved, a
north-south groove was made in the top surface of the slabs before coring, and a piece of wire
with a notch at the northern end was glued into the groove after coring. This provided an
orientation marker that could be clearly imaged by X-ray CT. Cylindrical drill cores are ideal

for X-ray CT analysis.

Parameter Value Parameter Value
Source Voltage (keV) 150 Voxel size 10.7 x 10.7 x
Beam Current (mA) 0.2 (um X pum X pm) 131
Spot size (um) 30 Image scale 16-bit
Slice thickness (mm) 0.0131 Views per 360° 1600
Spacing of slices (mm) 0.0131 Time per view (ms) 133
Number of slices 918 Time per slice* (min) 13
Scanned height (mm) 12.0 Wedge SMT**
Field of view (mm) 11.0 Offset none
Slice resolution 1024 x 1024  Source to Object Distance 38
(pixels x pixels) (mm)

* Data for 27 slices acquired simultaneously
** SMT — sodium metatungstate solution mixed to a density of 1.19g/cm®

Table 1. X-ray CT scan parameters used for each of the four cores analysed. See text for further
discussion.
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Figure 5. Schematic showing relative positions of the four drill cores analysed in this study. The table
shows the coordinates of the centre of the drill cores in a coordinate system originating at the lower
southwest corner of a box bounding the sample.

The scanner used for this study is housed in the University of Texas HRXCT Facility.
Table 1 shows the scan parameters used in this study. Each drill core was scanned along a
twelve millimetre axial length, with the data for all four drill cores collected in approximately
ten hours. Image reconstruction was done as a separate process after acquisition by applying
back-projection using a Laks filter. Each image is 1024 by 1024 pixels of 16-bit data, and there
are 918 images or slices for each drill core making for a total dataset of over 7 GB.

2.2.2 FIAs and Foliations from HRXCT
The data were analysed using the OpenDX (www.opendx.org) software package.

Firstly, a low resolution dataset was created by taking every fourth slice and downsampling it to
8-bits and 256 x 256 pixels. The locations of the centres of the garnet porphyroblasts were
measured using this dataset. Subsets were then made of the full resolution dataset centred on
each garnet with dimensions slightly greater than the garnets maximum. These subsets were

used to reduce the computing time involved in analysing these data. The resulting volumes were

47



PhD Thesis C.R. Huddlestone-Holmes

sliced vertically through individual porphyroblasts in the same manner that vertical thin-sections
are taken for a rock using the asymmetry method. These slices could be made through any part
of the garnet to ensure that they passed through inclusion rich zones from which the asymmetry
of curvature could be determined. Once the trend of the FIA was identified, slices dipping in a
plane parallel to this trend were made to determine its plunge.

To determine the trend of foliations preserved in the cores of the garnet, the strike of
inclusion trails was first measured in a horizontal slice through the core of the garnet. The pitch
of the trails was then measured in three vertical slices, one perpendicular to the strike and two at
40° to the strike. The plane of best fit for these data was then calculated. The reasons for
following the approach of using 2-D slices of a 3-D dataset in preference to working directly

with the 3-D data are explained in the discussion.

2.2.3 HRXCT Data Statistical Analysis
The statistical analysis of the three-dimensional distribution of data measured in this

sample followed the techniques described in Fisher et al. (1987) for analysing circular data. FIA
data and poles to foliations are considered to be undirected lines, or axial data, and must be
treated as such. Initial investigations were made using graphical methods (stereoplots, colatitude
and longitude plots) together with calculation of the eigenvalues and eigenvectors of the
orientation matrix. The eigenvalue method provides the mean orientation as well as describing
the shape of the distribution (Woodcock 1977, Woodcock & Naylor 1983). This is important in
determining whether the data are clustered or have a girdle distribution. The next stage involved
parametric analysis — if the data are clustered, a Watson bipolar model (the spherical equivalent
of a normal distribution) can be fitted; if it has a girdle distribution, a Watson girdle model
would be used. The advantages of applying a parametric model to the data are that tests for
discordance can be done and, if appropriate, a conical confidence interval determined.

As well as a detailed analysis of the total dataset, exploratory analysis was done on data
from each of the four drill cores to see if there was a significant difference between them. The
data were tested, both graphically and formally, to see if each of the four drill cores samples the
same population.

For trend data, the techniques described in Fisher (1993) for analysis of circular data
were applied. A similar approach to that used for the spherical data was used with a graphical
analysis using rose diagrams and calculation of a mean and confidence interval. Parametric tests
were not performed.

Tests for correlation between the orientation of the FIAs, the orientations of foliations
in the core of the garnets and the diameter of the porphyroblasts were also performed. For the
spherical data, the techniques for testing for correlations between two random unit axes and

between a random unit axis and another variable that are described in Fisher et al. (1987) were
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employed. For the trend data (i.e. circular), the tests for a T-linear association outlined in Fisher
and Lee (1983) and Fisher (1993) were used. These tests calculate a correlation coefficient “pt”
that give an indication of the strength of any correlation. For the test to check for any
dependency of FIA trends on garnet diameter, the diameter was first converted into a radial
measurement by the equation 2 x atan(diameter) which allows the standard T-linear test to be
used.

