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ABSTRACT 

 
MARD 1.0 is a computer program for generating smoothed rose diagrams by using a 

moving average, which is designed for use across the wide range of disciplines 

encompassed within the Earth Sciences. Available in MATLAB®, Microsoft® Excel 

and GNU Octave formats, the program is fully compatible with both Microsoft® 

Windows and Macintosh operating systems.  Each version has been implemented in a 

user-friendly way that requires no prior experience in programming with the software. 

MARD conducts a moving average smoothing, a form of signal processing low-pass 

filter, upon the raw circular data according to a set of pre-defined conditions selected 

by the user. This form of signal processing filter smoothes the angular dataset, 

emphasising significant circular trends whilst reducing background noise. 

Customisable parameters include whether the data is uni- or bi-directional, the angular 

range (or aperture) over which the data is averaged, and whether an unweighted or 

weighted moving average is to be applied.  In addition to the uni- and bi-directional 

options, the MATLAB® and Octave versions also possess a function for plotting 2-

dimensional dips/pitches in a single, lower, hemisphere.  The rose diagrams from each 

version are exportable as one of a selection of common graphical formats.  Frequently 

employed statistical measures that determine the vector mean, mean resultant (or 

length), circular standard deviation and circular variance are also included. MARD’s 

scope is demonstrated via its application to a variety of datasets within the Earth 

Sciences.   

 

 

Keywords:  Rose Diagram, Moving average, Circular statistics, Vector mean, 

MATLAB®, Microsoft® Excel 
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1. INTRODUCTION 

 

Moving averages, sometimes referred to as running averages, are a form of 

signal processing filter which produce averages of subsets of data series from within 

the master data series in 1-dimension. Data filtering of this kind serves a broad variety 

of applications within science and engineering, being primarily utilised to accentuate 

trends in data that are otherwise generally less apparent, or to recover meaningful 

signal components by removing the high-frequency noise.  Other uses include 2-

dimensional enhancements in the resolution of graphics, and providing a form of 

interpolation that generates intermediate values. Within the Earth Sciences, such 

analyses are commonly applied in various forms for image processing of aerial 

photographs, maps and satellite images (Diniz da Costa & Starkey, 2001; Jordan, 

2007).  Moving averages may be applied to rose diagrams that depict azimuthal data. 

At present, moving average rose diagrams are not commonly used within the Earth 

and Environmental Sciences; however, they are a very effective means of 

visualisation (e.g. Aerden, 2003; 2004; Aerden & Sayab, 2008).  The most obvious 

benefit of this representation is that the commonly segmented, or ‘blocky’ appearance 

of rose plots, due to aggregation of data in bins, is avoided.  This eliminates the 

artificial stepping at bin margins in conventional plots, and furnishes a more accurate 

representation of where data lies within each bin. 

A range of good quality software is available for plotting geoscience data on 

both Mac and Windows platforms. Within these programs, rose diagrams are a 

common function.  Examples include GEOrient© (Holcombe, 1994), Spheristat™, RJS 

graph, Stereonet©, OSXStereonet©, Grapher™, KaleidaGraph©, Rose.C (Kutty & 

Ghosh, 1992) and EZ-Rose (Baas, 2000).  However, only one of these, Spheristat™, 
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presents a ‘smoothing’ function for rose and polar diagrams that is similar to a 

moving average filter. This program is relatively expensive to purchase and is only 

available for Windows.   

The primary aim of this paper is to promote the use and benefits of moving 

average filters within rose diagrams via the provision of freely distributable, user-

friendly programs which do not require any prior knowledge of high-level 

programming languages.  Three formats are presented for users to readily produce a 

moving average rose diagrams on either Windows or Macintosh platforms.  MARD is 

available 1) as a script written for MATLAB®, 2) a script for GNU Octave and 3), a 

macro implemented for use in conjunction with Microsoft Excel.  The benefits of 

MARD are illustrated via its application to a diverse range of datasets within the Earth 

and Environmental sciences. 

 

 

2. MOVING AVERAGE ROSE DIAGRAMS: OVERVIEW AND 

EVALUATION 

 

2.1  Moving average rose diagrams: a definition 

 

When presenting rose diagrams, the most common convention within the 

Earth Sciences is to represent azimuthal data utilising 10° bins, the frequencies of 

which represent the sum of all of the azimuths within that bin. Binning is used in 

order to emphasise major trends in data, but inherently loses a certain level of detail 
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because the distribution of data within the bins is unknown.  Moreover, the arbitrary 

selection of bin width and boundaries may have a significant impact upon the result. 

Moving average rose diagrams, on the other hand, evaluate the frequency of 

each azimuth within the context of those in immediate proximity to it. The frequency 

of each azimuth, and those of azimuths within a pre-defined range (the aperture, or 

moving window) either side of it are systematically summed and averaged.  The 

resultant average for each azimuth is then assigned to the central value position and 

plotted on the final rose diagram.  The broader the aperture, the greater the smoothing 

effect. 

 

2.2 Types of moving average: weighted versus unweighted 

 

Moving averages may be either unweighted (a.k.a. a ‘simple’ moving average) 

or weighted.  Where no weighting is applied, each azimuth frequency within the 

aperture is counted as its full value, i.e. each is deemed equally important in 

determining the local average:   

 

€ 

Mα =
1
A

Fi

i=α−A −1
2

n =α+
A −1

2

∑
                                                                                  (1)

 

where: Mα is the unweighted average value to be subsequently plotted on the rose 

diagram for that azimuth, α is the azimuth for which the average is determined, Fi  is 

the raw frequency at angle i, A is the aperture size. 
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Alternatively, when a weighted moving average is applied, the raw values of 

the data in azimuths outside the central one are reduced by a magnitude that depends 

upon their proximity to the centre. The raw value of immediately adjacent data is 

reduced by less than those nearer to the margins of the aperture. Weighting permits 

more emphasis to be placed upon those data closer to the centre of the aperture.  A 

weighted mean is thus less than, and represents a proportion of, an equivalent 

unweighted mean.   

In many applications, especially when dealing with large datasets, unweighted 

moving averages are appropriate.  However, in a number of circumstances the 

application of a weighted average might be more beneficial.  One such example is 

when handling small datasets.  In particular, where data is clustered, an unweighted 

moving average may result in a ‘plateau’ distribution like a binned plot. The use of a 

weighted moving average in scenarios such as this provides a means of smoothing the 

data markedly whilst still preserving the local maxima.   

 

2.3 Weighted moving averages in MARD 

 

In MARD, weight is distributed among the azimuths in a non-linear fashion, 

because linear methods are intrinsically restrictive:  for example, reducing each value 

progressively by 10% from the central position can only be achieved for 10 positions 

either side before becoming negative.   However, the non-linear method is applicable 

to any aperture.  The user specifies a proportion, expressed as the weighting factor, 

which reduces the contribution of each neighbouring raw value with increasing 

distance from the reference position. Thus, in calculating the moving average around 

an azimuth of 87° using a weighting factor of 0.9, the frequencies of data at azimuths 
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of 86° and 88° (one position removed from the centre) are reduced to 0.9 of their full 

values, and the frequencies at azimuths of 85 and 89° (two positions removed) are 

reduced to a proportion of 0.9 x 0.9 = 0.81 of their full values. The moving average 

for that azimuth is then the average of these weighted values within the aperture in the 

same manner as an unweighted average, and is represented as: 

 

€ 

Mwα =
1
A

Fi

i=α−A −1
2

n =α+
A −1

2

∑ ⋅ w
α−

A −1
2

      (2) 

where: Mwα is the weighted average value to be subsequently plotted on the rose 

diagram for that azimuth, α is the azimuth for which the average is determined, Fi  is 

the raw frequency at angle i, A is the aperture size, w is the value of weighting factor 

applied. 

 

2.4 The ‘up-scaling factor’ for weighted moving averages 

 

One effect of weighting the averages as described above is that it lowers the 

frequencies of the plot relative to those within an equivalent unweighted plot.  The 

degree to which this occurs is proportional to the degree of weighting applied.  Where 

the adjacent values are still weighted relatively strongly (e.g. a weighting factor of 

0.95) then the frequencies will not be reduced to a large degree.  On the other hand, if 

the adjacent values are allocated much lower weight than the central (e.g. 0.7) then 

the magnitude of frequencies will be reduced considerably more, resulting in a 

notable loss in magnitude of the moving average.   
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In order to counter-act this effect, an ‘up-scaling factor’ is applied to the 

weighted moving average frequencies.  The value of this factor is inversely 

proportional to the value of weighting factor selected and is given as:   

€ 

1
D

=1+ 2 wi

i=1

n =
A −1

2

∑
       (3)

 

where: 1/D is the up-scaling factor, A is the aperture size, w is the weighting factor.  

To upscale the weighted moving average, the proportion of the equivalent unweighted 

mean that the value of the weighted mean should represent is calculated for the 

selected aperture size and weighting factor applied.  Each weighted frequency is then 

multiplied (up-scaled) by the inverse of this proportion.  This restores the absolute 

frequencies back into a range equivalent to that of an unweighted moving average, so 

that they can be compared to the unweighted moving averages.  

 

2.5 Benefits and Limitations  

 

The primary advantage of moving average rose diagrams over their binned 

counterparts is the removal of the coarse, blocky appearance of the former, with 

artificial steps at bin boundaries.  The product is a plot that is more visually appealing 

and notably more informative.   Moreover, the suppression of minor variations by 

averaging accentuates significant changes or trends in the data. The main objective of 

applying moving averages to a dataset is to smooth the plot to emphasise the 

significant trends present, whilst retaining its original character as much as possible. 

Filtering data in this way inherently provides more context for the distribution of 

frequencies around the compass, and within individual bins, than conventional plots. 
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Consequently, moving averages commonly reveal a more accurate representation of 

the distribution of modal maxima within a dataset than are otherwise portrayed in an 

equivalent binned counterpart (Fig. 1). 

One limitation of the moving average method by calculating a mean value (as 

implemented in MARD) is that it may potentially be influenced by outliers, i.e. 

spurious maxima. A median average method (e.g. Jordan, 2007) may ameliorate this 

problem, and this could be implemented in future versions of MARD. At present, 

however, the mean method is proposed because it is the most common and readily 

understood type of moving average. 

 

 

3. IMPLEMENTING MOVING AVERAGE ROSE DIAGRAMS: 

ADJUSTABLE PARAMETERS 

 

In the MARD program the user pre-defines a number of parameters; data type 

(this determines how the data are handled), number of datasets to be plotted, 

unweighted or weighted averaging, the magnitude of weighting (if applicable), and 

the sampling aperture (angular window over which the data is to be averaged).  The 

following section addresses the principal considerations associated with each of the 

above. 
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3.1 Data type 

 

MARD handles three types of data. “Uni-directional” is implemented for use 

with uni-directional data, i.e. vectors that have a unique direction and therefore one 

compass azimuth only, for example palaeocurrents. “Bi-directional”, is designed for 

use with bi-directional data, i.e. lines that are specified by one azimuth as well as the 

complementary one at 180°, for example the strikes of planar features such as bedding 

or tectonic foliations.  The distinction between uni- and bi-directional data is 

sometimes referred to as the difference between directional and oriented data (Davis 

2002). The third data type (MATLAB® and Octave versions only) was incorporated 

primarily for representing porphyroblast inclusion trail pitches, a common application 

in microstructural geology.  For this data type, MARD generates a single semicircle 

below a diameter that represents an artificial horizontal reference.  Data represent the 

inclination, or pitch, of each element from the horizontal reference plane, with those 

inclined to the right of the page trending towards a given compass orientation and 

those to the left towards its complement. 

A selection of circular statistical functions commonly utilised to evaluate such 

datasets are also included.  These include the vector mean, mean resultant, circular 

standard deviation and circular variance/dispersion (Fisher, 1993; Davis, 2002; 

Pewsey, 2004; Allmendinger et al, 2012).  These functions are equipped to handle 

both integer and non-integer values.  A number of fully comprehensive circular 

statistics toolboxes are already available for MATLAB® (Jones, 2006; Berens & 

Velasco, 2009).  The vector statistics capability of MARD is not intended as a 

replacement for these, but is incorporated for convenience. 
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3.2 Number of datasets to be plotted 

 

The operator specifies the number of datasets they wish to be plotted in the 

rose diagram (MATLAB® and Octave versions only).  Each dataset is then input 

independently when prompted. Generally it is recommended that no more than three 

datasets be plotted at once to avoid overpopulating the rose. 

 

3.3 Aperture 

 

Apertures are designated by odd values, so that the resultant average is 

positioned in the central location within it.  The aperture size exerts first-order control 

upon the appearance of the resultant moving average plot.  The lower the aperture, the 

closer the plot will resemble the raw, unaveraged, data, plotted in 1° increments.  This 

assumes that the data being dealt with are in integer degree format, however 

directional data may also be non-integer.  If the latter are input, they are automatically 

rounded to the nearest integer prior to counting.  As the aperture is increased, the plot 

becomes progressively more generalised, i.e. smoother (Fig. 2).  The more irregular 

the original dataset is, the larger the aperture that may be required in order to smooth 

it.  Consequently, the user’s discretion is necessary to decide which aperture is most 

suitable for any given plot.  One convention is to start with the unaveraged plot (1°) 

and incrementally increase the aperture by 2° until the desired effect is achieved.  

However, in our experience we have found an aperture of 9° to prove a suitable 

benchmark.  For some datasets an aperture of as little as 5° may be sufficient, 

however others may require a significantly greater value.  Some previously published 
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moving average roses (e.g. Aerden, 2003; 2004; Aerden & Sayab, 2008) have utilised 

apertures of 21°, which have produced appropriate smoothing. 

It is also important to preserve the essence of the data such that it is still 

representative of the original and does not become biased or highly distorted.  Beyond 

a certain value of aperture the data will begin to homogenise as apertures are 

progressively increased, amalgamating the major trends and becoming too generalised 

(e.g. Fig. 2d).  This arises due to the large portions of the data now being averaged, 

with each aperture averaging essentially the same sub-set.  Thus, the aperture utilised 

is dependent upon what the user wishes to highlight and to what degree they wish to 

preserve the minor peaks. 

 

3.4 Selecting an appropriate weighting factor 

 

The largest weighting factor of 1 will return the same values as an unweighted 

average, whereas a minimum possible factor of 0 will produce a scaled-down version 

of the original non-averaged dataset.  Thus, there is an inherent limit to the value of 

weighting factor that may be applied to smooth a particular dataset before it begins to 

resemble the original dataset.  For this reason, we recommend using weighting factors 

between 1.0 and 0.7.  These values are sufficient to smooth the data, whilst remaining 

sufficiently different to the original dataset.  It is advisable to begin with a higher 

weighting factor (e.g. 0.95) and progressively decrease the value in 0.05 increments 

until the smoothing is sufficient.  Values of 0.95 or 0.9 are most commonly adequate.  

The effects of applying different weighting factors are illustrated in figure 3. 
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3.5 Equal area option 

 

Commonly used rose diagrams with a linear radial scale for frequency 

generate visual bias due to the widening of a petal as it extends outwards from the 

origin (Nemec, 1988).  Frequencies may appear notably more or less prominent 

relative to those surrounding them in a manner disproportionate to their absolute 

differences in magnitude, potentially promoting mis-interpretations of apparent 

preferred orientations (Nemec, 1988; Wells, 1999; 2000; Baas, 2000; Davis, 2002; 

Borradaile, 2003). This bias is avoided in an equal-area rose diagram, in which the 

sector area, as opposed to the length, is proportional to the frequency. MARD 

therefore also offers the option of accounting for this bias via plotting the square root 

of each of the original moving average frequencies (cf. Davis, 2002; Borradaile, 

2003). We recommend that this should be the default type of rose diagram.  Figure 4 

conveys the impact of employing equal area roses compared to an equivalent linearly-

scaled plot; the former producing a more representative depiction of the relative 

strength of frequencies.    

 

4. USING MARD 

 

The three versions of MARD are each operated slightly differently and utilise 

separate software packages, offering users maximum flexibility and preference.  A 

quick reference comparison guide is found in Table 1. 
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4.1 The MATLAB® version 

 

The MATLAB® script has been designed to be used straightforwardly and 

efficiently by even those with no prior knowledge of programming with the software.  

Data is input in the same manner for both the uni- and bi-directional types, as single 

absolute compass azimuths. This may be done manually or via pasting directly from a 

text editor.  However, for bi-directional data, each azimuth is automatically replicated 

as its complement. A direction pertaining to azimuths of 000° and 180° may be 

entered as either value. Pitch/plunge data are handled differently.  As each value 

represents a pitch from the horizontal, data are entered as pitch values between 0° and 

90°, with those inclined to the right with respect to the plot as positive and those 

inclined to the left as negative.  Alternatively, if preferred, pitches may be entered as 

their equivalent absolute compass values between 90° and 270°.   

To produce the visual rose diagram output, MATLAB®’s in-built function for 

polar plots (polar.m) is called.  This function plots each moving average value or 

increment versus its associated azimuth in radians.  Once output, MATLAB® permits 

modifications of the plot to a degree via its built-in property editor, which permits 

saving the plot in a range of commonly utilised graphics formats.  However, we 

recommend exporting diagrams in .eps format instead, allowing for more 

comprehensive customisation of every element of the rose diagram in any vector-

based illustration package such as Adobe® Illustrator®, CorelDraw®, Canvas™, 

OpenOffice or Freehand® (Fig. 5). The contents of each independent array can be 

accessed once the graphical output has been produced. 
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4.2 The GNU Octave version 

 

Octave has been developed as a freeware equivalent to MATLAB®, presenting 

almost direct compatibility for .m files utilised and produced by the former (Eaton et 

al., 2008).  A freely distributed manual for the software is available online, or a print 

version may be purchased for a modest fee.  Octave utilises the system’s command 

terminal shell and calls upon an independent graphics terminal to produce visual plots, 

which may be Aquaterm, or x11 (Macintosh) or Cygwin, or Gnuplot (Windows). The 

Octave version of MARD is almost identical to the MATLAB® version and presents a 

highly similar user interface.  Therefore, the operating instructions for this version are 

as above.  However, Octave’s polar plot format is initially somewhat different, and 

requires some quick-fix modifications to the output (Fig. 6). The circular statistics 

capability of the Octave version of MARD is also identical to that of the MATLAB® 

version. 

 

 

4.3 The Microsoft® Excel version 

 

Since Microsoft® Excel is compatible with Visual Basic for Applications in 

both the latest Windows and Mac versions, it was logical to use VBA code to generate 

the output for plotting with the radar function. This is contained in the “Rose” macro 

subroutine contained in Module1 of the Excel workbook. The Microsoft Excel version 

of MARD utilises the standard “radar plot” in Excel, which is a crude type of rose 

diagram. Data are entered into column A of the Excel MARD spreadsheet, starting at 

row 4.  Row 1 contains a number of drop-down menus to set the adjustable 
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parameters, including whether the data is Uni or Bidirectional, the Aperture (1 ≤ 

Aperture ≤ 35) and the weighting factor (1 ≥ w ≥ 0.5, in 0.05 increments). The 

program is run from the “Tools” menu by selecting the “Rose” macro.  This version 

of MARD does not possess the lower hemisphere option offered in MATLAB® and 

Octave, nor the capacity for plotting multiple data sets. 

The averaged data for plotting in the rose diagram are output in column H, 

commencing at row 4. These are scaled and plotted automatically. A range of features 

such as the plot title, font sizes and colour(s) may be readily formatted in the usual 

way in Excel. Unlike the previous two versions, outputs from Excel (e.g. Fig. 7) 

cannot be exported in vector-based graphics formats. 

 

 

5. APPLICATIONS 

 

5.1 “Uni-directional” option (all versions) 

 

The “uni-directional” option is demonstrated via its application to 

palaeocurrent orientations, a valuable tool in sedimentology and stratigraphy. Field 

measurements of the foresets of trough cross-bedding, a structure developed during 

uni-directional flow in fluvial, marine and aeolian systems, are frequently employed 

in the reconstruction of flow regimes and sedimentary provenance.  Figs. 1(a) and 3 

depict palaeocurrent trends extracted from sandstones at Porcupine gorge, Queensland, 

Australia (Roberts et al., unpubl. data) and the mid-Cretaceous Dinosaur Beds of 

Malawi, Africa (Roberts et al., 2010: Fig. 16) respectively. Microfracture orientations 
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(Fig. 8) extracted from 25 Garnet porphyroclasts within the Mtilikwe shear zone, 

Zimbabwe, which have been interpreted as shear sense indicators (Blenkinsop & 

Kisters, 2005) are also presented. 

Further applications for this option include the orientations of glacial striations 

(Davis, 2002), the trends of intersection, crenulation or mineral elongation lineations, 

and fold hinges.  The lineations and fold hinges (common measurements in structural 

geology) are unidirectional because of the convention that their azimuths are recorded 

down plunge. Vertebrate bone orientations in sedimentary units have long been 

employed as a form of palaeocurrent indicator (e.g. Voorhies, 1969; Behrensmeyer, 

1982; 1987; Tucker, 2011). Vertebrate bone orientations in which one condyle is 

larger than the other can be utilised to constrain flow direction to a single azimuth.  

Bones with substantial aspect ratios and a well-defined long axis such as the femur, 

radius and humerus (Voorhies, 1969) assume spatial orientations indicative of flow 

direction at the time of deposition. The long axes of coalified logs have also been used 

as palaeocurrent indicators in a similar manner (Eberth & Currie, 2010) and also to 

infer ash flow direction (Roberts & Hendrix, 2000).  

 

5.2 “Bi-directional” option (all versions) 

 

Figs. 1(b) and 4(b) represent the strikes of porphyroblast inclusion trails from 

the classic High-Temperature Low-Pressure Cooma Metamorphic Complex of S. E. 

Australia.  The inclusion trail strikes are those of sub-vertical internal foliations 

preserved within Andalusite and K-feldspar, measured via mechanical stage from 

horizontal thin sections. Such measurements are extremely useful in evaluating 
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whether the porphyroblasts have been subject to significant rotation during 

subsequent deformation events. 

Figs. 5, 6 and 7 depict long axis orientations of Syntarsis rhodesiensis 

(Dinosauria, theropoda) bones within a sedimentary sequence from Zimbabwe 

(Roberts et al, unpubl. data).  These are considered bi-directional as opposed to the 

aforementioned uni-directional sets utilised for palaeocurrents because they are not 

associated with one specific azimuth (i.e. flow direction) and thus are represented as 

both. 

Additional applications of this function include the long axes orientations of 

igneous phenocrysts or granite bodies, (e.g. Blenkinsop & Treloar, 2001), dyke trends 

(Klausen, 2006), fault strikes (Wechsler et al., 2010), shear zone strikes (Blenkinsop 

et al., 1990) and the axial traces of folds.  The latter are distinguished from fold 

hinges, which are uni-directional measurements. 

 

5.3 “Pitches/plunges” option (MATLAB® & Octave versions only) 

 

The “pitches/plunges” option is illustrated via the plotting of 2-Dimensional 

porphyroblast internal inclusion trail pitches from the classic Cooma Metamorphic 

Complex of S. E. Australia.  The inclination of internal foliation pitches from the 

horizontal were measured directly from microscope thin sections using a mechanical 

stage.  The inclusion trails were measured perpendicular to their strikes, in order to 

obtain their true pitches.  This was conducted for andalusite and cordierite 

porphyroblasts (Fig. 9), both of which proved insightful in reconstructing the tectono-

metamorphic history of the complex.  The consistency of inclusion trail pitches 

exhibited by the rose diagrams, in conjunction with other microstructural and 
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mesoscale evidence, is highly suggestive that the inclusion trails are representative of 

their initial orientations.  Such pitch measurements have been made in several 

publications on inclusion trails (e.g. Hayward, 1992; Johnson, 1992; Aerden, 1995), 

however the moving average rose diagrams presented here have a more informative 

appearance than the commonly utilised format of 10° binned data.  

 

 

6. CONCLUSIONS 

 

Moving averages are an under-utilised form of analysis when dealing with 

circular, or vector, data in the Earth Sciences, perhaps because of the lack of moving 

average functionality in almost all available software used to produce rose diagrams.  

The dearth of moving average rose diagrams may be further enhanced by a lack of 

awareness of the benefits and potential use of moving averages when dealing with 

orientation data.  To this end, MARD is presented in several formats such that it is 

readily available to the scientific community, and has been designed for ease-of-use.  

The examples of moving average rose diagrams above illustrates their broad 

applicability to numerous and diverse fields in Earth Sciences.  They serve to reduce 

the background noise of the plots, and render significant trends readily apparent.  

When incorporating moving average rose diagrams in publications it is important to 

specify the number of elements within sample analysed, the aperture, whether linear 

scaling or equal area representations are used, and any weighting factor utilised in the 

on the figure or in the figure caption.  Moreover, when plotting multiple rose 
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diagrams for comparison with one another in the same figure, we recommend utilising 

the same set of parameters in each. 
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ABSTRACT 

 

Porphyroblastic phases preserve a wealth of information pertaining to the P-T 

conditions experienced by the hosting metamorphic rocks. However, accurately 

interpreting the timing of the growth of porphyroblasts relative to one another and to 

matrix structures is not simple.  Porphyroblast inclusion trail geometries range from 

straight, straight with inflected margins, to sigmoidal and spiral.  Accordingly, this 

has required the development of a number of strategies for the examination, and 

qualitative and quantitative documentation of inclusion trails, each targeting different 

aspects of these geometries.  This includes ‘P-N’ sectioning, pitch measurement, 

strike measurement, radial serial sectioning, parallel serial sectioning, best-fit plane 

assignment (‘FitPitch’) and High-Resolution X-ray Computed Tomography (HRXCT).   

Each technique has its own associated merits and restrictions, and is most effective 

when applied to different scenarios.  Cross-referencing the findings of HRXCT, radial 

asymmetry, inclusion trail strike measurement and FitPitch with one another conveys 

that their results are in excellent agreement.  Investigators must be mindful in the 

selection of their techniques as mounting evidence suggests that they risk potentially 

omitting key observations if utilizing a restricted number of perspectives based upon 

the orientations of matrix structures.  A comprehensive documentation of the tectono-

metamorphic history preserved within porphyroblastic rocks may require the 

implementation of multiple techniques, even within a single sample. 

 

Keywords:  Porphyroblasts, microstructure, inclusion trails, measurement, P-T-t-

deformation path 
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1. INTRODUCTION 

 

Porphyroblastic phases preserve a wealth of information pertaining to the 

tectono-metamorphic evolution that the hosting metamorphic rocks have experienced.  

This includes Pressure-Temperature constraints during their nucleation and the 

overgrowth and preservation of potentially multiple generations of foliation.  

However, accurately interpreting the timing of the growth of porphyroblasts relative 

to one another and to matrix structures is not simple (e.g. Vernon et al, 1993; Johnson 

& Vernon, 1995a).  Timing of porphyroblast growth is crucial in reconstructing P-T-t-

d trajectories for a region, and mis-interpretation may have profound implications for 

either the deformation component or the inferred metamorphic reactions (Johnson & 

Vernon, 1995b).  The revelation that some internal foliations within porphyroblasts 

may pre-date those manifested in the matrix prompted a surge in microstructural 

investigation to substantiate whether these orientations may be utilized as reliable 

indicators of relict deformation events, despite ongoing controversy concerning the 

potential for porphyroblasts to rotate with respect to fixed geographical coordinates 

and other external reference frames (Bell et al, 1992; Passchier et al, 1992; Williams 

& Jiang, 1999; Kraus & Williams, 2001). 

Porphyroblast inclusion trail geometries vary, being entirely straight, straight 

with inflected margins, sigmoidal or spiral.  Accordingly, this has required the 

development of a broad range of strategies for the examination, and qualitative and 

quantitative measurement of porphyroblasts, each targeting different aspects of their 

internal geometries.  These include P-N sectioning (e.g. Bell & Rubenach, 1983), 

pitch measurement from vertical thin sections (Hayward, 1992; Johnson, 1992; 

Aerden, 1995), strike measurement from horizontal thin sections (e.g. Aerden 2004; 
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Aerden & Sayab, 2008), radial serial sectioning (Hayward, 1990; Bell et al, 1995), 

parallel serial sectioning (Johnson, 1993; Johnson & Moore, 1993; 1996), best-fit 

plane assignment (Aerden, 2003) and High-Resolution X-ray Computed Tomography, 

or HRXCT (Carlson et al, 2003; Ketcham & Carlson, 2001; Ikeda et al, 2002; 

Huddlestone-Holmes & Ketcham, 2005; 2010; Whitney et al, 2008). 

Whilst possessing the potential to transform understanding of the 3D internal 

geometries preserved in individual porphyroblasts, HRXCT and Synchrotron-based 

Microtomography are expensive, partly owing to the long analyses required to 

produce sufficient resolutions.  Moreover, suitability of these techniques is dependent 

upon a range of factors including the sample size desired for analysis and phase-

dependent contrasts in linear attenuation coefficients between the host and its 

inclusions.  Thus, they remain relatively unviable for routine application to adequate 

quantities of samples necessary for extracting valid structural and tectonic 

interpretations.  Microscopy, by contrast, persists as the most readily accessible and 

relatively inexpensive means for the study and correlation of microstructures between 

multiple samples.  However, an increasing number of studies have raised concerns 

that the microscopy strategies most commonly applied to the examination of 

porphyroblasts, such as ‘P-N’ sectioning, may yield incomplete information with 

significant observations undetected (e.g. Cihan, 2004).   

A number of new techniques have been devised and others refined since 

Johnson’s (1999) review of porphyroblast microstructure applications.  Some of these 

techniques are designed to measure the same quantities and can therefore be 

compared to assess their accuracy.  Currently, no contributions exist to summarize 

this and therefore this one is necessary.  It provides an overview of each strategy, its 
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requirements for use, examines its findings when applied to the same rocks and 

evaluates its relative merits and limitations. 

 

2. TECHNIQUES: OUTLINE 

 

The features of inclusion trail geometry specifically targeted by each of the 

thin-sectioning strategies are summarized in Fig. 1. 

 

 

2.1 ‘P-N’ thin-sectioning 
 

            This is the strategy most commonly applied to the analysis of porphyroblastic 

rocks.  Typically 2, or perhaps 3, thin sections are produced; the orientations of which 

are dependent upon that of the dominant foliations present within the bulk matrix of 

the rock (e.g. Bell & Rubenach, 1983; Johnson et al, 2006).  ‘P’ refers to those cut 

perpendicular to the foliation but parallel to the lineation and ‘N’ those perpendicular 

to the foliation but normal to the lineation (Fig. 2).  Variations of this approach are 

straightforward and rapid to apply, do not require large sample volumes and are 

inexpensive relative to sophisticated imaging techniques. 

 

 

2.2 Inclusion trail pitch measurements 
 

This method involves determining the pitch, or inclination, of intersection 

lineation that internal foliations make with an oriented vertical thin section plane.  
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Pitches are measured via a mechanical stage and represent values relative to a pre-

defined artificial reference horizon (generally horizontal).  The objective of this 

method is to quantify 1) the degree of consistency between individual porphyroblasts 

either within or between samples, and 2) whether the internal foliations are sub-

horizontal, sub-vertical or oblique.  The main requirement is that the main body of the 

inclusion trail be straight to weakly sigmoidal.  However, the method can also include 

measurements of straight or weakly curved truncations that are part of spiral-shaped 

inclusion trails (e.g. Aerden, 2003).  Such datasets have been presented as an integral 

part of many studies which have engaged whether populations of porphyroblasts have 

rotated during later deformations, compromising their initial orientations (Hayward, 

1992; Johnson, 1992; Aerden, 1995; Johnson et al, 2006).  Measurements are 

conventionally represented in binned rose diagram format (e.g. Hayward, 1992; 

Johnson, 1992) however they may also be expressed effectively as moving average 

roses (e.g. Aerden, 2004; Aerden & Sayab, 2008; Munro & Blenkinsop, 2012).  The 

most important consideration in either case is that roses should always be presented as 

equal area plots to eliminate the often-pronounced bias that frequently arises from 

linearly scaled rose diagrams (Nemec, 1988). 

