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Abstract

A technique that allows the confidence intervals to be assigned to the orientations of
foliation intersection/inflection axes in porphyroblasts (FIA) measured by the asymmetry
method is presented. Parameters, u (FIA orientation) and [ (shape parameter) for a cyclic
logistic regression are calculated using maximum likelihood estimation (MLE). The
bootstrapping of MLE of parameters provides confidence intervals and allow the model fit to be
assessed, and this is demonstrated using several examples.

Analysis of the sensitivity of the bootstrapped MLE approach to the number of
observations per thin section orientation shows that a minimum of 10 are required to produce
accurate results. Detailed studies, which compare the orientation of FIA quantitatively, should
use this technique so that the inferences can be made with confidence. For regional studies, if
the number of samples is sufficient, the distribution of FIA sets (a temporally related grouping
of FIA) can be determined without using the bootstrapped MLE approach as the precision of
individual measurements is less important. This is because the large sample size reduces the
effect of measurement errors. Relative timing criteria and FIA orientations are the best criteria
for grouping data into sets. Using microstructural textures as a criterion is totally unreliable
because deformation partitioning can result in highly variable distributions of strain from grain
to orogen scale.

The distribution of FIAs is similar at both intra-sample and inter-sample scales and is
unimodal, symmetrical and have a peak at their mean with probabilities decaying monotonically
to either side of it, similar to a normal distribution. The maximum range of FIA orientations in a
single set will generally be in the order of 40° to 80°. Consistently grouped FIA distributions
suggest that any rotation of porphyroblasts relative to a fixed geographic reference frame is
unlikely. The distribution of FIAs actually represents the distribution of the foliations that form

them.

1 Introduction

FIA (foliation intersection/inflection axes in porphyroblasts) are the axes of curvature
(or intersection) of foliations preserved as inclusion trails in porphyroblasts; they are interpreted
as being equivalent to the intersection lineation between the foliations produced by two
deformation events. This paper examines the significance of FIA data and how it can be applied
to solving geological problems.

FIAs provide a potentially powerful tool for investigating the deformation history of
orogenic belts. Such studies are difficult because the effects of the youngest deformation events
obliterate or reorient structures formed earlier during orogenesis. A window into these older

events is provided by inclusion trails in porphyroblastic minerals. These trails preserve the
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fabrics that were in the rock at their time of formation. Hayward (1990) and Bell et al. (1995)
introduced a method for measuring FIA as a means of quantifying these microstructures.

The quantitative application of FIAs requires consideration of their statistical
significance to ensure that the data are properly understood and that they are not being over
interpreted. Johnson (1999b) suggested that several aspects regarding the measurement and
significance of individual FIA needed clarification. Once individual FIA measurements have
been obtained, their correlation and grouping in a geological region needs to be determined; this
has typically been done by examining the relative timing and orientation of FIAs (e.g. Bell et al.
1998, Yeh & Bell 2004). Stallard et al. (2003) raised concerns about this approach and about the
significance that could be given to a FIA orientation.

This chapter reviews the current literature, defines FIAs, examines the sources of
variation in their orientations on the hand sample and regional scale, describes how to measure
FIAs, and outlines the statistical methods that have been applied to FIA analysis to date. A
technique for quantifying the error in FIA measurements is introduced, and the reliability of
individual FIA measurements is examined. The significance of FIA data at the regional scale is

also considered. Several case studies of the application of FIA data are presented.

1.1 Whatis a FIA?

The generic description of FIAs states that they are the axis of curvature of curved
inclusion trails within porphyroblasts. While the method for determining the orientation of a
FIA is independent of the processes that formed the curved inclusion trails, their interpretation
is not. According to Hayward (1990) and Bell et al. (1995), a foliation inflection or intersection
axis in a porphyroblast (FIA) is the intersection of successive foliations, or the curvature of one
into the next, which has been overgrown by a porphyroblast (Fig. 1). FIA can be equated with
the intersection lineation between these two foliations or the fold axis of the second event.
Alternatively, they represent the axis of rotation of the porphyroblast while it was growing (e.g.
Rosenfeld 1970). However, there is a growing weight of evidence that firmly suggests
porphyroblast generally do not rotate relative to a fixed geographic reference frame during
ductile deformation (e.g. Aerden 2004, Aerden 1995, Bell & Chen 2002, Bell & Hickey 1999,
Evins 2005, Fyson 1980, Hayward 1992, Johnson 1990, Jung et al. 1999, Steinhardt 1989). This
is an important observation because it means that FIAs preserve the orientations of a range of
fabrics through subsequent deformation events, even though they may be obliterated in the
matrix.

The majority of published FIA data involves trends only. Where plunges have been
measured they are generally sub-horizontal (e.g. Chapter 2°; Bell et al. 1998, Bell & Wang
1999, Hayward 1990, Stallard et al. 2003, Timms 2003). Hayward (1990) argued that this
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Figure 1. A series of sketches demonstrating what FIA are and how the asymmetry method is used to
find them. The two models for the formation of curved inclusion trails are shown (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. The progressive development of
curved trails in the deformation partitioning model is shown in (b). A porphyroblast (grey oval) grows in
the crenulation hinge (ii), eventually overgrowing the curvature of the sub vertical foliation into the flat
foliation (iii). The deformation intensifies against the edge of the porphyroblast that has stopped growing
(iv). The asymmetry method used for finding FIA is shown in (c) and (d). The block of rock containing
an asymmetric fold shown in (c) has been cut by two sections at 90° to each other; each section shows the
opposite asymmetry so the fold axis must lie between these sections. The application of this technique in
thin section is shown in (d); in this case the FIA is oriented at approximately 015°. Vertical thinsections
striking at 000°, 030° and 060° are shown and the flip in asymmetry of the inclusion trails in the
“porphyroblasts” from clockwise to anticlockwise occurs between the 000° and 030° sections. 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.

observation supports the hypothesis that a cyclic pattern of overprinting sub-horizontal and sub-
vertical foliation occurs during orogenesis (Bell & Chen 2002, Bell & Johnson 1989).
Therefore, FIA trends will reflect the strike of sub-vertical foliations during orogenesis. Bell et
al. (1995) demonstrated that this gives a history of the direction of bulk shortening that the rock
had been subjected to and the direction of plate motion, with an example from the Alps.
Johnson (1999a) discussed the importance of repeated steep and flat foliations and suggested

that they are the result of fundamental processes in the formation of orogens.
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THIS IMAGE HAS BEEN REMOVED DUE TO
COPYRIGHT RESTRICTIONS

Figure 2. (a) shows a 3-D sketch of an inclusion trail from a porphyroblast that has three stages of
growth; the core and median have the same FIA orientation while the rim has a different FIA. A section
through the core of the porphyroblast showing the core, median and rim is shown in (b). The compass in
{c) shows the different orientations of the core and median versus the rim FIA. (d) shows what would be
seen in vertical thin sections through such a porphyroblast; the change in asymmetry of the core/median
trails from clockwise to anticlockwise occurs between the 120° and 140° sections. In the rim the change is
from anticlockwise to clockwise between the 160° and 180° sections. After Bell et al. (2003).

FIA set is the term given to a group of FIA orientations from different samples that are
interpreted to have formed at the same time (e.g. Bell et al. 1998). Porphyroblasts with complex
inclusion trails can have a succession of FIAs with different orientations from core to rim
(Figs.2 & 3.). Bell et al. (1998) described how this occurs with episodic porphyroblast growth
over multiple deformation events. Individual porphyroblasts that have multiple FIA orientations

allow the relative timing of different FIA sets to be determined.

1.2 Causes of Variation in FIA orientations
If FIAs develop as Hayward (1990) and Bell et al. (1995) suggest, then individual FIA

orientations will vary in the same way that the fabrics forming them vary; this will be the case
from hand sample to orogen scale. Many factors will influence the orientation of a single
foliation including cleavage refraction, cleavage reactivation, cleavage intensity, and their
anastomosing character. Local variations in regional stress caused by contrasting rheologies
(e.g. igneous intrusions, basement highs) will cause regional variation in orientation in the same
way that foliations wrap around porphyroblasts at hand sample scale. Treagus (1983, 1988)
demonstrated that cleavage orientation can vary markedly as the result of relatively small
variations in the competency of rock. Bell (1978"; Fig. 22 therein) measured the preferred
orientation of micas in a slaty cleavage and found distributions of + 35° that he attributed to the
anastomosing nature of foliations. No literature quantifies the variation in orientation of a single

foliation. However, there is a great deal of foliation orientation data published in regional
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studies. In general, where the effects of later deformations can be ruled out, the data have
clustered distributions,.

FIA may be curved or offset because the foliations that form them wrap around pre-
existing porphyroblasts. Hayward (1990°; fig 6.) suggested that this may result in as much as
45° of angular deviation of the foliation. This variation would happen on the scale of a
porphyroblast with the orientation of the foliation affected by the different crystal faces. All of
these sources of variation in FIA orientations are most likely normally distributed. An exception
is where a crenulation cleavage preserves a relict foliation in its hinges. In this case the FIA may
have a bimodal distribution or be skewed.

If FIAs form by rotation of porphyroblasts as they grow then the distribution of FIAs
formed in a single foliation-forming event would also show a normal distribution, assuming the
porphyroblasts were not rotated by subsequent events. If the porphyroblasts are affected by
subsequent deformation events it is highly probable that the amount an individual porphyroblast
rotates will vary because of the heterogeneity of strain and the interference of other grains
(Beirmeier & Stuwe 2003). This variation in rotation would lead to a girdle like distribution
after a single overprinting event and subsequent events would lead to a random distribution
(Ham & Bell 2004). The growing body of FIA data with non-random data distributions (e.g.
Bell et al. 2004, Bell et al. 1998, Stallard et al. 2003, Yeh & Bell 2004) strongly suggests that
rotation is an unlikely mechanism for their formation.