Modification of the analysis of these data due to their grouped nature was not
performed because the 5° interval is small enough that it is not necessary (Upton & Fingleton
1989). In reporting eigenvalues and eigenvectors, t1 is taken to be the smallest eigenvalue and

t3 the largest, or principal axis, as in Fisher et al. (1987).

3 Results

3.1 General Description of Trails
Sample V209 has almandine-rich garnet porphyroblasts with two distinct textural

zones: firstly, a broad core with a moderate density of elongate quartz, ilmenite grains, fine
graphite, magnesian siderite and bands of hydrated iron oxide with pyrophyllite and quartz
inclusions; and secondly, a fine rim with very few inclusions except graphite. The hydrated iron
oxide/clay bands are interpreted to be the result of alteration along inclusion rich bands that
probably represent some form of compositional layering in the rock prior to garnet growth. The
composition of the precursor inclusions cannot be determined. The orientation of these bands
does not appear to have been changed by the alteration process. Inclusion trail density is higher
in porphyroblasts that lie in the sample’s quartz rich bands. The garnet porphyroblasts show

well-developed crystal faces in the mica rich bands only.

Figure 6. A series of vertical sections through the X-ray CT data for garnet 27 in drill core 1 (a-g)
showing the asymmetry flip in the core at 007° from anticlockwise to clockwise. Note the closed loop
pattern in (c), which is on the FIA. The flip in rim asymmetry is subtler and can be recognized by the
change from “stair case” to “accumulating” trails between the 090° and 120° sections. The horizontal
truncation in garnet 7 in drill core 3 is shown in (h).

49



PhD Thesis C.R. Huddlestone-Holmes

Characteristically the inclusion trails in the core of the garnet porphyroblasts (which
generally extends to 70 — 80% of the porphyroblasts’ radius) are sub-vertical with an east-
southeast dip direction. These trails curve smoothly in a top to the east sense by a maximum of
110° They have a subtle doubly curving non-cylindrical geometry that results in closed loop
structures in sections parallel to them (Fig. 6). Depending on the orientation of the section, a
reversal in the asymmetry at the edge of the core trails is observed in some garnets. This flip
occurs over a very short distance relative to the extent of the core and the trails are truncated at
the transition to the rim in some garnets, whether there is a rim growth or not (Fig. 6). The
graphitic inclusion trails in the rim are sub-horizontal and curve into the vertical matrix
foliation. Distinct FIA orientations can be determined for the core, median and rim/matrix.
However, as the rim trails are fine and graphitic, they could not be analysed using HRXCT and
will not be considered further. All data are reported relative to magnetic north unless otherwise
noted. The magnetic deviation at the sample locality was 14° west at the time that the sample

was collected.

3.2 The Asymmetry Method

Eighteen sections were cut at 10° intervals from 000° to 170°. The asymmetry of
curvature was recorded for every garnet where it was unambiguous (the data are presented in
appendix 1). Ambiguities were due to millipeding, poor inclusion density, fracturing, alteration,
off centre cuts or a combination of these factors. The core and median FIAs were determined to
be at 25° and 115° respectively. For the core FIA, both asymmetries are observed in the 350°
(170°), and 000° to 060° sections (see Fig. 7). Both asymmetries were observed in the 090° to
140° sections for the median FIA. Using the maximum likelihood estimation approach
described in Chapter 3, the core FIA trend was determined to be 24.7° with a 95% confidence
interval of 21.5° to 27.9° and the median FIA trend was determined to be 116.3°, with a 95%
confidence interval of 112.8° to 119.8°.
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Figure 7. Probability plot for asymmetry data collected from thin-sections. Lighter grey areas show
region over which both asymmetries are observed, dark grey bars indicate the interval over which the
dominance of one asymmetry gives way to the other. See appendix 1 for the raw data.

50



PhD Thesis C.R. Huddlestone-Holmes

3.3 HRXCT Data

3.3.1 FIA Data
FIA orientations for the core part of the garnet, which were determined to a 5° interval

for both plunge and plunge direction from a total of 58 garnets, are shown in Fig. 8 a and b and
listed in appendix 2. The stereonets shows that these data have a clustered distribution that may
be slightly skewed. The mean FIA orientation for these data plunges at 10.6° towards 200.5°
(see table 2). Eigenvalue methods (Woodcock 1977, Woodcock & Naylor 1983) confirm that
the data are clustered with moderate strength (table 2 and Fig. 9). The data can be shown to be
symmetrical using the tests described by Fisher et al. (1987) and have a 95% confidence cone
with a semi-angle of 4.1°. Colatitude and longitude g-q plots performed as goodness of fit tests
for the Watson distribution, (Fig. 10) indicate that the data are well represented by a Watson
distribution. The colatitude g-q plot (Fig. 10b) appears to curve up slightly at higher values, but
it does not deviate markedly from a straight line. This is confirmed by a formal test based on the
modified Kolmogorov-Smirnov statistic, Mg(Dy), with a value of 0.614 which is well below the
critical value at 95% confidence of 1.09 (Table 2b.).