 

 

2.3 Measuring inclusion trail strikes 
 

Foliation strikes in horizontal thin sections (Fig. 1.) are determined via the 

same procedure as for pitches; the measurement of intersection lineations with the 

thin section plane.  Here, individual measurements are determined relative to True 

North, which serves as a reference horizon.  Whilst the straight sections of any 

inclusion trail may be measured, this technique primarily targets porphyroblasts 
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preserving steeply inclined to sub-vertical foliations; i.e. those that may furnish a 

horizontal bulk shortening orientation in an analogous manner to matrix foliations.  

Flat-lying internal foliations that anastamose on the other hand may produce an array 

of orientations in plan view that are relatively uninformative.  Studies have 

demonstrated that the relative timing of successive overprinting, obliquely-striking, 

steep foliations may also be resolved within individual porphyroblasts in which one 

composes the core and the succeeding forms a rim (Aerden, 2004; Aerden & Sayab, 

2008). 

 

 

2.4 The radial asymmetry method 
 

The radial asymmetry approach to porphyroblast examination (Fig. 3) was 

first proposed by Hayward (1990) and subsequently elaborated upon by Bell et al. 

(1995).  The technique utilizes the phenomenon that inclusion trails preserved within 

porphyroblasts exhibit an apparent switch in asymmetry from clockwise to 

anticlockwise (‘S’ to ‘Z’) or vice versa when viewed systematically around the 

compass (Fig. 4).  The axis about which this flip occurs is expressed as the ‘Foliation 

Intersection/Inflection Axis’, or ‘FIA’.  Where both asymmetries are present 

simultaneously, this signals close proximity to the axis.  A FIA, as its name may 

suggest, has two potential interpretations: the first being that it represents a 

crenulation axis or the intersection between two successive foliations, implying two 

deformations, the second being that it represents the axis about which the 

porphyroblast became progressively rotated during its development (Bell et al, 1995), 

implying one deformation only.  The measurement of this feature is independent of 

the interpretation of what it represents.  As outlined in Fig. 3, the motivation for 
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ascertaining the axis is that, in the absence of significant post-growth rotation, it 

serves as a potential indicator of the approximate horizontal bulk shortening 

orientation contemporaneous with the porphyroblast’s growth. 

Initially, samples of minimum dimensions 10x10x10cm are orientated in the 

field with the flat panel of a compass and then extracted (Bell et al, 1995).  Following 

subsequent re-orientation under laboratory conditions using a sandbox, six spatially 

orientated vertical thin sections are constructed at 30° increments around the compass 

(00°, 30°, 60°, 90°, 120°, 150°) to constrain the axis to within a 30° range by noting 

the switch in asymmetry between two of them.  Each axis is then further constrained 

to within 10° via the examination of two additional vertical sections between those 

delineating the switch.  Potentially, multiple switches may be observed at differing 

orientations within an individual rock if more than one distinct generation of 

porphyroblasts co-exists, or if a single generation has been differentially rotated 

throughout post-dating deformation.  Additionally, individuals may exhibit different 

axes between their cores and rims. 

Where FIAs are expressed as a trend, as is the case in the majority of studies, 

they are regarded as bi-directional data.  However, the radial asymmetry method also 

incorporates a means of ascertaining the plunge of the axis (Bell et al, 1995; 

Huddlestone-Holmes & Ketcham, 2005).  This is carried out via essentially the same 

radial-sectioning procedure as that for the trend; this time from the asymmetries 

observed between systematically dipping thin sections that strike perpendicular to its 

pre-determined trend (Fig. 5.).  Where both plunge and trend are determined, FIAs are 

notated as uni-directional data in the same manner as lineations.  Where plunges have 

been determined, they have been reported to be very shallow (Bell et al, 1995; Bell et 
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al, 1998; Stallard et al, 2003; Timms, 2003; Gavin, 2004; Bell & Newman, 2006; 

Huddlestone-Holmes & Ketcham, 2005; 2010). 

 

 

2.5 Parallel serial thin sectioning 
 

This technique, notably applied to examine spirals within garnet 

porphyroblasts (Johnson, 1993; Johnson & Moore, 1993; 1996) involves the cutting 

of multiple, approximately 1.25mm-spaced, parallel-striking thin sections through an 

individual porphyroblast in order to reconstruct a 3D visualization of its internal 

geometry.  In order to provide maximum benefit, the intersection/inflection axis must 

first be determined via the radial asymmetry approach, or variation thereof, such that 

the optimal strike of parallel section arrays relative to this can be ascertained.  The 

porphyroblasts are photomicrographed in each section and each slice is stacked 

sequentially to compile a pseudo-3D model.  The information contained in each of the 

individual cross-sections may then be assigned mathematical functions and 

amalgamated to produce models that permit 3D manipulation (e.g. Fig. 6).  The 

approach circumvents the problem of only being able to intersect each unique 

porphyroblast once, as in other approaches and having to make inferences and 

assumptions regarding its entire geometry from a single transection.  However, in 

doing so, a portion of material between each thin section is inevitably lost during the 

production process.  The applicability of parallel thin sectioning is also dependent 

upon the size of porphyroblasts present, however up to 6-10 sections have been 

successfully acquired for garnets of approximately 1cm in size (Johnson, 1993).  A 

potential alternative suggested for smaller porphyroblasts involves serial grinding of 

the sample in conjunction with either photography of the hand sample (e.g. 
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Marschallinger, 1998) or SEM imaging (Williams, pers. comm), eliminating some 

material loss but destroying the sample.  If the block were polished after each 

grinding increment, then it could be photographed under the microscope using 

reflective light to highlight the inclusion trails.  This strategy for porphyroblast 

examination is therefore more suited to the detailed internal study of a few unique 

porphyroblasts as opposed to statistically valid numbers for tectono-metamorphic 

interpretations. 

 

2.6 The “FitPitch” method 
 

Aerden (2003) developed the “FitPitch” computer program for the 

determination of potential best-fit planes for multiple planar microstructures in rocks.  

The program assigns these planes based upon the pitches of inclusion trails or other 

types of planar microstructures in differently orientated thin sections (horizontal, 

vertical or otherwise).  While differently orientated vertical thin sections may be used 

alone to analyse porphyroblast inclusion trails (e.g. Johnson et al., 2006) best fit 

planes are best constrained when these are used in conjunction with strike 

measurements from horizontal thin sections.  Generally, the greater the number of 

independent thin sections measured, the greater the constraints placed upon the best-

fit planes. Studies to date have achieved good results using six differently orientated 

vertical thin sections (30° spacing) in addition to a horizontal one (e.g. Aerden, 2004; 

Aerden & Sayab, 2008).  “Fitpitch” presents up to two or three planes, potentially 

distinguishing between independent generations of microstructures within an 

individual sample.  The strike and dip of these best-fit planes (in highly-inclined to 

steeply dipping foliations) may be interpreted in a similar manner to matrix foliations. 
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2.7 Electron backscatter diffraction (EBSD) measurement of inclusion trails 
	  
	  
 Using garnet-rich schists from the Orlica-Śnieżnik Dome of the West Sudetes 

mountain range, Skrzypek et al. (2011) presented a method for the measurement of 

platy, or needle-shaped, inclusion mineralogy (e.g. ilmenite) within individual 

porphyroblasts using in-situ electron backscatter diffraction (EBSD).  Initially, 

scanning electron microscope (SEM) images were used to confirm that apparent 

ilmenite needles in thin section represented the intersections of tabular crystals, 

supporting the inference that the shape-preferred orientation of ilmenite corresponds 

to a foliation plane.  The lattice-preferred orientation of both matrix and inclusion trail 

ilmenite was measured via EBSD, with an initial comparison of matrix grains to the 

macroscopic foliation measurement serving as an internal validation of the technique.  

Comparison of the inclusion ilmenite to that in the matrix was then conducted to 

assess whether the inclusions correlated or were affiliated with a pre-dating structure.  

Processing of the EBSD results was carried out using PFch5 software (Mainprice, 

2005) to determine a [100] and c [001] axis patterns for the illmenite, the latter 

representing the pole to the ilmenite platelet (Moseley, 1981).  This data was then 

used to derive plane orientations with respect to geographical coordinates.  The study 

demonstrated that matrix ilmentite a and c axes were well constrained and yielded a 

foliation plane orientation correlating with the associated mesoscale measurements.  

A minor discrepancy between the microscopically and mesoscopically determined 

orientations was inferred to represent deflection of the external matrix foliation 

around the competent porphyroblasts.  Application of the same procedure to the 

garnet inclusion trails revealed their orientations to be in good agreement with those 

of earlier foliations that have been variably eliminated from the present matrix.  These 
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findings suggest that the technique provides an accurate means of determining 

foliation and lineation orientations from individual porphyroblasts as well as that of 

matrix grains.  The authors noted that the technique is dependent upon the presence of 

a sufficient number of ilmenite inclusions within each individual porphyroblast, with 

approximately 20 grains appearing a reliable threshold.  Moreover, it was suggested 

that other strongly anisotropic mineralogy such as mica might be suitable for defining 

inclusion trail geometries via this method, and that it is applicable to other 

porphyroblastic phases in addition to garnet. 

 
 
2.8 High-Resolution X-ray Computed Tomography (HRXCT) 
 

High-Resolution X-ray Computed Tomography (HRXCT) represents a 

relatively new technology that has seen continual refinements over the last couple of 

decades, facilitating the generation of progressively higher resolutions.  The technique 

has found a broad range of applications within geology including igneous petrology 

(Ogasawara et al, 1998) sedimentology (Orsi & Anderson, 1995; Orsi et al, 1994) 

paleontology (Ketcham & Carlson, 2001) and the examination of meteorites (Arnold 

et al, 1982).   Pioneering investigations into metamorphic rocks focused primarily 

upon the nucleation behaviour of porphyroblasts (Carlson & Denison, 1992; Denison 

& Carlson, 1997; Denison et al, 1997; Bauer et al, 1998; Carlson, 2006) and non-

destructively establishing the size and spatial distribution of populations of garnet and 

staurolite within hand samples of schist (Ketcham & Carlson, 2001; Ketcham, 

2005a,b; Ketcham et al, 2005).  Research has subsequently progressed to provide the 

first truly three-dimensional representations of the internal geometries within 

individual garnet porphyroblasts (Huddlestone-Holmes & Ketcham, 2005; Ikeda et al, 

2002; Bell & Bruce, 2006; Whitney et al, 2008).  Following post-processing, the data 
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and resulting images may be manipulated to remove and isolate elements of the 

inclusion mineralogy to assist in visualization (Fig. 7).  Tomography of this kind 

represents a significant advancement over conventional thin-sectioning as it 

eliminates the necessary degree of interpretation involved in reconciling what is 

observed between the different section orientations, each of which transect unique sets 

of porphyroblasts. 

Of the common porphyroblastic phases that characterize metamorphic rocks, 

garnet and staurolite are the most readily compatible for internal imaging due to 

exhibiting notably greater, and therefore sufficient contrasts in, linear attenuation 

coefficients relative to common inclusion constituents such as quartz, muscovite, 

biotite and ilmenite.  Other porphyroblastic minerals such as andalusite, cordierite, 

kyanite and K-feldspar typically exhibit too similar a contrast to be routinely 

applicable (Fig. 8).  Huddlestone-Holmes & Ketcham (2005) outline a series of 

guidelines for the consideration of prospective users of the technique for this purpose.  

Firstly, the attenuation of each material varies inverse proportionally to the intensity 

of X-ray energy applied to it (Fig. 8).  Therefore, the contrast in attenuation between 

any two given minerals therefore also varies, generally showing a tendency to 

converge with increasing intensity.  Lower energies allow enhanced degrees of 

sensitivity and may appear the intuitive choice for examination.  However, this factor 

competes directly against X-ray penetration, which is less efficient at low energy 

(Huddlestone-Holmes & Ketcham, 2005).  Thus, a compromise must be established to 

achieve successful results.  Additionally, other effects such as ‘beam hardening’ and 

‘ring artifacts’ may also impact upon the quality of the final images, requiring the 

implementation of a wedge calibration. 
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A further consideration is that the maximum resolution attainable is dependent 

upon the dimensions of the material desired for analysis.  Theoretically, voxel 

(volume element) resolutions of ~2-3µm are achievable, but require maximum sample 

sizes of ~3mm (Huddlestone-Holmes & Ketcham, 2005).  The finer the inclusion 

trails the smaller the hosting porphyroblast must be in order to successfully resolve 

them.  Moreover, producing higher resolutions markedly increases the necessary 

scanning duration, elevating operating costs.  Another critical factor is the density of 

inclusions within the porphyroblast volume; generally this is recommended to be 

between 10-30% in order to provide adequate definition whilst avoiding over-

crowding (Huddlestone-Holmes & Ketcham, 2005). 

 

 3. CROSS-REFERENCING THE TECHNIQUES 

 

Some of the techniques which are designed to measure the same properties can 

be compared to assess their findings, as shown below. 

 

3.1 Inclusion trail strike measurement vs. radial asymmetry method 
 

Where sub-vertical foliations are crenulated by a flat lying crenulation 

cleavage the strike of the sub-vertical foliation will control the trend of intersection 

lineation between them (Fig. 9).  Therefore, the mean strike of a sub-vertical 

population of porphyroblasts measured in thin section should correspond to the mean 

value of intersection lineation determined via the radial asymmetry method.  The 

andalusite and K-feldspar in the Cooma Metamorphic Complex can be utilized to test 

this as they are almost exclusively highly inclined to sub-vertical.  Figure 10 presents 
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the strikes of inclusion trails within andalusite and K-feldspar within the Cooma 

Complex versus the radially determined mean FIA orientation for the same samples.  

The internal fabrics within andalusite in Slacks Creek are distinctly NNW-SSE 

oriented with a vector mean strike of 146.6° (circular standard deviation 0.31, circular 

variance 0.05) and the K-feldspar internal fabrics in Spring Creek N-S oriented with a 

mean of 193.7° (circular standard deviation 0.22, circular variance 0.02).  Figure 11 

presents the angular window over which both asymmetries are observed, or ‘FIA 

range’ (Timms, 2003) for andalusite within a single sample versus the range of 

inclusion trail strikes measured for it in horizontal sections.  Both methods produce a 

similar size and orientation of range, suggesting that they each provide an accurate 

representation of the range of inclusion trails within the sample. 

 

 

3.2 HRXCT vs. radial asymmetry method 
 

Utilising HRXCT, Huddlestone-Holmes & Ketcham (2010) internally-imaged 

and determined FIA orientations for 58 individual garnet porphyroblasts within a 

sample of the Cram Hill Formation, Vermont, USA.  This sample (V209) was 

purposely selected on the basis of garnet being conducive to scanning and that Bell et 

al. (1998) had previously determined microstructural orientations for it via the radial 

asymmetry method.  Initially, a low-resolution model used to locate the central point 

of each garnet.  Each porphyroblast was then subject to independent vertical CT 

slicing in the same orientations as per the asymmetry method.  The position of each 

slice through an individual was manipulated in order to ensure a good quality transect 

with optimum inclusion quality, eliminating partial cut effects.  Comparisons were 

then drawn between the FIA trend and range for the cores and medians of the garnets 
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as determined by: 1) the pre-existing radial asymmetry, 2) Maximum Likelihood 

Estimation (outlined by Upton et al., 2003) and 3) HRXCT.  Both the mean core and 

median axes were demonstrated to be highly concordant between the three methods; 

determined as 25º, 24.7º and 20.1º (core) and 115º, 116.3º and 116.9º (median) 

respectively (radial asymmetry, MLE, HRXCT).  Minor variation between the 

asymmetry method and HRXCT measurements for the core were attributed to the two 

analyses being conducted on different portions of the hand sample, reflecting natural 

variation in inclusion trail range.  The FIA ranges for both the core and median 

observed by the HRXCT and radial asymmetry were also in strong agreement, being 

relatively tightly clustered at ~60º and ~50º (Figs. 10 & 11 of Huddlestone-Holmes & 

Ketcham, 2010).  These findings, although only conducted on a single sample, 

suggest that the asymmetry method is a valid means of ascertaining the mean axis for 

a population of porphyroblasts. 

 

 

4. TECHNIQUES: ADVANTAGES AND RESTRICTIONS 

 

4.1 P-N sectioning 
 

Rarely is any information known regarding the orientations and continuity of 

porphyroblast inclusion trails relative to the surrounding matrix prior to undertaking 

microscopy; unless they are unambiguously post-tectonic and preserve no discernible 

strain shadows.  Therefore, whilst being appropriate for the matrix, P-N sectioning is 

inherently arbitrary with respect to porphyroblasts.  Cihan (2004) presented evidence 

for up to four generations of porphyroblast with unique trends in the Robertson River 
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Metamorphics of N.E. Australia, where a previous matrix-based sectioning approach 

(Bell & Rubenach, 1983) had concluded only one.  The former was due to the 

inclusion trails appearing continuous with the surrounding matrix in the P and N 

sections.    The multiple trends recognized by the radial asymmetry method were 

found to adhere to a consistent relative timing succession, supported by detailed 

compositional mapping of the unique garnet generations.  In some orogens successive 

horizontal bulk shortening orientations may be approximately sub-parallel, however 

in many instances inclusion trails are significantly oblique to the structural trend of 

the orogen (e.g. Sayab, 2005).  Whilst being rapid to implement, users of the P-N 

technique risk inadvertently omitting significant observations and potentially 

perceiving a more simple microstructural history than is present in reality, be this 

more generations of porphyroblast or greater degrees of relative rotation. 

 

4.2 Measuring inclusion trail strikes 
 

Measuring strikes arguably represents a more objective method for examining 

porphyroblasts than others such as the radial asymmetry method, however it is only 

meaningful when applied to inclusion trails that dip moderately to sub-vertically.  

Sub-horizontal inclusion trails are less applicable as their strikes are not geologically 

meaningful, and their strikes may vary dramatically due to the anastamosing nature of 

foliations or even very minor rigid-body rotations.  Moreover, where inclusion trails 

are sub-parallel to a thin section they are rendered poorly defined, as the section will 

not intersect sufficient quantities of inclusions to produce visible trails (Aerden, 2003). 

Therefore, strike measurements in samples containing variably dipping inclusion trails 

will primarily correspond to those that are inclined to vertical, with sub-horizontal 

ones underrepresented, which may be beneficial.  Associated errors stem primarily 
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from the orientation of the sample, its subsequent reorientation and measurement 

using a mechanical stage.  Timms (2003) and Johnson et al. (2006) have identified 

that a number of systematic uncertainties will naturally accumulate throughout thin 

section production.  These errors may combine to generate an error of ±9° prior to 

commencing the measurement of inclusion trails.  An advantage of this approach is 

that it provides a value for each individual porphyroblast within a sample.  

Presentation of strike measurements is notably more informative because it 1) 

explicitly depicts the number of unique porphyroblasts utilized to produce the data, 

whereas a stated FIA value may have been determined via the asymmetries exhibited 

by few as 2 or 3 porphyroblasts per thin section, or nearer 40, and 2) represents the 

range of variation in strike (and therefore intersection lineation axes) present either 

within a single or between separate samples.  It therefore facilitates more rigorous 

statistical analysis of the data within or between samples.  A number of these points 

are illustrated via comparison of the inclusion trail strike measurements from 

inclusion trails within K-feldspar porphyroblasts of the Spring Creek Gneisses of the 

Cooma Complex with their mean FIA trends (Fig. 10).  Note that the FIA data for the 

K-feldspar suggests one mean peak at ~180° whereas the strike measurements reveal 

two modal maxima, the potential significance of which may then be interpreted.  

Strike measurement is also considerably less time intensive than examining each 

orientation systematically via the radial asymmetry method.  Moreover, it does not 

require inflected terminations and is therefore applicable to populations of inter-

tectonic and post-tectonic porphyroblasts, to which the radial asymmetry approach 

may not be. 
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4.3 Radial asymmetry method 
 

The radial asymmetry method of documenting porphyroblasts possesses some 

advantages over other approaches.  In conventional P and N sectioning, when dealing 

with internal foliations that exhibit inflections at their margins, it may only be 

qualitatively inferred whether or not these correspond with an overprinting external 

foliation that deflects around them in the matrix (e.g. Bell & Rubenach, 1983; 

Johnson & Vernon, 1995b).  This is particularly true when dealing with inclusion 

trails that are flat lying with vertically inflecting terminations.  In these scenarios, 

determination of the internal intersection lineation within the porphyroblasts permits 

an evaluation of whether or not the internal intersection lineation is in alignment with 

the strike of the external foliation that anastamoses around them.  Where 

discrepancies exist, they must be carefully assessed as to whether the difference 

represents 1) relative rotation between the porphyroblasts and matrix (e.g. Trouw et al, 

2008), 2) a relict foliation that has been annihilated from the matrix during subsequent 

events, or 3) the anastamosing of foliations.  If trends are consistent between 

significant quantities of samples, this potentially indicates multiple generations of 

porphyroblasts that have overgrown unique foliations.  Radial asymmetry 

examination is also applicable to well-developed sigmoids and spirals, for which other 

techniques such as strike measurement and FitPitch cannot be used. 

An increasing number of studies have demonstrated that porphyroblasts of 

differing FIA trend affinity are texturally resolvable into consistent relative 

chronological timing successions between large numbers of samples (e.g. Abu Sharib 

& Bell, 2011; Sanislav & Bell, 2011).  This is deduced by well-established 
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porphyroblast-porphyroblast, porphyroblast-matrix and individual porphyroblast core-

rim relationship timing criteria.  More recently, relative timing successions have been 

correlated between terranes separated by over 200km along the Rocky Mountains, 

USA, in Central Colorado and Northern New Mexico (Cao & Fletcher, 2012).  

Microstructurally ascertained successions have also been independently vindicated via 

the U-Pb dating of monazite grains preserved as inclusions within the differentiated 

generations (e.g. Bell & Welch, 2002; Cihan et al, 2006; Sayab, 2008; Ali, 2010; 

Sanislav, 2011). 

However, the radial asymmetry approach is an inherently more subjective 

method than others, requiring a degree of interpretation from the observer as to the 

position of the axis.  This will be most significant when constraining its position to 

within a 10° range, due to the commonly reduced definition of inclusion trail patterns 

in close proximity to the axis.  Another shortcoming of the radial approach is that it is 

not possible to directly measure the independent axis within each individual 

porphyroblast present; therefore an indication of the axis range within individual 

samples should be provided when presenting trends as means. Huddlestone-Holmes & 

Ketcham (2010) investigated the numbers of individual porphyroblasts per thin 

section orientation required to provide an accurate FIA determination, suggesting a 

minimum of 10 as sufficient. 

When presented in the literature, FIA orientations are most commonly quoted 

with an associated uncertainty of ±5°.  This circular uncertainty pertains to the 

azimuthal location of the mean axis, and not the range over which the asymmetry flips 

occur to either side of this stated mean (the FIA range).  Moreover, this uncertainty 

pertains to the position of the mean within the context of each individual sample.  

However, as outlined earlier, uncertainties associated with orientation, reorientation 
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and the construction of thin sections typically compound to approximately ±10°.  

Thus, when being interpreted within the context of multiple samples and a fixed 

geographical co-ordinate reference frame, FIA trends should be expressed with an 

associated minimum uncertainty of ±10°. 

A further present limitation of the asymmetry method is that there is no means 

of determining the relative magnitudes of each of the inferred deformation events.  

The ‘simple’ geometry common in porphyroblasts does not necessitate the 

development of a fully-fledged over-printing schistosity; stage 2 of differentiated 

crenulation cleavage development (Bell & Rubenach, 1983) is sufficient.  Thus, once 

inclusion trails are rendered discontinuous from the external matrix, a minor event can 

no longer be distinguished from a more intense counterpart.  This raises questions 

regarding the significance of the lengthier histories unveiled by the approach.  At 

present there are no established criteria for discerning the relative magnitudes of 

events captured within porphyroblasts with ‘simple’ inclusion trails, as other factors 

such as the spatial distribution of their growth are not necessarily a function of 

deformation intensity.  This is particularly relevant in high-grade terranes (e.g. 

localised High-Temperature, Low-Pressure Complexes) where the thermal softening 

of the rocks gives rise to increased strain susceptibility (e.g. Collins & Vernon, 1992). 

 

 

4.4 FitPitch 
 

Where it has been evaluated in the literature, the strikes of best fit planes 

furnished by FitPitch have shown strong agreement with the strikes of foliations 

measured in horizontal thin sections (Aerden & Sayab, 2008) and also to radially 

determined FIA orientations (Aerden, 2004; Sayab, 2005).  FitPitch represents a 
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significant contribution as it provides a means of attaining quantitative inclusion trail 

data in scenarios where other techniques such as radial asymmetry are inapplicable 

such as in the absence of inflected terminations or those with contrasting asymmetries 

in all orientations.  FitPitch examines the main body of the internal foliations and 

therefore does not rely upon the presence of such terminations.  It represents an 

effective solution for porphyroblasts that are interpreted to be inter-tectonic, or post-

tectonic.  It is also fully objective, requiring no element of interpretation from the user.  

Moreover, it is suited to discerning the dip and strike of multiple flat lying to mildly 

inclined fabrics, where strike measurement alone would be notably less informative.  

As strike measurements have been shown to yield similar orientations to FitPitch 

planes, strike measurement alone may represent a more cost effective method for 

investigators dealing with steep inclusion trails and are unable to produce the numbers 

of vertical thin sections per sample recommended for best FitPitch results.  One 

drawback of the program is that it will always furnish one or more best-fit planes, 

despite the suggestion of unique microstructures potentially being inconsistent with 

textural observations (Aerden, 2003).  A single anastomosing foliation for example 

may give rise to multiple modal maxima, misleadingly producing two or more 

apparent planes.  Conversely, several unique foliations possessing comparable pitches 

may be amalgamated into a single simplified best-fit plane.  Thus, results must always 

be carefully considered in context with other data and observations. 

 

4.5 HRXCT 
 

The complexities governing HRXCT compatibility to each unique scenario 

mean that, at present, the multiple conditions that must be met simultaneously are 

commonly not feasible in metamorphic rocks.  Unfortunately, even where 
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compatibility is excellent, the considerable operating expenses render it relatively 

unviable as a primary method of investigation for the large sample populations 

required for deducing meaningful tectonic conclusions.  Currently, its potential lies in 

its ability to transform visualisation and understanding of the internal geometries 

within individual porphyroblasts. These localised, highly detailed, studies prove 

invaluable when utilized in conjunction with more accessible techniques such as 

microscopy.  A further consideration is that the implementation of HRXCT has 

substantial computational software and hardware requirements during the post-

processing stages (Huddlestone-Holmes & Ketcham, 2010).  Synchrotron-based 

Computed Microtomography (outlined in Jones et al., 2003) also represents a more 

powerful alternative for visualizing smaller porphyroblasts or those exhibiting lower 

contrasts in attenuation with their inclusions; however, access to this technology is 

contested due to high demand.  In future, the imaging of porphyroblasts preserving 

well-defined core-rim relationships would be desirable for modeling the complex 

structural relationships between multiple episodes of growth within individuals. 

 

 

 

4.6 Summary of technique capabilities 
	  
 
 A summary of the effectiveness of each technique with respect to the range of 

scenarios most commonly encountered in porphyroblast microstructures is presented 

in Table 1. 

 

 



Section	  B	   	   M.	  A.	  Munro	  

	   53	  

5. CONCLUSIONS 

 

Accurately reconciling the timing of growth of porphyroblasts relative to each 

other and matrix structures is not straightforward.  In response to this, a broad range 

of techniques has been devised for the examination and measurement of their 

preserved inclusion trail geometries.  At present, those involving computer-based 

tomography remain too expensive for routine application to adequate quantities of 

samples for drawing robust structural and tectonic conclusions.  Moreover, successful 

imaging also requires several specific conditions to be met simultaneously.  The 

diverse strategies for microscopy on the other hand render it the most accessible and 

informative solution to the documentation of porphyroblastic rocks.  However, 

investigators must be mindful in the selection of their techniques as mounting 

evidence suggests that they risk potentially omitting key observations if utilizing a 

restricted number of perspectives based upon matrix structures.  Each technique has 

its own associated merits and restrictions, and is most effective when applied to 

different scenarios.  Accurate deduction of the tectono-metamorphic history preserved 

within porphyroblastic rocks may require the application of multiple techniques 

simultaneously, even within individual samples. 
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ABSTRACT 

 

Detailed investigation within the classic Slacks Creek Schists of the Cooma 

Complex of S. E. Australia identifies two previously unrecognized stages of cordierite 

growth and reconciles persisting ambiguities regarding the timing of andalusite 

growth relative to matrix structures (e.g. Johnson, 1992; Johnson et al., 1994; Johnson 

& Vernon, 1995).  The implementation of multiple microstructural techniques in 

conjunction with high-resolution field mapping in a small section of differentiated 

schists supports the interpretation that in some scenarios the vast majority of 

porphyroblasts may remain representative of their initial orientations despite multiple 

post-dating deformations.  The tectono-metamorphic history of the schists also 

involved the development of more generations of foliation than distinguished in 

preceding studies.  These observations were possible due to the range of thin section 

orientations used to examine the rocks.  Two detailed studies of the complex have 

yielded different suggestions regarding the relative proportions of cordierite inclusion 

trails in the Slacks Creek schists, showing that representative sampling of 

porphyroblastic rocks is difficult even within relatively localized areas.  Many 

microstructural studies of orogens are conducted over regions up to hundreds of km2 

and employ far lower spatial sampling densities than those used here.  Therefore, the 

relative modal maxima of inclusion trail orientations in data from porphyroblastic 

studies may not reflect that of the entire population. 

 

Key Words: Cooma Complex; microstructure; porphyroblast; rotation; non-rotation; 

high-temperature low-pressure metamorphism 
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1. INTRODUCTION 
 

Investigations over the past couple of decades have demonstrated that micro-

structural analysis plays an essential role in unveiling what may be an intricate 

tectono-metamorphic evolution of a region (e.g. Hayward, 1992; Johnson, 1992; 

Cihan, 2004).  However, microstructural observations must be interpreted carefully 

(Vernon et al., 1993; Paterson & Vernon, 2001) and reconciling their timing with 

respect to one another and those recorded at larger scales in the field is seldom 

straightforward.  Finding the vital relationships necessary for the relative timing of 

microstructural elements commonly relies upon the fortunate acquisition of scarce 

samples preserving them (e.g. Johnson & Vernon, 1995).  Additionally, skepticism 

commonly surrounds the suggestion that porphyroblasts may not rotate significantly 

throughout subsequent phases of deformation (e.g. Passchier et al., 1992; Kraus & 

Williams, 2001; Johnson, 2009). 

The well documented, high-temperature, low-pressure, Cooma Metamorphic 

Complex of S. E. Australia demonstrates the difficulties associated with attaining a 

comprehensive determination of the tectono-metamorphic history.  Multiple 

independent studies have focused upon the microstructure of the Slacks Creek Schists 

(Mason, 1984; Granath, 1976; Vernon, 1988; Johnson, 1992; Johnson et al., 1994; 

Johnson & Vernon, 1995) each uncovering new microstructural relationships and 

raising new suggestions regarding the timing of the prolific porphyroblast growth they 

host.  In particular, ambiguities persist regarding the timing of andalusite growth in 

the schists relative to matrix structures (Johnson & Vernon, 1995).   
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Multiple strategies may be required simultaneously when examining 

porphyroblast inclusion trails (Section B).  This contribution implements detailed 

field mapping at the metre-scale in conjunction with multiple approaches to the 

documentation of porphyroblast inclusion trails including pitch measurement in six 

differently orientated vertical thin sections, strike measurement in horizontal thin 

sections (e.g. Aerden & Sayab, 2008) and the determination of foliation 

intersection/inflection axes, or FIAs (Bell et al., 1995) preserved within the 

porphyroblasts.  The aim of the investigation is to evaluate how detailed a history of 

deformation and porphyroblast growth is hosted at the microscale by this classic 

locality. 