If FIAs do form as a result of overprinting foliations then deformation partitioning may
complicate matters further. Bell and Hayward (1991) describe how deformation partitioning can
be used to explain how simple and complex inclusion trails can coexist in the same outcrop.
They argue that porphyroblast growth only occurs in zones actively undergoing deformation;
that simple inclusion trails form in zones microfolded by one episode of foliation development
and porphyroblast growth and complex trails form where these episodes are repeated. It is

therefore conceivable that a rock that has undergone multiple foliation forming events will have
FIAs equivalent to le R Ll3 s Li R L14 R Li s Li ..... and so on (terminology from Bell & Duncan

1978). Accepting that a cyclic pattern of overprinting sub-horizontal and sub-vertical foliations
can develop, this deformation partitioning argument should be able to generate FIAs with a sub-
vertical plunge. FIA at this orientation would only occur if two vertical foliations form it that
are at a high angle to each other. This case would be readily identified because vertical thin
sections would contain coaxial geometries regardless of their orientation while horizontal
sections would contain asymmetrical geometries. When the two overprinting foliations are at a
low angle to each other, the second is likely to reactivate the first and porphyroblast growth is

unlikely (Bell 1986, Bell et al. 2004).
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1.3 Statistics of FIAs — Exisiting Work

Despite the growing body of literature using FIA data, there is little written on the
statistical significance of FIA. Bell and Hickey (1997) briefly discussed the accuracy of FIA
determinations due to measurement errors. They determined that the total accumulated
analytical error in collecting an oriented sample, reorienting it and preparing the thin sections
was =+ 8°. This error is expected to have a normal distribution. Bell et al. (1998) discussed some
of the aspects of analysis of regional FIA datasets. They employ Watson’s U” test modified for
grouped data to confirm whether the FIA data come from a random population and a chi-
squared test to confirming whether FIA sets differ significantly from each other. Yeh (2003) and
Yeh and Bell (2004) applied these tests and also implemented a moving average method to
discern peaks in FIA data from a region. None of these tests address the distribution of FIAs
within a sample, or on a regional scale, except to show that they do not represent a random
distribution and that FIA sets can be differentiated from each other. Yeh and Bell (2004) also
commented that the variation of FIA orientations in a FIA set ranges from 30° to 50° based on a
review of published data. They argue that this distribution is a result of the anastomosing nature
of foliations.

The asymmetry method for measuring FIAs determines them for a sample rather than
for individual porphyroblasts. Consequently, meaningful estimates of the distribution of FIAs in
a sample have not been possible using that approach. Typically FIA measurements have been
reported as the mid-point of the range over which the dominant asymmetry flips with no
indication of the spread within a sample. Stallard et al. (2003) demonstrated a technique for
quantifying the reliability of FIA measurements using data for samples collected from Georgia,
USA. They used a method developed by Upton et al. (2003) for the analysis of cyclic logistic
data using a maximum likelihood technique to fit a regression model to the asymmetry data.
They argued that the range over which FIAs occur in a single sample is in the order of 50°.
Chapter 3 demonstrates several flaws in the assumptions in Upton et al.’s (2003) approach and
presents a more robust technique using bootstrapping. This technique is summarised in the
methods section. Upton et al. (2003) express some concern on the reliability of the technique for
samples in which only a small number of observations have been made and this issue is

examined in more detail below.

2 Methods

2.1 How are FIAs Determined?
The asymmetry method most commonly used for determining FIA orientations was first

described Hayward (1990) and then expanded to include plunges by Bell et al. (1995). The

method relies on the fact that a simple asymmetrically folded surface with a sub-horizontal axis
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will appear to have opposite asymmetries when cut by two vertical planes that strike either side
of the fold axis (Fig. 1c’; Bell et al. 1998). The fold asymmetry appears anticlockwise in one
(“Z”, left side of Fig. 1c) and clockwise in the other (“S”, right side of Fig. 1¢). Note that both
these planes are viewed in the same direction — for example clockwise about a vertical axis.
Curved inclusion trails preserved in porphyroblasts are analogous to such a fold. Figure 1d
shows how this concept is applied in thin-sections. The trend of the FIA is constrained to lie
between two vertical thin sections with a close angular spacing which have the opposite
observed dominant asymmetries. Sections are typically cut at a 10° angular spacing and the FIA
trend is recorded as being midway point of this interval. In some cases a thin section may have
both asymmetries in equal proportions, with sections either side having opposite asymmetries
dominating. When this occurs, the FIA is interpreted to be parallel to the thin section. Once the
trend of a FIA in a sample has been determined, the plunge can be found using a similar
approach. A series of sections perpendicular to the vertical plane containing the FIA trend with
different dips are cut; the FIA plunge is determined as being between the two sections across
which the inclusion trail asymmetry changes.

Powell and Treagus (1967) were the first to publish a method of determining what are
now called FIAs in garnet using thick sections and a universal stage. Busa and Graham (1992)
used a similar technique looking at staurolite grains. These techniques are inaccurate as they
only measure a short segment of the axis and make assumptions about the relationship between
the elongation of included grains and the orientation of the FIA. Rosenfeld (1970) described
several techniques for finding FIAs. These methods were in part based on the assumption that
curved trails are the result of porphyroblast rotation. His techniques included one for finding the
FIA in a single large porphyroblast (tens of millimetres in diameter) that is not practical for the
majority of rocks that have smaller porphyroblast sizes, or those with multiple FIAs. For these
rocks he used a method based on the same asymmetry principle as used later by Hayward
(1990). However, he used the main schistosity in the rock as the reference plane (i.e. all sections
cut perpendicular to the main schistosity in the rock) instead of the horizontal. This was based
on the flawed assumption that the matrix foliation was the one that formed the curved inclusion
trails. If the actual FIA orientation lies at a high angle to this schistosity it would be difficult to
constrain it with this approach. There is no way of determining whether this schistosity was the
dominant one at the time of porphyroblast growth. The asymmetry method allows the trend of a
FIA to be determined in all cases except those rare cases with a vertical or near-vertical plunge.

Determining a FIA orientation is complicated when more than one FIA are preserved in
a sample. Figure 2a shows an inclusion trail that has two distinct FIAs lying at an angle to each
other. Depending on the orientation of the thin section, either a staircase or spiral geometry will
be observed (Fig. 2d). Such samples provide valuable relative timing criteria for FIAs as those

in the core of the garnets must form before those in their outer parts. See Fig.3 for an example.
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Figure 3. An example of a multi-FIA sample. Three photomicrographs are all from the same sample
(CH57) and show the geometries that occur when FIAs of different orientations are preserved in the same
porphyroblast. These porphyroblasts have a core and rim (solid lines mark the transition). The core
inclusion trails (dotted lines) are anticlockwise in the 000° section and switch to clockwise for the 120°
and 170° sections. The rim inclusion trails (dashed lines) switch from anticlockwise in the 000° and 120°
sections to clockwise at 170°. Where the core and rim asymmetries are the same the inclusion trails have
a spiral geometry; where they differ they have a staircase geometry. Partially crossed polars, bottom edge
of photomicrographs is approximately 3mm.
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Figure 4. Reversals in crenulation asymmetry across a small-scale fold. A thin-section scale fold is
shown (grey). The two thin sections show opposite asymmetries even though they have the same
orientation. Attempts to define the FIA using the asymmetry method would not work in this case.

Care must be taken when recording these asymmetries, as it may be difficult to distinguish
inclusion trails in different parts of a porphyroblast within and between sections, particularly
where the thin sections intersect porphyroblasts off centre.

Another complication in this method for measuring FIA orientations is that it relies on
the assumption that the asymmetry was the same throughout the rock sample when the
porphyroblasts grew. This will not be the case if there are reversals in asymmetry related to
features such as small-scale folds (Fig. 4). In this situation the asymmetry method may fail.
However, the asymmetry does not change across many small scale folds (e.g. Bell et al. 2003)
so this generally is not a problem.

Aerden presented an alternative technique for determining FIAs called FitPitch (Aerden
2003). In this technique the pitches of planar fabrics in porphyroblasts are measured and planes
of best fit are determined and their intersections are recorded as the FIA. The FitPitch technique
is similar to that of Hayward (1990) and Bell et al. (1995) in that multiple vertical thin sections
are required and the resultant measurements are average values for the sample from which they
come. It is well suited to samples where the inclusion trails are planar and characterized by an
earlier foliation that is truncated by a later one. While goodness-of-fit parameters are provided
to aid in the evaluation of the results of the technique, no confidence intervals are generated for
the FIA orientations calculated nor is there a description of the distribution of the FIAs in the

sample.
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2.2 Maximum Likelihood Estimation of FIA Parameters
In order to provide a test of the statistical significance of a FIA measurement

determined using the asymmetry method, a parametric model is fitted to the data. The
parametric model used is the logistic model that was suggested by Upton et al. (2003). It relates
the probability p of observing a particular asymmetry (clockwise or anticlockwise) in a thin
section with orientation 0 to the trend of the FIA (p) and a shape parameter (). The probability
density function for the logistic model is
eﬂ sin(@—-u)
P(‘gaﬂaﬂ)=l+eﬁm- 0]

B describes the rate at which the switch in asymmetry occurs. The higher the magnitude of B, the
smaller the interval over which this switch occurs. A value of o or -0 would indicate an instant
flip. Values that approach zero represent a more gradual change with zero indicating a random
distribution. Figure 5 shows the distributions for a range of B values for a data population with a
mean orientation (p) of 90°.

To find the values of p and B a Maximum Likelihood Estimate (MLE) is made. The
MLE finds the values (a hypothesis) of the parameters which have the highest likelihood given
the data. This differs from the traditional probabilistic approach that asks what is the probability
that our data matches a chosen hypothesis? In this case we are interested in the values of p and 3
that maximize the log-likelihood equation

log L = izvi log{p(6))} +(p,~)log - p(6)}) @

where r; is the number of, say, clockwise observations and #; is the total number of observations
at each of m orientations for which we have data. We used the quasi-Newton optimizer in

Matlab R14 (www.mathworks.com) to find the minima of —log L for the examples presented

here.