eigenvalues
(normalized) eigenvectors
K C 95% Conf.
Core FIAs n t1 t2 t3 tl t2 t3* (shape) (strength) Cone
All Data 58 0.033 0.058 0.909 0.2-> 1104 79.4->19.3 10.6-> 2005 4.92 331 4.15
Drill Corel 24 0.022 0.062 0.916 5.7->110.1 76.0->356.6 12.8 > 2014 2.60 3.74 6.14
Drill Core2 10 0.008 0.046 0.946 8.1 ->2943 72.0->50.2 16.0>2020 171 4.79 i.d.
Drill Core3 8 0.013 0.068 0.920 44.9 - 312.8 41.8-> 106.1 13.7 >208.7 155 4.29 i.d.
Drill Core4 15 0.028 0.054 0.918 38.2>284.1 51.8-> 1015 13->193.1 441 3.48 i.d.
Foliations
All Data 55 0.045 0.082 0.873 22.8-> 1949 60.3->575 18.0->2928 394 2.97 5.31
Drill Corel 22 0.024 0.051 0925 42->214 815->1412 73->2909 377 3.66 i.d.
Drill Core2 10 0.018 0.034 0.949 40.8->179.1 323->56.0 32.4->3023 529 3.97 i.d.
Drill Core3 8 0.010 0.054 0.936 7.4->216.1 59.8->113.2 29.1 > 310.2 1.68 4.56 i.d.
Drill Core4 15 0.043 0.061 0.896 39.2>25.8 456> 1724 17.4-> 2810 7.66 3.03 i.d.
Parametric Analysis (3-D)
n mean 95% Cone k k upper k lower Pn Mb(Dn)

Core FlAs 58 10.6 - 200.5 4.15 11.621 13.774 8.1773 4.05 0.61358

Foliations 55 18.0 > 292.8 531 8.6024 9.947 5.8206 5.32 1.1821

Critical Values (95% confidence) <5.99 <1.09

* mean orientation of FIAs and poles to foliation data.

Table 2. Statistical analysis of spherical data. “K” and “C” are shape parameters after Woodcock (1977).
Parametric analysis is done for a Watson bipolar model. Pn is a symmetry and longitude goodness-of-fit
test; Mb(Dn) is a colatitude goodness-of-fit test for this distribution. i.d. stands for insufficient data for
the test to be meaningful. See text for further discussion.
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Figure 8. Equal-area stereonets of FIAs (a-f) and poles to foliation (g-j) in the cores of the
prophyroblasts. (a-b) and (g-h) are the whole datasets with the data rotated so that the mean orientation is
90° — 000° in (b) and (h). This allows the shapes of the distributions to be seen more clearly. The FIA
data shows a moderately clustered distribution while the foliations are more dispersed with a slight girdle
character. The smaller stereonets show the data recorded for the individual drill cores, as labelled. See
text for further discussion. Contouring done using Dips version 5.0 (www.rocscience.com) with 5%
contour intervals using the Schmidt distribution method. The white crosses show the mean orientations in
each projection and white circles the 95% confidence cone where calculated. Small arrows point to garnet
3 in drill core 3. See text for discussion.

52



PhD Thesis C.R. Huddlestone-Holmes

In(t/f,)
Figure 9. Eigenvalue ratio graph of Woodcock (1977) for core FIA (squares) and foliation (circles) data
for the whole dataset (solid) and individual drill cores (open, numbered). This plot shows Woocock’s
shape (K) and strength parameters (C). Note that all datasets have similar values, with the exception of
drill cores two and three.

The colatitude g-q (Fig. 10 b) plot also shows that the data from the four drill cores
form part of the same distribution (in that the data all lie on the same trend), even though their
mean orientations differ slightly. This was confirmed by a formal test with an N, statistic value
of 3.30, which is well below the critical value at 95% confidence of 12.58. Stereonets for each
drill core are shown in Fig. 8c-f and results of eigenvalue analysis are given in table 2 and Fig.
9. Data from the four drill cores have similar shape and strength parameters to the whole
dataset. Drill cores two and three, while still clustered, approach girdle distributions. Drill core
three varies more in dip than dip direction and drill core four varies more in dip direction than
dip. However, both have relatively low sample counts. Drill core four has a much gentler plunge
than the others do.

The trend data for the core FIA was also analysed for direct comparison with the
traditional methods of FIA measurement and the results are presented in table 3. There is good
agreement between the asymmetry method, the MLE approach and the mean value from the
HRXCT data.

The trend of the median FIA could be measured in only seventeen porphyroblasts
(appendix 2, Fig. 11) as it occurs over such a short interval of the garnet radius; the resolution of
the HRXCT data is not high enough to resolve such fine features. It was not possible to
determine plunges, as the region in which the flip in asymmetry occurred was difficult to
intersect with horizontal to sub-horizontal sections. The mean trend of the data is 116.9° with a
95% confidence interval of 114.2° to 119.6° (table 3). The absolute range of data is only 20°.
This agrees well with the results of the asymmetry method and MLE approach (table 3). The
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median for the four drill cores was not analysed individually because there was insufficient data