 

 

2. STRATEGY 
 

The Lachlan Fold Belt of S. E. Australia presents a good choice of study 

because a lot of research has been dedicated to unraveling its tectonic development, 

and the timing of the voluminous granitoids and high-temperature low-pressure 

metamorphic complexes that define it (Collins & Vernon, 1992; Gray, 1997; Gray & 

Foster, 1997; Collins, 1998; 2002; Foster et al., 1999; Korsch et al., 1999; Foster & 

Gray, 2000).  Heralded by some as the most studied metamorphic complex in 

Australia, the Cooma Complex (Fig. 1) has been the focus of almost a century of 

intense investigation since its initial discovery (Browne, 1914; Flood & Vernon, 

1978; Granath, 1976; Hopwood, 1966; 1976; Johnson, 1992; Johnson et al., 1994; 

Johnson & Vernon, 1995; Johnson, 1999a,b; Mason, 1984; Munksgaard, 1988; 

Pidgeon & Compston, 1965; Richards & Collins, 2002; Vernon et al., 2001; 2003).  

Situated within the Eastern Lachlan Fold Belt, the complex is distinguished from the 
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surrounding regional lower-greenschist facies metamorphic overprint by its localized 

high-temperature low-pressure, Buchan-type, metamorphic assemblages (Hopwood, 

1966; Vernon, 1988; Johnson, 1992; Johnson & Vernon, 1995).  It consists of a series 

of multiply deformed Ordovician turbidite sequences, characterized by an Eastward-

intensifying metamorphic grade; progressing through chlorite, biotite, cordierite, 

cordierite ± andalusite, cordierite ± K-feldspar and andalusite ± K-feldspar (Johnson 

& Vernon, 1995).  This is accompanied by an evolution of the hosting lithologies 

from low-grade schists at the outer margins through gneisses to a migmatite envelope 

surrounding the central ~18km² Cooma granodiorite pluton, generally agreed upon as 

being emplaced late in the tectono-metamorphic history at 435.2 ± 6.3 Ma (Williams, 

2001). 

The comparatively lower-grade Western half of the complex was selected for 

the study because it presents the best-preserved window into the tectono-metamorphic 

development.  To the West of Snake Creek, high-strain has resulted in a strong 

composite S0/S3 fabric and the obliteration of any pre-D3 structures (Richards & 

Collins, 2002).  Slacks Creek (Fig. 1) is a classic locality at Cooma, composed of 

comparatively lower-grade cordierite-only and cordierite-andalusite schists.  

Cordierite in these rocks has been extensively pseudomorphosed to retrograde pinnite 

and aggregates of chlorite, muscovite and biotite, as outlined by Vernon (1988).  A 

short section of the creek was purposefully selected as the primary focus for this study 

due to it being well preserved, presenting essentially continuous exposure and 

excellent quality of sedimentary structures for younging determination.  These factors 

facilitated mapping to a high degree of confidence, highlighting why a number of 

researchers have paid such close attention to the creek in the past.  The East-West 

creek section chosen for cross-section is perpendicular to the ~North-South trend of 
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all fold generations manifested in this area.  Bedding, three observable foliations and 

associated folds were systematically mapped on a metre-by-metre basis across the 

width of the main section. 

The pelitic units in Slacks Creek host an abundance of porphyroblasts and 

exhibit clear overprinting relationships between microstructural elements, providing a 

good prospect for detailed examination.  Orientated samples of the freshest 

porphyroblastic schists at least 15x15x15cm in dimension were extracted at regular 

intervals of 5-10 metres along the length of the section.  Another fifty samples were 

obtained from the surrounding Slacks Creek area.   Ten samples were also extracted 

from the higher-grade gneisses of Spring Creek, situated approximately 2 kilometers 

to the East (Fig. 1). 

   A method for the 3D examination of the asymmetric simple or sigmoidal 

foliation geometries, or ‘Si’, commonly preserved within porphyroblasts was 

originally outlined by Hayward (1990) and later refined by Bell et al. (1995).  It 

determines the “foliation intersection/inflection axis”, or “FIA” preserved within the 

porphyroblasts.  A FIA is defined by a switch in inclusion trail geometry from 

clockwise to anticlockwise, or vice versa, at a specific orientation when viewed 

progressively around the compass (Section B).  FIAs may either represent an 

intersection lineation between two successive foliations, or the axis about which the 

porphyroblast has rotated during development (Bell et al., 1995).  Following re-

orientation of the samples under laboratory conditions, between eight to ten vertical 

thin sections (at strike orientations of 000°, 030°, 060°, 090°, 120° and 150°) were cut 

and examined from those suitable from just over 90 samples from Slacks Creek and 8 

from Spring Creek in order to determine the FIA orientations for the porphyroblasts. 
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 Inclusion trail pitches within the andalusite and retrograde pseudomorphs from 

cordierite in Slacks Creek were also determined relative to a horizontal reference 

horizon.  Initially, andalusite and cordierite pitches were measured in East-West 

(090°) orientated vertical thin sections for each sample.  As the vast majority of 

cordierite did not possess suitably well-defined inflections for confident FIA 

determination, their inclusion trails pitches were also measured in each of the 30° 

radial thin section orientations.  Horizontal thin sections were also cut from as many 

samples as possible.  From these, the strikes of porphyroblasts preserving almost 

exclusively sub-vertical internal foliations (the andalusite in Slacks Creek and K-

feldspar in Spring Creek) were measured via a mechanical stage relative to True 

North.  A total of ~800 thin sections were used throughout the study. 

 

 

3. CROSS-SECTION 
 

The selected cross-section (Fig. 2) is an approximately 250m long East-West 

striking section of Slacks Creek, corresponding to the central portion of section line 

D-D´ in Fig. 15 of Johnson (1999b).  Mesoscale measurements of bedding (S0) and 

three identifiable tectonic foliations (S3, S4, and S5) were acquired at systematic 1-2m 

intervals.  The evidence for two pre-matrix foliations (S1 and S2) is presented in the 

following microstructural analysis sections of the paper.  Upright, N-S trending 

asymmetrical similar F3 folds associated with a prominent sub-vertical axial planar 

penetrative S3 cleavage are the earliest detectable mesoscopic structures.  These are 

overprinted by recumbent parallel F4 folds associated with a well developed flat lying 

to mildly inclined S4 differentiated crenulation cleavage (Fig. 3) producing a coaxial 

type 3 interference pattern (Hopwood, 1966; Johnson, 1999b).  The recumbent F4 
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folds are too low in amplitude and wavelength to be appropriately represented on the 

cross section, requiring the use of enveloping surfaces.  A third generation of upright, 

~NNW-SSE trending F5 folds are also manifested, distinguishable primarily via 

folding of the mildly to moderately dipping S4 differentiated cleavage.  A sub-vertical 

kink-style fabric is also manifested at the mesoscale that also deforms the S4 cleavage, 

possessing a similar orientation to the youngest generation of folds.  A highly 

weathered approximately N-S trending shear zone cross-cuts the mapped structures in 

the Western part of the section, preventing direct correlation to either side.  Mapping 

at this resolution has revealed a greater number of upright F3 folds than represented in 

coarser-scale cross-sections (Johnson, 1999b) and the presence of upright F5 folds.  

Orientated pelite samples were extracted at regular intervals and the inclusion trail 

pitches in andalusite and cordierite measured from 090° orientated vertical thin 

sections plotted along the section (Fig. 2).  Cordierite generally exhibits a 

preponderance of flat lying to mildly inclined pitches, whereas andalusite exhibits 

highly inclined to sub-vertical pitches. 

 

 

4. MICROSTRUCTURAL ANALYSIS 
 

4.1 Slacks Creek Schists (cordierite-andalusite) 

 
 
 20 FIA orientations were determined for cordierite and 38 for andalusite (Fig. 

4).  Cordierite FIAs were confidently measured in rarer individuals preserving 

inclined to sub-vertical inclusion trails with well-defined inflections at their margins.  

End-members provide an overall range in mean FIA orientation from 155±10° to 

200±10°.  Although FIA orientations are determined to within ±5° internal 
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uncertainty within a sample, a ±10° uncertainty is expressed with respect sample 

orientation relative to fixed Geographical co-ordinates (Section B).  The data show a 

modal maxima at 165±10° and have a vector mean of 172.7°.  Andalusite in the 

schists preserves a prominent FIA orientation at 145±10°, with a vector mean of 

144.3°.  Similar to those in the cross-section (Fig. 2) andalusite measured in E-W 

(090°) orientated sections throughout the Slacks Creek area preserves mostly sub-

vertical to highly inclined internal foliations with few sub-horizontal (Fig. 5).  

Cordierite in the E-W sections preserves a preponderance of sub-horizontal to mildly 

inclined inclusion trail pitches with a relative minority exhibiting highly inclined to 

sub-vertical ones (Fig. 5).  Cordierite pitches in all thin section orientations 

complement this observation.  The highly inclined to sub-vertical inclusion trails in 

the cordierite mostly dip to the West and South-West in 090° and 060° orientated 

sections, respectively.  To ensure this did not represent an inadvertent measuring bias, 

cordierite preserving these orientations was viewed again to confirm that they dipped 

to the West. 

Cordierite throughout the cordierite-andalusite schists is invariably wrapped 

by the sub-vertical S3 foliation, and predominantly exhibits sub-vertical strain 

shadows deformed by the overprinting flat lying S4 differentiated crenulation cleavage 

(Fig. 6). A few individuals preserving sub-vertical internal foliations exhibit sub-

horizontal strain shadows deformed into the sub-vertical S3 foliation itself (Fig. 6).  

Cordierite within the cordierite-andalusite schists exhibits no evidence of core-rim 

relationships that may indicate multiple episodes of growth.  Andalusite preserves S3, 

partially wrapping around the cordierite in all thin section orientations, with its 

inclusion trails parallel to the margins of the enclosed phase (Fig. 7).  This positioning 

has been largely controlled by the presence of well-defined S3 muscovite bands that 
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have developed around the cordierite (Fig. 8).  In plan view, andalusite strikes 

distinctly NNW-SSE at ~146.6° (Munro & Blenkinsop, 2012).  In addition to the 

majority that wrap sub-vertically around the cordierite, a number of andalusite 

porphyroblasts have also directly overgrown the prominent flat lying S4 crenulation 

cleavage (Fig. 9).  Others exhibit well-defined core-rim relationships with the sub-

vertical S3 schistosity in their cores and differentiated S4 cleavage in their rims (Fig. 

9). 

In addition to the S3, S4 and S5 foliations mappable at the mesoscale, three are 

distinguishable at the microscale that overprint the S4 differentiated crenulation 

cleavage.  The most readily identifiable are angular highly inclined to sub-vertical 

kink-style crenulations, previously correlated with the upright ~NNW-SSE trending 

F5 folding of the S4 differentiated cleavage by Johnson & Vernon (1995) on the basis 

of their relative timing.  Plan view examination of the schists confirms that a number 

do trend ~N-S  (S5) where they crenulate the sub-vertical muscovite bands inhabited 

by the andalusite.  However, another set of angular crenulations observable in the M-

domains of the main differentiated cleavage itself trend E-W, orthogonal to the others 

and overall structural grain of the complex  (Fig. 10).  Viewed in N-S striking vertical 

thin sections perpendicular to the their hinges, these angular crenulations are upright 

to sub-vertical.  No direct overprinting between the E-W trending crenulations and N-

S trending S5 crenulations is observed at the microscale, however mesoscopic 

counterparts and associated folds overprint an intense composite D5 foliation in the 

East Slacks Creek block (Section D).  These are therefore S6 generation. 

An asymmetrical crenulation cleavage, typically at stage 2 or 3 of 

development (Bell & Rubenach, 1983) also overprints the M-domains of the dominant 

S4 differentiated crenulation cleavage at relatively low angle to it (Fig. 10).  These are 
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commonly much finer scale than S4 and deform both it and the adjacent QF 

microlithons containing S3.  This generation is distinct from both sets of angular 

crenulations in geometry and scale, typically being larger.  This cleavage has not been 

distinguished in previous investigations, likely because it has the same asymmetry as 

the pre-dating S4.  While it overprints S4, no unambiguous chronology could be 

established between this flat lying cleavage and the younger upright S5 and S6 

crenulations and it is therefore labeled Sh (horizontal). 

 

 

4.2 Slacks Creek Schists (Cordierite-only) 

 

Andalusite is absent in samples acquired to the West of the cross section in 

Fig. 2.  Cordierite is again readily identifiable where it has partially avoided 

retrogression (Fig. 11).  In some samples, cordierite is wrapped by the sub-vertical S3 

matrix foliation in the same manner as those in the cordierite-andalusite zone.  

However, others overgrow S3 instead with their margins being fully continuous into 

both it and the overprinting S4 differentiated crenulation cleavage (Fig. 11).  These 

invariably lack the sub-vertical muscovite strain caps and associated strain shadows 

developed around those wrapped by the matrix.  They also possess the opposite 

asymmetry to sub-vertical foliation-preserving cordierite wrapped by S3, but the same 

as that in the subsequent andalusite.  Well-defined core-rim inclusion trail 

relationships are present, with a sub-horizontal foliation preserved in their cores 

inflecting into sub-vertical S3 rims (Fig. 11).  Cores are commonly pinnitized and 

possess very fine inclusions the same size as those in cordierite wrapped by S3 (~10-

20 µm).  Rims on the other hand are often partially or largely fresh.  Smaller, 0.3–0.6 
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mm, cordierite porphyroblasts have also directly overgrown the M-domains of the S4 

crenulation cleavage itself (Fig. 11).  Later cordierite overgrowing sub-vertical S3 and 

S4 differentiated cleavage is generally present in samples devoid of significant prior 

porphyroblast growth.  Quartz and mica inclusions in the later stages of growth are 

notably larger than those in the earlier, supporting their nucleation following 

equilibration of the matrix at higher temperatures. 

 

4.3 Near orthogonal nature of inclusion trails in the Slacks Creek schists 

 

The foliations preserved within both the cordierite and andalusite 

porphyroblasts of Slacks Creek exhibit a dominance of sub-vertical and sub-

horizontal pitches.  Andalusite preserves almost entirely sub-vertical inclusion trails, 

with a mean strike of ~145°, whereas the vast majority of cordierite preserves sub-

horizontal trails.  Cordierite inclusion trail pitches are primarily sub-horizontal to 

mildly inclined in all compass orientations measured.  Rarer inclined to sub-vertical 

inclusion trail pitches are also present in the cordierite, being most prominent in the 

060°, 090° and 120° sections.  Pitch variation in the sub-vertical andalusite may be 

readily accounted for based upon its growth in anastamosing muscovite-dominated 

strain caps adjacent to the pre-existing cordierite (Fig. 7). 

 

 

4.4 Spring Creek Gneisses (andalusite- K-feldspar zone) 

 

 Cordierite inclusion trails in the gneisses are predominantly sub-horizontal to 

mildly inclined (e.g. Fig. 12) similar to those within Slacks Creek.  These are 
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unambiguously wrapped, and hence post-dated by, an abundance of sub-vertical to 

highly inclined K-feldspar and tabular andalusite porphyroblasts preserving the 

dominant S3 foliation (Fig. 12).  K-feldspar preserves a highly consistent FIA trend of 

185±10° (Fig. 4) with a few samples immediately adjacent at 175±10° and 195±10°.  

In plan-view the S3 inclusion trails in K-feldspar and andalusite are well defined and 

exhibit distinct N-S alignment (Fig. 12; Munro & Blenkinsop 2012).  The inclusion 

trail pitches and horizontal strikes of the tabular andalusite are aligned sub-parallel to 

that of the K-feldspar (Fig. 12) strongly suggesting that they also preserve the same S3 

foliation.  Aggregitic andalusite, fibrolite and tabular sillimanite are also present in 

lower abundance, the first of which has extensively replaced the cordierite (Fig. 12).  

Where present in the matrix, the poikiloblastic andalusite and fibrolite define both 

flat-lying and vertical foliations that deflect around the sub-vertical S3-preserving K-

feldspar and tabular andalusite porphyroblasts (Fig. 12) indicating that they post-date 

the former.  Rare occurrences of tabular sillimanite have nucleated in fractures within 

the cordierite (Fig. 12). 

The psammitic gneisses are characterized by a well-developed sub-vertical 

SSW-NNE striking S3 differentiated crenulation cleavage observable at the mesoscale 

(Fig. 13).  Development of the S3 crenulation cleavage in these rocks has progressed 

to stage 5 (Bell & Rubenach, 1983) eliminating any pre-existing foliation.  At the 

microscale an additional sub-horizontal foliation is readily identifiable that crenulates 

both the QF- and M-domains of S3 (Fig. 13).  Porphyroblasts are less abundant than in 

the pelites but include cordierite, K-feldspar, andalusite (both tabular and 

poikiloblastic) and fibrolite.  Cordierite is extremely rare, and preserves a sub-

horizontal foliation and is partially wrapped by the S3 differentiated cleavage, 

therefore representing the oldest phase of growth.  K-feldspar and tabular andalusite 
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in these rocks have dominantly nucleated within the M-domains of S3, exhibit 

continuity with them and preserve its strike in plan view (Fig. 13).  Tabular andalusite 

and K-feldspar timing is therefore late syn-D3 to early syn-D4 (as indicated by some 

margins crenulated into S4).  Similarly to the pelites, poikiloblastic andalusite and 

fibrolite define both a flat lying and sub-vertical foliation that wraps around the S3-

preserving K-feldspar and tabular andalusite porphyroblasts (S5).  The microstructural 

histories preserved within the pelitic and psammitic gneisses therefore record 

essentially the same sequence of phases. 

The sub-vertical and sub-horizontal nature of inclusion trails in the Spring 

Creek pelitic and psammitic gneisses is similar to that in Slacks Creek, where sub-

horizontal cordierite is wrapped around by sub-vertical andalusite and cordierite. 

 

 

5. INTERPRETATION 
 

5.1 Stages of porphyroblast growth in Slacks Creek 

 

Where cordierite and andalusite coexist, cordierite is most commonly wrapped 

by post-dating andalusite that preserves highly inclined to sub-vertical S3 inclusion 

trails. This is true whether it preserves sub-horizontal trails (the majority) or rarer sub-

vertical inclusion trails.  The two therefore represent two sequentially nucleated 

generations of porphyroblast, irrespective of the model applied to their development 

(discussed later).  Inclined to sub-vertical inclusion trails in cordierite always exhibit 

opposite asymmetries to the matrix and wrapping andalusite. Some of these have 

distinct strain shadows with terminations locally truncated by S3.  This distinguishes 

them as earlier than the dominant sub-horizontal cordierite that only preserves strain 
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shadows associated with D3 or a point later in the history.  Overgrowth of the sub-

horizontal S4 differentiated cleavage by other andalusite porphyroblasts and the rims 

of a number preserving the sub-vertical S3 foliation represent a younger growth.  

Others preserve the same flat lying foliation as that in the majority of cordierite.  The 

Slacks Creek schists therefore preserve at least three stages of andalusite growth. 

In the cordierite-only schists some cordierite preserves sub-horizontal 

inclusions in cores and the sub-vertical S3 matrix foliation in rims (as opposed to 

being wrapped by it).  The absence of sub-vertical strain caps surrounding these 

cordierite porphyroblasts is explained by the rims overgrowing them.  The sub-

horizontal foliation preserved in their cores is of the same relative timing as the 

dominant sub-horizontal generation of cordierite within the cordierite-andalusite 

schists.  Younger cordierite also overgrows the S4 differentiated cleavage itself.  

There is therefore evidence for cordierite growth over four foliations in Slacks Creek, 

the later two being previously unrecognized. 

 

 

5.2 Rotational or static development of the porphyroblasts? 

 

Two end-member models exist for the development of the asymmetric straight 

and sigmoidal inclusion trails commonly preserved within porphyroblasts.  The 

stationary, or static, interpretation requires a penetrative schistosity succeeded by an 

overprinting crenulation cleavage to form (e.g. Bell & Rubenach, 1983; Bell et al., 

1995).  Alternatively, the inflections may be interpreted as resulting from an active 

syn-growth rotation of the encasing porphyroblast relative to the surrounding matrix 

during growth (Rosenfeld, 1970; Schoneveld, 1979; Bell et al., 1995; Williams & 
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Jiang, 1999; Trouw, 2008).  This interpretation renders the internal FIA axis as that 

about which the porphyroblast rotated (Bell et al., 1995) as opposed to an intersection 

lineation between two successive foliations. 

The vast majority of cordierite in the cordierite-andalusite schists preserves 

flat lying to mildly inclined foliations.  If stationary development is considered for the 

sub-horizontal majority, this would have involved the development of the sub-

horizontal foliation via vertical shortening followed by horizontal shortening 

associated with the wrapping S3 matrix foliation to produce their inflected margins.  

Conversely, a rotational model would infer that the flat lying foliation in the cordierite 

was initially highly inclined to sub-vertical (i.e. the S3 matrix foliation wrapping the 

cordierite) reducing the number of associated deformations to one.  Johnson & 

Vernon (1995) also considered the possibility that both the sub-vertical and sub-

horizontal orientations in cordierite wrapped by S3 resulted from different stages of 

porphyroblast rotation from the same sub-vertical S3 foliation.  However, different 

strain shadow patterns between them and well-defined orthogonal core-rim 

relationships observed in the cordierite-only schists strongly suggest overgrowth over 

successive foliations.  Additionally, a relict sub-horizontal matrix foliation (S2) is 

observable at key localities such as in the hinges of F3 folds (Johnson, 1992).  Sub-

vertical cordierite rims wrapping horizontal cores in the cordierite-only schists are 

continuous into both adjacent matrix M-domains.  The final stage of cordierite 

preserves the same inclusion orientation as the S4 differentiated cleavage it is hosted 

in and is therefore incompatible with a rotational development. 

Rotational development for the sub-vertical andalusite is not feasible because 

its inclusion trails and morphologies directly mimic the margins of the cordierite, and 

it would be directly obstructed by the pre-existing cordierite, against which it tightly 
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interlocks.  Moreover, the sub-vertical andalusite almost exclusively inhabits, and is 

entirely continuous with, compositionally distinct sub-vertical muscovite bands that 

likewise wrap around the pre-existing cordierite (as also highlighted by Vernon, 1988; 

Johnson, 1992).  In plan view these possess the same strike as the andalusite.  

Evidence supporting the non-rotational development of early sub-horizontal 

andalusite is the same as for sub-horizontal cordierite.  Also, these porphyroblasts 

preserve the sub-vertical S3 matrix foliation in their rims, which in turn inflects into 

the S4 differentiated crenulation cleavage.  The subsequent andalusite is continuous 

with the S4 differentiated cleavage it has overgrown in the same manner as late stage 

cordierite. 

 

 

5.3 Porphyroblast rotation during subsequent deformation? 

 

 Any potential reorientation of the andalusite would have occurred later during 

S4 crenulation cleavage development or the subsequent D5 horizontal shortening event 

that refolds the latter.  The vast majority of andalusite inhabits the muscovite strain 

caps that wrap around the cordierite and are fully continuous with them. The 

muscovite bands and vast majority of andalusite intricately border the cordierite, 

consequently occupying strain shadows during S4 differentiated cleavage 

development.  Therefore, relative rotation of the andalusite would have been inhibited 

during the remainder of this vertical shortening event.  The consistent strikes, FIA 

trends and inclusion trail pitches in the andalusite across the cross section and Slacks 

Creek area are inconsistent with any significant reorientation. N-S folding of the S4 

cleavage has only locally manifested in this part of the complex in the majority of 
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samples the associated crenulation lineations have developed in the M-domains of S4 

only. 

The intricate interlocking between the andalusite, muscovite bands and pre-

dating cordierite (e.g. Fig 7) requires that all rotate simultaneously as a coherent unit, 

if at all, otherwise the intricate relationship between all three would be disrupted.  

Moreover, in all perspectives both the andalusite and muscovite bands are continuous 

into the surrounding crenulations within the QF microlithons and with S4 

differentiated cleavage, with the rims of some overgrowing the latter.  As subsequent 

rotation of the post-dating andalusite may be ruled out, any potential reorientation of 

the pre-dating cordierite must therefore have occurred prior to andalusite nucleation.  

Whilst exhibiting an overall ~45-50° range in mean FIA trends, the rarer cordierite 

preserving the highly inclined to sub-vertical inclusion trails with well-defined 

inflections consistently preserves a ~NNW-SSE trending FIA axis.  This is in keeping 

with sub-vertical cordierite in Johnson’s (1992) samples striking approximately 

parallel to the regional structural grain (approximately N-S).  Cordierite pitches 

measured in six different orientations show that the inclusion trails within the majority 

of cordierite maintained their sub-horizontal to mildly inclined inclusion trail 

orientations in spite of at least two successive deformation phases that have produced 

mesoscopic and macroscopic folds throughout the area.  Had substantial rotation of 

the cordierite occurred, the variety of factors influencing the relative magnitudes and 

directions of rotation (e.g. Jeffery, 1922; Reed & Tryggvason, 1974; Ghosh & 

Ramberg, 1976; Ceriani et al., 2003; Trouw et al., 2008) would have largely 

eliminated the broad FIA and pitch orientations observed. 

Whilst having broadly consistent orientations at the mesoscale, foliations 

commonly have anastamosing geometries at the microscale.  The S4 cleavage in the 
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schists presents an example, anastamosing significantly in all thin section orientations.  

A degree of variation in the cordierite may reasonably reflect natural variation in the 

overgrown foliation.  Another possibility is that two generations of cordierite are 

present within the sub-horizontal majority, each possessing the same relative timing to 

the present matrix foliations.  However, a lack of well-defined asymmetries at their 

margins prevents confident distinction via FIA measurement.  The retrogression of 

most cordierite also prevents compositional analysis.  As shown above, the later two 

generations of cordierite are continuous with the matrix and therefore have not been 

subject to significant relative rotation. 

 

 

6. DISCUSSION 
 

6.1 Andalusite orientations 

 

In this, and previous studies (Vernon, 1988; Johnson; 1992; Johnson & 

Vernon, 1995; Johnson 1999b) the sub-vertical andalusite has been intuitively 

correlated with the dominant sub-vertical S3 matrix foliation due to it possessing 

similar pitches, the same anticlockwise (‘Z’) asymmetry when viewed facing due 

North and its terminations and hosting muscovite bands being continuous into the S4 

differentiated crenulation cleavage.  However, strike measurements and FIA 

determinations for the andalusite are consistently ~25-35° counterclockwise from 

mesoscale strike measurements of S3 and ~15-20° from the matrix crenulation 

asymmetry axis at the microscale.  Three potential explanations may explain this: 1) 

relative rotation between the andalusite and bulk matrix, 2) the andalusite recording a 
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relic obliquely striking sub-vertical matrix foliation, or 3) anastamosing of the matrix 

foliation around the pre-existing cordierite. 

As discussed above, active rotation of the andalusite relative to the matrix is 

incompatible with its configuration relative to the cordierite, muscovite bands and 

differentiated cleavage.  Alternatively, if the ~145°-trending FIA represents an 

independent foliation striking NW-SE, then it post-dates the cordierite but pre-dates 

the main S4 differentiated cleavage the same way as S3.  Foliations preferentially 

develop against the margins of relatively competent objects such as porphyroblasts, 

producing strain caps.  F3 folds control the N-S trending macroscopic geometry of the 

Cooma Complex and surrounding region of the Eastern Lachlan Fold Belt.  Therefore, 

if the andalusite porphyroblasts pre-dated S3, the development of an intense second 

generation of D3 strain caps against the cordierite-wrapping andalusite during such a 

high-strain event would occur.  Further, their positioning inside sub-horizontal strain 

shadows would result in their preservation along with the muscovite strain caps 

during subsequent vertical shortening.  However, all samples examined are entirely 

devoid of any strain caps post-dating the andalusite.  In conjunction with the same 

asymmetry in both the andalusite and S3, and continuity of both into the S4 

differentiated cleavage, these observations demonstrate that both were crenulated 

simultaneously during D4. 

If they represented two independent foliations with a strike disparity of ~30°, 

visible evidence of their overprinting should be observable in the matrix.  Instead, 

simultaneous crenulation during approximately vertical D4 shortening and a slight 

obliquity in andalusite is consistent with two scenarios: either a cordierite margin 

control upon the positioning of the muscovite strain caps and therefore andalusite 

inclusion trail orientations, or a slight migration in the orientation of principal 
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shortening (or apparent shortening) from ~NW-SE to more ~N-S during D3.  Both 

solutions are compatible with the absence of any NW-SE trending mesoscopic or 

macroscopic structures within the confines of the metamorphic complex or the 

Eastern Lachlan Fold Belt.  In plan view the pre-existing cordierite is not 

preferentially aligned NW-SE.  Therefore, the orientation of cordierite margins has 

not locally controlled the orientation of the foliation wrapping around them, and the 

orientation of the strain caps reflects the shortening direction.  Therefore, a slight 

migration in the local shortening orientation during D3 is considered the most likely 

solution.  If developed in the surrounding matrix away from cordierite porphyroblasts, 

any NW-SE foliations would be have been rotated into alignment with the present 

~N-S orientation of the sub-vertical foliation. 

 

 

6.2 Differing suggestions between separate studies 

 

Johnson (1992) presented inclusion trail pitches for cordierite porphyroblasts 

within the complex, 18 of which were extracted from the cordierite-andalusite schists 

of Slacks Creek (Johnson pers. comm.).  Half of Johnson’s (1992) samples show 

almost exclusively sub-vertical inclusion trails, and the others sub-horizontal pitches 

only or both simultaneously.  Whilst this study and Johnson’s (1992) measured 

approximately the same quantity of cordierite porphyroblasts in East-West orientated 

sections, the two datasets exhibit differing patterns; Johnson’s (1992) suggesting a 

dominance of sub-vertical inclusion trails and those in this study being dominantly 

flat lying to mildly inclined.  In the samples examined here, sub-vertical foliation-

preserving cordierite porphyroblasts represent a relatively rare minority.  Johnson 
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presented measurements from fewer samples, but greater numbers of individual 

porphyroblasts in each (multiple E-W sections).  Here, fewer measurements are 

derived from each sample, but from more than double the number of independent 

samples. 

Porphyroblast inclusion trail orientations cannot be observed prior to 

microscopic examination and therefore the relative proportions of inclusion trail 

orientations observed is a function of sampling.  These observations highlight the 

challenge associated with the representative sampling of porphyroblast populations, 

even within relatively localized areas.  Much lower spatial sampling densities are 

commonly utilized over far greater regions in the majority of microstructural studies, 

with as few as 1 or 2 samples acquired per km2  (e.g. Ali, 2010; Bell & Sapkota, 

2012).  These observations show that the relative values between modal maxima do 

not necessarily reflect the true relative proportions. 

Studies focusing upon data presentation over the last couple of decades have 

emphasized the importance of utilizing equal area rose diagrams in order to reduce 

visual bias (Nemec, 1988; Wells, 2000; Munro & Blenkinsop, 2012).  Similar to other 

inclusion trail studies during that time (e.g. Hayward, 1992) Johnson’s (1992) 

inclusion trail orientations are not presented in equal area format.  This explains why 

data from the previous investigation appears slightly more sub-vertical and sub-

horizontal than those displayed here.  However, both datasets complement one 

another; reinforcing the existence of predominantly sub-horizontal and sub-vertical 

inclusion trails within the Slacks Creek cordierite. 
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6.3 Microstructural framework of the Western Cooma Complex 

 

Vernon (1988) suggested the presence of 3 generations of porphyroblast (2 

cordierite, 1 andalusite) in the Slacks Creek schists.  Johnson (1992) subsequently 

identified a second generation of andalusite, considering porphyroblast nucleation to 

involve 3 stages.  The initial stage was cordierite only, over a sub-horizontal foliation.  