When fitting a parametric model to the data, we must concern ourselves with two
questions: does the parametric model provide a good fit to the data; and how much confidence
can we have in our model parameters? Upton et al. (2003) based confidence intervals for these
parameters on the model deviance using a chi-squared distribution with one degree of freedom.
They also had a goodness-of-fit test based on a chi-squared distribution with degrees of freedom
equal to the number of sampling orientations minus the number of model parameters. Chapter 3
demonstrates how this approach is flawed as it overestimates the degrees of freedom in the data.
Here, we apply the bootstrap techniques described in chapter 3 to determine the confidence
intervals for p and B and to examine the goodness-of-fit of the model.

The bootstrapping procedure allows the empirical distributions of the model parameters
to be determined by simulating repeated sampling of the original population. The goodness-of-

fit of the model can be determined from these parameters, along with confidence intervals for p

102



PhD Thesis C.R. Huddlestone-Holmes

10— — p =10
\\ 5 —
. B=3 " ;
\\ L=5 ,',
0.8 \
\ g =1
\ s,
> 0.6 - \
5 ‘ p=0
o \
Q 0.4 - \
0.2 ﬂ=20\
N
B =50 \
\\\ L=-5
0.0 T T T T T T T T T T T T T T — T
R I,

Section Orientation

Figure 5. Graph showing the probability of a success at a given section orientation for different values of
B according to the cyclic logistic model; a success is arbitrarily defined as observing a particular
asymmetry (e.g. clockwise). Higher values of B show a more rapid change in asymmetry. p = 90° in all
cases. The dashed line shows that the sign of B determines whether the switch is from “successes” to
“failures” or vice versa.

and B. Goodness-of-fit is determined informally by inspecting the distributions of p and B,
which should be normal or log normal, plus the deviance which should have some form of chi-
squared distribution whose degrees of freedom will be less than or equal to m-2. Confidence
intervals for the model parameters p and B are determined from the bootstrapped data by the
percentile method adjusted for bias and acceleration (BC,) as discussed in Chapter 3. Two
bootstrapping methods can be applied. One resamples within section orientations (method A)
and the other across section orientations (method B; see chapter 3). Which of these methods
produces a better model fit will depend on the nature of the sample population. Method B is

preferred, except where the total number of observations is small.
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2.2.1 Implementation of MLE
The MLE technique described above and in chapter 3 attempts to find the parameters p

and B of a cyclic logistic model that fits the data. Before we can interpret the geological
meaning of these values, we have to be sure that the cyclic logistic model is a good fit. If it is
not, these parameters may be meaningless. Graphical procedures are used to assess the
goodness-of-fit of the model to the data. To demonstrate the MLE technique, asymmetry data
was generated for sample V209, based on the measurements obtained using HRXCT in chapter
2 (Appendix 1.1). This was done by determining what asymmetries would be observed if all 58
garnets measured were intersected by thin sections cut at 10° increments from 0° to 170°. The
resulting asymmetry data is a perfect representation of the sampled data, free from observation
errors or sampling bias. There is a large number of observations (N = 58) and the sample is
unimodal and symmetrical about its mean.

Figure 6 shows the results of the bootstrap MLE analysis of this data. The distributions
of u and B are normal and lognormal respectively indicating that they are well represented by
the logistic model. The deviance plot shows a chi-squared distribution with approximately five
degrees of freedom. While this distribution, combined with those for p and B, may be enough to
satisfy us that the model is a good fit for the data, we can gain further confidence by examining
a boxplot of the deviance (Fig. 6¢). The boxplot shows that for a number of section orientations
(60° through 160°) there is very little variation in probability of a given observation. This lack of
variance means that only seven orientations contribute to the freedom of the data to vary. The
number of degrees of freedom for the deviance should be five because the values of two
parameters (| and P) are fixed. A chi-squared distribution with five degrees of freedom matches
the distribution observed, so we can be very confident that the data is well represented by the
logistic model with the values for p and B calculated.

Given that the proposed model has a good fit for the data, we can now determine the
confidence intervals for the parameters p and . Because the data is so well behaved the
percentile method can be used. For a 95% confidence interval the parameter values at 2.5% and
97.5% of the bootstrap distributions are taken. Unlike a normal distribution for linear data these
values cannot be directly related to the shape of the distribution; they simply represent the
confidence that can be placed in the mean values calculated for p and B. The parameter 3
describes the spread of the data and is analogous to the concentration parameter kappa of a von
Mises distribution.

For comparison, Figure 7 shows the results of using the bootstrap MLE approach for the
sample CA10 Core from Stallard et al. (2003, see also Appendix 1.2). In this case, the cyclic
logistic model is a poor fit for the data. This is demonstrated by the departure from normal of
the p and P distributions and the multiple peaks in the deviance distribution. The hypothesis that

the cyclic logistic model can be used to describe this data must be rejected and confidence
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Figure 6. Plots of the results of bootstrap MLE analysis for the HRXCT data from sample V209. (a), (b)
and (c) are probability plots of the bootstrapped p, p and deviance data respectively. The distributions of
p and B are normal and log-normal respectively. The deviance has a distribution that is approximated by a
chi-squared distribution with 5 degrees of freedom. These distributions indicate that the cyclic logistic
model is a good fit for the data. In (d) the model (solid line) is shown with the raw data (crosses) and the
mean p (grey line). The boxplot in (e) demonstrates that only some of the sections contribute to the

variability of the data. 95% confidence intervals for p and B in brackets.
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Figure 7. Plots of the results of bootstrap MLE analysis for sample CA10 Core from Stallard et al.
(2003). The probability plots in (a), (b) and (c) of the bootstrapped p, B and deviance data respectively
show significant departure from their expected distributions. This indicates that the cyclic logistic model
is a poor fit for the data. In (d) the model (solid line) is shown with the raw data (crosses) and the mean p
(grey line). The raw data at 40° stands out as being anomalous. The boxplot in (e) demonstrates this also.

See text for discussion.
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intervals for p and B cannot be determined using the bootstrap technique. There are several
explanations for the poor fit of the model. First is sampling error, whereby asymmetry
observations have been misinterpreted. Examples of this are confusing trails in the median with
those in the core of a garnet, or simply getting the asymmetry wrong. Second, the underlying
FIA population may not have a distribution that can be described using the cyclic logistic
model. This could result from mixed populations being sampled, or the underlying population
has a girdle rather than clustered distribution. Third is that the sample is not representative of
the true population. If the number of observations is small, particular in the region of the FIA,
random chance may result in a biased sample. This may be the case for the CA10 Core data. For
example, in the 40° section there are only five observations. The true probability of a clockwise
observation may be lower than 0.2 but there are insufficient observations to demonstrate this.
The locations of the thin sections may also introduce bias into the sample if the population
distribution varies through the specimen.

Even though our chosen model cannot describe the CA10 core data, it would be
possible to conclude that the true orientation of p must be between 60° and 90° from studying
the bootstraped p distribution; therefore, the calculated mean of 78.3 is reasonable. Caution
must be exercised here in case the cause of the poor fit of the model is a result of some

geological process rather than sampling irregularities.

2.2.2 Sensitivity to Sample Size

As for all statistical tests, the MLE cyclic logistic regression technique described above
is sensitive to the number of observations that make up the sample. Applying bootstrap methods
addresses this issue by creating many samples of the original data population based on the
original sample; however, bootstrapping cannot improve on a sample that was unrepresentative
of the sampled population in the first place. There will be some minimum amount of data that
will be required to adequately describe the underlying distribution. This issue has been
examined to attempt to provide guidance on the minimum number of observations that should
be obtained to provide a representative sample for measuring FIAs.

A modified bootstrapping technique was used to test the sensitivity of the MLE of the

model parameters to the number of observations. Strictly speaking, the bootstrap method

involves resampling of the original sample, 8°, with each resample @’ containing the same
number of observations as the original data. In this case, we are interested to see what the effect

of the number of observations has on the values we obtain for p, p and their confidence

intervals. To do this we take a sub-sample, 6,,, with N observations of the original data and
then perform the bootstrap technique described in chapter 3, substituting &,, for 0°; the

bootstrap is performed B times and for each bootstrapped sample, 6’]{}1., j=1...B, we calculate
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Figure 8. Plots of sample size sensitivity analysis for the HRXCT data from sample V209. Mean values
for p and B are shown in (a) and (b) and standard deviations in (c¢) and (d). Error bars show 95%
confidence intervals. See text for further discussion.

MLE for f3{, and w},. This process is repeated i times for each N allowing the distributions of

B3 and 4}, to be determined. For these tests B = 2000, i = 100 and N varies from 3 to 40.

The results of these tests are plotted in Figure 8 for the data from the HRXCT study of
sample V209. This data was has 58 observations in each section orientation and is well
described by a cyclic logistic regression. The plots of the mean values of p and B (Fig.8a and b)
display asymptotically decreasing confidence intervals with increasing N as expected. The point
at which the amount of variability decreases to some limit is at around N = 15 in this sample.
The standard deviation plots (Fig.8c and d) show a similar trend; this indicates that the data is
approaching a point that represents the natural variability in the sample. As N increases the
standard deviation for [ stabilizes while that for p continues to decrease.

This technique has been applied to twelve other datasets from eight different samples.
These datasets were selected because the number of observations was high and the bootstrap
MLE analysis showed that the cyclic logistic model fits the data well. The results are shown in

Appendix 2. In general, these data demonstrate that the minimum number of observations

108



PhD Thesis C.R. Huddlestone-Holmes

required to represent the sampled population is between eight and fifteen. They all show the
same pattern of the standard deviation for f stabilizing while that for p continues to decrease.
The increase in confidence in the mean of p, by increasing the number of observations much
above ten, is less than a few degrees.