to do so.
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Figure 10. Colatitude (a and b) and longitude (c and d) probability plots for core FIA (a and c) and
foliation (b and d) data to check the goodness of fit of the Watson bipolar distribution to these data. These
plots indicate that the assumption that the Watson bipolar distribution fits these data is reasonable. The
three points circled in the FIA colatitude plot, and the point marked with an arrow in the foliation
colatitude plot may be discordant as they lie some distance from the line of best fit. See test for discussion
of formal tests. The dashed line in (a) shows the trend using y=x/k where k is the maximum likelihood
estimate for this dataset. The longitude plot also gives an indication as to whether the data from the four
drill cores are all from the same distribution. These plots show no departure from a 1:1 line indicating that
these data are all from the same distribution.
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95% 95%
Core FlAs n R R/n mean upper lower interval
All Data 58 53.86 0.93 20.60 2340 17.81 5.59
Core 1l 24 22.84 0.95 21.52 25.17 17.86 7.31
Core 2 10 9.81 0.98 22.05 25.12 17.89 7.22
Core 3 8 7.27 0.91 29.17 40.26 19.84 20.41
Core 4 15 13.81 0.92 13.03 19.48 5.87 13.60
Asymmetry Method 25 (0 70*
Max. Likelihood Technique 24.68 27.88 21.47 6.41
Median
FIA 17 16.70 0.98 116.91 119.64 114.17 5.47
Asymmetry Method 115 80* 150*
Max. Likelihood Technique 116.3 119.83 112.75 7.08
Foliations
All Data 55 47.50 0.87 23.37 27.34 19.40 7.94
Core 1l 22 20.88 0.95 21.01 25.13 16.68 8.45
Core 2 10 9.22 0.92 32.60 41.06 24.64 16.42
Core 3 8 7.71 0.96 40.52 47.12 36.08 11.04
Core 4 15 13.24 0.88 10.99 20.27 2.45 17.82

*Asymmetry method confidence interval is the range over which both asymmetries are observed rather
than 95% confidence interval.

Table 3. Statistical analysis of circular data (i.e trends/strikes). Where n <25, 95% confidence interval is
calculated using bootstrapping techniques with 20,000 resamples.

3.3.2 Foliation Data
The orientations of the foliation in the centre of the garnet porphyroblasts are shown in

Fig. 8c and d and listed in appendix 2. They could be measured in all but three of the
porphyroblasts for which FIAs were measured; the trails in those three were too smoothly
curving or disjointed to measure. These data show a similar distribution pattern to the FIA data
although they are less strongly clustered. The mean orientation of the pole to the foliation
plunges at 18° towards 292.8° with a 95% confidence cone semi-angle of 5.3°. Eigenvalue
methods confirm the observation of a more weakly clustered distribution (table 2 and Fig. 9)
than for the FIA data. The data can be shown to be symmetrical using the tests described by
Fisher et al. (1987) and has a 95% confidence cone with a semi-angle of 5.3°. While colatitude
and longitude g-q plots (Fig. 10) suggest that the Watson bipolar model may be an acceptable
description of the data, the formal colatitude test does not hold at the 5% confidence level with
an Mg(Dy) value of 1.18 (table 2b). The last point on the colatitude plot (core 3, garnet 3;
marked with arrow in Figs. 8b,g,h and 10b) lies some way off the best fit line suggesting it may
be discordant. As the data cannot be confidently approximated by a parametric distribution it is
not possible to do a formal discordance test. However looking at the stereonets (Fig. 8c and d)
this point does not lie at a significant distance from the rest of the population and may be

assumed to be part of it.
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As for the FIA data, a colatitude g-q plot (Fig. 10 d) shows that the data from the four
drill cores all form part of the same distribution. In this case the N, statistic value is 8.543,
which is below the critical value mentioned in 3.3.1. Stereonets for each drill core are shown in
Fig 8i-l and results of eigenvalue analysis in table 2 and Fig. 9. The four drill cores have similar
shape and strength parameters to the whole dataset. Drill core three shows data approaching a

girdle distribution varying more in dip than dip direction.

--------

Figure 11. Raw data plot, rose diagram and non-parametric density estimates of core (a) and median (b)
data. The rose diagram has 5° bins with a scale proportional to the square root of the relative frequency;
the dotted lines are non-parametric density estimates (Fisher, 1993) with a smoothing parameter of 0.467
for the core data and 0.627 for the median data. The mean FIA orientations are shown with the solid black
line and the 95% confidence interval with the dashed lines.
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Correlation Analysis

Spherical Data Test Value Critical Value Significance Prob.  Correl. Coef.
FIA vs Size 2.12 7.82 0.549 na
FIA vs Foliation
Orientation 16.18 16.92 0.063 na
Circular Data Test Value Critical Value  Significance Prob.  Correl. Coef.
FIA trend vs size 0.34 1.96 0.37 na
FIA vs Fol'n trends 2.97 1.96 0.0015 0.68

Table 4. Results of correlation analyses. Only FIA trend versus foliation trend show a statistically
significant correlation. See text for a discussion of correlation tests used.

3.3.3 Correlations
There is no correlation between garnet size and FIA orientation or between the FIA

orientations and the poles to the foliations, with the hypothesis that there is no correlation
holding at the 95% confidence level in both cases (see table 4). However there is a good
correlation between the trends of the FIA and the foliations, with the probability significance

that there is no correlation being less than 1%.