This was succeeded by the simultaneous growth of cordierite and andalusite over a 

sub-vertical foliation, concluding with a final andalusite-only phase over a younger 

sub-horizontal foliation.  The timing of this second phase of sub-horizontal andalusite 

was alternatively interpreted by Johnson et al. (1994) to have accompanied the earlier 

growth of sub-horizontal cordierite. More refined microstructural relationships in 

more recent workings on the cordierite-andalusite schists (Johnson & Vernon, 1995; 

Johnson, 1999) proposed that the first generation of cordierite-only growth instead 

occurred over a sub-vertical foliation (labeled S1).  The second cordierite generation 

subsequently overgrew a flat-lying foliation (S2) followed by andalusite overgrowing 

a steep foliation (S3) that wraps around both of the earlier cordierite generations.  The 

affiliation of the flat lying generation of andalusite was left unresolved. 

 The tectono-metamorphic evolution recorded by the Slacks Creek schists 

examined here involves a succession of at least seven foliations, associated with the 

successive growth of cordierite over four foliations and andalusite over three 

(summarized in Fig. 14).  The earliest readily discernible foliation in the rocks 

examined is preserved as sub-horizontal to mildly inclined inclusion trails within 
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cordierite in both the cordierite-andalusite and cordierite-only schists and the cores of 

others in the cordierite-only schists.  This schistosity (S2) has also been observed 

locally in the matrix by Johnson (1992), and in the matrix of the Murrumbidgee 

aureole a few km’s to the North (Richards & Collins, 2002).  Similar to the cordierite 

in Slacks Creek, cordierite preserving flat-lying foliations in the pelitic gneisses is 

wrapped around by the dominant sub-vertical matrix S3 foliation, suggesting their 

growth at a similar time in the tectono-metamorphic history.  A pre-dating inclined to 

sub-vertical foliation (S1) is also preserved within some of the cordierite, 

distinguishable via its association with an earlier generation of sub-horizontal strain 

shadows that are deformed into the present matrix.  Inflecting sub-horizontally at their 

margins, these earlier cordierite grew during the onset of D2 vertical shortening.  The 

presence of a sub-vertical S1 foliation is consistent with S2 being a differentiated 

cleavage in the psammites of the Murrumbidgee aureole (Richards & Collins, 2002).  

Weak vertically inflected margins in the cordierite in the both the schists and gneisses 

indicate growth during subsequent sub-vertical S3 matrix foliation development.  

Oblique NE-SW horizontal bulk shortening early during D3 produced NW-SE striking 

muscovite-dominated strain caps around the pre-existing cordierite.  Shortening then 

migrated to E-W, resulting in the present N-S S3 matrix foliation orientation.   

During development of the prominent S4 differentiated cleavage, the NW-SE 

orientated strain caps surrounding cordierite were subsequently overgrown by 

andalusite in the cordierite-andalusite schists, accompanied by new cordierite in a 

number of the cordierite-only schists.  Cordierite growth over S3 in rocks previously 

devoid of porphyroblasts in the cordierite-only schists marks an expansion of the 

porphyroblastic area of the complex’s aureole late syn-D3 to syn-D4.  The prominent 

S4 differentiated crenulation cleavage was later overgrown by a number of andalusite 
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porphyroblasts within the andalusite isograd and also by cordierite in the cordierite-

only schists.  Sub-vertical S3 in the pelitic and psammitic gneisses was overgrown by 

prolific K-feldspar and andalusite during approximately vertical shortening.  

Interpretations of the complex’s structural evolution (section D) suggest that the 

overprinting sub-horizontal crenulation cleavage associated with K-feldspar and 

andalusite growth in the gneisses correlates with S4 in the Slacks Creek schists.  The 

final event discernible at the microscale in the Slacks Creek schists (S6) is the upright 

E-W trending angular crenulation lineations orthogonal to the complex’s structural 

grain, recording ~N-S horizontal bulk shortening.  In addition to upright S5 and S6, a 

second flat lying foliation overprints the S4 differentiated cleavage.  However, as it’s 

relative timing to S5 and S6 crenulations cannot be directly determined, it is 

distinguished as Sh. 

 Inclusion trails within a number of retrograde pseudomorphs from cordierite 

and sericitized andalusite exhibit symmetrical crenulation lineations of similar style 

and orientation to those developed in the enveloping S4 cleavage (Fig. 15).  Those 

detectable within retrograde pseudomorphosed andalusite in plan view are ~N-S 

trending (S5 affinity).  Therefore, the angular S5 crenulations (and by extension S6) 

post-date retrogression of the porphyroblasts, supporting an onset of retrogression 

syn-D5 or earlier. 

 

 

7. CONCLUSIONS 
 
 

Detailed examinations have revealed that the Cooma Metamorphic Complex, 

and Slacks Creek schists in particular, preserve a more intricate microstructural 

history than has been previously recognized, recording at least seven distinguishable 
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events at the microscale.  Porphyroblasts overgrew four foliations throughout this 

evolution (S1-S4) with later deformations post-dating their retrogression to lower 

temperature mineralogy.  Cordierite growth spanned syn-D2 to post-D4 (but pre-D5) 

and andalusite syn-D3 to post-D4 (but pre-D5), reconciling prior ambiguity regarding 

the timing of the latter.  Slight obliquity in the orientation of the sub-vertical 

andalusite wrapping around cordierite in Slacks Creek suggests that the orientation of 

D3 horizontal bulk shortening may have commenced approximately NE-SW and 

migrated to N-S.  Upright, E-W trending S6 crenulation lineations in the M-domains 

of S4 (indicative of N-S shortening) show the complex has experienced horizontal 

orthogonal shortening.  A number of these new observations were possible due to 

using a greater number of thin section orientations to examine the rocks than are 

typically used in the majority of microstructural studies, permitting distinction 

between fabric orientations. 

Two carefully conducted microstructural investigations have produced 

differing suggestions regarding the relative proportions of foliations preserved by 

cordierite porphyroblasts in the schists.  This shows that representative sampling even 

in relatively confined areas is difficult.  Controls upon the distribution of 

porphyroblast growth are exerted by the kinetics of metamorphic reactions, bulk rock 

compositions and strain partitioning.  Therefore, the relative magnitudes of modal 

maxima in quantitative data from microstructural studies should not necessarily be 

considered reflective of the entire population.  Lower spatial sampling resolutions are 

commonly utilized over far greater regions for the study of porphyroblasts, with only 

a few samples extracted over several km2.  The number of investigations to have 

focused upon the Complex and Slacks Creek schists in particular, each revealing new 

microstructural features, reinforces the challenge associated with obtaining a complete 
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determination of tectono-metamorphic histories.  Commonly this is dependent upon 

the fortunate acquisition of rare samples preserving key relationships not observed in 

the majority. 
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ABSTRACT 

 

Localized High-Temperature, Low-Pressure (HTLP) metamorphic zones are a 

hallmark of many orogens worldwide.  Thermal softening and an enhanced potential 

for dynamic recrystallization in these areas serve to promote the development of 

foliations and associated folds.  Associated porphyroblast growth over a number of 

these foliations is essential in their preservation, preventing their concealment during 

subsequent deformation.  Consequently, HTLP metamorphic complexes may preserve 

more intricate tectono-metamorphic evolutions than those recorded by lower-grade 

regional rocks.  The Cooma Metamorphic Complex and Murrumbidgee aureole of the 

Palaeozoic Lachlan Fold Belt, S. E. Australia, preserve evidence of switching 

between approximately horizontal and vertical bulk shortening.  Interpretations 

suggest that these alternations in principal shortening orientation reflect regional-scale 

tectonism in the fold belt.  An analogous history of tectonic mode switching is also 

evidenced by episodic extensional basin development and inversion during the Late 

Ordovician to Mid Devonian, suggesting that near orthogonal fabric development in 

the complexes may represent a mid-crustal manifestation of these processes.  

Porphyroblast growth over a number of these foliations is essential in their 

preservation, such detailed evidence on fold belt evolution will be incomplete where 

porphyroblasts are not preserved. 

 

Keywords: High-temperature Low-Pressure (HTLP) metamorphism, tectonic mode 

switching, pluton emplacement, Gondwana, gravitational collapse, extension. 
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1. INTRODUCTION 

 

High-Temperature, Low-Pressure (HTLP) metamorphism is a characteristic 

feature of many orogens worldwide (e.g. De Yoreo et al., 1991; Azor & Ballèvre, 

1997; Pattison et al., 2002).  Commonly, these are spatially restricted to areas 

surrounding intrusive bodies (e.g. Pattison & Harte, 1997; Bebout et al., 1999; 

Sanislav, 2011) but may also have no known associated syn-metamorphic intrusions 

(Hayden, 1980).  Thermal perturbation and an enhanced potential for dynamic 

recrystallization in these high-grade areas serve to promote the development of folds 

and foliations (e.g. Collins & Vernon, 1991).  The resultant partitioning of strain into 

relatively confined areas facilitates distinction of the quantity and relative timing of 

these events via successive foliation overprinting relationships.  Associated 

porphyroblast growth over a number of these foliations assists their preservation 

throughout subsequent deformations (e.g. Vernon, 1988; Johnson, 1990; Bell et al., 

1992; Hayward, 1992; Sanislav, 2011; Quentin de Gromard, 2012).  Consequently, 

thermally and reaction softened porphyroblastic rocks in HTLP metamorphic 

complexes may preserve a more intricate structural development than that recorded by 

lower-grade rocks throughout the surrounding region. 

The ~750,000km2 Palaeozoic Lachlan Fold Belt of S.E. Australia (Fig. 1) is a 

subduction-accretionary orogen characterized by an Eastward-younging succession of 

poly-deformed metasedimentary rocks of predominantly greenschist facies 

metamorphic grade, associated with approximately 36% granitoid exposure (Foster & 

Gray, 2000).  Throughout its ~125My evolution spanning the Late Ordovician to 

Early Carboniferous (e.g. Collins, 2002) the fold belt occupied the Eastern margin of 

Gondwana, forming part of a large N-S trending belt known as the Tasmanides.  The 
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belt is sub-divided into three broad structural domains, the Western, Central and 

Eastern, each preserving distinct tectonic evolutions.  HTLP metamorphism in the 

Eastern Fold Belt forms a ~N-S trending window consisting of the Cooma, 

Cambalong, Kuark and Jerangle metamorphic complexes, and the Murrumbidgee 

aureole (Fig. 2).  Situated approximately 100km South of Canberra, the Cooma 

Complex concentrically surrounds the ~18km2 Cooma Granodiorite pluton and has 

metamorphic isograds continuing approximately 50km Northward along the Eastern 

lobe of the adjacent Murrumbidgee Batholith (Fig. 2).  Detailed microstructural 

analysis in conjunction with mesoscale mapping in these rocks reveals a tectono-

metamorphic history involving at least seven distinguishable deformation events 

(Section C) characterized by approximately orthogonal fabric development (Section 

C; Johnson, 1999). 

Whilst rocks within the Cooma Complex locally preserve seven deformations, 

continuous-distributed or ‘ductile’ mesoscopic and macroscopic structure within the 

greenschist facies rocks surrounding the complex record only three dominant 

deformations (e.g. Glen, 1992; Glen & Lewis, 1994; Stuart-Smith et al., 1992).  

Differences between these suggested deformation histories raises the question of 

whether orthogonal foliation development in HTLP metamorphic zones reflects 

orogen-scale changes in principal shortening orientation (e.g. Helmstaedt and Dixon, 

1980; Zwart, 1979; Aerden, 1994; 1995; Beutner et al., 1988; Hayward, 1992; 

Johnson, 1999; Jones, 1999; Sandiford, 1989; Bell & Bruce, 2006; de Roo & van Stall, 

1994; Gavin, 2004; Bell & Newman, 2006; Fergusson et al., 2007; Lister & Forster, 

2008; Beltrando et al., 2008; Abu Sharib & Bell, 2011; Johnson & Moore, 1996), or 

smaller-scale heterogeneities associated with mechanisms such as pluton 

emplacement (e.g. Pignotta & Benn, 1999; Johnson et al., 2006) or thrusting (e.g. 
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Beutner et al., 1988).  This contribution examines the causes and spatial significance 

of deformations in the Cooma Complex and Murrumbidgee aureole to assess the role 

of HTLP metamorphic zones in yielding more complete reconstructions of regional 

fold belt evolution than are available elsewhere. 

   

2. TECTONO-METAMORPHIC DEVELOPMENT OF THE WESTERN 

HTLP COOMA METAMORPHIC COMPLEX 

 

Rigorous microstructural analysis of the Western Cooma Complex in 

conjunction with high-resolution field mapping has identified the presence of at least 

seven deformations (Section C) characterized by near orthogonal foliation 

development (Section C; Johnson, 1999).  Foliation surfaces S1, S3, S5 and S6 are 

steeply inclined to sub-vertical, with S2, S4 and Sh being sub-horizontal to gently 

dipping (Section C; Johnson & Vernon, 1995; Johnson, 1999).  Evidence for these 

deformations is best preserved by the comparatively lower-grade Slacks Creek Schists 

in the Western section of the complex (Fig. 3).  By contrast, in the higher-grade 

section of the complex lithological layering has been strongly transposed parallel to 

S3, forming a composite fabric.  Evidence of any prior deformation was largely 

eradicated (Collins & Hobbs, 2001; Richards & Collins, 2002). 

Steeply dipping to sub-vertical S1 is exclusively preserved within the earliest 

generation of cordierite (Section C; Johnson & Vernon, 1995), sub-horizontal S2 in 

cordierite, andalusite and rare matrix localities (Fig. 4), S3, S4, S5 and S6 are 

distinguishable via foliation overprinting and fold interference patterns at the 

mesoscale (Figs. 5 & 6) and Sh via overprinting at the microscale (Fig. 4). Evidence 
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for the distinction of S1 and S2 as unique foliations in the Slacks Creek schists has 

been discussed in detail (Section C; Johnson & Vernon, 1995; Johnson, 1999). 

Cordierite porphyroblasts preserving S1 have mean foliation intersection/inflection 

axis, or ‘FIA’ trends (Section B; Hayward, 1990; Bell et al., 1995) between ~165°-

195° (Section C), consistent with only limited reorientation.  This is complimented by 

Johnson’s (1992) observation that they strike parallel to the regional foliation trend 

(~N-S) in horizontal thin sections.  Johnson (1999) noted a flat-lying matrix S2 in the 

psammitic units of rare F3 hinges in Slacks Creek.  Importantly, S2 is differentiated 

and oblique to bedding in the psammites of the Murrumbidgee aureole a few kms to 

the North (Richards & Collins, 2002) therefore excluding it representing a bedding-

parallel diagenetic fabric and requiring at least one prior (S1) foliation at relatively 

high angle to it.  Despite multiple post-dating deformations, initial S1 and S2 

orientations in cordierite have been broadly maintained (Section C).  Later cordierite 

and andalusite overgrowing S3 and S4 have remained continuous with the matrix 

(Section C). 

At the microscale, S5, S6 and Sh are distinguishable via their overprinting of 

the M-domains of the moderately dipping S4 crenulation cleavage and muscovite-rich 

S3 strain caps. In plan view, kink-style crenulations in the muscovite-rich strain caps 

(Section C) have a consistent ~N-S mean trend that correlates with that of F5 folding 

(Fig. 7).  However, East-West trending crenulations can also be seen within S4 that 

are orthogonal to S5 (Section C; Fig. 7).  These are upright when viewed 

perpendicular to their hinges, and correlate with a late-stage sub-vertical E-W striking 

foliation and E-W trending folds that overprint a composite S5 foliation in the East 

Slacks Creek block on the Eastern limb of the F3 Slacks Creek anticline (Fig. 8).  

They are therefore designated D6 structures.  A number of these steeply East-plunging 
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folds are present as outliers in Johnson’s (1999) F5 fold measurements for the East 

Slacks Creek block (Fig. 7) and are here distinguished as F6.  Sh crenulations are sub-

horizontal asymmetric crenulations (Section C) typically at stage 2 or 3 of crenulation 

cleavage development (Bell & Rubenach, 1983).  While these also overprint S4, they 

could not be confidently timed relative to D5 and D6 and are therefore designated Sh 

(horizontal). 

A NNW-SSE striking sub-vertical kink-style fabric that deforms S4 is 

manifested at the mesoscale within the psammitic units of Slacks Creek (Fig. 5).  

Although approximately 20° offset from microscale S5 crenulations in the pelites (Fig. 

7) these are interpreted as S5, the difference arising from cleavage refraction between 

bedding units. 

 

3. DEFORMATION MECHANISMS IN THE WESTERN COOMA COMPLEX 

 

Despite S1 and S2 being present in the Western Complex and adjacent 

Murrumbidgee Aureole, as inclusion trails of cordierite porphyroblasts in the former, 

and as inclusion trails of cordierite plus andalusite and in the matrix of the latter, no 

F1 or F2 folds have been identified in either of these areas (this study; Johnson, 1999).  

Commonly, foliation development in strongly anisotropic rocks is accompanied by 

folding.  Therefore, the apparent absence of F1 or F2 folds must be considered in 

development models for the schists.  FIA trends preserved in porphyroblasts form 

approximately perpendicular to the direction of horizontal bulk shortening (Section B; 

Hayward, 1990; Bell et al., 1995).  NNW-SSE trending FIAs in sub-vertical S1-

preserving cordierite (Section C) suggest ~ENE-WSW orientated horizontal bulk 
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shortening during D1.  This would have produced upright to sub-vertical ~NNW-SSE 

trending F1 folds.  The margins of cordierite porphyroblasts preserving sub-vertical S1 

in the Slacks Creek schists consistently inflect towards the sub-horizontal with an 

exclusive ‘S’ asymmetry in the Slacks Creek Schists when viewed facing North 

(Section C; Johnson & Vernon, 1995).  Interpretation of these curved geometries as 

crenulations representative of shear sense (e.g. Bell & Johnson, 1989; Bell & Hobbs, 

2010; Bell & Sapkota, 2012), suggests that sub-vertical D2 shortening in the Slacks 

Creek area was associated with a component of top-East shearing parallel to S2, 

overturning the initially upright F1 folds to the East (Fig. 9).  If situated on the West 

limb of a regional-scale antiform, reactivation of bedding during this process would 

have unfolded any potential parasitic F1 folds and hindered F2 development (e.g. Bell 

et al., 2003).  Alternatively, recumbent F2 folds were not developed, may have too 

large a wavelength for identification in the relatively narrow vertical profile available 

in the Western complex, or are present but have not been observed. 

D3 was the strongest deformation event to influence the Western Cooma 

Complex, the upright F3 Slacks Creek Anticline and Syncline defining the geometry 

of the area and the majority of the complex (Johnson, 1999; Richards & Collins, 

2002).  Sub-vertical inclusion trails in andalusite that wraps around S2-preserving 

cordierite have consistent NW-SE (135°-155°) mean FIA orientations (Section C) and 

strikes (Section B; Munro & Blenkinsop, 2012).  The andalusite FIA and strike 

orientations are controlled by the NW-SE striking muscovite-dominated strain caps in 

which they have grown (Section C).  These observations suggest that horizontal bulk 

shortening during D3 initiated in a NE-SW orientation.  Shortening subsequently 

migrated to ~E-W, resulting in the present N-S F3 orientation.  D3 horizontal bulk 

shortening had a similar ~E-W orientation to that during D1. Therefore, D3 would 
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have involved coaxial ‘Type 0’ tightening and potentially minor re-orientation of 

relict F1 folds (e.g. Johnson, 1999) explaining the absence of the former at the meso- 

and macroscale (Fig. 9). 

Multiple mechanisms have been proposed for fold development, including 

buckling succeeded by flexural slip (Ramsay, 1967; Williams & Jiang, 1999), the 

‘Clay brick’ model (De Sitter, 1956), ‘card deck’ model (shear folding) and 

progressive bulk inhomogeneous shortening (Bell, 1981).  Applicable mechanisms 

must account for the geometry of bedding, previous foliation surfaces and the 

associated differentiation asymmetries.  F4 folds exhibit opposing vergence 

asymmetry (Bell et al., 2003) on either limb, however the axial planar S4 crenulation 

cleavage has an exclusive ‘Z’ differentiation asymmetry irrespective of position 

across the folds when observed facing North.  This asymmetry is consistent across the 

schists of the West and East Slacks Creek blocks (Section C; Granath, 1980; Johnson, 

1999).  Therefore, the configuration precludes buckling succeeded by flexural slip as 

the operating mechanism; which results in opposing differentiation asymmetries on 

either limb (e.g. Williams & Jiang, 1999).  Interpretation of the consistent ‘Z’ 

crenulation asymmetry of S4 and syn-D4 andalusite inclusion trails when facing North 

(opposite to that associated with S2) suggests a component of top-West shearing in 

addition to a likely component of shortening normal to S4 (Fig. 9).  This is consistent 

with F3 folds in the western complex presently being over-folded to the West. 

A consistent differentiation asymmetry on both limbs of F4 folds is 

alternatively consistent with other mechanisms such as bulk inhomogeneous 

shortening (Bell, 1981; 1985).  Application of this model may explain a broad 

conservation of cordierite and andalusite porphyroblast orientations within the QF 

microlithons during D4. 
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D5 folded the dominant S4 crenulation cleavage locally around shallowly ~N-S 

plunging concentric and asymmetrical F5 folds, reflected in the best-fit girdle to S4 

poles (Fig. 6).  Microscale S5 crenulations overprint S4.  Motion of the Spring Creek, 

Slacks Creek and Wambrook creek thrust was East-over-West (Johnson, 1999) and 

occurred syn-D5 or later, supported by their spatial correlation with first appearances 

of indicator mineralogy (some of which nucleated Syn-D4). 

D6 involved approximately N-S orientated horizontal bulk shortening 

producing sub-vertical E-W trending S6 crenulations that overprint S4. The angularity 

of S6 crenulations suggests lower temperature deformation. 

Flat-lying Sh development would have involved approximately vertical bulk 

shortening.  Whilst present in many of the samples, the impact of Dh deformation 

upon the mesoscopic geometry of the Western complex is difficult to determine, it’s 

influence being only readily distinguishable at the microscale.  Pre-existing F4 folds 

may have been tightened, and some affiliated to D4 may instead be Dh related.   

 

 

 

4.  EVALUATING THE ROLE OF STRAIN HETEROGENEITIES IN THE 

DEVELOPMENT OF THE COOMA COMPLEX 

 

 Foliation development may reflect orogen-scale bulk displacement fields (e.g. 

Helmstaedt and Dixon, 1980; Zwart, 1979; Aerden, 1994; 1995; Hayward, 1992; 

Johnson, 1999; Jones, 1999; Sandiford, 1989; de Roo & van Stall, 1994; Bell & 

Newman, 2006; Fergusson et al., 2007; Lister & Forster, 2008; Beltrando et al., 2008; 
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Abu Sharib & Bell, 2011; Johnson & Moore, 1996) or smaller-scale strain 

heterogeneities arising from thrusting (e.g. Beutner et al., 1988; Searle et al., 2006; 

Quentin de Gromard, 2011) or pluton emplacement (Soula, 1982; Pouget, 1991; 

Pignotta & Benn, 1999; Johnson et al., 2006).  These possibilities must be evaluated 

carefully when reconciling the spatial significance of observed deformations within 

an orogen-scale framework. 

 

4.1 Structural differences between the western and eastern complex 

 

Upright, North-South trending folds in the higher-grade Eastern Complex 

were initially correlated with F3 folds in the Western Complex (Hopwood, 1966; 

1967; Johnson & Vernon, 1995) but were later established as F5 (Collins & Hobbs, 

2001; Richards & Collins, 2002). F4 folds in the Eastern Complex deform a strong 

composite sub-vertical S0/S3 fabric and are subsequently re-folded by the upright F5 

generation (Fig. 3; Collins & Hobbs, 2001). F4 and F5 bedding (S0) folds in the 

higher-grade Eastern complex are macroscopic (km-scale), whereas in the Western 

complex both generations are mesoscopic (the largest documented wavelength being 

in the order of a few metres).  Development of the grander-scale F5 bedding folds in 

the Eastern complex was facilitated by the larger-scale F4 limbs.  Conversely, an 

absence of macroscopic F4 folding in the Western complex restricted the scale of F5 

bedding folds in the Western complex.   

Measurements of the S4 foliation in the gneisses of Cooma Back Creek 

immediately to the Southeast of the Granodiorite in this study show that it dips 20-30° 

to the North (Fig. 6) consistent with both the East-West trend of the F4 folds 

immediately to the East and Northeast of the Granodiorite and the ~20-25° Northward 
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plunge of overprinting F5 folds (Richards & Collins, 2002).  Therefore, the orientation 

of D4 structures in the high-grade zone does not vary around the pluton.  In an 

exposure of bedded migmatites in Spring Creek to the West of the Spring Creek thrust 

(Fig. 3) S4 measurements (Fig. 6) also correlate with its orientation surrounding the 

Granodiorite in the Eastern Complex.  S4 crenulations and syn-D4 andalusite and K-

feldspar porphyroblasts in the gneisses to the East of the Spring Creek thrust do not 

share the consistent top-West asymmetry present in the West and East Slacks Creek 

blocks. 

Shallowly dipping, E-W trending S4 orientations in the Eastern complex strike 

at high angle to their counterparts in the Western complex, which have a moderate 

(~20-50°) Eastward dip (Fig. 6; Johnson, 1999; Granath, 1980).  Whilst the majority 

of S4 measurements in stereoplots derived from the West Slacks Creek block dip 

approximately East and suggest clustering (Fig. 6), the best-fit girdle through these 

and measurements acquired from rare localities on the opposite limbs of F5 folds 

furnishes an N-S axis consistent with the trend of F5 folding.  This strongly suggests 

that the strike and orientation of ~N-S strike of S4 in the Western half of the complex 

reflects reorientation and rotation during D5. The consistent asymmetry of F5 folding 

of S4 throughout the area is consistent with this (Fig. 5; Fig. 2 of Section C).  Figure 

19 of Johnson (1999) demonstrates that S3, S4 and S0 in the East Slacks creek block 

on the Eastern limb of the F3 Slacks creek anticline have been strongly rotated into 

alignment with each another during D5.  At the mesoscale, rare steeply-inclined relict 

S3 crenulations can be observed at low angle to the D5 composite fabric in these high-

strain zones (this study) supporting that S3 and S4 were both developed on this limb 

prior to D5. 
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D5 produced no penetrative schistosity in the Western complex, instead only 

producing crenulation lineations in the M-domains of S4.  Therefore, a component of 

shearing along an S5 fabric to rotate S4 is not applicable.  In the D5 high-strain zone 

on the Western limb of the F3 Slacks Creek anticline, tightening of the anticline would 

have involved East-side-up flexural slip along bedding (consistent with rotation of 

veins in this manner shown by Johnson, 1999).  Alternatively, the West-side-up 

rotation and decrenulation of S4 in the pelites into parallelism with S0 and S3 likely 

occurred via D5 reactivation of the pre-existing S3 foliation.  A less intense West-side-

up rotation of S4 occurred throughout the West Slacks creek block on the Western 

limb. This was accentuated locally at the cm-scale by West-side-up flexural slip on 

bedding during tightening of the anticline (e.g. Johnson, 1999).  The E-W strike of S4 

in the higher grade Eastern complex suggests that it wasn’t rotated by reactivation of 

the N-S striking S3 and that its strike has remained representative of its original 

orientation.  The transition from rotated in the West to a lack of to the East occurs just 

West of the Spring Creek thrust (Fig. 3) coinciding approximately with the transition 

in lithology from schists to gneisses.  Therefore, the difference in behaviour during D5 

may have resulted from the differently behaving lithologies, or a contrast in the style 

and behaviour of S3 between them.  Alternatively, the matrix of the pelitic gneisses 

being almost entirely overgrown by a mosaic of andalusite and K-feldspar 

porphyroblasts (Section C) may have inhibited S4 rotation via S3 reactivation. 

While S4 is dominantly asymmetrical with a consistent ‘Z’ geometry when 

facing due North, some sections of the differentiation asymmetry are symmetrical.  

Significantly, this indicates an important component of shortening perpendicular to 

the developing S4 in addition to the suggested top-West shearing.  S4 generation is 

therefore incompatible with a thrust-derived origin, which would involve 
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heterogeneous simple shear with S4 representing kinematic flow planes sub-parallel to 

the associated thrusts with no component of foliation-normal shortening.  

Additionally, the S4 cleavage is not shear band type, which would be expected if it 

were thrust-related.  Thus, D4 vertical shortening intervening local D3 and D5 E-W 

horizontal bulk shortening was not a response to the complex migrating over a 

horizontal (or mildly inclined) flat within a ramp-flat thrust system. 

 

4.2 Relationship between pluton emplacement and structural evolution 

 

Flat lying foliations may form structurally above a pluton during its 

emplacement (Soula, 1982; Pouget, 1991; Pignotta & Benn, 1999; Johnson et al., 

2006). In the Eastern Cooma Complex, flat-lying S4 and sub-vertical S5 development 

are partly contemporaneous with stages of Cooma Granodiorite emplacement 

(Richards & Collins, 2002).  Upright F5 folds extend substantially to the North away 

from the Granodiorite (Richards & Collins, 2002) and S5 is a strongly developed 

tectonic foliation within the pluton.  The pluton intrudes subcordantly along S4 and is 

partially deformed by F4 folds (Collins & Hobbs, 2001; Richards & Collins, 2002).  

The consistent E-W strike of S4 and E-W trend of F4 folds in the high-grade zone 

surrounding the Cooma Granodiorite (Fig. 3; Fig. 6; Collins & Hobbs, 2001; Richards 

& Collins, 2002) show that S4 does not dome around the pluton.  These observations 

suggest that the onset of local D4 vertical shortening pre-dates pluton emplacement 

and has another cause.  It may however have been locally intensified during 

emplacement.  Counterparts to the S4 cleavage are present in the West Slacks Creek 

block up to ~7km from the narrow ~3km-wide Granodiorite. 
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5. METAMORPHIC REACTIONS AND ASSOCIATED P-T-T-D 

TRAJECTORY 

 

Johnson & Vernon (1995) attributed the sequential growth of cordierite 

followed by andalusite in the Slacks Creek Schists to the following reactions: 

 

1   𝐶ℎ𝑙 +𝑀𝑠  + 𝑄𝑡𝑧   →   𝐶𝑟𝑑 + 𝐵𝑡 + 𝐻!𝑂 

2   𝐶𝑟𝑑 +𝑀𝑠 → 𝐴𝑛𝑑 + 𝐵𝑡 + 𝐻!𝑂 

 

Observations in the cordierite-andalusite schists examined here are consistent 

with this; however new observations of porphyroblast growth timing (Section C) must 

be considered.  The growth of third-generation andalusite over the S4 crenulation 

cleavage (Section C) is also attributed to reaction (2).  However, other samples exhibit 

approximately simultaneous growth of cordierite and andalusite over S2, suggesting 

the localized involvement of a reaction: 

 

3   𝐶ℎ𝑙 +𝑀𝑠  + 𝑄𝑡𝑧   →   𝐶𝑟𝑑 + 𝐵𝑡 + 𝐴𝑛𝑑 + 𝐻!𝑂 

 

Later cordierite also overgrew both the sub-vertical S3 matrix foliation and S4 

differentiated cleavage (Section C) synchronous with andalusite growth in the 

cordierite-andalusite schists.  These nucleated in samples devoid of andalusite and 

significant prior cordierite growth and therefore a number of reactions may be 

considered.  Later cordierite may have formed at the expense of andalusite via 

reversal of reaction (2), however this is incompatible with the lack of any andalusite 

back-reaction to form cordierite in neighbouring rocks containing both phases (this 
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study; Johnson & Vernon, 1995).  Additionally, the absence of associated K-feldspar 

at the metamorphic grade experienced by the schists also precludes the reaction: 

 

 (4) 𝐵𝑡 +𝑀𝑠 + 𝑄𝑡𝑧 →   𝐶𝑟𝑑 + 𝐾𝑓𝑠 + 𝐻!𝑂   

 

Chlorite may remain stable over a range of P-T conditions; therefore reaction 

(1) appears most applicable to these later stages of growth, suggesting either a 

deformational control on sites of porphyroblast growth or local compositional 

variations.  Potentially, this may have involved a minor retrogression interval 

producing chlorite prior to the growth of later cordierite.  Therefore, whilst a minor 

retrogressive interval may have occurred during the prograde path (Fig. 10) an overall 

anticlockwise P-T-t-d trajectory and essentially isobaric retrograde path for the Slacks 

Creek schists (Johnson & Vernon, 1995) is consistent with the newly documented 

observations.  Consequently, the deformation element of the pre-established P-T-t-d 

path is modified, not its geometry.  Richards & Collins (2002) inferred a similar series 

of reactions for sequential cordierite followed by andalusite growth in the adjoining 

schists of the Murrumbidgee Aureole (Fig. 4) suggesting an analogous trajectory. The 

porphyroblast growth history preserved in the pelitic gneisses (Section C) is 

consistent with that outlined by Johnson & Vernon (1995). 