In some cases, N was allowed to exceed the number of observations in the original
sample. This resulted in an over sampling of the data causing spurious results with variability
increasing at higher N (e.g. CH2, CH22, CH49). While these results are included in Appendix 2,

the over sampled parts on the plots were not considered for this interpretation.

3 Examples
The bootstrap MLE approach gives a method in which the distribution of FIAs in a

single sample can be measured. It allows confidence intervals to be assigned to these
measurements. None of the published literature containing FIA data include such statistical
analysis, with the exception of Stallard et al. (2003). Some examples of the application of the
technique are explored to investigate the importance of such an analysis where FIA data are

used are given in the following section.

3.1 Stallard et al. Data
Stallard et al. (2003) presented the first application of a MLE technique to the analysis

of FIA data collected by the asymmetry method. They examine data collected from 25 samples
from the Canton Schist in the Southern Blue Ridge, Georgia. 61 FIAs were determined with 14
samples containing core, media and rim FIAs that allowed the relative timing to be determined.
The MLE technique used was that detailed by Upton et al. (2003). As discussed above and in
chapter 3 this technique is flawed, particularly in regard to the goodness-of-fit test. Stallard et
al. (2003) state that in all cases the goodness-of-fit was acceptable; however, using the bootstrap
techniques outlined in chapter 3, very few if any of their data can be modelled using the cyclic
logistic model (Fig. 7; Figs. 3 and 4 of Chapter 3). This poor fit appears to be due to the small
sample sizes used in their study in which there are only two or three observations per section
orientation. Stallard et al. (2003) note they have samples with wide 95% confidence limits. This
is most likely the result of sparse sampling where chance results in an apparently anomalous
observation whose influence would be reduced if the number of observations were increased.
As a result the 95% confidence intervals they present are unreliable. However, they observe that
the true intra sample FIA spread is likely to be in the range of 30°-50°; this is not unreasonable
compared to the results of the HRXCT study in Chapter 2.

In the second part of their paper, Stallard et al. (2003) investigate approaches to
correlating FIAs between samples. They suggest three possible approaches; using relative

timing and textural criteria; using orientation, relative timing and patterns of changing FIA
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orientation; and using relative timing and orientation alone. The third is the technique that has
been used in all other literature to date (e.g. Bell et al. 1998, Yeh & Bell 2004). Stallard et al.
(2003) conclude that the first approach is preferred. In their interpretation of the Canton Schist
data via this approach, they make the assumption that the truncation plane preserved at the core-
rim boundary of garnet porphyroblasts formed at the same time throughout the study area.
Based on this, a second assumption is made that all the FIAs measured in the core of garnets
belong to one set, and similarly for median and rim data giving a total of three FIA sets.
Supposing the first assumption holds, it is not necessary that the second will follow. Assuming
that metamorphic reactions producing porphyroblastic phases will coincide in all rocks,
regardless of compositional variations and P-T gradients is precarious, even where samples are
from a locality with a relatively small spatial extent. If the assumption that the core-rim
transition can be correlated from sample to sample is valid, no justification was given for

separating the core and median data into separate FIA sets based on textural grounds.

THIS IMAGE HAS BEEN REMOVED DUE TO
COPYRIGHT RESTRICTIONS

Figure 9. Locality map showing sample locations from Stallard et al. (2003). Rim FIAs could only de
determined in samples from three closely spaced localities. Samples for which no rim FIA was measured
are highlighted in yellow.
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Looking at the data of Stallard et al. (2003) in more detail, only 14 of the 25 samples
analysed had sufficient rim growth to be analysed, as the other 11 did not preserve what was
interpreted as being a pervasive deformation event. The distribution of sample localities consists
of a cluster of 19 samples in the immediate vicinity of Canton (Fig. 9), with two samples (CA9
and CA10) well to the south west, three (CA19, CA20 and CA23) over 10km to the north east,
and one sample (CA37) over 20km to the north east. It is interesting to note that none of the
samples located outside the cluster near Canton have data reported for rim FIAs given that the
core-rim transition is used as a temporal marker for all samples (Fig. 9). This demonstrates the
problems of trying to use inclusion trail textures as temporal markers between samples.
Deformation partitioning can result in highly variable distributions of strain from grain to
orogen scale (e.g. Bell et al. 2004) making features such as the intensity of a foliation preserved
in porphyroblasts totally unreliable for such correlations.

A significant consequence of Stallard et al. (2003) using textural criteria for the
interpretation of FIA data was that supposedly temporally related FIAs have a spread of
orientations of greater than 140°. This then raises the question of what FIAs are. If they do
represent the intersection/inflection axis between foliations then Stallard et al. (2003) are
suggesting that a foliation may vary by up to 140° as it forms. They list the possible sources of
variation in foliation orientation as: heterogeneous rheology (i.e., refraction); rotation of the
kinematic reference frame; anastomosing of foliations around inhomogeneities such as granites;
and rotation of porphyroblasts relative to each other. No literature documents the range of
orientations a single foliation can have; however, a 140° spread appears as implausible as
suggesting that the cores of all garnets in a field area grew at the same time. A rotation
argument is difficult to reconcile with the clustered nature of the data in Stallard et al. (2003)
and the consistently shallow plunges they have reported. Bell et al. (2004) give an example of
how deformation partitioning provides a mechanism for variation in FIA orientations preserved
in the cores of porphyroblasts and throughout their growth. Another important issue is that a
FIA set represents FIAs with similar orientations and need not represent a single foliation-
forming event. Studies demonstrating that spiral inclusion trails form as the result of
porphyroblasts overgrowing many foliation events with similar strikes are an example of this
(Bell et al. 1992, Johnson 1993). Such sequences of foliations result from the direction of bulk
shortening remaining constant for a period. FIAs that form over such a long period may show
some variation in orientation due to slight variations in the bulk shortening direction that are too
small to distinguish.

Using the orientations of FIAs along with relative timing removes the subjectivity
involved in attempting to correlate textures. Figure 10 shows a reinterpretation of the FIA data
in Stallard et al. (2003) using this method; this is the same approach as their method 3. In this

case four distinct FIA sets have been differentiated based on analysis of the non-parametric
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data is from a random distribution can be rejected.. A north-south FIA set is attributed to CA19a
and CA20 and the relative timing of this set cannot be determined as this orientation was only
reported for single FIA samples. Relative timing criteria for the other three sets suggest a
progression from, NE-SW to SE-NW to E-W sets. Each set has a spread of less than 70°. These
spreads are comparable to those in the other studies cited above. This is despite the fact that the
FIA measurements in Stallard et al. (2003) are based on a small number of observations in each

sample that would be prone to sampling error.

3.2 Correlating Deformation Along Orogens
It has been suggested that FIAs can be used to correlate deformation events along

orogenic belts (Bell et al. 1998, Bell & Mares 1999). In this section the use of FIAs for such
correlations is demonstrated by comparing new data from the Murphy Syncline in the Western
Blue Ridge of North Carolina with data published on the Baltimore-Washington anticlinorium
in Maryland (Yeh & Bell 2004).

: : | Baltimore-Washington
i i /! Anticlinorium /
i | i 40N
i i
; i
38N
36N
34N
! N i
i ~ 32N
i N
i'. { 200km
T Y e Y |
88 W 86 W 84 W 82 W 80 W 78 W 76 W 74W
D Raleigh Goochland Terrane . Inner Piedmont
Carolina Slate Belt . Blue Ridge

Figure 11. Simplified regional geology map of the central and southern Appalachians. The relative
positions of the Murphy Syncline and Baltimore-Washington anticlinorium are shown.
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3.2.1 Geological Setting — Murphy Syncline
The Murphy Syncline extends from south-west North Carolina into northern Georgia

and nearby Tennessee (Fig. 11). It forms part of the western Blue Ridge of the Appalachian
Orogeny (Hatcher 1987) and is bounded to the east by the Hayesville Fault and to the west by
the Great Smoky and Greenbrier Faults. The rocks in the study area are meta-sediments from
the late Pre-Cambrian to early Cambrian Murphy Belt and Great Smoky Groups (Hatcher 1987,
Mohr 1973, Wiener & Merschat 1992). The Murphy Syncline is isoclinal with a moderately
southeast dipping axial plane. Mohr (1973) suggests that the Murphy Syncline is a D1 structure,
which formed either prior to or during the peak of regional metamorphism. Metamorphic grade
ranges from green schist to amphibolite facies, with the lowest grades in the core of the
syncline. The metamorphic peak in the western Blue Ridge was thought to have been reached
during the Taconic orogeny at approximately 450 Ma, with little if any effect from either the
Acadian or Alleghanian orogenies (e.g. Glover et al. 1983, Hatcher 1987, Rodgers 1987).
However, Unrug and Unrug (1990) and Tull et al. (1993) have argued that the peak of
metamorphism was in a single Acadian event based on fossil assemblages, as do recent electron
probe micro-analyser (EPMA) age dates obtained from monazite (Kohn & Malloy 2004).
Connelly and Dallmeyer (1993) argue for a polymetamorphic history involving both Taconic

and Acadian events.