4 Discussion

4.1 FIAs from HRXCT

Chapter 1 demonstrated that HRXCT is capable of imaging inclusion trails in garnet
porphyroblasts and here the technique has been applied to analysing the FIA orientations within
different portions of a sample. The method used to measure the orientations did not use a 3-D
version of the data (Fig. 7, Chapter 1), but rather used multiple 2-D slices. This approach was
taken because measuring the orientation of a FIA is difficult in a 3-D dataset. Unless there was a
continuous inclusion trail running through the centre of each of the porphyroblasts it would be
difficult to determine where the axis went, particularly if the axes are not truly linear, due to
parallax error or difficulty in aligning individual inclusions. An immersive 3-D visualization
environment would help to address this issue but at this these are not readily available. By
taking numerous 2-D slices these issues are alleviated. The HRXCT data can be sliced at any
orientation and through any part of the porphyroblast. This allows the asymmetry method to be
used. Multiple sections can be taken at each orientation, spaced fractions of a millimetre apart,
so that the asymmetry can be determined in that orientation with a high degree of confidence.
Cut effects can be avoided by taking sections at or near the centre of the porphyroblasts. In
some instances the FIA appear to have a curvilinear nature (see below for a discussion of the
significance of this). The 2-D technique used here allows the orientation for the centre part of

the FIA to be measured, and helps to average out any variation within a porphyroblast.
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The range over which the asymmetry flip could be determined varied from
porphyroblast to porphyroblast, but was less than 5° in all cases. This lack of certainty is the
result of poor inclusion trail density, the curvilinear nature of the axes and limitations in the
resolution of the HRXCT technique. For these reason, all asymmetries were recorded at 5°
intervals. A potential problem with this is the case where the FIA lies exactly on a multiple of
5°. In this case the inclusion trails would form a coaxial pattern and no asymmetry would be
apparent. To deal with this situation a FIA that lies at a multiple of 5° would be included in the
lower 5° interval. For example, if a clockwise asymmetry was observed in the 25° section and
the 30° orientations displayed a coaxial pattern, the FIA would be assigned to the 25° to 30°

interval. However, this did not occur with this dataset.

4.2 Formation of Curved Inclusion Trails
As discussed earlier, there are two competing hypotheses for how curved inclusion

trails form; the first states that the porphyroblasts have rotated relative to a fixed geographic
reference frame during shearing (referred to as the rotation hypothesis from here on); the second
states that the porphyroblasts have not-rotated relative to a fixed geographic reference frame and
that the curvature is a result of the porphyroblasts overgrowing crenulated foliations early
during the formation of one, or a succession of, crenulation cleavages (the non-rotation
hypothesis). The following discussion will examine the data presented in this paper to see if
either one of these models is favoured. A fixed geographic reference frame is assumed in the

following discussion.

4.2.1 Geometry of Inclusion Trails
Detailed examination of the 3-D geometry of the inclusion trails in this sample was not

an aim of this study. However, the inclusion trails in the cores of most of the porphyroblasts
have a doubly curving non-cylindrical geometry. This indicates the garnet porphyroblasts were
rotating relative to the foliation that was included as they grew. If the non-rotation hypothesis
holds, this curvature must be the result of deformation with a non-coaxial shearing component.
In the PBIS strain model coaxial deformation early in an event will not have partitioned at the
scale of a porphyroblast (compare Fig. 2b with Fig. 2c). A growing porphyroblast will include
the curvature of the foliation being crenulated, partitioning the more intense deformation around
its rim as shearing intensifies. The strain does not appear to intensify towards the edges of the
core part of the garnet. This observation is consistent with the suggestion by Bell and Hayward
(1991) and Bell et al. (2004) that porphyroblasts only grow early in deformation. They argue
that growth only occurs syn-deformation and stops once the crenulation cleavage has begun to
differentiate (stage 3 of Bell & Rubenach 1983).
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Under the non-rotational hypothesis the relative rotation of porphyroblast and foliation
is implied. However, as Stallard et al. (2002) argue, the geometry of curved inclusion trails does
not provide conclusive evidence as to the processes that form them. Both hypotheses can be
used to explain the observed geometries; taken individually, the 3-D inclusion trail geometry of

the cores of the porphyroblasts studied here cannot be used to argue for or against either model.

4.2.2 Core Foliation Data
The orientations of the poles to the core foliations show a moderately clustered

distribution with a shallow westerly plunge. The centred stereonet in Fig. 9h shows that these
data have a slight girdle component to its distribution with an axis plunging at 22.8° towards
194.9°, similar to the orientation of the core FIA. This suggests that there may be some rotation
of the foliation about that FIA.

It is important to note the eigenvalue analysis shows that the data has a predominantly
clustered distribution. If the porphyroblasts have not rotated, then the distribution observed must
be attributed to a primary variation in the orientation of the foliation before porphyroblast
growth. There is little literature on the amount of variation in the orientation of a single
foliation. Many factors will influence this such as cleavage refraction, reactivation, intensity of
the foliation and the anastomosing nature of foliations. Treagus (1983, 1988) demonstrated that
cleavage orientation can vary markedly as the result of relatively small variations in the
competency of rock. Variations in the mineralogy of the matrix are observed in sample V209
(Fig. 3); therefore, it is possible that cleavage refraction may be the cause of some the variation
in the orientation of the foliation. Bell (1978"; Fig. 22) measured the preferred orientation of
micas in a slaty cleavage and found distributions similar to those observed here for the core
foliation. He attributed this to the anastomosing nature of foliations. It can be concluded that the
distribution observed in the orientations of the foliation measured in the cores of the
porphyroblasts is consistent with the variation being a primary feature of the rock that has not
been madified by subsequent foliation forming events. The slight girdle distribution of these
data about the FIA observed in Fig. 9h is consistent with the interpretation that the growth of the
garnet cores occurred early in the same deformation that resulted in strong partitioning and
development of a new foliation. The amount of rotation is small and the variation is dependent
on the amount the foliation had rotated before individual porphyroblasts nucleated. This may
also explain why these data do not fit a Watson bipolar distribution to an acceptable level of
confidence.