 

 

6. TEMPORAL CONSTRAINTS FOR THE COOMA COMPLEX 

 

Johnson (1999) endeavoured to correlate deformations in the Cooma Complex 

with those in the surrounding region, considering its tectono-metamorphic 
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development to span the Late Ordovician to the Early to Middle Devonian.  

Subsequent U-Pb SHRIMP ages (Williams, 2001) for protolith deposition (459±7Ma 

youngest detrital zircon population) and Granodiorite crystallization (432.8 ± 3.5 Ma) 

now provide absolute constraints upon the timing of these deformations, the latter 

being synchronous with D5.  The youngest detrital zircons in the biotite schist 

analyzed yielded ages of 456±8Ma and 459±5Ma (Williams, 2001, supp. material).  

Therefore, local D1-5 in the complex span from approximately the late Ordovician to 

Mid Silurian (Mid to Late Llandovery).  The maximum possible deposition age of the 

protoliths and minimum emplacement age of the Granodiorite constrain the tectono-

metamorphic evolution of the complex into a maximum conservative ~35My time 

window between 464Ma - 429Ma. 

 

7. COEVAL SEDIMENTARY RECORD, BASIN EVOLUTION AND 

MAGMATISM 

 

Periods of rift basin development and inversion during orogenesis record 

alternation between approximately vertical bulk shortening and horizontal bulk 

shortening, respectively (Fergusson & Coney, 1992; Collins, 2002).  Therefore, the 

timing of unconformities and rifting may be examined in conjunction with the 

deformation histories preserved by foliation, fold and thrust development.  Upper 

crustal architecture throughout the Eastern Fold Belt during the Late Ordovician to 

Mid Devonian (Fig. 11) is characterized by alternating phases of N-S trending rift 

basin development and subsequent inversion, recorded by the troughs at 

Parkes/Tumut, Molong, Hill End and Capertee/Mallacoota.  Two phases of shortening 

recorded at ~445Ma and ~435Ma (Stuart-Smith et al., 1992; Collins, 2002) are 
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contemporaneous with the tectono-metamorphic evolution of the Cooma Complex 

and Murrumbidgee aureole.  These shortening episodes are separated by a phase of 

rifting, with further rifting recommencing after the second. 

Sedimentation throughout basin evolution is dominated by deep marine facies 

conditions persisting from the Late Ordovician to the Late Silurian and Mid Devonian 

in places (Foster & Gray, 2000; Gray & Foster, 2004).  In the Hill End trough near 

Cooma, quartz-turbidite deposition persisted until the Mid-Devonian at ~395Ma 

(Foster & Gray, 2000).  Similar conditions were recorded further inboard at 

Tabberabbera and Wagga-Omeo in the Central Fold Belt and the Melbourne Zone of 

the Western Fold Belt (Foster & Gray, 2000; Foster et al., 2009).  Sediment flux into 

the marginal ocean basin was sourced from the preceding (~550-470Ma) Delamerian 

Orogen to the West (Foster & Gray, 2004).  Widespread deep marine facies 

sedimentation was succeeded by an orogen-scale regression in the Early to Mid 

Devonian. 

Magmatism, both intrusive and extrusive, was bi-modal within the developing 

rift basins throughout the Silurian and Devonian (Collins, 2002; Gray & Foster, 2004).  

50% of the Central and Eastern Fold Belt is composed of granitoid exposure 

emplaced between the late Ordovician to early Devonian, the majority of which are S-

type batholiths.  The Macquarie Arc was a voluminous Mafic island arc that spread 

throughout the Eastern Fold Belt from the early to late Ordovician (Glen et al., 1998).  

Many granitoid bodies throughout the Eastern Fold Belt contain gabbroic complexes 

and other mafic material (Collins & Hobbs, 2001) including the immediately adjacent 

Murrumbidgee Batholith (Collins, 2002), the Gunningrah pluton of the Cambalong 

Complex and the Bega Batholith (Richards et al., submitted).  Significant mafic 
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volcanics were also produced in the proximate Tumut trough (Stuart-Smith et al., 

1992). 

 

8. SPATIAL SIGNIFICANCE OF DEFORMATION EVENTS IN THE 

COOMA COMPLEX 

 
 
 Deformation partitioning produces structures with varying degrees of spatial 

significance (e.g. Worley & Wilson, 1996; Solar & Brown, 2001; Bell et al., 2004; 

Bell & Sanislav, 2011).  This has implications in high-grade metamorphic terranes, 

where thermal perturbations and an enhanced potential for dynamic recrystallization 

render rocks more susceptible to strain (e.g. Collins & Vernon, 1991; Sandiford et al., 

1991; England et al., 1993; Worley & Wilson, 1996).  Therefore, the regional 

significance of deformations in the Cooma Complex not readily attributable to strain 

heterogeneities arising from thrusting or pluton emplacement must be considered. 

 

8.1 Correlation with structures in the adjacent Murrumbidgee aureole 

 

The dominant upright F3 and F5 folds within the Cooma Complex have been 

traced Northward through the Murrumbidgee aureole along the margin of the Eastern 

Lobe of the Murrumbidgee Batholith (Collins & Hobbs, 2001; Richards & Collins, 

2002) with the former extending for over 30km. Richards & Collins (2002) also 

identified two pre-D3 foliations in the cordierite-andalusite schists of the 

Murrumbidgee aureole, correlating with local S1 and S2.  Therefore, local D1, D2, D3 

and D5 in the complex are also present in the Murrumbidgee aureole.  However, no 
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counterparts for S4, S6 or Sh have been recognised (Richards & Collins, 2002).  

Situated along the lateral western margin of the syn-D3 Murrumbidgee batholith, the 

aureole would occupy a strain shadow during both N-S D6 horizontal bulk shortening 

and vertical shortening (D4 and Dh). 

 

8.2 Correlation with regional deformation in the Lachlan Fold Belt 

 

Deformation in the Lachlan Fold Belt during the Late Ordovician to Late 

Silurian (~450-420Ma) is broadly categorized into two events (Collins & Hobbs, 

2001): the Early Benambran (~450-440Ma) and Late Benambran (~435-423Ma).  The 

earliest detectable continuous-distributed or ‘ductile’ deformation manifested in the 

greenschist facies Adaminaby Group metaturbidites surrounding the complex are 

upright, East-West trending Early Benambran F1 folds and S1 cleavage (considered 

regional D1) recording N-S horizontal bulk shortening (Stuart-Smith et al., 1992; Glen, 

1992; Glen & Lewis, 1994).  Similarly timed E-W trending structures are also present 

to the North around the Wyangala Batholith (Glen & Vandenberg, 1987) and also in 

the Cobar region of the Central Fold Belt (Glen, 1992).  Other Early Benambran 

structures include recumbent folds at Bradleys Creek near Canberra (Stauffer & 

Rickard, 1967; Carson & Rickard, 1998) constrained as ~450-440Ma (Collins & 

Hobbs, 2001).  Intense E-W regional D2 horizontal bulk shortening re-folded the E-W 

trending D1 structures, developing the strong N-S trending structural grain of the 

Eastern Fold Belt (Glen & Lewis, 1994).  Regional D2 deformation was overprinted 

by the development of more upright N-S trending regional D3 structures. 

A proposed correlation of deformation in the Cooma Complex with regional 

deformation in the Eastern Fold Belt is provided in Figure 12.  Early regional D1 N-S 
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shortening at ~450-440Ma corresponds with no known structures within the Cooma 

Complex, being incompatible with a post ~433Ma (post-D5) timing for local D6 N-S 

shortening.  Early N-S shortening may have partitioned such that it was not developed 

in the Cooma Complex.  Sub-vertical N-S striking S1 in the Cooma Complex does not 

correlate directly with any specific regional foliation surfaces, however its orientation 

is consistent with extensive E-W bulk shortening during the Early Silurian (regional 

D2 and D3).  The consistency in S1 inclusion trails (Section C; Johnson, 1992), 

association with an earlier generation of strain shadow, and the differentiated 

character of S2 in the Murrumbidgee aureole (Richards & Collins, 2002) strongly 

suggest that it was not rotated into its present orientation.  Recumbent folding during 

the Early Benambran may correlate with S2 vertical shortening in the complex.  The 

timing and orientation of local S3 and S5 within the complex corresponds to regional 

D2 and D3.  Initial NE-SW shortening during the onset of D3 (suggested by andalusite 

inclusion trails and strain caps around cordierite) is consistent with the suggestion of 

regional shortening in this orientation in Eastern Fold Belt (Glen, 1992) and Wagga-

Omeo metamorphic complex in the Central Fold Belt (Collins & Hobbs, 2001).  

Approximately NE-SW shortening of comparable timing (~443Ma) was also recorded 

by inclusion trails in staurolite porphyroblasts of the Greenvale province of Northern 

Queensland (Ali, 2010).  Potential East-over-West shearing during local D4 at Cooma 

(associated with S4 development) is consistent with East-over-West thrusting and 

overturning of regional N-S trending F2 folds to the West of Cooma (Glen & Lewis, 

1994). 

While three episodes of approximately vertical shortening are manifested at 

Cooma, no flat lying fold or foliation counterparts may be specifically correlated with 

S4 or Sh (e.g. Glen & Vandenberg, 1987; Glen, 1992; Stuart-Smith et al., 1992; Glen 
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& Lewis, 1994).  Continuous-distributed structures throughout the low-grade regional 

greenschists emphasize phases of horizontal bulk shortening.  Basin inversion at 

~435Ma correlates with D5 E-W horizontal bulk shortening, D5 was contemporaneous 

with crystallization of the Cooma Granodiorite.  Therefore, while no flat lying 

foliation counterparts have been identified elsewhere, D4 or Dh vertical bulk 

shortening may correlate with the period of lithospheric thinning that precedes the 

~435Ma unconformity (Fig. 12).  The earlier ~445Ma basin inversion may correlate 

with either D1 or D3. 

Post ~433Ma timing of local D6 N-S shortening corresponds to one of at least 

three N-S shortening episodes recorded within the Lachlan Fold Belt in the Late 

Silurian at ~424-420Ma (Miller et al., 2001; Gray & Mortimer, 1996), 390-380Ma 

(Gray & Foster, 2004) and during the Carboniferous Kanimblan Orogeny at ~330Ma 

(Gray & Foster, 2004).  North-South shortening in the Late Silurian was focused in 

the Stawell and Melbourne Zones of the Western Lachlan and that in the 

Carboniferous by ‘mega kink’ folding ~100km East of Cooma at Batemans Bay, 

Bermagui and Narooma (Powell, 1984; Powell et al., 1985; Gray & Foster, 2004).  

Carboniferous North-South shortening has been considered part of a major continent-

wide deformation manifested throughout the Lachlan Fold Belt, Thomson Orogen and 

Alice Springs Orogeny in Central Australia (Powell, 1984). 

 

8.3 Explaining differences in structural evolution between the complex and 

surrounding region 

 

Orthogonal foliation development in the Cooma Complex and Murrumbidgee 

aureole reflects regional-scale tectonic mode switching, consistent with alternations 
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between lithospheric thinning and ~E-W orientated bulk shortening recorded in basins 

of the Eastern Fold Belt (Collins, 2002; Fig. 11).  The slowest possible 6-7 My period 

model for tectonic mode switching in the fold belt provided by absolute constraints 

upon local D1-D5 in the complex is consistent with intervening vertical shortening 

resulting from gravitational collapse (e.g. Bell & Johnson, 1989; Aerden & 

Malavieille, 1999; Liu et al., 2000; Bell & Newman, 2006; Bell & Sapkota, 2012), 

slab hinge retreat-induced horizontal bulk extension (Gibson, 1991; Collins, 2002; 

Schellart et al., 2002; Lister & Forster, 2008; Schellart, 2008; Rosenbaum & Mo, 

2011) or progressive recumbent folding of the subducted slab at the ~670km upper-

lower mantle boundary (Schellart, 2005). 

  Differences in the structural evolution preserved by the HTLP metamorphic 

zones and surrounding low-grade greenschist facies rocks stem from two main 

factors: 1) thermal softening in the complexes, and 2) associated porphyroblast 

growth.  Thermal softening in localized HTLP complexes facilitates the preferential 

development of foliations and allows their distinction from one another via 

overprinting patterns.  Foliation counterparts in lower-grade greenschist facies rocks 

of the Eastern Fold Belt may be more poorly developed or essentially absent.  This is 

highlighted by an absence of axial planar cleavage associated with a number of the 

dominant upright N-S trending folds situated within a few kms of the Cooma 

Complex (Fig. 13) and recumbent folds near Canberra (Stauffer & Rickard, 1967; 

Fergusson & Coney, 1992). 

Associated porphyroblast growth over foliations in areas of HTLP 

metamorphism is essential for foliation preservation, preventing their concealment 

during the effects of later deformation. S1 being preserved in cordierite in the Cooma 

Complex and Murrumbidgee aureole exemplifies this, the foliation being no longer 
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detectable in the bulk matrix.  Consequently, N-S folds in the porphyroblast-devoid 

lower grade rocks of the Eastern Fold Belt may have resulted from a more 

incremental development than suggested by their relatively simple mesoscale 

geometries.  Any S1 would have been reactivated and intensified by similarly 

orientated ~E-W shortening during regional S2 and S3.  These observations suggest 

that areas of HTLP metamorphism may provide more detailed information on fold 

belt evolution than is available elsewhere.  However, local D1 may have had less 

impact upon the meso- and macroscopic geometry of the surrounding fold belt than in 

the Cooma Complex, being accentuated by thermal softening. 

 

9. CONCLUSIONS 

 
Detailed investigation of the high-temperature low-pressure Cooma 

Metamorphic Complex in the Eastern Lachlan Fold Belt of S. E. Australia documents 

a greater number of deformations than generally reported in surrounding regional 

greenschist facies counterparts. These six deformations alternate between 

approximately sub-vertical and sub-horizontal foliation development and are not 

readily attributed to local strain fields associated with pluton emplacement or 

thrusting.  Therefore, they are interpreted to reflect a record of regional-scale changes 

in principal shortening orientation within the Eastern Lachlan Fold Belt.  The 

preferential partitioning of foliations into the thermally softened complex has 

facilitated their distinction via overprinting relationships.  A similar pattern of mode 

switching between ~E-W and vertical bulk shortening is recorded by basin evolution 

during the Late Ordovician to Mid Devonian throughout the fold belt, suggesting that 

foliations in the complex may represent a mid-crustal response to these processes.  
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While no regional foliation surfaces correlate directly with flat lying S4 or Sh 

development, vertical bulk shortening associated with these events appears to 

correspond to a period of rift basin development throughout the fold belt’s Eastern 

structural domain.  Porphyroblast growth is essential in yielding hidden information 

on fold belt evolution, preventing the concealment of earlier deformation.   Structural 

developments may be incomplete in rocks devoid of porphyroblast growth. 
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ABSTRACT 

 

Geochemical bulk rock analysis of the undifferentiated Spring Creek pelitic gneisses 

and strongly differentiated Slacks Creek schists of the high-temperature low-pressure 

Cooma Metamorphic Complex of S. E. Australia demonstrates them to possess highly 

similar major and trace element compositions.  Isocon analysis of the chemical 

components indicates that the schists and gneisses are not related purely through 

isochemical metamorphic transition, as there is evidence of a small degree of protolith 

variation. Panchromatic scanning electron microscope and wavelength spectral 

cathodoluminescence (SEM-CL and W-CL) imaging of the schists shows quartz and 

feldspar (albite) inhabiting the mica-rich (M-) and quartz/feldspar-rich (QF-) domains 

of the prominent S4 differentiated crenulation cleavage to exhibit identical signatures 

and lack any textural evidence of subsequent overgrowths or significant variations in 

(CL-activating) trace element concentrations.  Lower intensities across the entire W-

CL spectra in M-domain quartz may reflect subjection to higher strain relative to that 

experienced by their counterparts in the QF-domains.  Quartz and albite precipitated 

in syn-D4 veins show indistinguishable SEM-CL and W-CL signatures to that 

throughout the host rock.  Therefore, all quartz in the schists records either syn-D4 

(~peak) or post-D4 metamorphic conditions and detrital signatures have been 

overprinted.  Comparison with previously documented quartz behaviour with varying 

metamorphic grade strongly suggests it to have re-equilibrated at low-temperature 

(retrograde) conditions.  Electron probe microanalyzer (EPMA) compositional 

mapping demonstrates that albite precipitated syn-D4 also has indistinguishable major 

element composition to pre-existing grains.  W-CL signatures in quartz inclusions 
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preserved in cordierite and andalusite porphyroblasts of different timing preserve the 

same metamorphic conditions, having continued to evolve in response to changing 

pressure-temperature conditions along with that in the bulk matrix.  Therefore, W-CL 

of quartz inclusions cannot be utilized to distinguish between different generations of 

porphyroblast.  Coarse recrystallization of a number of porphyroblast strain shadows 

syn-D4 has resulted in a relative depletion in albite with respect to the surrounding 

bulk matrix.  Therefore, strain shadows in the Slacks Creek schists are not necessarily 

representative windows of pre-porphyroblast matrix composition. 

 

Keywords:  crenulation cleavage, metamorphic differentiation, mass transfer, strain 

shadow, cathodoluminescence 
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1. INTRODUCTION 

 
Differentiated crenulation cleavage development is a fundamental process in 

poly-deformed metamorphic rocks.  The phenomenon entails a partitioning of the 

bulk rock into two sets of compositionally distinct domains (Gray, 1979; Bell & Cuff, 

1989; Mancktelow, 1994) one characterized by a dominance of quartz-feldspar (QF-

domains) and the other micas (M-domains). This is achieved via the microscopic 

folding of a pre-existing matrix schistosity, with more readily soluble phases such as 

quartz, calcite and feldspar being preferentially removed from the high-strain limbs of 

the developing crenulations (Marlow & Etheridge, 1977). It is generally accepted that 

crenulation cleavage development involves six stages of progression (Bell & 

Rubenach, 1983) with the two final stages potentially eliminating evidence of the 

prior schistosity.  The dissolution of material from the crenulation limbs is attributed 

either to normal stress-induced pressure solution at grain boundaries (e.g. Durney, 

1972; Rutter, 1983) or strain-induced variations in dislocation density (e.g. Bell et al, 

1986; Vernon, 2004).  The resulting M-domains that define the new fabric undergo a 

volume reduction and are thereby depleted in quartz and enriched in mica relative to 

the low-strain hinges (QF-domains) that preserve the older fabric. 

 Whilst the dissolution of material from the limbs of developing crenulations is 

well accepted, the fate of this material and mass transfer mechanisms responsible are 

more poorly understood (Williams et al., 2001).  Two end-member models exist for 

the re-precipitation of the solutes, both producing the characteristic contrast in 

composition observed between the domains.  The first considers essentially closed 

system behaviour involving local-scale recycling of the material into the neighboring 

or highly proximate crenulation hinges (e.g. Marlow & Etheridge, 1977; Gray & 

Durney, 1979) producing new grains and overgrowths on pre-existing ones.  Recent 
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numerical simulations (Naus-Thijssen et al., 2010) have suggested that the local 

transfer of material into the QF-domains is driven by fluid pressure gradients linked to 

volumetric strain gradients. If the majority of material is locally re-precipitated, this 

results in marked increases in the quartz (± feldspar ± calcite) content, and 

consequently volume, of the QF-domains relative to their initial state.  However, at 

the bulk sample scale the net composition and volume would be essentially 

conserved, simply involving a local redistribution of elements.  Conversely, the 

alternative considers open system behaviour whereby the majority of dissolved 

material is removed from the host rock.  This would instead involve a significant 

alteration of the bulk rock composition and volume, with the QF-domains essentially 

retaining their original chemistry and volume (Bell et al., 1986).  Where significant 

quantities of material are removed from the system, the accompanying reduction in 

rock volume will serve to accommodate some of the imposed stresses.   

Many studies addressing crenulation cleavage development have concluded 

that bulk rock composition and volume have been essentially conserved throughout 

the process (e.g. Saha, 1998; Williams et al., 2001) whereas others have documented 

volume losses of up to ~40% (e.g. Mancktelow, 1994) or 50% in slates (Wright & 

Henderson, 1992).  This contribution investigates material redistribution during 

crenulation cleavage development in the Slacks Creek schists of the high-temperature 

low-pressure Cooma Metamorphic Complex of S. E. Australia.  A combination of 

bulk rock composition data, standard optical microscopy, cathodoluminescence (CL) 

imaging and electron microprobe (EPMA) compositional mapping is used to examine 

quartz and feldspar grains occupying the QF-domains, residuals surviving within the 

M-domains, those precipitated in synchronously forming veins, inclusions in 

cordierite and andalusite porphyroblasts and porphyroblast strain shadows. 
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2. GEOLOGICAL SETTING 

 
The Cooma Metamorphic Complex is one of a number of high-temperature, 

low-pressure, metamorphic complexes situated within the Eastern structural domain 

of the Palaeozoic Lachlan Fold Belt of S. E. Australia (Johnson & Vernon, 1995; 

Johnson, 1999; Foster & Gray, 2000). The quartz-rich turbidites composing the 

complex were deposited at ~450 Ma (Williams, 2001) and form part of the Late 

Ordovician Adaminaby Group. The structural grain of the complex is N-S trending, 

reflecting E-W orientated horizontal bulk shortening associated with the Early and 

Late ‘Benambran’ deformations during the Early to Late Silurian (Collins & Hobbs, 

2001).  The ‘regional’ type aureole of the complex (White et al., 1974) exhibits an 

eastward intensification in metamorphic grade between the regional greenschist facies 

metasediments and the ~435 Ma Cooma Granodiorite (Williams, 2001) that occupies 

its centre. Isograds progress through schists (chlorite, biotite, cordierite then cordierite 

± andalusite), gneisses (cordierite + K-feldspar followed by andalusite + K-feldspar) 

and migmatites (initially ‘bedded’ evolving to more extreme anatexis with nearing 

proximity to the pluton). To the north, the isograds are continuous into the aureole 

surrounding the S-type Murrumbidgee Batholith where they gradually taper out and 

terminate after approximately 50km (Richards & Collins, 2002). Throughout its 

tectono-metamorphic development the complex experienced at least seven 

distinguishable deformation events (Section C; D) involving an alternation between 

approximately horizontal and vertical bulk shortening (Johnson, 1999; Section C; D). 

Johnson & Vernon (1995) documented that porphyroblast growth in the cordierite-

andalusite (Slacks Creek) schists involved two generations of cordierite succeeded by 
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one of andalusite. Subsequent observations (Section C) reinforced the sequential 

growth of cordierite followed by andalusite, but also revealed that cordierite had 

overgrown four foliations and andalusite at least two. Porphyroblast growth in the 

higher grade andalusite – K-feldspar (Spring Creek) gneisses involved two 

generations of cordierite, succeeded by essentially simultaneous tabular andalusite 

and K-feldspar, followed by poikiloblastic andalusite, fibrolite and tabular sillimanite 

(Johnson & Vernon, 1995; Section C). 

Approximately vertical D4 shortening produced a remarkable S4 differentiated 

crenulation cleavage in the Slacks Creek schists (Fig. 1) the newly formed M-domains 

of which comprise up to ~40% of the rock volume. The differentiated cleavage 

crenulates the strongly developed sub-vertical penetrative S3 cleavage axial planar to 

regionally significant N-S trending F3 folds that define the structure of the complex. 

At present the prior S3 cleavage is relatively homogenous, showing little evidence of 

prior differentiation.  Being extremely well defined, the S4 crenulation cleavage 

presents an excellent opportunity to investigate mass transfer processes and 

deformation mechanisms operating during its development in the Cooma rocks. The 

prolific growth of andalusite and K-feldspar porphyroblasts over the dominant S3 

cleavage in the Spring Creek gneisses ~2km to the East has contrastingly inhibited the 

development of a post-D3 differentiated crenulation cleavage (Fig. 1). In the pelitic 

gneisses, S4 has manifested as a weak undifferentiated schistosity around the 

porphyroblasts (Section D).  Additionally, S3 inclusion trails preserved within the 

andalusite and K-feldspar lack evidence for prior differentiation.  While the gneisses 

sampled were extracted from the lowest grade of migmatites, leucosomes are 

relatively minor compared to rocks to the West, where grade increases.  Fresh 

samples were acquired avoiding leucosome proximity as much as possible.  
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Therefore, the pelitic gneisses have largely maintained their syn-D3 or pre-D3 

composition.  Showing no evidence for prior differentiation, they may also remain 

representative of their initial protolith compositions. There is also no evidence of 

metasomatism in these rock packages. 

 

3. ANALYTICAL TECHNIQUES 

 

3.1 Bulk rock sampling & preparation strategy 

 
Fourteen representative samples of the Slacks Creek schists and seven of the 

Spring Creek pelitic gneisses (Fig. 2) were purposely chosen based upon a lack of 

weathering and alteration and the confident distinction between QF- and M-domains 

in thin section.  The gneiss samples are all of lower grade than the first appearance of 

bedded migmatites (Vernon et al., 2003) and therefore compositional modification 

resulting from anatexis may be excluded. 

At least 3 - 4kg of each sample was extracted.  Initially, the samples were 

rigorously cleaned with a plastic brush to remove any soil and at least 1-1.5 cm 

ground off all margins using a diamond wheel in order to ensure the removal of any 

potential external contamination.  Samples were then placed in a sonic bath for 45 

minutes, dried overnight in an oven, crushed into small chips with a hydraulic crusher 

and milled to a < 50 micron powder in a tungsten carbide ring mill.  The well-

established Coning and Quartering technique (Crosby & Patel, 1998; McLennan et 

al., 2001; Gerlach & Nocerino, 2003; Mathur, 2004; Bhadra et al., 2007) was then 

used in order to reduce the sample size to the desired volume for geochemical 

analysis whilst maintaining as representative a sample as possible. 



Section E  M. A. Munro 
 

 146 

  

3.2 Bulk rock major and trace element analyses 

 
The rock powders were analysed at the Advanced Analytical Centre at James 

Cook University, Townsville.  To determine quantitative major element compositions, 

the powders were initially ignited to 1000°C for approximately 4 hours, with the loss 

on ignition (LOI) recorded to assess volatile content.  The oxidized powder was then 

mixed with a lithium tetraborate flux and a glass bead created.  Quantitative X-ray 

Fluorescence (XRF) was conducted using a Bruker-AXS S4 Pioneer X-ray 

Fluorescence Spectrometer.  For the quantitative XRF trace element analyses, un-

ignited sample material was combined using a binding agent then compressed into a 

pellet. 

In addition to XRF bulk rock analysis, a comprehensive suite of trace element 

concentrations for the schists and gneisses were measured from glass beads via laser 

ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) using the 

GeoLas 193nm ArF eximer laser ablation system and Varian 820 quadrupole ICP 

mass spectrometer housed at James Cook University. Glass beads were constructed 

from the same powders used for XRF analyses using a Li-Borate flux and 6:1 

flux:sample ratio.  Shards from each glass bead were mounted on a glass slide for 

analysis.  Each glass was analysed three times with integration signals of 30 seconds 

each. The laser beam diameter was set to 90µm, with pulse rate of 5 - 7Hz. Ablation 

was conducted in a He atmosphere, which was subsequently mixed with Ar prior to 

introduction into the ICP-MS. The ICP-MS was tuned to ensure robust plasma 

conditions (U/Th sensitivity ratio ~1) and a low oxide production rate (ThO/Th 

~0.5%). Two to three analyses of the NIST SRM 610 standard, taken every 2 hours, 
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was used for bracketing external standardisation, employing the standard reference 

values of Spandler et al. (2011). Signal processing was conducted using Glitter 4.4.3 

software to remove peak anomalies and measure the signals. Al2O3 values acquired 

from the bulk rock XRF analyses were used as the internal standard.  The three 

analyses acquired for each sample were averaged to produce the final values. 

 

3.3 Panchromatic scanning electron microscope cathodoluminescence (SEM-CL) 

imaging 

 
 

Cathodoluminescence (CL) imaging may reveal multiple generations of quartz 

that are otherwise undetectable under standard optical microscopy (e.g. Götze et al., 

2001; Wiebe et al., 2007; Spear & Wark, 2009) and so has the potential to inform on 

SiO2 redistribution during differentiation.  To investigate the presence of newly 

precipitated grains or overgrowths, panchromatic scanning electon microscope 

cathodoluminescence (SEM-CL) and Secondary Electron (SE) imaging of 

representative Slacks Creek schist samples was undertaken using a Jeol JSM-5410 LV 

Scanning Electron Microscope.  This SEM has a spectral range of ~350 – 650 nm, but 

is more effective at detecting blue wavelengths than red and green.  SE images were 

required to permit distinction between genuine variations in luminescence and 

artifacts arising from cavities in the slide.  Images were taken of transitions between 

the QF-domains and the M-domains, strain shadows of cordierite and andalusite 

porphyroblasts, and contemporaneous (syn-D4) veining.  Quartz precipitated within 

the veins serves as a useful benchmark, potentially displaying similar SEM-CL 

signatures to any material recycled into the QF-domains.  Porphyroblast strain 

shadows were also imaged to assess whether any additional material has also been 
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added to them or if they retain earlier bulk rock compositions. 

 

3.4 Electron Microprobe (EPMA) composition mapping and Wavelength 

Spectral Cathodoluminescence (W-CL) imaging 

 

High-resolution compositional mapping represents an effective technique for 

distinguishing multiple growth episodes in mineral phases of potentially variable 

composition (e.g. Spear & Daniel, 2001; Williams et al., 2001; Whitney et al., 2008).  

Pre-S4 feldspar in the schists (detrital or otherwise) may possess different composition 

to that precipitated syn-D4 in the host rock and veining.  This may permit 

identification of sites of subsequent precipitation and the extent of feldspar recycling.  

Following the determination of feldspar distribution during SEM-CL imaging, high-

resolution EPMA compositional mapping of Na, Ca, K and Fe was conducted upon 

sites of known feldspar distribution within the QF-domains, M-domains and syn-D4 

veins of key samples.  Wavelength dispersive spectrometry maps were acquired using 

the Jeol JXA8200 Electron Probe Microanalyzer housed at James Cook University.  

Stage scanning was used with a step size of 2 or 2.5 µm, dwell time of 100ms, current 

of 80nA and accelerating voltage of 15keV. 

Wavelength Spectral CL (W-CL) mapping was run simultaneously with the 

compositional mapping.  W-CL differs from SEM-CL in that it facilitates 

differentiation between the wavelengths of photons emitted by the material (Boggs et 

al., 2002) whereas the latter simply registers combined photon intensity.  CL 

wavelengths (blue, green or red) in minerals such as quartz vary depending upon 

whether it is volcanic, plutonic or metamorphic in origin, metamorphic grade, fluid 

compositions, impurities and potentially pressure (Boggs et al., 2002; Rusk et al., 
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2011).  Consequently, whilst SEM-CL intensity may be relatively uniform across 

individual grains or a phase at the sample scale, W-CL may reveal zonations in 

relative wavelength components.  Other higher resolution (1 µm) W-CL maps were 

also acquired independently using a dwell time of 200ms, current of 0.03µA and 

accelerating voltage of 20keV.  W-CL data was processed using CSIRO’s Chimage 

software (Harrowfield et al., 1993). 