3.2.2 FIA Data — Murphy Syncline

63 FIA measurements have been made from 38 samples collected from the Murphy
Syncline. The bootstrap MLE approach was applied to 20 FIAs from 14 samples (see Appendix
1.3). A U? test, as described by Bell et al. (1998), confirms that the data is non-random with a
value of 0.321; this is significantly higher than the critical value at the 95% confidence level of
0.187, which means the hypothesis that the data is from a random distribution can be rejected.
The data are plotted on a rose diagram in Figure 12, along with a non-parametric density
estimate. There are four distinct peaks in the data at 60°, 100°, 140° and at 170°. The 100° peak
is the most pronounced. Figure 13 shows the data from all samples with estimated error. The
FIAs and errors determined using the bootstrap MLE approach are plotted in Figure 13a. It was
not possible to use this approach in all cases primarily due to insufficient sample sizes. The
other 43 FIAs were measured using the asymmetry method and are plotted in Figure 13b. The
errors in this plot are based on the sensitivity to sample size analysis in section 2.2.2. When the
number of observations was small (N = 3), the 95% confidence interval for the FIA orientation
was never greater than + 20° (appendix 2). This range seems to be a reasonable guide to the
confidence that can be placed on an individual FIA measurement determined by the asymmetry

method.
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FIAs were assigned to different FIA sets using their orientations and relative timing
criteria. Figure 13 shows 14 samples containing multiple FIA orientations that could be used to
distinguish the sequence in which the FIAs formed. As a result, 6 possible FIA sets have been
identified; N-S; NE-SW; E-W; SE-NW; N-S; and E-W. These will be referred to as FIA sets 1
to 6 respectively. Two FIA sets are repeated — sets 1 and 5 are both N-S and sets 3 and 6 are
both E-W. Where samples have only a single FIA that is in either of these orientations it is
impossible to declare which of the two possible FIA sets they belong to. Such single FIA
samples could not be used to draw conclusions about the P-T conditions, or be dated to provide
an age, for a particular FIA forming event. However, this does not change the FIA pattern in a
region. There is only a single FIA measured as part of set 6. This measurement was made in
kyanite from sample CH35. The relative timing of kyanite and staurolite in this sample is
ambiguous; there are no clear overprinting criteria and the matrix foliation truncates inclusion
trails from both types of porphyroblasts. If the kyanite predates the staurolite, this FIA would

belong to set 3 and there would be no evidence for a 6" set.

Figure 12. Murphy Syncline FIA data. Rose diagram with non-parametric density estimate (dashed line).
Rose diagram bin radii proportional to square root of frequency, non-parametric smoothing factor 0.4 H,.
The data has peaks at approximately 60°, 100°, 140° and 170°.
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Figure 13. Distribution of FIAs with errors. Data analysed using the bootstrap MLE approach shown in
(a). The error bars show the 95% confidence intervals. The data in (b) are for FIAs determined by the
asymmetry method with error bars set at 20°. Where FIA orientations are near 0° or 180° they have also
been plotted twice, once at the original reading, Lo, and again at p, + 180° (so 175° becomes -5° and 5°
becomes 185°). FIA sets 1 through 6 in yellow, orange, blue, green, brown and pink. Colours are
combined where no relative timing criteria are present to determine which FIA set an observation belongs
to.
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3.2.3 Comparison with Maryland Data
Yeh and Bell (2004) measured 221 FIAs in 140 oriented samples collected from the

Baltimore-Washington anticlinorium within the Baltimore terrane of the eastern Maryland
piedmont. They derived a sequence of 8 FIA sets using a similar approach to that applied to the
Murphy Syncline data above. Deformation and metamorphism in the Baltimore terrane
extended from the late Taconic (510 to 460 Ma) through to the early Acadian (408 to 360 Ma’;
Yeh & Bell 2004 and references therein). This is a similar time period to that suggested by
Connelly and Dallmeyer (1993) for metamorphism in the Murphy Syncline. If the assumption
that FIAs represent the direction of bulk shortening within an orogenic belt at a given point in
time is correct, then if the Baltimore and Murphy regions were undergoing deformation and
metamorphism contemporaneously, their FIA progressions should be the same.

The progression of FIA sets derived from the Murphy region data is strikingly similar to
that from the Baltimore region. The exception is that FIA set 1 from the Baltimore region is not
represented in the Murphy data. Set 1 from the Murphy region correlates with sets 2 and 3 from
the Baltimore region although they are recorded in too few samples to be separated. Sets 2, 3, 4
and 5 from the Murphy region correlate with sets 4,5, 6 and 7 from the Baltimore region
respectively. These FIA sets are the most strongly represented in the Murphy region data and
the correlation between the two regions is remarkable. As mentioned above, there may or may
not be a 6™ FIA set in the Murphy region data. If this FIA set does exist, it correlates with set 8
from the Baltimore region.

The correlation of FIA sets between the Murphy Syncline and the Baltimore-
Washington anticlinorium provides strong evidence that these two regions underwent similar
deformation histories. Recent EPMA age dating of monazite from the Murphy Syncline yield
ages at both 450 Ma and 400 Ma (pers comm. Lisowiec 2005 ; Kohn & Malloy 2004). This also
supports the hypothesis that FIAs represent the direction of relative motion of tectonic plates;
these regions are over 750 km apart and it is hard to imagine circumstances where identical FIA

progressions could be developed by anything other than plate scale processes.

3.3 Detailed Studies — FIAs Across a Fold

Another possible application of FIA data is in detailed studies where their orientations
are compared to constrain age dates or deformation processes such as folding, or the rotational
behaviour of porphyroblasts. An example of this was presented by Timms (2003) who did a
study of matrix foliations and inclusion trails in garnet porphyroblasts preserved in a hand-
sample-scale fold. The study included a comparison of the FIAs in each limb of the fold to
make some inferences about fold forming processes and the porphyroblast rotation problem.
The only measure of confidence he gives for the FIA measurements is the range over which

both asymmetries are observed. The bootstrap MLE approach was applied to some of the data in
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Timms (2003) to demonstrate how such a study can benefit from a technique that allows
confidence intervals to be given to FIA measurements.

The fold is a tight, upright anticline and has a WSW trending fold axis. Timms (2003)
uses the asymmetry method to determine the trend and plunge for a FIA preserved in the core of
garnet porphyroblasts as well as the trend of a FIA in their rims on both limbs of the fold. He
also used a technique similar to FitPitch (Aerden 2003) called the plane intersection method to
determine the core FIA. This technique calculates the intersection of plains estimated from
inclusion trail pitch measurements; no error estimates are provided.

The bootstrap MLE approach was applied to data collected by the asymmetry method
for both the trend and plunge of the core FIA on the north and south limbs of the fold. The
model fit for the trend data is poor on both limbs of the fold. This is most likely due to the lack
of asymmetry observations particularly near the FIA (see appendix 1.4). The MLE of cyclic
logistic model parameters uses observations of inclusion trail asymmetry. If the FIA in a
porphyroblast has the same orientation as the thin section that intersects it, then it will show a
millipede-like texture, that is, a symmetrical pattern. The data from Timms (2003) presented in
appendix 1.4 includes observations of virtual millipedes with highest counts in the vicinity of
the asymmetry switch. To make use of these data in the MLE approach, two observations of
millipede-like inclusion trails were counted as one clockwise and one anticlockwise
observation. If the total number of millipede-like observations was odd, the remaining one was
ignored to keep the number of observations as an integer. The use of millipede-like observations
is discussed further in 4.2.2. Bootstrap MLE results for data including the millipede-like
observations produces good model fits for data from both the north and south limbs of the fold

(Figs. 14 and 15 respectively). The results are presented in Table 1.

n p

mean 95% Conf. 90% Conf. mean 95% Conf.
North Limb
FIA Trend 33.7° 27.9°t040.7° 28.8°t039.6° | 5.9 39t07.6
FIA Plunge | 2.5° SSW -9.1°t0 12.3° 43 2.7t05.3
South Limb
FIA Trend 18.8° 11.6°to 28.1° 12.6°t026.6° | 4.0 3.1to4.6
FIA Plunge | 20.4° SSW 12.6° to 26.8° 6.2 441009.1
Homogeneity Analysis Critical Values
Yr Trend 9971 95% 3.84
Yr Plunge 9645 99% 6.63

Table 1. Analysis of core FIA data from Timms (2003). The Yr parameter is from a test similar to a t-test
(p- 115-117 Fisher, 1993). It shows that the hypothesis that the data from the two limbs have different
means at a very high level of confidence.
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Figure 14. Bootstrap MLE applied to North limb FIA from Timms (2003). The trend is in (a) and the
plunge is in (b). Plunges are to the SSW (negative plunges are to the NNE). Millipede-like data included.
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Set 1 Set 2 Set 3

Figure 10. Reinterpreted FIA data from Stallard et al. (2003). A rose diagram with non-parametric
density estimate (dashed line) for the whole dataset is shown in (a). The non-parametric density estimate
is a similar approach to the moving averages used by Yeh and Bell (2004). Rose diagram bin radii
proportional to square root of frequency. Non-parametric smoothing factor 0.6 Ho.The NE -SW, SE-NW
and E-W FIA sets are shown in (b).

density estimate (Fisher 1993) in Figure. 10. This is similar to the weighted average approach
used by Yeh (2003) and Yeh and Bell (2004) and is preferred to rose diagrams which can be
distorted by the selection of cell boundaries (Fisher 1993). A U? test, as described by Bell et al.
(1998), confirms that the data is non-random with a value of 0.857; this is significantly higher
than the critical value at the 95% confidence level of 0.187, which mean the hypothesis that the
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Figure 15. Bootstrap MLE applied to South limb FIA from Timms (2003). The trend is in (a) and the
plunge is in (b). The model fit to the plunge data is only just acceptable. Plunges are to the SSW (negative
plunges are to the NNE). Millipede-like data included.
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The confidence intervals derived for the trends of the FIAs on the two limbs of the fold
overlap slightly at the 95% confidence level. The plunges do not overlap at this confidence
level. A test for homogeneity, called the Y, test (Fisher 1993), which is similar to a t-test used
for linear data, shows that the mean orientations of both the trends and plunges on each side of
the fold differ from each other at even the 99% confidence level (Table. 1). These results
confirm that the FIA orientations differ across the limbs of the fold to a high level of certainty.