If the rotational hypothesis was correct, a shape parameter (Woodcock 1977) no greater
than two would be expected but the foliation data has a shape parameter of 3.9. Drill Core 3 has
a shape parameter of only 1.68 with a t; axis that is approximately the same as the core FIA.

This is most likely a result of the small sample size as the variation in FIA dip in the drill core is
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only 40° which is less than that for the total sample population. For the rotation hypothesis to
hold, all porphyroblasts must have rotated by similar amounts to each other. The volume of
garnet in this sample is such that it is highly unlikely that there would be no interaction between
them. Garnets “colliding” should either act as one and rotate together or act like interconnecting
cogs driving one another in opposite directions. It is difficult to imagine a clustered distribution
if rotation had been the case, because of the range of possible rotation rates, as pointed out by
Beirmier and Stiiwe (2003), who showed that interaction between porphyroblasts could result in
rotation rates between 25% and 75% of the shear strain rate using numerical models. The radius
of garnet porphyroblasts varies from 1mm to over 3mm yet they have a consistent foliation
orientation. This is problematic if the garnet sizes are related to either the relative timing of
nucleation or termination of growth. If all the porphyroblasts nucleate at the same point in time,
continue to grow for the same time period, are all subject to the same shear strain rate, and all
display the same relationship between shear strain rate and rotation rate, then the total amount
of rotation will be the same for each of them and the preserved foliation would maintain a
consistent orientation. This requires a set of circumstances that are considered highly
improbable. For example, there have been several papers written that demonstrate that the size
of garnet porphyroblasts correlate with timing of nucleation (e.g. Chernoff & Carlson 1997,
Spear & Daniel 2003), while others give an example of a complicated growth history (Beirmeier
& Stuwe 2003).

4.2.3 Core FIA Data
The core FIA data has a moderately clustered distribution, similar to that of the core

foliation data. Comparing the centred steronet (8b) with that of the foliation data (8h) the tighter
cluster is readily observed. A slightly skewed distribution is observed (see also Fig.11a).
However, this does not appear significant and these data are well represented by a Watson
bipolar model, suggesting that the slightly skewed nature is the result of sampling error. There is
no suggestion of a girdle component to the distribution. The 95% confidence cone has a
semiangle of only 4.15°.

According to Bell et al. (1995), FIAs are equivalent to the intersection axis between two
foliations. If the non-rotation model is correct some conclusions about these foliations can be
drawn. It was not possible to directly measure the second, crenulating foliation in any of the
porphyroblasts because only the curvature into it is preserved. There are also complications that
result from the influence of the porphyroblast shape. It is impossible to derive the orientation of
the crenulating foliation from the FIA and core foliation data alone because there are many
solutions to this problem (Fig. 12a). However, the most likely orientation for the crenulating

foliation in this is a sub-horizontal foliation with a southerly dip, as demonstrated in Fig. 12.
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Figure 12. A series of equal area stereonets demonstrating that the core FIA is most likely the result of
the crenulation of a steep foliation by a sub-horizontal one. (a) shows the mean FIA and 95% confidence
interval (cross and circle), the mean core foliation (heavy black line) and the great circles perpendicular to
the 58 FIA measurements (light grey lines). The pole to the foliation intersecting with the steep core
foliation to form the FIAs must lie on this great circle for each FIA, so the mean orientation must lie in
the light grey areas of (b) and (c). In (b) the crenulating foliation is taken to be sub-horizontal with a mean
dip and dip-direction of 10° — 200° with a 20° spread (poles would plot in mid-grey circle). The possible
intersections between this (dotted lines) and the steep core foliation (light grey lines) are shown in dark
grey. Note that this distribution closely matches that for the actual FIA measurements. In (c), the
crenulating foliation (dotted lines with + marking the poles) has a moderate to steep dip as in. The range
of possible intersections has a much greater spread so is considered an unlikely scenario.

The alignment of zones of maximum curvature of the inclusion trails in the core part of
porphyroblasts supports this conclusion.

When introducing the concept of FIAs, Hayward (1990) argued that they would
generally have a shallow plunge. This was based on the observation of alternating near-vertical
and near horizontal foliations by Bell and Johnson (1989) who proposed a orogenic model
involving cycles of horizontal compression and gravitational collapse. The data presented here

is in agreement with this idea, and other published data (see Bell et al. 1992c and references
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therein). An important implication of this model is that the FIA orientation represents the strike
of the sub-vertical foliation. When looking for correlations between the FIAs and sub-vertical
core foliation preserved in the porphyroblasts, the only correlation found is between their 2-D
trends. There was no statistically significant correlation between the spherical datasets. This
means that the dip of the foliation has little to do with the orientation of the FIAs and that they
do indeed reflect the strike of the steep foliation.

If a rotational model applies, the FIA is the rotation axis about which the porphyroblasts
rotate as they include a single foliation. It is not possible to draw any conclusions about the
orientation of this foliation if it is not preserved in the matrix. The effects of subsequent
deformation events also need to be considered.