 

 

4. RESULTS 

 

4.1 Bulk rock compositions of the Slacks Creek schists and Spring Creek 

gneisses 

 
Major and trace element compositions for the schists and gneisses are 

presented in Table 1 and in Figures 3 and 4.  Overall, the schists and gneisses have 

chemical compositions that are typical of continental-derived sediments such as 

shales (Taylor and Mclennan, 1985; Plank & Langmuir, 1998). The Slacks Creek 

schists have lower SiO2 contents (between 48.51-59.26 wt.%, with a mean of 53.97) 

relative to the pelitic gneisses (ranging between 58.73 - 61.45 wt.%, with a mean of 

60.09).  Al2O3, Fe2O3, MgO and K2O in the schists have wt.% means of 23.35, 7.45, 

3.60 and 5.79, respectively.  Na2O, CaO, MnO and TiO2 are also present in minor 

amounts, with means of 0.83, 0.17, 0.05 and 0.90 wt.% respectively.  These values are 

comparable to those sampled by Munksgaard (1988).  Al2O3, Fe2O3, MgO and K2O in 

the gneisses have wt.% means of 20.19, 7.34, 3.27 and 5.54, respectively.  Na2O, 

CaO, MnO and TiO2 in the gneisses have means of 0.66, 0.26, 0.06 and 0.82 wt.% 
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respectively.  Trace and REE concentrations in the gneisses and schists are highly 

similar (Figs. 4,5a). Mean loss on ignition (LOI) values were 3.86% for the Slacks 

Creek schists and 1.35% for the Spring Creek pelitic gneisses. 

The Spring Creek pelitic gneisses and Slacks Creek Schists possess similar 

bulk rock compositions.  Showing no evidence of post-D3 differentiation, the gneisses 

may represent the pre-D4 bulk composition of the latter and therefore an essential 

conservation of bulk rock composition during S4 differentiated crenulation cleavage 

development. To evaluate the potential relationship between the two lithologies the 

isocon method (Grant, 1986) was used.  The technique provides a means of evaluating 

potential volume changes within a lithology via comparison of the concentrations of 

chemical constituents in the ‘altered rock’ versus those of the original.  It is most 

commonly utilized to assess volume changes associated with metasomatism (Neuhoff 

et al., 1999; Oliver et al., 2004; Pitra et al., 2008).  Figure 5 shows isocon plots of the 

Spring Creek pelitic gneisses (in this case representative of the original rocks) vs. the 

Slacks Creek schists (considered the potentially altered rocks).  SiO2, P2O5, and CaO 

plot below the constant volume isocon (zone of relative concentration loss) whereas 

MgO and Al2O3 plot above it (relative volume gain zone). Of the trace elements only 

Zr, and Hf plot significantly to the left of the isocon in the concentration loss field. 

 

4.2 Standard Optical Microscopy 

 

4.2.1 Quartz/Feldspar morphology 

 

Relict quartz and feldspar surviving within the M-domains is very fine-grained 

(long axes of generally 120 µm or less), elongate, has high aspect ratios (commonly 
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ranging between 7:1 to 18:1) and strong crystallographic preferred orientations 

(CPO).  Under cross-polarized light, they lack any internal changes in extinction that 

may signify variations in dislocation density along their margins following strain-

induced rim dissolution (e.g. Bosworth, 1981; Bell & Cuff, 1989).  The vast majority 

of quartz inhabiting the intervening QF-domains is larger than its counterparts in the 

M-domains (C-axes up to 150 - 200 microns) and has lower aspect ratios (generally 

5:1 to 2:1).  QF-domain quartz exhibits no evident changes in extinction between 

cores and margins that may indicate the precipitation of overgrowths on pre-existing 

grains, consistent with the observations of Granath (1980). 

 

4.2.2 Veining 

 
 The most common vein configuration in the Slacks Creek schists is parallel to 

sub-parallel to the sub-vertical pervasive S3 cleavage and deformed by S4 crenulations 

(Fig. 6) indicating late syn-D3 to syn-D4 timing.  Sub-vertical fracture development 

and vein formation occurred at high angle to D4 vertical shortening, exploiting the 

pre-existing S3.  Following this they deformed during the same event by F4 folding 

and crenulation.  Fracturing may have arisen due to locally high strain rates, or 

rheological contrasts between the psammitic and pelitic units (e.g. Vernon & Johnson, 

2000).  This is consistent with the fracturing of a number of then-fresh cordierite 

porphyroblasts during D4 that facilitated andalusite, biotite and quartz nucleation 

between the disarticulated sections (e.g. Vernon, 1988).  A number of the veins have 

been subject to subsequent dissolution within the M-domains of S4 (Fig. 6) indicating 

that quartz and feldspar may have been recycled multiple times during D4. 
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4.3 Panchromatic SEM-CL imaging 

 
 
4.3.1 QF-domains, M-domains and veining 

 
 

Under SEM-CL imaging muscovite, biotite and Fe-Ti Oxides appear black 

(low luminosity), quartz intermediate shades of grey (intermediate luminosity) and 

feldspar light grey (relatively high luminosity) (Fig. 7a).  Feldspar is generally less 

abundant and typically of albite composition, as confirmed by electron microprobe 

(EPMA) analysis. Quartz and feldspar inhabiting the QF-domains display no defined 

sharp internal zonation between core and rim that may indicate subsequent 

overgrowth onto pre-existing grains.  This contrasts with K-feldspar porphyroblasts in 

the Spring Creek gneisses, which do exhibit textures suggestive of overgrowths (Fig. 

7f). Quartz and feldspar within the M-domains show essentially identical signatures 

(Fig. 7g) despite having markedly different morphologies.  Additionally, quartz and 

feldspar residing in syn-D4 veining has luminosity indistinguishable from that within 

both the QF-domains and M-domains of the host rock (Figs. 8a,e).  However, whilst 

both quartz and feldspar have experienced preferential dissolution and removal from 

the M-domains, some veins are devoid of the latter (Fig. 8a). 

 

4.3.2 Porphyroblast Strain Shadows 

 

 Optically, strain shadows adjacent to cordierite and andalusite porphyroblasts 

may be distinguished into two types.  The first exhibit similar grain size to the 

surrounding matrix and commonly possess a well-defined relict schistosity, either 

sub-horizontal S2 or sub-vertical S3 (Fig 9d) most likely formed during subsequent 
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straining of the pre-existing shadow.  The second are very coarsely recrystallized, 

have a vein-like appearance and have had any prior schistosity entirely eradicated 

(Figs. 9a,b).  SEM-CL imaging of both types reveals the coarsely recrystallized 

shadows adjacent to both cordierite and andalusite to be devoid of any albite, which 

contrasts with the immediately adjacent QF-domains and M-domains of the bulk 

matrix that are relatively albite rich (Figs. 9a,b).  This is observed in sub-horizontal 

syn-D4 strain shadows developed adjacent to S2-preserving cordierite and S3-

preserving andalusite.  Conversely, pre-dating D2 and D3 strain shadows (commonly 

deformed during D4) possess proportions of albite similar to the surrounding matrix 

(Fig. 9c,d,e).  Both end-members can be observed to either side of rare individual 

cordierite porphyroblasts where one margin has coarsely recrystallized but the other 

remained fine-grained (Fig. 9e).  In some instances, strain shadow areas to either side 

of Syn-D4 (S3-preserving) andalusite have recrystallized (Fig. 9b) and both lack albite. 

 

4.4 EPMA composition mapping and W-CL imaging 

 
Figures 10 and 11 show compositional maps extracted from three typical 

samples of Slacks Creek schists.  Feldspar throughout the schists (QF-domains, M-

domains and syn-D4 veining) is all characterized by high Na and low Ca 

concentrations (albite) with no significant variation in composition between the 

domains.  A number of grains in the QF-domains and M-domains exhibit marginally 

Ca-richer cores relative to their rims (Fig. 10).  The rims (up to ~160 µm) are often 

substantially larger than the cores (10-40 µm).  Albite precipitated in syn-D4 veins 

also exhibits compositions indistinguishable from that within the surrounding host 

rock (Fig. 11). 
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Quartz and albite W-CL intensities were examined at 3nm wavelength 

intervals between 380 – 780nm (visible light spectrum).  In the ultraviolet and 

infrared spectra bounding visible light both phases exhibit only background 

luminosity in these rocks. Progressive viewing of the intensity maps at single 

wavelength intervals reveals a distinction between M-domain quartz and that in the 

adjacent QF-domain and cordierite strain shadow (Fig. 13a,b) the latter two being 

indistinguishable.  Quantitative spectral analysis of all visible light wavelengths in M-

domain and QF-domain quartz reveals the former to exhibit lower intensities across 

the entire wavelength spectrum, with the magnitude of difference between the 

populations positively correlating with nearing proximity to the peak wavelength of 

the phase in these rocks, ~ 615nm (red light).  A number of the smallest quartz grains 

in the M-domain exhibit substantially lower intensities due to the analysis spot 

overlapping adjacent grain boundaries.  Consequently, quantitative spectral analyses 

of grains were sampled away from margins to ensure that signals were not a hybrid.  

A consistent analysis area was selected for each reading. 

The contrast between M-domain quartz and that in the QF-domain and strain 

shadow is also evident in their total composite intensities of visible light, 380 – 780 

nm (Fig. 12d).  This intensity difference could not be distinguished via SEM-CL due 

to the technique being most sensitive to blue light wavelengths (where the two 

populations converge in intensity).  Quartz in both domains exhibits the same relative 

proportions of blue (300 - 515nm), green (515 – 590nm) and red (590 – 780nm) light 

(Fig. 14) reflected in their indistinguishable composite CL colours (Fig. 12a).  Figure 

13e demonstrates that the absolute difference in intensity between M- and QF- 

domain quartz at each wavelength represents an approximately similar relative 

percentage difference, increasing progressing from a ~12% average at lower 
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wavelengths to ~22% at higher wavelengths.  Coarsely recrystallized quartz in syn-D4 

cordierite strain shadows exhibits an almost identical intensity to the adjacent QF-

domain quartz at every wavelength across the visible light spectrum (Fig. 13a). Figure 

13b demonstrates that syn-D4 vein quartz also exhibits an identical W-CL intensity to 

QF-domain quartz (and therefore also coarsely recrystallized strain shadow quartz) in 

the host rock at every wavelength in the visible light spectrum.  Quartz inclusions 

preserved within cordierite and andalusite porphyroblasts of different timing (the 

former preserving S2 and the latter S3) also exhibit identical proportions of blue, green 

and red light to both syn-D4 vein quartz and that throughout the host rock (Figs. 13g, 

14).  Their relative spectral profiles are also identical to all quartz elsewhere, however 

are lower in intensity across the spectrum. 

Mean albite in the QF- and M-domains is indistinguishable visually (Figs. 

12a,c) and in absolute intensity (Fig. 13a).  The minor difference in intensity observed 

between them is within error of the technique.  Both exhibit identical relative 

proportions of blue, green and red light and peak at 410nm (blue light). 

 

5. DISCUSSION 

 

5.1 Compositional similarity between the Slacks Creek schists and Spring Creek 

pelitic gneisses 

 

The vast majority of major and trace elements are present in highly similar 

concentrations within the schists and gneisses, with a few exceptions.  Large-ion 

lithophile elements such as Cs, K, Rb, and Ba are considered to be highly mobile 
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during metamorphism (e.g. Roser & Nathan, 1997; Ague, 2011), but little evidence is 

seen for mobilization of these elements during transformation metamorphic 

differentiation. Instead the slight difference in element concentration between the 

rock-types is more consistent with a degree of initial protolith variation, which in turn 

is consistent with the significant elemental variation among samples of the same rock-

type. The gneisses have greater relative proportions of Ca, P2O5, Zr and Hf (Fig. 5), 

which is suggested to be due to greater proportions of detrital zircon (Zr, Hf) and 

apatite (Ca, P). Considered in conjunction with the slightly greater relative proportion 

of SiO2 in the gneisses, the pattern of these constituents is compatible with the gneiss 

protoliths being slightly more mature and richer in transport-resistant accessory 

phases.  Inverse correlations between SiO2 and Al2O3 in both the schists and gneisses 

may also represent varying proportions of quartz and clays in the protoliths.  Slightly 

lower REE element concentrations in the gneisses are also compatible with these 

rocks containing higher original quartz contents. 

Consequently, these probable protolith variations exclude comprehensive 

evaluation of element mobility by differentiation and certain elements in the isocon 

plots are inconsistent with a straightforward isochemical metamorphic transition from 

one to the other.  Moreover, it is not possible to isolate the relative degree to which 

protolith variation and metamorphic differentiation are responsible. 

A further complication is the potential for strain partitioning between the two 

localities and the possibility of foliations to essentially re-homogenize at stage 6 of 

crenulation cleavage development (Bell & Rubenach, 1983) eliminating evidence of 

previous differentiation.  Consequently, whilst undifferentiated at present, S3 in the 

pelitic gneisses may have been differentiated initially.  Earlier deformations may have 

produced a differentiated crenulation cleavage at one site and not the other, leading to 
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different mass transfer potential during their tectono-metamorphic developments.  

However, if such processes have operated in the Cooma metasedimentary rocks, the 

different tectono-metamorphic strain histories have resulted in compositionally 

equivalent end products. 

The metamorphic isograds from the Cooma Complex are continuous for over 

50 km northward of Cooma township into the aureole surrounding the S-type 

Murrumbidgee Batholith (Richards & Collins, 2002).  Whilst the differentiated S4 

marker cleavage is well developed in the Slacks Creek schists of the Western Cooma 

Complex, it is not present within the equivalent Murrumbidgee schists (Richards & 

Collins, 2002) where S3 is the dominant matrix schistosity.  N-S trending F3 fold axes 

dominate the mesoscopic and macroscopic structure of the region.  Therefore, a more 

conclusive assessment of volume loss associated with S4 development would involve 

focusing upon the northern extremity of the complex where S4 is no longer present.  

Permitting compositional comparison within individual bedding (S0) layers, this 

circumvents the uncertainties associated with potential protolith variation and 

differential strain histories encountered here. 

 

5.2 Major element concentrations in albite 

 

Albite exhibits identical major element compositions in both domains of the 

schist and also in syn-D4 veining.  The slightly Ca-richer cores may represent pre-D4 

material that was overgrown by slightly Na-richer (albitic) rims during D4.  Therefore, 

the extent of albite re-precipitation during S4 crenulation cleavage development 

cannot be constrained in the Slacks Creek schists via EPMA compositional mapping.  

Solid-state diffusion is extremely slow in plagioclase (Grove et al., 1984; Williams et 
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al., 2001).  Therefore, it is unlikely that pre-existing compositional (Ca, Na, K) zoning 

has been subsequently annealed in the albite.  The generation of significant relative 

Ca and Na zonations in albite may have been inhibited by low concentrations of Ca in 

the schists at the bulk rock scale (Table 1). 

 

 

5.3 Implications of SEM-CL imaging for material redistribution and strain 

shadow compositions 

 

The similar signatures of quartz precipitated in syn-D4 veins to residual grains 

within the M-domains demonstrates that subsequently precipitated SiO2 cannot be 

distinguished from primary detrital grains in the Slacks Creek schists via SEM-CL 

imaging. Therefore, any quartz re-deposited within the QF-domains during 

development of the S4 crenulation cleavage possesses the same signature as pre-

foliation grains.  Consequently, the volume increase within the QF-domains due to 

SiO2 redistribution cannot be determined via this method.  Some grains in the QF-

domains exhibit diffuse SEM-CL textures suggestive of pre-existing zoning 

(potentially overgrowths) that have been subsequently homogenized (e.g. Rusk et al., 

2005; Spear & Wark, 2009). Albite signatures in both domains are also 

indistinguishable.  Therefore, the Slacks Creek schists lack any SEM-CL evidence of 

quartz and feldspar recycling into the QF-domains during S4 differentiated crenulation 

cleavage development.  Rusk et al. (2011) demonstrated that significant internal 

zonations in SEM-CL intensity correlated with Al, Li, Ti, Ga and Sb variations in 

hydrothermal quartz.  The SEM used in this study has similar relative sensitivity to 

blue, green and red light as that used by Rusk et al. (most sensitive to blue light). The 
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lack of any such zonation in quartz under SEM-CL in this study suggests that the 

metamorphic quartz analyzed in the schists does not possess large internal zonations 

in these CL-influencing trace elements. 

Multiple processes may explain the contrast in albite content between the 

coarsely recrystallized strain shadows and both the surrounding bulk matrix and finer-

grained strain shadows: 1) metasomatism producing albite in matrix with the strain 

shadows representing an earlier unaltered composition, 2) the elimination of pre-

existing albite from the strain shadows during re-crystallization, or 3) quartz-only 

precipitation in the strain shadow from fluids leading to a relative dilution in albite 

concentration.  Albite immediately adjacent to the cordierite in both the M-domains 

and QF-domains argues against its absence in the strain shadow representing a 

reaction rim during cordierite nucleation. Its presence in non-coarsened strain 

shadows of similar grain size to the matrix (e.g. Fig. 9c,e) and in earlier generations of 

strain shadow strongly suggests that it was either eliminated during re-crystallization 

or diluted during quartz-only precipitation from fluids during D4.  This is supported 

by it being deformed in the same manner as quartz in the M-domains of S4 adjacent to 

the cordierite, indicating its presence throughout the matrix prior to D4. 

Porphyroblast strain shadows in the Slacks Creek schists do not always 

represent reliable indicators of pre-porphyroblast matrix composition as often 

considered (e.g. Bell et al., 1986).  Moreover, it is likely that the (likely fluid related) 

processes involved in D4 strain shadow recrystallization in the Cooma rocks also 

operate in other porphyroblastic schists.  Williams et al. (2001) demonstrated a 

similar scenario where strain shadow composition modification occurred via the 

deposition of material (plagioclase) into strain shadows surrounding garnet 

porphyroblasts of the Moretown Formation, USA. 
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5.4 Significance of W-CL profiles in quartz 

 

Boggs et al (2002) demonstrated that quartz examined in rocks of different 

metamorphic grade (temperature) exhibited different relative proportions of blue and 

red light components; higher-grade having higher proportions of blue light and lower-

grade the higher proportions of red.  High-grade contact metamorphic quartz was also 

shown to have extremely high proportions of blue wavelengths (~ 70 – 90%) and low 

proportions of red (~10 – 20%).  The syn-D4 vein quartz W-CL profile either records 

conditions during its precipitation (approximately peak metamorphism) or at some 

point during the retrograde part of the P-T-t-d path for the schists (Section D).  

Exhibiting identical components of blue, green and red light, quartz throughout the 

recrystallized D4 strain shadows, QF-domains and M-domains of the schist all record 

the same metamorphic conditions as the vein quartz.  This demonstrates that detrital 

W-CL signatures in quartz composing the schists have not survived metamorphism.  

Quartz inclusion trails preserved in cordierite and andalusite porphyroblasts nucleated 

at different points of the P-T-t-d trajectory also preserve the same (post-D4) signature 

as quartz elsewhere in the schists.  Consequently, their CL signatures have also 

continued to evolve with changing P-T conditions in the same manner as quartz 

elsewhere despite having been overgrown.   

Figure 14 shows that the relative proportions of red and blue light exhibited by 

quartz in the Slacks Creek schists is comparable to that of low-grade regional 

metamorphic quartz, as presented in the study of Boggs et al. (2002).  Therefore, 

despite experiencing peak temperatures of ca. 600°C, quartz in the schists appears to 
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have re-equilibrated at lower temperatures during the retrograde path.  This 

suggestion is consistent with low-temperature retrograde porphyroblast reactions in 

the schists having gone essentially to completion.  W-CL signatures in inclusion trail 

quartz therefore cannot be utilized to distinguish different generations of 

porphyroblasts throughout a tectono-metamorphic evolution.  Moreover, relative 

proportions of light wavelengths in detrital quartz W-CL profiles will not always 

reflect metamorphic grade experienced by the protolith.  In order to preserve high-

grade metamorphic CL profiles, rapid exhumation of the rock would likely be 

required.   

W-CL-activating trace elements in quartz (e.g. Al, Ti, Li, Na, H and Fe3+) 

have been shown to influence primarily the intensities of key wavelengths across the 

visible light spectrum (Götze, 2012).  Therefore, approximately proportional 

intensities across the entire visible light spectrum between quartz in the M-domains, 

QF-domains, strain shadows and syn-D4 veins exhibits is inconsistent with relative 

variation arising from W-CL-activating trace elements.  This is consistent with 

homogenous SEM-CL textures.  Concentrations of Mn2+, Fe3+, Dy3+, Sm3+, Nd3+ and 

Tb3+ has been demonstrated to effect specific CL wavelength emissions in albite 

(Götze et al., 1999; Götze, 2012).  Consequently, being approximately proportional in 

intensity across the wavelength spectrum, albite in the M-domains, QF-domains and 

syn-D4 veins appears to exhibit no significant evidence for variation in known CL-

activating trace elements. 

As trace elements have long been demonstrated as primarily affecting key 

wavelengths, these patterns are not consistent with a compositional control.  

Additionally, both record identical metamorphic grade (temperature) conditions, 

consistent with their experiencing the same P-T-t-d path.  Therefore, different strain 
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histories experienced by the QF- (relatively low strain) and M- (relatively high strain) 

domains is the most applicable factor in explaining the similar relative variations 

observed.  High internal straining of quartz in the schists during cleavage 

development appears to reduce the grain’s magnitude of luminosity across the 

spectrum.  A strain control is further consistent with foliation-defining quartz 

inclusion trails in cordierite and andalusite porphyroblasts (subject to relative strain 

during foliation development) also exhibiting lower intensities across the spectrum 

than subsequently recrystallized portions of the surrounding matrix and adjacent 

strain shadows (Figs. 12g; 14a,b). 

 

 

6. CONCLUSIONS 

 
 The undifferentiated Spring Creek pelitic gneisses and strongly differentiated 

Slacks Creek schists have similar major and trace element compositions.  

Nevertheless, isocon comparisons of their constituents show that the schists and 

gneisses are not related through isochemical metamorphic transition alone.  

Marginally elevated SiO2, Zr, Hf, CaO and P2O5 contents in the gneisses may indicate 

that their protoliths were marginally more mature sediments than those of the schists 

(containing greater proportions of quartz and resistant detrital accessory phases such 

as zircon and apatite).  Consequently, the sampling method utilized here to compare 

the two sets of lithologies is insufficient for determination of whether the 

undifferentiated pelitic gneiss bulk rock composition is representative of the pre-D4 

Slacks Creek schists.  However, it is unlikely that there has been extensive 

mobilization of SiO2 during metamorphism.  This is further complicated by the 
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potential for strain partitioning between sites to produce different crenulation 

cleavage development histories, and therefore possibly different mass transfer 

histories.  If such differences have arisen in the Cooma rocks, then independent strain 

histories have resulted in compositionally equivalent end products in both the schists 

and gneisses.  A similar approach to the study of Alpine rocks, as has been taken by 

Garofalo (2012), may suffer similar problems associated with protolith variation. 

Quartz and albite in the QF-domains, M-domains, porphyroblast strain 

shadows and syn-D4 veining in the Slacks Creek schists exhibit indistinguishable 

panchromatic SEM-CL intensities and lack any overgrowth zonation patterns 

indicative of subsequently precipitated grains.  Quantitative spectral analysis of W-CL 

imaging demonstrated quartz and albite in the QF-domains and M-domains to have 

identical relative proportions of blue, green and red light. Quartz in the QF-domain 

averaged ~10 - 20% greater luminosity across the visible light spectrum than its M-

domain counterparts.  Strain shadow quartz exhibits W-CL signatures essentially 

identical to that of QF-domain quartz across the visible light spectrum.  The broadly 

consistent profiles in quartz and albite intensity across the spectrum appears 

inconsistent with varying trace element concentrations, shown to affect key 

wavelengths, and strain history is therefore the most applicable explanation.  High 

strain in the M-domains appears to suppress the spectral intensity of CL signal in 

quartz.  Quartz precipitated in syn-D4 veins exhibiting the same relative proportions 

of blue, green and red light as all quartz in the host rock demonstrates that newly 

precipitated quartz is indistinguishable from pre-existing grains.  Significantly, this 

shows that host rock quartz therefore records either syn-D4 (approximately peak) or 

post-D4 metamorphic conditions and detrital and pre-D4 CL signatures have been 

overprinted.  Comparison of the relative components of blue, green and red light in 
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the quartz with those documented at various metamorphic grades by Boggs et al. 

(2002) suggests re-equilibration at low-temperature conditions from the retrograde 

path.  This suggestion is consistent with retrograde porphyroblast reactions in the 

schists having essentially reached completion.  Inclusion trail quartz in cordierite and 

andalusite porphyroblasts of different timing throughout the P-T-t-d history also 

record the same metamorphic conditions as that throughout the host rock and veining, 

indicating that CL signatures of inclusions continued to evolve in the same manner 

despite being overgrown.  Consequently, W-CL of quartz inclusions cannot be 

utilized to distinguish between different generations of porphyroblast throughout a 

tectono-metamorphic history.  Retaining high-grade CL signatures in metamorphic 

rocks likely requires rapid exhumation to avoid quartz re-equilibration at lower 

temperatures during the retrograde path. 

EPMA compositional mapping revealed albite precipitated in syn-D4 veining 

and throughout all domains of the host rock to have similar Na, Ca and Fe contents, 

and therefore cannot be utilized to gauge the degree of re-precipitation during 

cleavage development.  A number of albite grains in the QF-domains exhibit weak 

zonations in Ca between cores (richer) and rims (poorer) potentially suggestive of 

pre-foliation material. 

Strain shadows developed adjacent to cordierite and andalusite porphyroblasts 

in the schists exhibit two distinct patterns.  Contrasting with the bulk rock, those that 

have re-crystallized more coarsely than the surrounding matrix exhibit an absence of 

albite.  Others that have not coarsely recrystallized and remain approximately the 

same grain size possess significant proportions of it.  Therefore, coarsely 

recrystallized strain shadows in the schists have been artificially enriched in quartz 

and are no longer representative of pre-porphyroblast matrix composition. 
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Whilst the study conducted here proved inconclusive with respect to 

constraining the degree of remobilization of chemical constituents during S4 cleavage 

development in the Slacks Creek Schists, it serves as a model investigation of mass 

transfer in metamorphic systems.  If applied to a scenario where protolith variation 

was eliminated, the XRF and LA-ICP-MS procedures utilised here would furnish a 

comprehensive evaluation of major, trace and REE redistribution at the mesoscale 

during metamorphic differentiation.  Ideally, this would involve a locality where 

strain gradients in differentiated cleavage development can be observed within an 

individual bedding (S0) unit.  Moreover, application of the microscopic CL and SEM 

techniques used for in-situ analysis to multiple thin sections across a strain gradient 

confined within an S0 unit would furnish a more conclusive estimate of quartz and 

feldspar zonation at the micro- and mesoscales.  Although SEM-CL and W-CL 

analysis in the Slacks Creek schists did not distinguish overgrowth textures in quartz 

or feldspar, these methods are likely to prove successful in other regions.  Examples 

of this might include metasediments exposed to lower metamorphic grades 

(greenschist or lower amphibolite facies conditions) where quartz CL textures do not 

re-equilibrate as readily, if at all.  Cation zonations in feldspar in other systems may 

also be stronger and therefore more readily detectable under compositional mapping.  

Alternatively, the use of a smaller spot size such as 0.5 microns for compositional 

mapping and increased sensitivity during image processing may assist in revealing Ca 

and Na zonations. 
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CONCLUSIONS 

 

Areas of high-temperature low-pressure (HTLP) metamorphism may preserve 

more detailed structural evolutions than suggested by lower-grade rocks elsewhere in 

fold belts that are devoid of porphyroblast growth.  Using the Cooma Complex and 

Murrumbidgee aureole of S. E. Australia as an example, this study has investigated 

whether additional foliations partitioned into high-grade metamorphic complexes 

reflect significant orogen-scale changes in bulk displacement field, or smaller-scale 

strain heterogeneities resulting from thrusting or pluton emplacement.  The principal 

conclusions of each section are summarized below: 

 

SECTION A 

 

Applied to rose diagrams, moving averages are very effective means of 

visualizing circular, or vector, data.  This form of low-pass filter reduces the 

background noise of the plots whilst emphasizing significant maxima, smoothing the 

angular dataset.  Despite a readily available selection of good quality software for 

plotting rose diagrams, moving averages remain an under-utilized form of analysis 

within the Earth Sciences.  This is perhaps primarily due to a lack of moving average 

functionality in almost all of these programs.  The scarcity of moving average rose 

diagram use may be compounded by a lack of awareness of their relevance and 

benefits.  Available in MATLAB®, Microsoft® Excel and GNU Octave formats, 

MARD 1.0 produces moving average rose diagrams from raw circular data according 

to customizable parameters specified by the user.  It is equipped to handle azimuth 
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data (uni-directional and bi-directional) and dips/pitches relative to a horizontal 

reference plane. 

When presenting moving average rose diagrams it is important to express the 

number of elements within the data set, and the parameters utilized (analysis aperture, 

linear vs. equal area scaling and the weighting factor).  Where comparisons are drawn 

between different datasets, the same parameters should be applied to each plot. 

Rose diagrams are commonly presented using a linear radial scale for 

frequency.  The widening of petals as they extend from the origin results in a visual 

bias, with frequencies appearing more or less prominent than those surrounding in a 

manner disproportionate to their absolute differences.  This may promote mis-

interpretation regarding the strength of preferred orientations within the dataset.  

Therefore, equal area rose diagrams should be the default type of rose diagram for 

communicating circular data.  Despite this, many plotting programs do not include an 

equal area option. 

The mean method implemented in MARD was selected because it is the most 

readily understood and commonly utilized form of moving average.  However, one 

limitation of calculating a moving average as a mean value is that it is potentially 

influenced by the presence of outliers.  This could be circumvented via utilizing a 

median average method (Jordan, 2007), which can be implemented in future versions 

of the program. 
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SECTION B 

  

 A wealth of information may be extracted from porphyroblasts regarding the 

P-T-t-deformation path experienced by the hosting rocks.  However, confidently 

timing porphyroblast growth with respect to others and matrix microstructures is 

commonly problematic.   This has led to diverse techniques for the examination and 

measurement of porphyroblast inclusion trails; each targeting different aspects of 

inclusion trail geometry.  Those involving computer-based tomography (HRXCT) 

yield the potential to transform our understanding of the internal structure of 

individuals, however remain too expensive for routine application to large sample 

populations required for robust tectonic interpretations.  Successful application is also 

reliant upon multiple conditions being met simultaneously including suitable contrasts 

in attenuation between phases, appropriate relative size of inclusions and hosting 

porphyroblast, and suitable X-ray energy for adequate penetration. 

 Microscopy persists as the most readily accessible and cost-effective options 

for the study of large quantities of porphyroblasts.  However, many microstructural 

investigations continue to opt for a largely qualitative approach utilizing thin section 

orientations based upon the orientations of matrix structures.  Mounting evidence 

suggests that due to being arbitrary with respect to inclusion trail orientations, this 

approach risks omitting key observations.  Cross-referencing the findings of HRXCT, 

foliation intersection/inflection axis (FIA) determination, inclusion trail strike 

measurement and FitPitch with one another in the same porphyroblast populations 

conveys that each furnishes an analogous result.  Furthermore, all are complementary, 

having different inclusion geometry requirements for successful application.  A 

comprehensive documentation of the tectono-metamorphic history preserved within 
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porphyroblastic rocks may require the implementation of multiple techniques, even 

within a single sample. 