Timms (2003) does not provide error estimates for the FIAs calculated using the plane
intersection method. Considering that the standard deviations given for the best fit poles to the
estimated planes are in the order of 15°, the 95% confidence interval in the intersection of the
planes (i.e. the FIA) will be correspondingly large. It is important in drawing conclusions from
such data that the level of confidence that can be placed in the conclusions is considered. The
MLE approach described here makes it possible to test hypotheses about the relationship

between FIA orientations with some statistical certainty.

4 Discussion and Conclusions

4.1 The Variability of FIAs

FIA orientations will vary at both the hand sample and regional scales. The study
presented in chapter 2 demonstrates this variability in a single sample and shows that FIAs in a
FIA set can vary by 70°. The shape parameter, , in the cyclic logistic model provides a
measure of this spread. Analysis of the data presented here shows that § values range from 3.5
to 9.4 with an average of 5.6. Figure 16 shows probability plots based on  values from 20
samples normalized to u = 90° and demonstrates the consistency of the modelled FIA
distributions. They show that the range of FIAs in sample will generally be between 40° to 80°.
These distributions are unimodal, symmetrical, have a peak at their mean and the probabilities
decay monotonically away from it, as occurs in a normal distribution. In plain English, FIAs
will be clustered in a narrow interval about the mean and will have progressively fewer
observations towards the extremes of the range.

The trends of FIAs show a similar distribution on the regional scale. Bell and Mares
(Bell & Mares 1999) describe FIA distributions from the Kimberley orogenic arc in Western
Australia. They identified two FIA sets that are at right angles to each other, allowing them to
be easily distinguished. The first FIA set has 58 measurements with a spread of 50°; the second
has a spread of 30° but is represented by only 8 measurements. Similar FIA distributions were
found in the three main FIA sets in the reinterpreted Canton Schist data (section 3.1); these sets
had ranges of 70°, 40° and 60° respectively. The Murphy Syncline data (section 3.2) shows
spreads of 60°, 40°, 30° and 50° for FIA sets 2 to 5. This spread in FIA data on regional scales
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Figure 16. FIA distributions from real samples. This plot shows the FIA distributions from 20 samples
analysed from Vermont, New Hampshire and North Carolina, normalized to a FIA orientation of 90°.

is typical of all results in the literature published to date (e.g. Bell et al. 1998, Cihan & Parsons
2005, Sayab 2005, Yeh & Bell 2004). It could be argued that these distributions are an artefact
because most studies of FIA data use orientation to group the data. However, distributions of
this size are also found where FIA sets lie at high angles to each other (e.g. Bell & Mares 1999,
Sayab 2005) and when relative timing criteria allow them to be clearly differentiated (e.g. Bell
et al. 1998, Yeh & Bell 2004). The shapes of regional FIA distributions are generally the same
as those within a sample, approximating a normal distribution.

The distribution of FIAs at hand sample scale is very similar to that observed at regional
scales. If porphyroblast rotation were a common process, it would be difficult to imagine the
circumstances where such consistent FIA groupings would form, especially in multi-FIA
samples. These distributions suggest that the variation in FIA orientations is related to variations
in the foliations that form them and is consistent with a non-rotational model. The literature
does not provide an adequate discussion of the variability of foliations at any scale. While the
processes that may cause the orientation of a foliation to vary (described in section 1.2) have

been addressed in the literature, no study has linked these processes to hand sample and regional
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scale variations. This gap in knowledge is begging to be filled. The distribution of FIAs may
actually provide us with a hypothesis to test — that is, that foliations formed in a single event
vary in orientation by up to 70° on all scales.

The conclusions of Stallard et al. (2003) that FIA orientations can vary by up to 140°
was based on the flawed approach of correlating FIAs between samples using microstructural
textures. Unfortunately their conclusions have been used by at least one author to question the
significance of FIA measurements (Vernon 2004). The consistent results obtained here and in

other FIA studies demonstrate that large variations in FIA orientations within a set do not occur.

4.2 The Collection and Use of FIA Data

FIA studies to date contain no indication of any kind of minimum standard for the
measurement and presentation of data. This lack of standards is the case for most structural
data; for example, there is no standard for presenting fold axes measured in an area. This raises
the following questions: should a shape analysis based on eigenvalues be used (Woodcock
1977); or is a stereonet enough, and, if so, should equal angle or equal area be used? It seems
that the geological community is not critical of how such data is presented. FIAs, on the other
hand, are not measured directly and the concept that they remain consistently oriented in spite
of the overprinting effects of younger deformations is difficult for many to accept. The

following section explores the best practice for determining and reporting FIA data.

4.2.1 Comparison of FIA Measurement Techniques
The two basic techniques for measuring FIAs are the asymmetry and the FitPitch

methods. The most commonly used asymmetry method uses the asymmetry of curved inclusion
trails to define the trend of a FIA. The FitPitch method measures FIAs by first finding the
orientations of planar foliations that result in straight inclusion trails in thin section and by then
calculating their intersection. The plane intersection method used by Timms (2003) is similar to
the FitPitch except that it relies on the user determining which pitches should be grouped
together to define a particular foliation. FitPitch determines fits of one, two or three model
planes to the pitch data and provides parameters that help to assess which model planes best fit
the data. Comparison studies of the FitPitch and asymmetry methods produce comparable
results (Timms 2003"; unpublished data, Bruce, 2005).

To use the asymmetry method, inclusion trails must exhibit some curvature. If the
inclusion trails are straight, the FitPitch and plane intersection methods can be used. The
advantage of the asymmetry method is that a confidence interval can be assigned to FIA
measurements using the bootstrapped MLE approach. FitPitch does not provide a measure of
error for its FIA estimates and neither does the plane intersection method as applied by Timms

(2003). Because the plane intersection method is based on the intersection of two planes fitted
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to pitch data, error estimates for the orientation of these planes could be propagated to
determine the error of a FIA measured this way.

Both of these approaches for finding FIAs require a minimum amount of data to get
meaningful results. For the asymmetry method, samples where the number of observations in
each thin section is less than ten should be treated with caution, particularly within a 60°
interval centred on the point at which the asymmetries flip. It is likely that a similar number of

observations would be required for the FitPitch approach.

4.2.2 Using “Millipedes” with the Bootstrapped MLE Appraoch

The asymmetry method relies on the fact that the intersection of a curved inclusion trail
in thin section will either be clockwise or anticlockwise. The FIA lies at the point at which the
probability of observing a particular geometry (e.g. clockwise), is half. A third possible
geometry that may be observed in thin sections that are parallel to the FIA are millipede-like
inclusion trail geometries. The term millipede was first used by Rubenach and Bell (1980) to
describe inclusion trails that form as the result of coaxial deformation. True millipede trails
display no asymmetry regardless of the orientation they are intersected at. Millipede-like refers
to the case when inclusion trails that appear to be millipedes are observed as the result of a cut
effect (Bell and Bruce, pers. comm., 2005). These features will be observed when curved
inclusion trails are intersected by a thin section cut parallel to their axis of curvature (e.g fig
4.d,f in Stallard et al. 2002).

The occurrence of millipede-like geometries is used in the asymmetry method as an
indication that the thin section containing them lies close to the orientation of the FIA. These
observations can be important in examples where the number of porphyroblasts with clear
asymmetries is low in sections oriented near the FIA. The data from Timms (2003) examined in
section 3.3 is a good example of this (appendix 1.4). The bootstrapped MLE approach is based
on a logistic model which looks at the probability of a success (clockwise observation) or a
failure (anticlockwise observation). To include millipede-like observations they need to be
reclassified as one of these two options. The recommended approach is to count each two
millipede-like observations as one clockwise and one anticlockwise observation. If there were
an odd number of observations the last is ignored to keep the number of observations as an
integer. Millipede-like data push the observed probability of a success towards 0.5 when used in
this way. The effect of counting a millipede-like observation as both one clockwise and one
anticlockwise observation is to weight them as two observations, which would bias the results.

Before using millipede-like inclusion trails in the asymmetry method, it is imperative
that the user is certain that they are not true millipedes. If millipede textures are observed in all
section orientations in a sample then they most likely are true millipedes and should not be used.

Collecting sufficient asymmetry observations so that millipede-like observations do not have to
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be used would avoid this issue altogether. Other types of inclusion trail geometries, such as
straight or shotgun patterns cannot be interpreted as having a geometry related to the FIA

orientation and are of no value in determining FIAs using the asymmetry method.

4.2.3 Detailed Studies

FIAs provide a potential marker that can be used as a reference frame both within and
between samples. When used in this way, it is important that potential errors in the orientation
of FIA measurements are given. The analysis of the core FIA data from Timms (2003) in
section 3.3 demonstrates how inferences made based on FIA data can be strengthened when the
confidence in a FIA measurement is provided. The bootstrapped MLE approach provides a
technique whereby confidence intervals of a FIA measurement can be readily determined. It
also helps the recognition of samples where FIAs may be from a mixed or randomly distributed
population, and where the number of observations is insufficient to have confidence in a FIA
measurement.

Another example of where the bootstrapped MLE approach would have been of benefit
appears in a paper on dating of FIAs by Bell and Welch (2002). They used EPMA age dating of
monazite to constrain the timing of FIA formation in several samples from Vermont. This
involved correlating FIAs between sample and within a regional data set. The strength of such
correlations may be called into question unless the confidence intervals for the orientations of
the FIAs in each sample are given, as they are for the age dates.

As well as reporting the orientations for FIAs, shape parameters () and their
confidence intervals, the raw asymmetry counts, the number of bootstraps, the bootstrap
technique used, and plots of the distributions of p, B and the sample deviance should also be
included when reporting the results of detailed studies. Any relative timing criteria should also
be described. Providing the information allows the reader to confirm the goodness-of-fit of the
proposed model parameters and to re-evaluate the data as they see fit. Techniques such as
FitPitch or the plane intersection method should only be used for detailed studies if errors for

the determined FIA orientations are calculated.