As mentioned above the FIAs appear to be curvilinear, a result of the progressive nature
of deformation. A process by which this would occur in the non-rotational model is shown in
Fig. 34 of Bell et al. (1986). As deformation progresses the crenulation hinge is rotated towards
the orientation of the stretching lineation of the deformation event that the porphyroblast has
grown in, resulting in asymmetrical curvature of the FIA in the plane of the later foliation. This
is the same as the concept as that for doubly plunging folds that form as a result of
heterogeneous strain. In a rotational model, a shift in the stretching direction would be required,
or a rotation of the foliation relative to the porphyroblast.

The orientation of the core FIA, as measured here, differs by 24° from that reported by
Bell et al. (1998). They used the asymmetry method to determine the FIAs and did not have
sections cut at 010° and 020°. The discrepancy results from sampling error in the selection of
porphyroblasts within a section. The garnet density in this sample is unusually high and it would
not be a common approach to examine every porphyroblast when up to 130 are present in each
section. Bell et al. (1998) started with sections cut at 30° increments. They incorrectly
determined that the FIA lay between the 030° and 060°, although this overlaps the distribution
of FIAs measured by HRXCT. Appendix 1 lists the asymmetry observations for all garnets in
all sections cut for this sample. The 030° section contains roughly the same number of garnets
with each asymmetry. If the garnets sampled had predominantly clockwise trails one could
easily come to an erroneous conclusion about the location of the FIA. A similar error could have
been made with the 040° section. This suggests that care must be taken to record the asymmetry
in all porphyroblasts in a thin section when applying the asymmetry method, particularly in
sections containing trails with both asymmetries. The median FIA value reported by Bell et al.

(1998) correlates well with that reported here.
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Figure 13. Photomicrographs from a vertical thin section of sample V209 showing the history preserved
in the inclusion trails. Both show the steep trails in the core of the garnet that curves in a top to the east
sense. This is interpreted as S1 being crenulated by a sub-horizontal S2. S2 then curves into S3 which is
only preserved in a small part radial increment of garnet. S3 is interpreted as being sub-vertical, and is
more pronounced in the upper part of the garnet in (b). S3 then curves into S4, a sub-horizontal foliation
that is preserved in the rim of the garnets. Bottom edge of both images is approximately 4.5mm.

4.2.4 Variation Between Drill Cores
Statistical tests show that all four drill cores sample the same population for both the

FIAs and core foliations. The variations seen in the mean orientations are simply a reflection of
the low number of observations from each drill core. There is no evidence of a pre-existing
folding of the core foliation. It is possible that if more measurements were made at the locations
of each of the drill cores the variation in mean orientations would prove significant. This would
be due to the anastomosing nature of foliations and would be the case in either the rotation or

the non-rotation models.
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Figure 14. Photomicrographs from a vertical thin section of sample V209 showing the S4 to S5 transition
in (a) and the S4 to S5 (solid lines) to S6 (dotted lines) transitions in (b). The garnets in both images have
been cut close to their rim so the trails do not show the full history. Bottom edge of (a) is approximately
4.5mm and of (b) is 6mm.

4.2.5 Median FIA Data
Although the number of observations is low (n=17) the median FIA appear to be

sampling an even tighter distribution. Bell and Johnson (1989) argued that as strain is
concentrated against rigid bodies such as porphyroblasts it will more closely reflect the direction
of bulk shortening. This would result in a more tightly clustered distribution of FIAs that form
in growth increments on pre-existing porphyroblasts in the non-rotation model. The plunge of
the median FIA could not be measured. It is most likely horizontal as curvature attributed to this
event is restricted to the top and bottoms of the porphyroblasts. In the rotational model, the
tighter distribution of a later FIA event would be expected as earlier FIA would have been

subjected to more deformation events.

4.3 Evidence for Non-rotation and a Prolonged History
Does the evidence support a rotation or non-rotation hypothesis? The clustering of the

FIA and foliation data for the core provides compelling evidence that the porphyroblasts in this
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sample have not rotated. The clustering of the core foliation data is difficult to reconcile with
the rotation hypothesis because a more girdle like distribution about the roatation axis would be
expected from rotation in a single foliation forming event. The Woodcock shape parameter (K)
for the foliation data is 3.9; it would be expected to be less than two if the porphyroblasts had
rotated. Subsequent foliation forming events would create a dispersed distribution. The median
FIA is roughly orthogonal to the core FIA. In the rotation hypothesis, this would indicate a
second rotation about an axis perpendicular to the first, yet there is no evidence that the core
FIAs have been redistributed in such a way. A girdle distribution about the median FIA would
be expected. As well as the foliation forming events that formed the core and median foliations,
there is evidence for at least three more foliations in the sample (Fig. 14). Again, there is no
evidence that the deformation events forming these foliations have affected the distribution of
the earlier structures preserved in the porphyroblasts. As mentioned above, the distribution of
data observed here is best explained by the variation of the primary fabrics without any rotation
with respect to a fixed geographic reference frame.