 

 

SECTION C 

 

Thorough microstructural examination of the Slacks Creek schists in the well-

documented high-temperature low-pressure Cooma Metamorphic Complex revealed a 

more elaborate history of sequential porphyroblast growth throughout their structural 

development than previously recognized.  Cordierite porphyroblasts (syn-D2 to post-

D4) overgrew four successive tectonic foliations and andalusite porphyroblasts (syn-

D3 to post-D4) overgrew three.  Where co-existent, cordierite predominantly precedes 

andalusite but occasionally the two grew simultaneously syn-D3.  Syn- to post-D4 

andalusite growth in the cordierite-andalusite schists was accompanied by later-stage 

cordierite growth in some of the cordierite-only schists.  Determination of this growth 

history was based upon well-established porphyroblast-matrix, porphyroblast core-rim 

and porphyroblast-porphyroblast relative timing relationships in conjunction with 

quantitative microstructural measurements. 

Quantitative measurements of earlier (S1 and S2-preserving) cordierite in six 

separate compass orientations at 30° increments shows that they have broadly retained 

their initial orientations despite multiple phases of post-dating deformation.  Pre-

matrix S1 and S2 are consistent with rare strain shadow configurations and previous 

observations in the Cooma Complex and adjoining Murrumbidgee aureole.  FIA 

determinations for rare cordierite preserving sub-vertical S1 suggest it was ~NNW-

SSE striking, formed during ~ENE-WSW orientated horizontal bulk shortening.  S3 
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and S4-preserving andalusite and cordierite are demonstrably continuous with the 

differentiated cleavage and strain caps they have overgrown.  Obliquity in andalusite 

FIA orientations and strikes relative to that of the matrix suggests that D3 horizontal 

bulk shortening orientation migrated from ~NE-SW to ~N-S. 

Observation of the M-domains of the S4 differentiated cleavage reveals that 

three distinguishable sets of post-D4 crenulations are manifested at the microscale.  In 

addition to the previously identified N-S trending S5, a flat lying asymmetric 

crenulation cleavage (Sh) and upright angular ~E-W trending S6 crenulation lineations 

are also present.  S6 crenulations indicate that the complex experienced late-stage ~N-

S horizontal bulk shortening.  Distinction between these generations was possible due 

to the multiple thin section orientation strategy utilized to examine each sample. 

Cordierite inclusion trail orientations in the Slacks Creek samples analysed are 

primarily flat lying to mildly inclined.  This observation differs from those presented 

in a previous investigation, in which many samples contained only sub-vertical 

orientations.  This demonstrates the challenge of representatively sampling 

porphyroblastic rocks even over relatively small areas, as the proportions of inclusion 

trail orientations cannot be ascertained prior to microstructural examination.  

Therefore, the relative proportions of inclusion trails studied may not necessarily 

reflect that of the entire population.  The more complete history of sequential 

porphyroblast growth presented here was possible due to the acquisition of rare 

samples preserving unique microstructural relationships not observed in previous 

investigations. 
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SECTION D 

 

 The high-temperature low-pressure Cooma Metamorphic Complex and 

adjacent Murrumbidgee aureole preserve a more intricate tectono-metamorphic 

evolution than the surrounding lower-grade greenschist facies rocks that characterize 

the Eastern Lachlan Fold Belt.  This involves an alternation between approximately 

sub-vertical and sub-horizontal foliation development, interpreted to reflect changes 

in principal shortening orientation.  Differences in the orientation of mildly inclined to 

moderately dipping S4 between the schists of the Western complex and gneisses and 

migmatites of the Eastern complex has resulted from different deformation 

mechanisms operating in each of the domains during D5.  A consistent single 

asymmetry in andalusite porphyroblasts and S4 in the bulk matrix of the Western 

complex suggests top-West shearing during D4. 

The six foliations manifested in the complex are not readily attributed to 

pluton emplacement or thrusting and are interpreted to reflect changes in regional-

scale bulk displacement field within the Eastern Lachlan Fold Belt between 

approximately horizontal and vertical bulk shortening.  A similar pattern of mode 

switching between ~E-W and vertical bulk shortening is recorded by basin evolution 

during the Late Ordovician to Mid Devonian, suggesting that foliations in the 

complex represent a mid-crustal response to these processes.  Thermal softening and 

an enhanced potential for dynamic recrystallization within the complex has 

preferentially partitioned foliation development, facilitating their distinction via 

overprinting patterns.  Foliation counterparts in the lower-grade rocks throughout the 

fold belt may be more poorly developed or essentially absent.  Porphyroblast growth 

throughout foliation development in the higher-grade complex was essential in their 
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preservation, preventing their concealment during subsequent deformation.  Orogenic 

histories will be incomplete in rocks devoid of porphyroblast growth. 

 

 

SECTION E 

 

 X-ray Fluorescence and LA-ICP-MS analysis shows the undifferentiated 

Spring Creek pelitic gneisses and strongly differentiated Slacks Creek schists to 

possess highly similar major, trace and REE element concentrations.  Isocon 

comparisons show that despite this, they are not related through isochemical 

metamorphic transition alone.  Elevated SiO2, Zr, Hf, CaO and P2O5 in the gneisses 

may signify relative protolith enrichment in quartz, zircon and apatite relative to the 

schists.  Nevertheless, these results suggest that extreme SiO2 mobilization during 

metamorphic differentiation in these rock packages was unlikely.  Despite different 

strain and differentiation histories between the schists and gneisses, their tectono-

metamorphic developments have evolved towards chemically equivalent end products. 

 Panchromatic scanning electron microscope and wavelength spectral 

cathodoluminescence (SEM-CL and W-CL) imaging shows quartz and feldspar 

(albite) in QF-domains, M-domains, porphyroblast strain shadows, porphyroblast 

inclusion trails and syn-D4 veining to exhibit indistinguishable signatures.  Both 

phases lack any significant internal intensity variations indicative of subsequent 

overgrowths.  Additionally, EPMA compositional mapping shows albite in the veins 

to have similar Na and Ca concentrations to that throughout the host rock.  Identical 

W-CL signatures in approximately peak metamorphic vein quartz and that throughout 

the host rock demonstrates that all quartz records equilibration at the same syn- or 
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post-D4 metamorphic conditions.  Therefore, all detrital CL signatures have been 

eradicated during progressive metamorphism.  Differences in quartz W-CL intensity 

between the QF- and M-domains may be due to higher strain in the latter.  Interpreted 

in the context of pre-existing W-CL studies, higher-proportions of red visible light 

wavelengths suggest all quartz records low-temperature conditions (despite 

experiencing peak metamorphic conditions of ~600°C).  This contrasts with high-

grade contact metamorphic quartz elsewhere which exhibits primarily blue 

wavelengths.  These findings confirm that W-CL signatures in detrital quartz grains 

are not always a reliable provenance indicator.  W-CL signatures of quartz inclusions 

in porphyroblasts continue to evolve with changing pressure-temperature conditions 

and therefore cannot necessarily be utilized between different generations. 

 

 

 

RECOMMENDATIONS FOR FURTHER INVESTIGATIONS 

  

Thermally softened rocks of the Cooma Complex preserve a more detailed 

record of deformation in the Lachlan Fold Belt than suggested by foliation 

development in the greenschist facies counterparts throughout the surrounding region.  

High-temperature low-pressure (HTLP) metamorphic zones such as these are 

developed in multiple orogens around the world.  Similar investigations in other 

complexes, such as the Cambalong and Wagga-Omeo metamorphic complexes of the 

Lachlan Fold Belt, would further understanding of the role of thermally softened 

terranes in preserving detailed evidence of regional fold belt evolution.  The multiple 
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thin section orientation strategy used here could be applied to the porphyroblastic 

areas of these complexes. 

 Tectonic mode switching is a hallmark of orogenesis worldwide.  However, 

whether intervening vertical bulk shortening has resulted from gravitational collapse 

or slab hinge retreat-induced horizontal bulk extension is a long-standing debate.  

Continuing advances in numerical geodynamic modelling now permit testing of the 

physical and thermal properties associated with lithospheric-scale deformation.  

Rigorous modelling of the requirements for these fundamental processes may 

establish criteria for their distinction. 

 Assessment of whether the Spring Creek gneisses represent a pre-

differentiation composition of the Slacks Creek schists was complicated by 

uncertainties regarding initial protolith variation and the potential for unique pre-D3 

differentiation histories between the localities.  Along strike to the North, S4 is absent 

from the adjoining Murrumbidgee aureole and S3 remains dominant.  Therefore, 

investigation of the schists at the complex’s Northern margin may allow sampling of 

S4 low and high strain zones within individual bedding units, circumventing the 

complications encountered here. 

 Wavelength spectral cathodoluminescence (W-CL) is a relatively unexplored 

and under-utilized analytical technique in the Earth Sciences.  The analysis of quartz 

hosted in different generations of porphyroblasts, strain shadows, separate domains of 

the bulk matrix and syn-D4 veining suggests that they all record the same 

metamorphic grade.  Presenting a lateral temperature gradient at broadly similar 

pressure conditions, the Cooma Complex presents an excellent opportunity to 

investigate whether quartz W-CL signatures in the schists are common to all 
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metamorphic grades.  This could be coupled with the analysis of quartz crystallized in 

granodiorite pluton and the distinct generations of migmatites. 
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- SECTION A - 

 

MARD – A MOVING AVERAGE ROSE DIAGRAM 

APPLICATION FOR THE GEOSCIENCES 
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MATLAB® Microsoft® Excel GNU Octave 
Requires a MATLAB® 
licence 

Requires Microsoft Office 
(Note: not compatible with 
2008 version for Macintosh). 

Requires Octave + 
Graphics terminal (both 
freeware) 

Command-line operated 
interface 

Spreadsheet interface with 
drop-down menus 

Command-line operated 
interface 

Plots single or multiple 
datasets simultaneously 

Single data set Plots single or multiple 
datasets simultaneously 

Data entry: compass 
azimuths or pitch 
inclinations 

Data entry: raw azimuth data Data entry: compass 
azimuths or pitch 
inclinations 

Primary rose functions: 
uni-directional data, bi-
directional data and lower 
semi-circle plot for 
pitches/dips 

Uni-directional and bi-
directional data functions 
only 

Primary rose functions: 
uni-directional data, bi-
directional data and 
lower semi-circle plot 
for pitches/dips 

Plot formatting may be 
done ‘in-house’ via 
MATLAB® commands, or 
more comprehensively in 
a vector-based graphics 
package following 
exporting of the plot 
(recommended). 

Plot formatting through Excel 
commands: some limitations 

Formatting must be 
done in external vector-
based graphics package 
(required). 

Rose Diagram may be 
copied to clipboard, or 
saved as eps, ai, pdf, png, 
tif, jpg, or pcx. 

Rose Diagram may be copied 
to clipboard, or saved as png, 
jpeg, pdf, gif or bitmap  

eps format only  

Circular Statistics: vector 
mean, mean resultant, 
circular standard 
deviation, circular 
variance/dispersion. 

Circular Statistics: vector 
mean, mean resultant, circular 
standard deviation, circular 
variance/dispersion. 

Circular Statistics: 
vector mean, mean 
resultant, circular 
standard deviation, 
circular 
variance/dispersion. 

 

 

Table 1 - Comparison of the main features of MARD between each of the three 

versions. 
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Figure 1 - Comparisons of conventional 10° binned rose plots (the left side) versus 

the same datasets plotted as moving averages (the right side).  The binned plots were 

produced in GEOrient (Holcombe, 1994). (a) Palaeocurrent trends from Porcupine 

Gorge, Queensland, Australia. n = 81, aperture = 11°, weighting factor = 0.9. (b) 

Strikes of inclusion trails in K-feldspar measured from horizontal thin sections 

extracted from the Cooma Metamorphic Complex, NSW, Australia.  n = 765, aperture 

= 9°, weighting factor = 0.9. Note that the azimuthal locations of modal maxima are 

masked in the binned plots, but evident in their moving average counterparts.  All 

plots equal area. 
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Figure 2 - Series of moving average roses depicting the effect of progressively 

increasing the value of analysis aperture for the same dataset. The data are inclusion 

trail pitches in andalusite porphyroblasts from the Cooma Metamorphic Complex, S.E. 

Australia.  (a) The original, non-averaged, data (i.e. 1° aperture). (b-d) Apertures of 

5°, 9° and 13° respectively.  Note that the data becomes progressively smoother with 

increasing aperture.  However, observe in (d) that the aperture size of 13° has over-

generalised the plot and the two sub-vertical maxima have amalgamated.  Thus, 9° is 

the best selection in this scenario; it smoothes the data sufficiently but preserves the 

important features. n = 761.  All plots unweighted and equal area. 
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Figure 3 - Series of rose diagrams conveying the effect of altering the value of 

weighting factor applied to a moving average for the same dataset at a constant 

aperture of 15°.  (a) An unweighted moving average, or weighting factor of 1.0. (b-d) 

Progressively decreasing values of 0.95, 0.9 and 0.85 respectively.  Note that the plot 

becomes notably smoother and less ‘blocky’ than the unweighted equivalent.  The 

data are palaeocurrent trends measured from the sandstones of the Dinosaur Beds of 

Malawi (Roberts et al., 2010).  n = 62.  All plots equal area. 
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Figure 4 - Comparisons of equal area plots (the right side) versus their equivalent 

linearly scaled plots (the left side) for constant apertures and weighting factors.  (a) 

Palaeocurrent trends extracted from Porcupine Gorge, Queensland, Australia. n = 81, 

aperture = 11°, weighting factor = 0.9. Note that the notably stronger central peak in 

the frequency-proportional plot is evidently less important relative to the others when 

plotted as equal area.  (b) Strikes of inclusion trails in andalusite measured via 

horizontal thin sections from the Cooma Metamorphic Complex, NSW, Australia. n = 

458, aperture = 9°, weighting factor = 0.9. The equal area plot reveals that the 

inclusion trail strikes have a greater range than is otherwise evident in the frequency-

proportional plot; hence the apparent widening.  This is a common, inadvertent, mis-

representation in inclusion trail studies of this kind. 
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Figure 5  - (a) An unmodified output from the MATLAB® version of MARD. (b) 

The same plot after customisation to preference using a vector-based graphics 

package.  The data are in-situ long axis orientations of Syntarsis rhodesiensis 

(Dinosauria, theropoda) bones from a sedimentary sequence in Zimbabwe (Roberts et 

al, unpubl. data).  n = 91, aperture = 17°, weighting factor = 0.95, equal area. 
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Figure 6 - Finalising an output exported from the Octave version of MARD in a 

vector-based graphics package. (a) Original plot. (b) Final plot following the 

positioning of a circle within the initial square, the latter removed and modification to 

preference.  Dataset and applied parameters are the same as Fig. 5.  n = 91, aperture = 

17°, weighting factor = 0.95, equal area. 
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Figure 7 - Unmodified output from the Excel version of MARD, prior to any 

customisation.  Dataset and applied parameters are the same as figs. 5 & 6.  n = 91, 

aperture = 17°, weighting factor = 0.95, equal area. 
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Figure 8 - Microfracture orientations in garnet porphyroclasts within the Mtilikwe 

shear zone, Zimbabwe (Blenkinsop & Kisters, 2005).  n = 149, aperture = 9°, 

weighting factor = 0.9, equal area. 
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Figure 9 - Porphyroblast inclusion trail pitches in 2-dimensional section in andalusite 

and cordierite from the Cooma Complex of S.E. Australia shown on a single moving 

average plot.  n (andalusite) = 761.  n (cordierite) = 902.  Measurements extracted 

from orientated vertical thin sections orthogonal to the strike of the internal foliation 

to ensure maximum pitch representation.  The opacity of the cordierite has been 

reduced to 90% such that the andalusite plot may be observed underneath it 

simultaneously.  Aperture = 9°, weighting factor = 0.9, equal area. 
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- SECTION B - 

 

PORPHYROBLAST MICROSTRUCTURES: A REVIEW 

OF STRATEGIES FOR THEIR OBSERVATION AND 

MEASUREMENT 
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Table 1 – Summary of the relative applicability of the differing techniques to the 

various scenarios commonly encountered in metamorphic rocks.  Dark grey = high, 

Light grey = low, White = N/A. 

	  

	  

	  

	  

	  

	  

	  

	  

	  

Scenario

Technique
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Figure 1 – Visual summary of the elements of inclusion trail geometry targeted by 

differing approaches to their study.  High-Resolution X-ray Computed Tomography 

(HRXCT) and parallel serial sectioning aim to examine the geometry in its entirety 

and are therefore not represented.  Text in italics outlines the information furnished by 

the technique. 

	  

	  

	  

	  

	  

	  

	  

	  

	  

Radial Asymmetry
(curvature axis; ~ bulk
shortening orientation)

Horizontal strike measurement
(~ bulk shortening orientation)

Vertical section pitch measurement
(horizontal bulk shortening vs. vertical 
bulk shortening)

FitPitch
(best-fit planes
for population)
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Figure 2 – The ‘P’ (perpendicular to foliation but parallel to lineation) and ‘N’ 

(perpendicular to foliation but normal to lineation) approach to the study of 

metamorphic rocks. 

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

‘N’ Section
‘P’ Section

Foliation planeLineation

(Perpendicular to foliation,
Normal to the lineation)

(Perpendicular to foliation,
Parallel to the lineation)
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Figure 3 – Sketches outlining the procedures involved in applying the radial 

asymmetry method to the examination of metamorphic rocks.  (a) cutting of the rock 

into orientated horizontal slabs and marking of thin section orientations.  (b) 

construction of thin sections at systematic 30 intervals.  Within the thin section array, 

the apparent asymmetry in the porphyroblasts switches from ‘S’ to ‘Z’, or vice versa 

(here at 015°).  (c) The trend of the axis is controlled by the strike of the sub-vertical 

of the two foliations generating it and lies approximately perpendicular to the 

orientation of horizontal bulk shortening.  Elements modified from Bell et al, 1995; 

2004. 

	  



Section	  B	   M.	  A.	  Munro	  
	  

	   200	  

 

 

Figure 4 – Sketch illustrating why a switch in the asymmetry of inclusion trails is 

observed about the foliation intersection/inflection axis, here hypothetically at 090° 

between (b) and (c). 
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Figure 5 – Series of 3D renderings illustrating why a switch in asymmetry is 

observed when crossing the plunge of the foliation intersection/inflection axis, here 

10°, in both upright and flat-lying crenulations.  (a-c) simulated thin section planes 

(blue) dipping towards the bottom right corner at 00°, 10° and 20° respectively. (d-f) 

thin section planes dipping towards the lower left corner at 00°, 10° and 20° 

respectively.  Note the flip from clockwise or ‘S’ (a) and (d) to anticlockwise or ‘Z’ 

(c) and (f).  Observe that the transections in (b) and (e) exhibit no curvature, due to 

being aligned with the axis plunge itself.  Images produced using Cheetah3D for 

Macintosh. 

	  

(a)

(d) (e) (f )

(b) (c)
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Figure 6 - Three-dimensional reconstruction of spiral inclusion trails in a typical 

garnet porphyroblast from a sample of schist extracted from the Main Central Thrust 

Zone, Nepalese Himalaya.  The porphyroblast morphology is approximated as a 

sphere and bisected into two hemispheres: one perpendicular, and the other parallel, to 

the spiral axis.  Both are ‘exploded’ into segments to display their geometrical 

relationships.  Modified from Johnson, 1993. 

	  

Parallel to spiral axis
Perpendicular to spiral axis
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Figure 7 – Examples of how HRXCT data may be manipulated to visualize the 

internal geometry within individual porphyroblasts.  (a) garnet material rendered 

semi-transparent in order to expose the inclusions within it. (b) same image with 

garnet and crack-fill constituents removed to isolate the quartz and ilmenite 

inclusions, light and dark respectively.  (c) mathematical application of a best-fit 

planar surface to the quartz band characterizing the centre of the porphyroblast.  (d) 

best-fit surfaces applied to the adjacent folia defined by ilmenite and the garnet 

material re-introduced to model the entire fabric inside the porphyroblast.  After Bell 

& Bruce, 2006. 

	  

(a) (b)

(c) (d)
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Figure 8 – Linear attenuation coefficients for porphyroblastic and inclusion-forming 

minerals common in schists.  The attenuation coefficients (µ) decrease with 

increasing X-ray intensity and phases such as cordierite, andalusite and kyanite 

exhibit similar values to quartz.  Although not depicted here, muscovite is highly 

similar to quartz (Huddlestone-Holmes & Ketcham, 2005).  The higher values of 

garnet and staurolite on the other hand mean that they present a greater contrast with 

inclusion phases.  Plot produced using the XCOM database (Berger et al, 1999) as 

directed by Huddlestone-Holmes & Ketcham, 2005. 
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Figure 9 – Sketch depicting how the relationship between two component foliations 

controls the plunge and trend of the resultant intersection lineation (dashed lines).  

Between a sub-vertical (A, B or C) and sub-horizontal foliation (D), the trend is 

essentially identical to the strike of the former.  The plunge value of the lineation 

represents an apparent dip of the sub-horizontal foliation and progressively increases 

with increasing disparity in strike between the two.  In scenarios where the strikes are 

precisely orthogonal, the plunge will equal the full dip of the sub-horizontal foliation.  

Alternatively, where two sub-vertical foliations intersect (e.g. where A B and C 

intersect each other) the lineation between them is sub-vertical. 
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Figure 10 – Comparison of horizontal strikes of internal foliations and FIA 

orientations for the same samples.  (a) the horizontal strikes and (b) mean FIA 

orientations for K-feldspar, and (c,d) likewise for Andalusite from the Cooma 

Metamorphic Complex of S.E. Australia.  The two methods yield concordant trends. 

The strikes for K-feldspar reveal more detail (two modal maxima) whereas the radial 

asymmetry method furnishes only a single mean.  Plots are moving average rose 

diagrams generated using MARD (Munro & Blenkinsop, 2012). 
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Figure 11 – Comparisons of FIA range and inclusion trail strikes for a single sample. 

(a) the FIA range, i.e. angular window over which both asymmetries are observed, in 

andalusite porphyroblasts within sample MMC81 from the Cooma Complex. (b) 

inclusion trail strikes for andalusite extracted from the same sample.  The dark grey 

bars in (a) represent the mean FIA axis, determined to within ±5°, and the lighter grey 

the range over which both asymmetries are observed simultaneously.  The minimum 

number of porphyroblasts per thin section used to produce (a) is 36.  (b) moving 

average rose diagram with the dashed lines indicating the strike range limits and the 

solid line the vector mean azimuth.  The size, and azimuthal orientation, of each 

dataset are highly concordant, demonstrating that the limits of a FIA range are 

representative of the variation in strike within a population of porphyroblasts. 
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- SECTION C - 

 

TECTONO-METAMORPHIC EVOLUTION OF THE 

WESTERN COOMA METAMORPHIC COMPLEX, 

LACHLAN FOLD BELT, S. E. AUSTRALIA 
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Figure	   1	   -‐	   (a)	   Geological	   map	   of	   the	   Cooma	   Complex	   showing	   metamorphic	  

isograds	  and	  major	  defining	  structures.	   	  Note	  the	  distinct	  West	  à	  East	  increase	  

in	   metamorphic	   grade,	   with	   the	   Cooma	   Granodiorite	   situated	   at	   the	   centre.	  	  

Modified	   from	  Richards,	  2004.	   	  (b)	  Map	  of	   the	  Slacks	  Creek	  area	   located	   in	   the	  

western	   area	   of	   the	   Cooma	   Complex,	   with	   sample	   localities	   and	   major	   local	  

structures	   indicated.	   	   A-‐A`	   indicates	   the	   section	   line	   in	   Fig.	   2.	   	   Structures	   after	  

Johnson,	  1999.	  
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Figure	  2	  	  –	  Detailed	  East-‐West	  cross	  section	  of	  the	  Slacks	  Creek	  schists	  locality	  indicated	  

in	   Fig.	   1b.	   	   Principal	   structural	   elements	   are	  bedding	   (So),	   dominant	  penetrative	   slaty	  

cleavage	  S3	  and	  overprinting	  differentiated	  crenulation	  cleavage	  S4.	  The	  moving	  average	  

rose	  diagrams,	  shown	  for	  comparison,	  are	  the	  inclusion	  trail	  pitches	  for	  cordierite	  (top,	  

red)	  and	  andalusite	  (bottom,	  green)	  in	  thin	  sections	  aligned	  with	  the	  section	  orientation	  

(~090°).	   	   The	   section	   line	   is	   approximately	   perpendicular	   to	   the	   strike	   of	   all	   three	  

matrix	   foliations	   S3-‐S5	   and	   their	   associated	   fold	   axes.	   	   F3	   to	   F5	   generations	   are	   all	  

bedding	  folds,	  with	  F5	  folds	  also	  folding	  S4.	  	   	  S1	  and	  S2	  are	  discernible	  at	  the	  microscale,	  

the	  evidence	   for	  which	   is	  presented	   in	   following	  sections.	   	  Rose	  diagrams	  produced	   in	  

MARD	  (Munro	  &	  Blenkinsop,	  2012).	   	  Moving	  average	  parameters	  for	  all	  rose	  diagrams	  

are	   15°	   sampling	   aperture,	   weighted	   average	   0.9,	   equal	   area.	   	   Blue	   arrows	   indicate	  

locations	  of	  samples	  on	  the	  section.	  
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Figure	  3	  -‐	  Recumbent	  parallel	  F4	  folds	  refolding	  the	  sub-‐vertical	  western	  limb	  of	  

the	   F3	   Slacks	   Creek	   anticline	   in	   a	   coaxial	   type	   3	   interference	   pattern.	   	   F3	   folds	  

verging	   to	   the	   left	   (East).	   	  Photo	   taken	  approximately	  mid-‐way	  along	   the	   cross	  

section,	  facing	  due	  South.	  	  Length	  of	  pencil	  =	  14cm.	  
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Figure	  4	  –	  Moving	  average	  rose	  diagrams	  of	  FIA	  trends	  in	  (a)	  cordierite	  and	  (b)	  

andalusite	   in	   the	   Slacks	   Creek	   schists,	   and	   (c)	   K-‐feldspar	   in	   the	   Spring	   Creek	  

pelitic	  gneisses.	  
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Figure	   5	   –	   (a)	   Inclusion	   trail	   pitches	   in	   andalusite	   in	   090°	   orientation	   thin	  

sections	   of	   the	   Slacks	   Creek	   schists.	   	   (b)	   Inclusion	   trail	   pitches	   in	   cordierite	  

wrapped	   by	   the	   sub-‐vertical	   matrix	   foliation	   in	   the	   Slacks	   Creek	   schists	   in	  

orientations	  at	  30°	  increments.	  
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Figure	   6	   –	   (a)	   cordierite	   preserving	  mildly	   inclined	   inclusion	   trails	   with	   sub-‐

vertical	   strain	   shadows	   developed	   coevally	   with	   the	   sub-‐vertical	   S3	   matrix	  

foliation	   and	   subsequently	   deformed	   during	   sub-‐horizontal	   S4	   differentiated	  

crenulation	   cleavage	   development.	   	   This	   is	   the	   most	   common	   strain	   shadow	  

configuration	   surrounding	   cordierite	   porphyroblasts	   wrapped	   by	   the	   sub-‐

vertical	   matrix	   foliation.	   	   Plane	   polarized	   light.	   	   (b)	   Strain	   shadows	   formed	  

during	  approximately	  vertical	  shortening	  that	  are	  deformed	  by	  the	  sub-‐vertical	  

S3	   matrix	   foliation,	   itself	   in	   turn	   crenulated	   by	   the	   S4	   differentiated	   cleavage.	  	  

This	  indicates	  development	  of	  the	  shadow	  during	  the	  prior	  event	  associated	  with	  

the	   sub-‐horizontal	   foliation	   preserved	   within	   the	   majority	   of	   cordierite	  

porphyroblasts.	   	   This	   strongly	   suggests	   that	   the	   porphyroblast	   pre-‐dates	   the	  

majority	  of	  other	  cordierite.	  	  Plane	  polarized	  light.	  
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Figure	   7	   –	   Photomicrograph	   showing	   that	   the	   sub-‐vertical	   andalusite	  

unambiguously	  post-‐dates	  cordierite	  in	  the	  Slacks	  Creek	  schists.	  	  The	  andalusite	  

has	   overgrown	   a	   sub-‐vertical	   foliation	   (S3)	   that	  mimics	   the	  morphology	   of	   the	  

pre-‐existing	  cordierite.	  	  Note	  the	  tight	  interlocking	  between	  the	  two	  phases,	  and	  

contrast	  between	  the	  flat	  lying	  pitches	  in	  cordierite	  and	  steep	  ones	  in	  andalusite.	  	  

Plane-‐polarised	  light.	  
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Figure	   8	   –	   (a)	   Photomicrograph	   showing	   the	   intricate	   relationship	   between	  

andalusite	   and	   the	   muscovite	   band	   (strain	   cap)	   is	   it	   hosted	   within.	   	   Note	   the	  

inclusion	   trails	   in	   all	   the	   individual	   andalusites	   are	   fully	   continuous	   with	   the	  

foliation	   band,	   which	   wraps	   around	   the	   cordierite.	   Plane-‐polarized	   light.	   	   (b)	  

Angular	   crenulations	   in	   the	   M-‐domains	   of	   the	   S4	   differentiated	   crenulation	  

cleavage.	  	  Plane-‐polarized	  light.	  
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Figure	  9	  –	  (a)	  example	  of	  an	  andalusite	  porphyroblast	  in	  the	  Slacks	  Creek	  schists	  

that	  has	  directly	  overgrown	  the	   flat	   lying	  S4	  differentiated	  crenulation	  cleavage	  

in	  the	  matrix.	  The	  sub-‐vertical	  matrix	  S3	  cleavage	  can	  be	  seen	  in	  the	  lower	  right.	  	  

Cross-‐polarized	  light.	  	  (b,c)	  Andalusite	  porphyroblasts	  preserving	  sub-‐vertical	  S3	  

in	   their	   cores	   and	   the	   differentiated	   S4	   crenulation	   cleavage	   in	   their	   rims.	   	   (b)	  

Cross-‐polarized	  light,	  and	  (c)	  Cross-‐polarized	  light	  with	  ¼	  λ	  retardation	  plate	  in.	  	  

(d)	  Andalusite	  porphyroblast	  preserving	  a	  sub-‐horizontal	  crenulated	  cleavage	  in	  

its	  core	  that	  inflects	  vertically	  into	  the	  sub-‐vertical	  matrix	  foliation	  and	  then	  also	  

into	  the	  S4	  differentiated	  cleavage.	  	  Plane-‐polarized	  light.	  
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Figure	  10	   –	  (a,b)	  Photomicrographs	  showing	  later	  mildly	  dipping	  crenulations	  

(Sh)	  that	  overprint	  the	  S4	  differentiated	  cleavage.	  	  In	  (a)	  Sh	  overprints	  both	  the	  S4	  

differentiated	   cleavage	   and	   the	   sub-‐vertical	   S3	   foliation	   in	   the	  QF	  microlithons.	  

(c)	   Plan	   view	  photomicrograph	   showing	   E-‐W	   trending	   angular	   S6	   crenulations	  

within	   the	   M-‐domains	   of	   the	   ~NNE-‐striking	   S4	   differentiated	   cleavage.	   	   All	  

images	  Plane-‐polarized	  light.	  
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Figure	   11	   –	   (a,c)	   cordierite	   porphyroblasts	   in	   the	   cordierite-‐only	   schists	   that	  

have	   overgrown	   the	   sub-‐vertical	   S3	   crenulated	   slaty	   cleavage	   and	   are	   fully	  

continuous	   with	   it	   and	   lack	   sub-‐vertical	   strain	   cap	   development	   against	   their	  

margins.	   	   This	   contrasts	   with	   cordierite	   elsewhere	   that	   invariably	   has	   sub-‐

vertical	   strain	   caps	   developed	   synchronously	  with	   the	   sub-‐vertical	   S3	   foliation.	  	  