4.2.4 Regional Studies

Regional FIA studies are concerned with the distribution and relative timing of FIA sets
for the region as a whole rather than within individual samples. Any error in individual
measurements will be accommodated within the distribution of FIAs in a set if a sufficiently
large number of measurements have been made. The number of FIA measurements required
would depend on the number and distribution of FIA sets in the region, so the minimum sample
size will vary. Descriptive statistical techniques for circular data, such as those outlined in
Fisher (1993) or Mardia and Jupp (2000), can be applied. These methods would allow the

inferences based on the distributions of FIA sets to be made with proper statistical rigour.
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A key component of the analysis of regional datasets is the determination of FIA sets.
There are three components to this: defining the trends of FIA sets; deciding which
measurements belong in each set; and determining the relative timing of FIA sets. Graphical
techniques such as the weighted average approach used by Yeh and Bell (2004) or the non-
parametric density estimate used here provide a means of identifying peaks in the whole data
set. The non-parametric density estimate, which was recommended by Fisher (1993), provides a
way of exploratory analysis of circular data. It is comparable to a weighted average and allows
data to be examined without the bias that may be present in a rose diagram due to the location of
bin boundaries. A parametric density estimate is similar to the moving average used by Yeh and
Bell (2004) and has the advantage of avoiding the issues that arise in presenting circular data on
a linear plot. Once these peaks are identified the individual FIA measurements can be assigned
to FIA sets based on their orientation. It is important to emphasize the point that using inclusion
trail textures is a totally unreliable approach due to the effects of deformation partitioning.

The order in which the FIA sets formed can be determined using relative timing criteria
once the orientations of FIA sets have are identified. Relative timing criteria can only be applied
within samples. Applying these criteria between samples makes too great an assumption on the
pervasiveness of deformation and metamorphism. The are only two reliable relative timing
criteria; where two or more FIAs with different orientations are found in individual
porphyroblasts; and where different FIAs are preserved in different porphyroblastic phases with
clear overprinting relationships. Absolute timing using in situ age dating could also be used,
although this would be impractical for large datasets. In some cases relative timing criteria may
reveal FIA sets that overlap or are repeated, such as in the Murphy Syncline data described in
section 3.2.2. It is not possible to assign a FIA measurement to one of these sets for single FIA
samples when overlap or repitition occurs.

The bootstrapped MLE approach would provide little additional information for large
regional datasets. There may be some value in analysing a group of representative samples from
the region to characterize the typical intra sample FIA distributions. This scrutiny may prove
critical when trying to assign a FIA measurement to a given FIA set. It is also recommended
that the bootstrap MLE approach be applied when a sample is being used to determine a FIA
set’s age or the P-T conditions it formed under. This approach provides some certainty that the

data from that sample does have an orientation that matches the FIA set in question.

4.3 The Significance of FIAs

FIAs preserve the fabrics formed by the deformation events that were active at the time
the porphyroblasts grew. Importantly, they preserve the orientation of these fabrics through
subsequent deformation events that reorient or destroy the equivalent fabrics in the matrix. FIAs

are analogous to the intersection lineation between subsequent foliations. Their significance is
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similar to that of intersection lineations with the distinction that they will not have been
reoriented by subsequent deformation events. The consistent distribution of FIAs within
samples together with the fact that they can easily be grouped as FIA sets suggest that any
reorientation of FIAs by rotation of porphyroblasts relative to each other is insignificant.

Because foliations typically form in sub-horizontal and sub-vertical orientations (Bell &
Johnson 1989, Bell & Newman 2006), FIA trends will reflect the orientation of the sub-vertical
foliations that formed them. If foliations form perpendicular to the direction of bulk shortening,
so will FIAs. A FIA set can represent a number of foliation forming events, so it is
representative of a time period when the direction of horizontal bulk shortening was relatively
constant. FIA sets can be correlated between samples or between regions providing a more
detailed history of the deformation than is possible by using macro-scale structures or matrix
microstructures. This history provides a reference frame in which age dates and P-T paths can
be placed.

FIA data have been applied to many geological problems: investigating tectono-
metamorphic histories and correlating multiple phases of metamorphism on local and orogenic
scales (e.g. Bell et al. 2005, 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); defining complex
deformation partitioning patterns (Bell et al. 2004); and investigating pluton emplacement
mechanisms and timing (Davis 1993). The analytical techniques recommended here will
enhance future applications of FIA data by ensuring that the interpretations are statistically

valid.
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Appendix 1. Raw Data
Appendix 1.1 V209 X-ray CT data

Orientation Clockwise Anticlockwise Total

0 2 56 58
10 11 47 58
20 24 34 58
30 50 8 58
40 56 2 58
50 57 1 58
60 58 0 58
70 58 0 58
80 58 0 58
90 58 0 58
100 58 0 58
110 58 0 58
120 58 0 58
130 58 0 58
140 58 0 58
150 58 0 58
160 58 0 58
170 57 1 58

Asymmetry data based on 58 FIA measurements from HRXCT data from sample V209
(Chapter 2).

Appendix 1.2 CA10 Core data

Orientation Clockwise Anticlockwise Total

0 0 6 6
30 0 8 8
40 1 4 5
50 0 4 4
60 0 3 3
70 0 7 7
80 3 1 4
90 5 1 6
100 6 0 6
110 14 0 14
120 4 0 4
130 10 0 10
140 14 0 14
150 10 0 10
160 6 0 6

From Stallard et al. (2003).
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Appendix 1.3 Murphy Syncline Data

Orientation 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170
Sample
CH2r CW 4 4 4 3 1 ns 1 ns ns 0 ns ns 0 ns ns 0 1 3
Total| 7 1 9 8 18 ns 8 ns ns 14 ns ns 10 ns ns 8 7 7
CH4r CW | 2 2 1 ns ns ns 0 ns ns 0 ns ns 0 ns ns ns 2 2
Total| 5 7 6 ns ns ns 3 ns ns 4 ns ns 5 ns ns ns 9 8
CH13I CW | 18 29 22 21 26 23 22 25 26 14 15 5 3 2 0 0 0 0
Total| 18 29 22 21 27 23 22 25 29 25 27 20 25 24 24 24 26 23
CH22r CW| 25 20 18 12 15 18 7 5 2 2 0 0 0 ns 0 ns O ns
rim Total| 25 21 18 12 16 23 20 13 9 12 14 13 17 ns 14 ns 22 ns
CH22r CW | 1 1 0 0 2 5 11 9 8 13 13 13 17 ns 14 ns 21 ns
CO'® Totall 25 20 18 12 16 19 15 10 9 13 13 13 17 ns 14 ns 22 ns
CH351 CW | O ns 1 ns 1 ns 0 ns 1 8 6 7 5 6 8 ns 9 ns
Plag. Totalf 11 ns 19 ns 12 ns 7 ns 9 16 14 10 7 8 8 ns 10 ns
CH351 CW | 15 ns 22 ns 21 ns 17 ns 20 12 10 3 4 1 2 ns 0 ns
Plag. Totall 15 ns 22 ns 21 ns 17 ns 21 17 15 6 11 9 9 ns 7 ns
CH41r CW | O 0 ns 0 ns ns 0 ns ns 0 0 0 1 1 & 6 7 18
Biotite Total| 11 14 ns 21 ns ns 11 ns ns 11 8 10 6 7 6 8 9 18
CH41r CW 0 0 ns 0 ns ns 0 ns ns 0 0 0 1 1 3 4 6 10
Total| 11 11 ns 6 ns ns 11 ns ns 6 4 7 6 13 6 6 7 10
CH43l CW | 10 ns 4 ns 9 ns ® ns 7 ns 8 ns 6 ns 6 6 2 2
Total| 10 ns 5 ns 10 ns 5 ns 8 ns 9 ns 6 ns 7 8 7 10
CH49r CW | 13 ns 5 ns 10 ns 8 4 3 3 2 1 2 ns 0 ns 0 ns
Total| 13 ns 5 ns 10 ns 11 8 9 11 8 9 8 ns 10 ns 9 ns
CH571 CW | O ns ns 0 ns ns 0 ns 0 1 6 6 11 ns ns 7 13 12
core Total| 15 ns ns 9 ns ns 6 ns 6 8 7 7 11 ns ns 7 13 12
CH571 CW | 2 ns ns 1 ns ns 0 ns 0 0 0 0 0 ns ns 0 5 10
rim Total| 14 ns ns 8 ns ns 6 ns 6 8 7 7 11 ns ns 7 13 12
CH60l CW | O ns ns 0 ns ns 0 ns 1 3 6 5 4 ns ns 4 ns ns
Total| 7 ns ns 5 ns ns 5 ns 5 10 7 5 4 ns ns 4 ns ns
CH621 CW | 9 ns ns 7 ns ns 6 ns ns 4 1 1 0 ns ns 0 ns ns
Total| 9 ns ns 7 ns ns 7 ns ns 4 12 8 10 ns ns 8 ns ns
CH68r CW 0 ns ns 0 ns ns 0 ns 0 2 3 6 11 9 10 8 5 ns
Total|] 14 ns ns 20 ns ns 9 ns 7 10 7 8 12 9 10 8 5 ns
CH68r CW | 2 ns ns 0 ns ns 0 ns 0 0 0 0 0 2 4 7 5 ns
Plag. Totall 10 ns ns 7 ns ns 5 ns 2 4 4 4 5 5 7 10 5 ns
CH711 CwW 0 ns ns ns 0 ns 2 4 4 ns ns ns 5 ns ns 6 ns ns
Total| 5 ns ns ns 5 ns 6 5 4 ns ns ns 5 ns ns 6 ns ns
CH73r CW | O ns 0 ns ns ns ns 0 ns 0 ns ns 0 0 2 8 6 9
Total| 4 ns 4 ns ns ns ns 7 ns 4 ns ns 5 5 8 12 6 9
Asymmetry Observations for Murphy Syncline FIA. Only clockwise or anticlockwise

observations were recorded. All FIA are in garnet unless otherwise noted. 1
whether the section orientation is to the left or right respectively. ns = no section

and r indicate
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Appendix 1.4 NT191 Data