If rotation had occurred, all the porphyroblasts would have to have rotated by
approximately the same amount as each other in each deformation event. This is considered
implausible given the garnet density and the interference that would result (Beirmeier & Stuwe
2003). Another hypothesis is that the porphyroblasts did rotate as the garnet cores grew but not
in latter deformation events. This would require that all the porphyroblasts rotated in a
remarkably consistent manner in the foliation-forming event preserved in the garnet cores and
for the deformation mechanism to change between deformation events. Both of these conditions
are highly improbable. It is important to note that the rotation and non-rotation hypotheses for
the formation of curved inclusion trails are mutually exclusive in the one foliation-forming
event because they require opposite shear senses (see Fig.l); curvature cannot form by a
combination of the two. If there were a switch from a rotation to a non-rotation process a
reversal in the asymmetry of the inclusion trails would be expected.

As the porphyroblasts have not rotated the structures preserved within them can be used
to determine the early deformation history preserved in this sample (Figs. 13 and 14). Garnet
nucleated and grew during the early stages of the development of a sub-horizontal foliation (S,)
that was crenulating a steeply east dipping foliation (S;). The porphyroblasts preserved the
curvature of S; towards S, as they grew early in D, before significant differentiation had

occurred (Fig. 13). The core FIA preserves the orientation of the intersection between these two
foliations (le). The shear sense on S, was top to the east. A sub-vertical 110° striking

crenulation cleavage with a south side down shear sense then developed (S;3). The curvature of

S, into S; was captured in a small radial increment of garnet growth and is preserved as the

median FIA (equivalent to L2, Fig 13). This growth could have occurred early in Ds, D, or
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both. Another sub-horizontal foliation then formed (S;) which is preserved in some of the

porphyroblasts as a truncational surface. L} would have approximately the same orientation as

Lg and the median FIA. S; curves into S, with a top to the south shear sense on S,;. The

dominant matrix foliation formed next (Ss) with a sub-vertical north-northeast strike and a west

side up shear sense (Fig 14a). The curvature of S, into Ss is preserved in the rims of some of the
porphyroblasts and the rim FIA is equivalent to L‘; . The final deformation event formed a sub-

horizontal foliation, Se, that crenulates and folds Ss in the matrix with a top to the west
asymmetry (Figs 3 and 14b). Only Ss and Sg are preserved in the matrix and the earlier events
can only be determined by studying the inclusion trail geometry. This demonstrates the value of

curved inclusion trails of which Rosenfeld imagined.
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Appendix 1. V209 Asymmestry Data.

Asymmetry observations from thin sections, sample VV209.

Core Median
Orientaion* Rim Cut| cw acw millipede amb.” cw acw milipede amb.” | Total
000 24 41 2 0 3 43 0 0 3 70
010 33 46 13 0 39 54 0 0 44 131
020 35 34 28 4 4 51 0 0 19 105
030 31 11 12 1 7 23 0 0 8 62
040 27 5 17 2 11 20 0 0 15 62
050 50 4 24 1 21 26 0 0 24 100
060 39 1 52 0 15 47 0 0 21 107
070 16 0 25 0 1 23 0 0 3 42
080 34 0 42 0 6 39 0 0 9 82
090 38 0 49 0 5 40 6 1 7 92
100 28 0 55 0 1 34 13 3 6 84
110 25 0 43 0 5 23 16 3 6 73
120 25 0 50 0 1 20 21 4 6 76
130 41 0 41 1 5 8 15 8 16 88
140 17 0 31 0 2 5 19 2 7 50
150 26 0 41 1 10 0 32 2 18 78
160 28 0 30 0 9 0 24 0 15 67
170 26 2 42 0 8 0 38 0 14 78

* all orientations are to the left i.e. &

# amb. = ambiguous
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Appendix 2. FIAs from HRXCT.

FIA Measurements from HRXCT data, Sample V209.
Core Foliation (Pole)
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7.5 202.5
25 202.5
12.5 207.5
7.5 2125
17.5 52,5
17.5 197.5
17.5 192.5
17.5 202.5
17.5 202.5
22,5 2125
17.5 2225
12.5 167.5
25 202.5
17.5 177.5
22,5 22,5
12.5 17.5
17.5 17.5
7.5 75

25 207.5
7.5 202.5
12.5 182.5
12.5 207.5
7.5 197.5
12.5 25

25 197.5
12.5 182.5

Plunge
16.2
0.0
135
2.7
16.1
15.6
10.5
21.7
17.8
9.1
11.0
28.6
19.7
13.1
0.0
0.0
12.0
0.3
15.2
20.7
9.7
24.6

23.2
435
41.3
37.6
21.7
29.7
47.0
25.6
255
24.5
37.9
42.3
38.1
40.1
29.3
22.0
16.6
1.6
10.7
15.1
33.6
154
4.3
9.8
354
6.9
315
10.9
26.8
8.7
29.7
18.7
25.0

*Middle value of 5° interval for which the data was measured.

Direction
289.0
279.0
290.9
119.0
112.7
306.6
299.3
285.1
303.0
269.4
285.7
295.4
273.3
290.2
298.0
279.0
113.0
111.0
288.0
113.3
119.7
299.5

289.9
288.8
320.4
302.5
288.3
297.5
312.3
309.9
318.4
298.5
304.3
330.0
306.2
309.3
312.0
307.6
304.2
312.0
252.9
290.7
262.6
296.1
265.2
119.7
274.1
101.7
297.2
282.9
298.7
284.8
269.1
286.9
269.5

Median FIA*
Trend
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