Asymmetry observations derived from fig. 15 of Timms (2003).

orient = section orientation, cw = clockwise, acw = anticlockwise, st = straight,

milli = virtual millipede, sg = shotgun

* these values, modified to include millipede data

* positive plunge is to the SSW

% plunge values normalized so that 90° dip to the NNW is 0°, 0° dip is 90° and 90° to the SSW
is 180° for the bootstrap MLE approach

data in shaded columns were used for the bootstrap MLE approach

North Limb Trend South Limb Trend

orient cw acw st mili sg total cw*  total* cw acw st mili sg total cw*  total*
0 0o 8 3 0 O 11 0 8 1 3 3 6 0 13 4 10
10 1 8 1 2 0 12 2 11 0O 0 2 14 o0 16 7 14
20 0 1 4 4 0 9 2 5 o 3 0 7 o0 10 3 9
30 1 7 5 10 O 23 6 18 o 0O 6 8 O 14 4 8
40 2 0 2 10 O 14 7 12 5 0 4 7 0 16 8 11
50 1 0O 4 0 O 5 1 1 4 1 11 2 0 18 5 7
60 1 0o 9 0 O 10 1 1 3 0 6 0 O 19 13 13
70 0 0 11 0 O 21 10 10 16 1 2 0 O 19 16 17
80 5 0 10 0 O 15 5 5 9 0 11 0 O 20 9 9
90 6 0 0 0 O 6 6 6 27 0 11 0 O 38 27 27
100 5 0 10 0 O 15 5 5 3 0 3 0 O 16 13 13
1M 1 0 9 0 O 20 11 11 8 0 3 0 o0 11 8 8
120 4 0 8 0 O 12 4 4 7 0 3 0 O 10 7 7
130 14 0 2 0 O 16 14 14 9 0 4 0 O 23 19 19
140 4 0 0 O0 O 4 4 4 9 0 11 0 O 30 19 19
150 5 0 4 0 O 9 5 5 17 0 7 0 O 24 17 17
160 2 0 8 0 O 10 2 2 M1 0 7 4 O 22 13 15
170 2 0 3 0 O 5 2 2 6 0 8 4 0 18 8 10

North Limb Plunge South Limb Plunge

orient’ norm* cw acw st milli sg total cw* total* cw acw ST mili SG Total

-60 30 0 10 5 0 0 15 0 10 0O 8 3 0 O 11

-50 Nns nNns ns ns ns ns 0 177 4 0 O 21

-40 50 0 25 15 0 0 40 0 25 0 12 0 0 ©O 12

-30 60 1 8 3 0 1 13 1 9 0O 10 0 0 oO 10

-20 70 0 6 3 0 4 13 0 6 0 6 3 0 4 13

-10 80 6 1 7 6 0 20 9 13 1 9 2 0 O 12
0 90 3 4 4 1 0 12 3 7 2 8 9 0 O 19
10 100 3 6 3 4 0 16 5 13 1 5 6 1 0 13
20 110 3 1 6 O 7 17 3 4 2 5 8 0 O 15
30 ns ns ns ns ns ns ns Nns ns ns ns ns
40 130 2 0 4 O 0 6 2 2 6 0 1 0 O 7
50 ns Nns ns ns ns ns ns Nns ns ns ns ns
60 50 6 0 1 O 4 11 6 6 4 0 2 0 O 6

ns = no section
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Appendix 2. Sensitivity Analysis
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This thesis has addressed several of the key concerns regarding FIA data, as well as
developing new techniques for studying FIAs. Chapter 1 demonstrated how HRXCT could be
used to analyse the three-dimension geometries of inclusion trails in garnet porphyroblasts.
Guidelines for sample selection for such studies are as follows. Firstly, 5 to 10 mm diameter
garnets that could be scanned individually, or in cores drilled from a sample, provide a voxel
size of 5 to 10 microns, which is the optimal resolution. Scanning a larger sample at low
resolution would allow the garnets within it to be located so that they can be extracted. Inclusion
trails composed of minerals with significantly different attenuation coefficients to garnet are
necessary to provide high contrast. Quartz and iron/titanium oxides, which are common
inclusions in garnet, are ideal. Given the voxel size described above, an inclusion size ranging
from fifty microns to 0.2 mm in maximum dimension is ideal. This size allows the shape of
individual inclusions to be clearly imaged. An appropriate range for the inclusion density is
from ten to thirty percent. If the density is too high, images are confusing; if it is too low, the
trails are not adequately defined.

The second chapter uses data generated by the HRXCT technique described in chapter 1
to determine the range of FIA orientations in single sample. A FIA was measured in the core of
58 porphyroblasts. The FIAs have a moderate to tightly clustered distribution that is difficult to
reconcile with a rotational hypothesis for the formation of curved inclusion trail, particular in
light of the subsequent deformation events that affected this sample. One of the latter events
formed a FIA in the median of the porphyroblasts that has a trend at approximately 90° to that
in the core. The most likely source of variation in FIA orientations, which formed during a
particular stage of porphyroblast growth in a single sample, is in the variation of the foliations
that form them.

The third chapter presents the background for a technique that can be used to quantify
the accuracy of FIAs measured using the asymmetry method. It also provides a measure of the
distribution of FIAs in a sample. The technique uses maximum likelihood estimation (MLE) to
fit a cyclic logistic regression to asymmetry data. By applying bootstrapping to this approach,
flaws in the assumptions regarding the goodness-of-fit test for the original technique were
highlighted. As a result, graphical procedures for determining the fit of the model to the data
were suggested, based on examining the distributions of the bootstrapped parameters and the
model deviance. The fact that the technique is sensitive to sample size was also highlighted.

As part of a demonstration of the application of the bootstrapped MLE approach
(chapter 4), an analysis of its sensitivity to the number of observations in each section
orientation was made. The results of this suggest that a minimum of 10 observations per section
orientation are needed in the vicinity of the FIA to produce repeatable results. The FIA
distributions described in chapter 4 agree with the results of chapter 2, and show that their range

in a sample will generally be in the order of 40° to 80°. These distributions are unimodal,
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symmetrical and have a peak at their mean, and the probabilities decay monotonically away
from it, as occurs in a normal distribution.

A FIA set is the term given to a group of FIA orientations from different samples that
are interpreted to have formed at the same time. The correlation of FIAs between samples
should be done based on orientation and relative timing criteria. Using inclusion trail textures
assumes that metamorphic and strain conditions were similar in the samples being compared.
This is precarious because deformation partitioning can result in highly variable distributions of
strain. Therefore, the intensity of a foliation preserved in porphyroblasts is totally unreliable for
such correlations. With large datasets, determining the error in individual FIA measurements is
not important, because the errors will tend to average out. Placing a particular FIA measurement
in one FIA set or the other that have similar orientations requires appropriate relative timing
criteria. The distribution of FIAs in a FIA set is similar to that for a FIA in a sample.

Providing estimates of the error in the measured FIA orientation are essential if FIA
orientations are used as timing markers for P-T calculations and age determinations, or for
detailed analysis of structural processes at outcrop scale,. Inferences made based on FIA data
are strengthened when this is done.

FIAs have been demonstrated to have consistent regional patterns that can be correlated
along orogens. It is difficult to conceive how such distributions can develop if rotation of
porphyroblasts relative to each other is a common phenomenon. This suggests that they do
reflect plate scale processes and that their orientations relate to the relative direction of plate
motion.

This thesis has addressed many of the questions regarding the distribution of FIAs and
their significance. It has examined their distribution in a single sample, provided a method for
determining the error in FIA measurements made using the asymmetry method, and discussed
the application and significance of FIA data in detailed and regional studies. This framework
will enhance future applications of FIA data by ensuring that their interpretations are
statistically valid.

Directions for Future Research

The following are avenues for future research that follow on from the work described
herein.

The application of the HRXCT technique in this thesis was focussed on the specific
problem of the distribution of FIA in a single sample. This technique could also be applied to
detailed studies of the three-dimensional geometry of curved inclusion trails in garnet. This may
help address the ongoing controversy of the mode of formation of these features. It could also
be conducted in conjunction with electron microprobe analysis to investigate the relationships
between compositional zoning and microstructures. This would provide insight into the links

between metamorphic and microstructural processes.

153



PhD Thesis C.R. Huddlestone-Holmes

The FIA distribution was measured for a single sample in chapter 2. It would be useful
to apply this technique to a number of samples to determine if the intra sample distribution of
FIAs varies between samples. Samples with a range of inclusion trail geometries could be
studied, including those with true spirals.

The goodness-of-fit test for the cyclic logistic model described in chapter 3 uses a
graphical approach. A formal approach that can be used in conjunction with this is highly
desirable. Such a test requires the issue of dependant chi-squared distributions with fractional
degrees of freedom to be addressed. This is a problem that has received very little attention in
the literature.

A result of the growing body of FIA data are questions regarding the processes that
form foliations. The variation in FIA orientations appears to represent the variation in the
orientation of the foliations that form them. It is typically accepted that foliations form
perpendicular to the direction of bulk shortening. A difficulty with this interpretation is that
shear should not occur on surfaces that are perpendicular to the axis of principal stress. The fact
that porphyroblast rotation is highly unlikely also suggests that strain models that include
pervasive spin and vorticity are also problematic. The progressive, bulk inhomogeneous
shortening (PBIS) model addresses these issues by partitioning deformation into zones of
shortening and anastomosing zones of shearing. Clearly more work needs to be done to
investigate how foliations form in order to address the issues of lack of porphyroblast rotation,

and the relationship between stress and strain as cleavages form.
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