Both	   possess	   sub-‐horizontal	   cores	   around	   which	   the	   S3	   sub-‐vertical	   rims	   are	  

developed.	   	   Image	  (c)	   consolidates	   their	   identity	  as	  cordierite	  where	  they	  have	  

partially	   evaded	   retrogression.	   (a)	   Plane-‐polarized	   light.	   	   (c)	   Cross-‐polarized	  

light.	  	  (b)	  Close-‐up	  of	  the	  cordierite	  core	  in	  (a)	  showing	  it	  to	  preserve	  very	  fine-‐

grained	   inclusion	   trails.	   Plane-‐polarized	   light.	   	   (d)	   Smaller	   partially	   fresh	  

cordierite	   porphyroblasts	   that	   have	   overgrown	   the	   M-‐domains	   of	   the	   S4	  

differentiated	  crenulation	  cleavage.	  Cross-‐polarized	  light.	  
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Figure	   12	   –	   (a)	   cordierite	   in	   the	   pelitic	   gneisses	   preserving	   sub-‐horizontal	  

inclusion	   trails	   (white	   dashed	   lines)	   wrapped	   by	   post-‐dating	   K-‐feldspar	   and	  

tabular	   andalusite	   preserving	   sub-‐vertical	   inclusion	   trails	   (black	   dashed	   lines).	  	  

Cordierite	   is	   extensively	   replaced	   by	   aggregitic	   andalusite.	   (b)	   Plan	   view	  

photomicrograph	   demonstrating	   that	   the	   K-‐feldspar	   and	   tabular	   andalusite	  

share	   the	   same	   ~N-‐S	   striking	   sub-‐vertical	   internal	   foliation.	   (c)	   poikiloblastic	  

andalusite	   (fine-‐grained	   grey	   high	   relief)	   and	   fibrolite	   (darker	   fine-‐grained	  

patches)	  anastamosing	  around	  the	  K-‐feldspar	  and	  tabular	  andalusite,	  defining	  a	  

flat	   lying	   foliation	   that	   post-‐dates	   them.	   	   (d)	   fibrolite	   and	   poikiloblastic	  

andalusite	   nucleated	   along	   the	   vertical	  margins	   of	   the	   K-‐feldspar.	   	   (e)	   tabular	  

sillimanite	   exploited	   a	   weakness	   in	   the	   pre-‐existing	   cordierite.	   All	  

photomicrographs	  plane-‐polarized	  light.	  
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Figure	   13	   –	   (a)	   photomicrograph	   showing	   the	   sub-‐vertical	   axial	   planar	  

differentiated	   S3	   crenulation	   cleavage	   within	   the	   Spring	   Creek	   psammitic	  

gneisses.	  	  Tabular	  and	  aggregitic	  andalusite	  have	  nucleated	  preferentially	  within	  

the	  M-‐domains.	  	  (b)	  Close	  up	  of	  area	  indicated	  in	  (a).	  	  (c)	  Overprinting	  of	  the	  S3	  

differentiated	   cleavage	   by	   the	   succeeding	   sub-‐horizontal	   S4	   foliation.	   	   (d)	  

fibrolite	  post-‐dating	  the	  K-‐feldspar	  porphyroblasts,	  defining	  the	  cross-‐cutting	  flat	  

lying	  S4	  foliation.	   	  (e)	  K-‐feldspar	  showing	  continuity	  with	  the	  M-‐domains	  of	  the	  

S3	  differentiated	  crenulation	  cleavage,	  matching	  its	  strike.	  	  (a-‐d)	  Plane-‐polarized	  

light.	  	  (e)	  Cross-‐polarized	  light.	  
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Figure	  14	  –	  Sketch	  summary	  of	  the	  microstructural	  evolution	  preserved	  by	  the	  

Slacks	   Creek	   schists	   and	   Spring	   Creek	   pelitic	   gneisses.	   	   Dark	   grey	   =	   cordierite,	  

light	  grey	  =	   tabular	  andalusite,	  white	  =	  K-‐feldspar.	   	  Brown	   in	  pelitic	  gneisses	  =	  

fibrolite	  and	  sillimanite.	  	  Foliation	  Sh	  post-‐dates	  S4,	  but	  cannot	  be	  unambiguously	  

timed	  relative	  to	  D5	  and	  D6	  structures.	  
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Figure	   15	   –	   (a)	   development	   of	   the	   symmetrical	   crenulation	   lineations	  within	  

cordierite	  porphyroblasts	  in	  a	  similar	  in	  style	  and	  orientation	  to	  those	  within	  the	  

S4	  differentiated	  cleavage.	  	  Dashed	  line	  represents	  the	  inclusion	  trail	  orientation.	  	  

Plane-‐polarized	   light.	   	   (b)	   Internal	   deformation	   of	   the	   selectively	   sericitized	  

andalusite,	  with	  a	   similar	  orientation	   to	   that	   in	   the	  adjacent	  M-‐domain.	   	  Cross-‐

polarized	  light. 
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- SECTION D - 

TECTONO-METAMORPHIC HISTORIES PRESERVED BY 

HIGH-TEMPERATURE LOW-PRESSURE (HTLP) 

METAMORPHIC COMPLEXES OF THE EASTERN 

LACHLAN FOLD BELT: AN INTRICATE RECORD OF 

REGIONAL-SCALE TECTONICS? 
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Figure	   1	   –	  Geological	  map	  showing	   the	  distribution	  of	   sediment	  and	  granitoid	  

bodies	  within	   the	   Eastern	   and	   Central	   Lachlan	   Fold	   Belt,	   S.	   E.	   Australia.	   	   BB	   –	  

Bega	   Batholith,	   MB	   –	   Murrumbidgee	   Batholith,	   YB	   –	   Young	   Batholith,	   KB	   –	  

Kosciusko	  Batholith,	  WB	   –	  Wyangala	  Batholith.	   	   The	  Eastern	  bounding	   fault	   of	  

the	   Wagga	   Omeo	   Metamorphic	   Belt	   (thick	   dashed	   black)	   represents	   the	   sub-‐

division	  between	   the	  Eastern	  and	  Central	  domains.	   	  White	  box	  outlines	  area	  of	  

Fig.	  2.	  	  Modified	  from	  Richards,	  2004.	  
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Figure	   2	   -‐	   Simplified	   geological	   map	   of	   the	   Eastern	   Lachlan	   Fold	   Belt,	  

highlighting	   the	   distribution	   of	   High-‐Temperature	   Low-‐Pressure	   (HTLP)	  

metamorphism	   within	   it,	   the	   positions	   of	   main	   metamorphic	   complexes,	   and	  

their	   relationship	   to	   proximate	   Siluro-‐Devonian	   intrusions.	   	   Modified	   from	  

Richards,	  2004.	  
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Figure	  3	  –	  Map	  of	  the	  Cooma	  Metamorphic	  Complex	  showing	  the	  distribution	  of	  

metamorphic	  isograds	  and	  major	  structures	  in	  the	  lower-‐grade	  and	  higher-‐grade	  

zones.	  	  “B”	  outlines	  area	  from	  which	  measurements	  in	  Fig.	  6(e)	  were	  taken.	  	  “A”	  

outlines	  area	  from	  which	  measurements	  in	  Fig.	  6(f)	  were	  taken.	  	  “C”	  outlines	  area	  

from	  which	  measurements	  in	  Fig.	  6	  (a-‐d)	  were	  taken.	  	  Modified	  from	  Richards	  &	  

Collins,	   2002.	   	   Note	   that	   the	   composite	   S0/S3	   fabric	   in	   the	   Eastern	   complex	   is	  

folded	  about	  E-‐W	  trending	  folds.	  
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Figure	   4	   –	  Microstructural	   development	   and	   porphyroblast	   growth	   in	   (a)	   the	  

Slacks	  Creek	  schists	  of	  the	  Western	  Cooma	  Complex,	  and	  (b)	  the	  Murrumbidgee	  

aureole	  to	  the	  North.	   	  The	  former	  involved	  four	  stages	  of	  cordierite	  and	  at	  least	  

two	  of	  andalusite,	  the	  latter	  two	  of	  cordierite	  and	  two	  of	  andalusite.	  Dark	  grey	  is	  

cordierite,	  light	  grey	  is	  andalusite.	  	  The	  Murrumbidgee	  model	  is	  based	  upon	  the	  

descriptions	  of	  Richards	  &	  Collins,	  2002.	  
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Figure	   5	   –	   (a)	   asymmetrical	   parasitic	   F3	   fold,	   indicating	   vergence	   to	   the	   right	  

(East).	   	   Facing	   due	   South.	   	   (b)	   recumbent	   F4	   folds	   on	   the	  Western	   limb	   of	   the	  

Slacks	  Creek	  Anticline.	  	  Facing	  due	  South.	  	  (c)	  F5	  folding	  of	  S4	  in	  pelitic	  units.	  	  (d)	  

asymmetrical	   and	   (e)	   concentric	   F5	   folding	   of	   the	   dominant	   differentiated	  

crenulation	  cleavage.	  	  Both	  face	  due	  South.	  	  Note	  in	  (d)	  that	  the	  kink-‐style	  fabric	  

is	   axial	   planar	   to	   and	   has	   the	   same	   asymmetry	   as	   the	   fold.	   (f)	   More	   intense	  

example	  of	  the	  kink-‐style	  fabric.	  	  Length	  of	  pencil	  =	  14cm.	  

	  

	  

	  

	  

	  

	  

S0
F3

S4
S3

S4

S0

F5(a) (c)

(d) (f )(e)

(b)

F4

So

S4

F5

S5 kinks

S4

F5



Section	  D	   M.	  A.	  Munro	  
	  

	   236	  

	  

	  

	  

Figure	   6	   -‐	  (a-‐d)	  Equal	  area	  stereonets	   for	  mesoscale	  structural	  measurements	  

from	   the	   Slacks	   Creek	   area	   (Area	   “C”	   of	   figure	   3)	   of	   the	   Cooma	   Metamorphic	  

Complex,	  NSW,	  Australia.	  	  Poles	  to	  plane	  for	  (a)	  bedding,	  (b)	  pervasive	  cleavage	  

S3,	   (c)	   S4	  differentiated	   crenulation	   cleavage,	   (d)	   the	   kink-‐style	   S5	   fabric.	   	   The	  

girdle	  in	  (a)	  reflects	  F3	  folding;	  that	   in	  (c)	  reflects	  F5	  folding.	   	  (e)	  Poles	  to	  S4	   in	  

area	  “B”	  southeast	  of	  the	  Granodiorite	  shown	  in	  Figure	  3.	  	  (f)	  Poles	  to	  S4	  in	  Spring	  

Creek	  section,	  area	  “A”	  of	  figure	  3.	  	  Solid	  great	  circles	  represent	  the	  best-‐fit	  plane	  

for	  the	  population;	  dashed	  lines	  represent	  girdles.	  
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Figure	   7	   -‐	   (green)	   moving	   average	   rose	   diagram	   showing	   plan	   view	   trends	   of	  

symmetrical	  crenulation	  lineations	  in	  the	  M-‐domains	  of	  the	  dominant	  differentiated	  

S4	   crenulation	   cleavage	   and	   Ms-‐rich	   S3	   bands	   measured	   from	   pelitic	   units	   at	   the	  

microscale.	  (red)	  superimposed	  lower	  hemisphere	  stereonet	  projection	  of	  the	  kink-‐

style	   S5	   fabric	  measured	   at	   the	  mesoscale	   in	   psammitic	   units	   from	   the	   same	   area	  

(West	  Slacks	  Creek	  block).	   	  (blue	  poles)	  F5	  fold	  axes	  in	  the	  East	  Slacks	  Creek	  block,	  

after	  Johnson,	  1999.	  	  Black	  dot	  is	  mean	  plunge	  and	  trend	  of	  F5	  folds	  from	  this	  study	  

in	  the	  West	  Slacks	  creek	  block.	  	  The	  difference	  in	  orientation	  between	  microscale	  S5	  

crenulations	  and	  mesoscale	  kinks	   is	  due	   to	   cleavage	   refraction.	   	  The	  E-‐W	   trending	  

crenulations	   in	   S4	   represent	   a	   distinct	   generation	   from	   the	   S5	   crenulations	   (N-‐S).	  	  

Note	  that	  a	  number	  of	  steeply	  plunging	  outliers	  in	  Johnson’s	  data	  correlate	  with	  the	  

E-‐W	  trending	  S6,	  here	  re-‐interpreted	  as	  F6.	  	  These	  overprint	  a	  D5	  composite	  fabric	  on	  

the	   Eastern	   limb	   of	   the	   Slacks	   Creek	   anticline.	   	   Moving	   average	   rose	   diagram	  

produced	  in	  MARD	  (Munro	  &	  Blenkinsop,	  2012).	  	  Both	  equal	  area.	  
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Figure	  8	  –	  (a)	  Upright	  E-‐W	  trending	  S6	  crenulation	  lineations	  that	  overprint	  the	  

composite	  D5	  foliation,	  the	  latter	  forming	  the	  exposure	  surface.	  	  Facing	  due	  West,	  

width	   of	   image	   approximately	   15cm.	   (b)	   Plan	   view	   photo	   of	   symmetrical	   E-‐W	  

trending	  F6	  fold	  plunging	  steeply	  East.	  Top	  of	   image	  is	  East.	   (c)	  Approximately	  

plan	  view	  photo	  showing	  the	  symmetrical	  F6	  fold	  orientation	  in	  (b)	  distinguished	  

from	  adjacent	  N-‐S	  trending	  asymmetrical	  parasitic	  F3	  folds.	  	  Top	  of	  image	  is	  East.	  
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Figure	  9	  –	  (a)	  sketch	  of	  mesoscale	  relationships	  between	  D3-‐D5.	  	  (b-‐d)	  Potential	  

developmental	   model	   for	   the	   slacks	   creek	   schists.	   	   (b)	   D1	   ~E-‐W	   shortening	  

produces	   ~North-‐South	   trending	   F1	   folds	   (potentially	   large	   km	   regional-‐scale)	  

and	  axial	  planar	  sub-‐vertical	  S1	  foliation.	  	  (c)	  D2	  involved	  essentially	  non-‐coaxial	  

top-‐East	   shear	   on	   S2,	  overturning	   F1	   folds	   to	   the	   East.	   	   If	   the	  Western	   Cooma	  

Complex	   is	   situated	   on	   the	   Western	   limb	   of	   an	   F1	   antiform,	   reactivation	   of	  

bedding	   (S0)	   unfolds	   any	   parasitic	   F1	   folds	   and	   F2	   development	   is	   hindered,	  

explaining	  the	  apparent	  absence	  of	  either	  at	  the	  mesoscale.	  (d)	  ~E-‐W	  shortening	  

during	  D3	   tightens	  original	  N-‐S	   trending	  F1	   folds,	   and	   initial	  F3	  axial	  planes	  are	  

overturned	   to	   the	   East.	   	   F3	   folds	  ~2-‐3km	   scale.	   	   (e)	   D4	   essentially	   non-‐coaxial	  

top-‐West	   shear	   on	   S4	   overturns	   F3	   axial	   planes	   to	   the	  West	   into	   their	   present	  

orientation.	  	  Mesoscale	  F4	  folds	  formed	  by	  heterogeneous	  simple	  shear.	  
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Figure	   10	   –	   Schematic	   P-‐T	   path	   for	   the	   Slacks	   Creek	   schists.	   	   Path	   “A”	   is	  

applicable	   to	   the	   cordierite-‐andalusite	   schists.	   	   A	   similar	   path	   to	   “A”	   is	   also	  

applicable	   to	   the	   cordierite-‐only	   schists,	   however	   may	   involve	   a	   minor	  

retrogressive	   interval	   producing	   chlorite	   prior	   to	   late-‐stage	   cordierite	   growth	  

over	  S3	  and	  S4	  	  (Path	  “B”).	  	  Reaction	  topology	  after	  Johnson	  &	  Vernon	  (1995).	  	  Chl	  

=	   chlorite,	  Ms	  =	  muscovite,	  Bt	  =	  biotite,	   Crd	  =	   cordierite,	  Als	  =	   aluminosilicate,	  

And	  =	  andalusite,	  Sill	  =	  sillimanite,	  Ksp	  =	  K-‐feldspar,	  Pl	  =	  plagioclase,	  Qtz	  =	  quartz.	  	  

“P”	   from	   	   Pattison,	   1992.	   	   “PH”	   from	   Powell	   &	   Holland,	   1990.	   	   Approximate	  

locations	  of	  the	  deformation	  events	  are	  marked	  by	  the	  blue	  symbols,	  determined	  

via	   their	  relationship	   to	  porphyroblast-‐associated	  reactions.	   	  D3	  was	  associated	  

with	  continuing	  cordierite	  growth,	  and	  spans	  an	  unconstrained	  proportion	  of	  the	  

trajectories	   between	   D2	   and	   D4	   in	   P-‐T	   space.	   	   D5	   was	   likely	   temporal	   with	  

porphyroblast	  retrogression,	  however	  it	  and	  D6	  may	  have	  occurred	  anywhere	  on	  

the	  retrograde	  path	  after	  crossing	  the	  cordierite-‐out	  or	  cordierite/andalusite-‐out	  

line.	  
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Figure	  11	  –	  Sedimentary	  record	  and	  basin	  evolution	  in	  the	  Eastern	  Lachlan	  Fold	  

Belt	   from	   the	   Ordovician	   through	   to	   the	   base	   of	   the	   Devonian.	   	   Dashed	   lines	  

indicate	   the	   constrained	   timeframe	   between	   deposition	   of	   the	   turbidite	  

protoliths	  (detrital	  zircon	  U-‐Pb	  ages;	  Williams,	  2001)	  and	  the	  conclusion	  of	   the	  

tectono-‐metamorphic	   development	   of	   the	   Cooma	   Complex	   and	   proximate	  

Murrumbidgee	   Aureole.	   	   The	   upper	   constraint	   is	   provided	   by	   the	   minimum	  

crystallization	  age	  of	  the	  Granodiorite	  (Williams,	  2001)	  during	  D5.	  	  Sedimentary	  

logs	  modified	   from	  Foster	  &	  Gray,	  2000.	   	  Patterns	  of	  basin	  evolution	  extracted	  

from	   Collins,	   2002.	   	   Unconformities	   demarcate	   horizontal	   bulk	   shortening	  

episodes,	  basin/rift	  development	  vertical	  shortening.	  
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Figure	   12	   –	   Suggested	   correlation	   of	   deformation	   in	   the	   Cooma	   Complex	   and	  

Murrumbidgee	   aureole	   with	   that	   throughout	   the	   Lachlan	   Fold	   Belt.	   Vertical	  

shortening	  associated	  with	  post-‐D4	  Sh	  development	  cannot	  be	  readily	  correlated	  

with	  any	  regional	  deformations.	  
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Figure	  13	  –	  N-‐S	  trending	  folds	  in	  regional	  greenschist	  facies	  rocks	  exposed	  in	  a	  

quarry	   highly	   proximate	   to	   the	   Cooma	   Complex.	   	   Note	   the	   absence	   of	   an	   axial	  

planar	  foliation.	  
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MASS	  TRANSFER	  ASSOCIATED	  WITH	  DIFFERENTIATED	  

CRENULATION	  CLEAVAGE	  AND	  STRAIN	  SHADOW	  

DEVELOPMENT	  DURING	  HTLP	  METAMORPHISM:	  INSIGHTS	  
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Table	  
1	  –	  X-‐ray	  Fluorescence	  m

ajor	  (W
t.	  %

)	  and	  trace	  elem
ent	  (ppm

)	  

com
positions	  for	  the	  Slacks	  Creek	  schists	  and	  Spring	  Creek	  pelitic	  gneisses	  

sam
pled.	  	  bd	  =	  below

	  detection	  lim
its.	  
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	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Table	  2	  –	  LA-‐ICP-‐M
S	  trace	  elem

ent	  com
positions	  (ppm

)	  for	  the	  Slacks	  Creek	  

schists	  and	  Spring	  Creek	  pelitic	  gneisses	  sam
pled.	  
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Figure	   1	   –	   (a)	   Typical	   microstructural	   relationships	   in	   the	   (cordierite-‐

andalusite)	   Slacks	   Creek	   schists	   showing	   the	   prominent	   S4	   differentiated	  

crenulation	   cleavage	   that	   may	   constitute	   up	   to	   ~40	   -‐	   50%	   of	   the	   rock	   area.	  	  

Cross-‐Polarized	   light.	   	   (b)	   Photomicrograph	   of	   the	   higher-‐grade	   Spring	   Creek	  

pelitic	   gneisses.	   	   A	   high	   proportion	   of	   the	   rock	   is	   composed	   of	   K-‐feldspar	   and	  

andalusite	   porphyroblasts	   and	   the	   matrix	   is	   undifferentiated.	   The	  

porphyroblasts	  internally	  preserve	  S3.	  	  Plane-‐polarized	  light.	  
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Figure	  2	  –	  Map	  of	  the	  Western	  Cooma	  Complex	  showing	  positions	  of	  the	  samples	  

analyzed	   in	   the	   study.	   	   Blue	   =	   Slacks	   Creek	   schists,	   Red	   =	   Spring	   Creek	   pelitic	  

gneisses	   (undifferentiated).	   	   Metamorphic	   isograds	   and	   major	   structures	  

modified	  from	  Johnson,	  1999.	  
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Figure	   3	   –	   Scatter	  plots	   comparing	  Wt.	  %	  major	  element	  oxides	   for	   the	  Slacks	  

Creek	  schists	  (blue)	  and	  Spring	  Creek	  pelitic	  gneisses	  (red)	  extracted	  from	  XRF	  

data.	  
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Figure	   4	   -‐	   Scatter	   plots	   comparing	   trace	   element	   compositions	   (ppm)	   for	   the	  

Slacks	   Creek	   schists	   (blue)	   Spring	   Creek	   pelitic	   gneisses	   (red)	   extracted	   from	  

XRF	  data.	  
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Figure	  5	  –	   (a)	  Semi-‐log	  plot	  of	  Rare	  Earth	  Elements	  in	  the	  Spring	  Creek	  pelitic	  

gneisses	   and	  Slacks	  Creek	   schists	  normalized	   to	   chondrite	   (McDonough	  &	  Sun,	  

1995).	   	   Tm	   was	   not	   measured	   and	   is	   therefore	   omitted.	   Isocon	   diagrams	   for	  

major	  element	  oxides	  (b)	  and	  trace	  elements	  (c,d)	   comparing	   the	  Slacks	  Creek	  

schists	   and	  Spring	  Creek	  pelitic	   gneisses,	   considered	   the	   altered	   and	  unaltered	  

rocks	   respectively.	   	   Major	   element	   data	   in	   (b)	   was	   acquired	   from	   XRF.	   	   The	  

degree	   to	   which	   each	   analyzed	   component	   deviates	   from	   the	   constant	  

concentration	   isocon	   indicates	   the	   magnitude	   of	   concentration	   change.	   	   Trace	  

element	  data	  in	  (c)	  and	  (d)	  was	  acquired	  from	  LA-‐ICP-‐MS	  with	  the	  exception	  of	  V,	  

which	  is	  more	  accurate	  via	  XRF.	   	  Prefix	  values	  adjacent	  to	  the	  element	  signifies	  

the	  scaling	  factor	  applied	  to	  it.	  
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Figure	  6	  	  –	  Photomicrographs	  showing	  the	  most	  common	  veining	  configuration	  

within	  the	  Slacks	  Creek	  schists.	  	  (a)	  The	  vein	  utilizes	  the	  pre-‐existing	  sub-‐vertical	  

S3	  cleavage	  and	  is	  deformed	  by	  S4	  crenulations,	  indicating	  a	  late	  syn-‐D3	  to	  syn-‐D4	  

development.	   	  The	  vein	  has	  opened	  at	  high	  angles	   to	   the	   sub-‐vertical	  principal	  

shortening	   orientation	   during	   D4.	   (b)	   veins	   of	   identical	   timing	   that	   have	   been	  

subject	  to	  straining	  and	  dissolution	  across	  the	  M-‐domains	  of	  S4	  later	  during	  D4.	  
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Figure	  7	  –	  (a)	  Cathodoluminescence	  (CL)	  and	  (b)	  Secondary	  Electron	  (SE)	  image	  

of	  typical	  QF-‐domains	  and	  M-‐domains	  of	  the	  differentiated	  cleavage	  S4.	  	  (a)	  Black	  

(poor	   luminosity)	   =	  muscovite,	   biotite	   +	   Fe-‐Ti	   oxides.	   	   Intermediate	   shades	   of	  

grey	   =	   quartz.	   	   Light	   grey	   =	   feldspar	   (typically	   albite).	   Feldspar	   component	   is	  

much	   lower	   than	   quartz.	   	   Note	   that	   quartz	   and	   feldspar	   have	   been	   almost	  

entirely	   removed	   from	   the	   M-‐domain	   in	   the	   lower	   left	   corner	   with	   those	  

remaining	  subject	  to	  grain-‐size	  reduction	  and	  increases	  in	  aspect	  ratio.	  	  Note	  that	  

the	  horizontal	  streaks	  emanate	  from	  highly	  luminescent	  accessory	  minerals	  such	  

as	  monazite.	  	  Elongate	  highly	  luminescent	  (white)	  features	  in	  the	  M-‐domains	  are	  

cavities	  between	  the	  micas,	  evident	   in	  (b).	   	  (c)	  CL	  and	  (d)	  SE	   image	  of	  another	  

QF-‐domain	  and	  M-‐domain	  couplet,	  here	  possessing	  a	  larger	  feldspar	  component.	  	  

(e)	   CL	   image	   of	   area	   indicated	   in	   (c)	   demonstrating	   the	   distinguishable	  

signatures	   of	   the	   feldspar	   and	   cavities	   in	   the	   thin	   section.	   	   (f)	   CL	   image	   of	   K-‐

feldspar	  in	  the	  pelitic	  gneisses	  (K)	  which	  has	  darker	  overgrowths	  on	  the	  margins.	  	  

(g)	   Quartz	   and	   feldspar	   in	   the	  M-‐domains	   (right	   side	   of	   image)	   have	   the	   same	  

signatures	  as	  those	  in	  the	  QF-‐domains	  (left	  side	  of	  image).	  
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Figure	   8	   –	   (a)	   Cathodoluminescence	   (CL),	   and	   (b)	   Secondary	   Electron	   (SE)	  

image	   comparing	   a	   syn-‐D4	   vein,	   upper	   section,	   and	   QF-‐domain,	   lower	   section.	  	  

Note	  in	  (a)	  the	  similar	  luminescence	  between	  quartz	  precipitated	  in	  the	  vein	  and	  

that	   constituting	   the	  majority	   of	   the	   QF-‐domain.	   	  While	   feldspar	   constitutes	   a	  

small	  proportion	  of	  the	  QF-‐domain,	  it	  is	  essentially	  absent	  from	  the	  vein.	  	  (c)	  CL	  

and	  (d)	  SE	  image	  of	  the	  area	  marked	  in	  (a).	   	  Observe	  that	  neither	  the	  quartz	  or	  

feldspar	  exhibit	  evidence	  of	  internal	  zonations	  that	  may	  indicate	  the	  addition	  of	  

later	   overgrowths.	   	   This	   is	   representative	   of	   quartz	   and	   feldspar	   in	   all	   the	  

samples	  analyzed.	  	  (e)	  CL	  and	  (f)	  SE	  image	  of	  another	  vein,	  here	  hosting	  notable	  

feldspar	   content.	   	   Areas	   marked	   in	   (e)	   are	   those	   compositionally	   mapped	   in	  

Figure	  12.	  
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Figure	   9	   –	   (a)	   CL	   image	   of	   a	   strain	   shadow	   surrounding	   a	   retrograde	  

pseudomorph	   from	   cordierite	   (lower	   margin).	   	   The	   strain	   shadow	   has	  

crystallized	  much	  coarser	  quartz	  than	  the	  QF-‐domain	  and	  M-‐domain	  portions	  of	  

the	  surrounding	  matrix	  and	  exhibits	  a	  striking	  absence	  of	  feldspar	  relative	  to	  the	  

matrix.	  	  The	  white	  box	  delineates	  area	  compositionally	  mapped	  in	  Figure	  11.	  	  (b)	  

CL	  image	  of	  strain	  shadows	  (S)	  surrounding	  a	  younger	  andalusite	  porphyroblast	  

(A)	   showing	   a	   similar	   absence	   of	   feldspar	   in	   the	   coarsely	   crystallized	   adjacent	  

region	  relative	  to	  the	  bulk	  matrix.	  	  Note	  that	  area	  devoid	  of	  feldspar	  corresponds	  

to	  the	  coarsely	  recrystallized	  sections	  of	  the	  strain	  shadows.	  	  (c,d)	  CL	  images	  of	  

strain	  shadows	  adjacent	  to	  cordierite	  porphyroblasts.	   	  Note	  that	  unlike	  those	  in	  

(a)	  and	  (c)	   these	  possess	  feldspar.	   	  Note	  also	  that	   it	   is	  not	  recrystallized	  in	  the	  

same	  manner	  as	  those	   in	  (a)	  and	  (c).	   	   Image	  (d)	   is	  rotated	  clockwise	  90°,	  such	  

that	   the	   vertical	   is	   horizontal.	   	   The	   sub-‐vertical	   D3	   strain	   shadow	   in	   (d)	   is	  

deformed	   into	   S4.	   	   (e)	   Cordierite	   pseudomorph	   exhibiting	   a	   coarsely	  

recrystallized	   strain	   shadow	   on	   one	  margin	   (left)	   and	   fine-‐grained	   shadow	   on	  

the	  other	  (right).	  Plane-‐polarized	  light.	  (f)	  SEM-‐CL	  image	  of	  (e).	  Note	  the	  absence	  

of	  feldspar	  in	  the	  recrystallized	  shadow	  vs.	  its	  presence	  in	  the	  non-‐recrystallized	  

one.	  

	  

	  

	  

	  

	  

	  

	  



Section	  E	   M.	  A.	  Munro	  
	  

	   263	  

	  

Figure	  10	   –	  Electron	  probe	  micro	  analyzer	  (EPMA)	  compositional	  mapping	  of	  the	  

area	  marked	  in	  Figure	  10a	  showing	  (a)	  Na,	  (b)	  Ca	  and	  (c)	  K.	  	  The	  area	  encompasses	  

part	  of	  an	  M-‐domain	  (M),	  QF-‐domain	  (Q)	  and	  cordierite	  strain	  shadow	  (S).	  	  (a)	  blue	  

=	  muscovite	   (low	   concentration),	   yellow	   =	   albite	   (high	   concentration).	   	   (b)	   red	   =	  

absent	  (no	  counts).	  	  Orange/yellow	  =	  albite,	  blue/green	  =	  apatite.	  	  (c)	  pink	  =	  biotite	  

(moderate	   concentration),	   yellow	   =	   muscovite	   and	   biotite	   (high	   concentration).	  

Albite	  in	  the	  M-‐domain	  and	  QF-‐domain	  exhibits	  the	  same	  concentrations	  of	  Na	  and	  

Ca.	   	  (e,f)	  Higher	  magnification	   images	  of	   the	  areas	  of	  QF-‐domain	  marked	  in	  (b).	   	  A	  

number	   of	   albite	   grains	   exhibit	   zonations	   with	   Ca-‐richer	   cores	   and	   weaker	   rims.	  	  

Maps	  produced	  using	  the	  public	  domain	  software	  ImageJ.	  
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Figure	   11	   –	   High-‐resolution	   electron	   microprobe	   (EPMA)	   compositional	  

mapping	  of	  the	  area	  marked	  in	  Figure	  9e	  showing	  (a)	  Na,	  (b)	  Ca	  and	  (c)	  K.	  	  (a)	  

blue	  =	  muscovite	  (low	  concentration),	  yellow	  =	  albite	  (high	  concentration).	   	  (b)	  

red	  =	  absent	  (no	  counts).	  	  Orange/yellow	  =	  albite,	  blue/green	  =	  apatite.	  	  (c)	  pink	  

=	   biotite	   (moderate	   concentration),	   yellow	   =	   muscovite	   and	   biotite	   (high	  

concentration).	   Albite	   precipitated	   in	   the	   syn-‐D4	   vein	   (V)	   and	   QF-‐domain	   (Q)	  

show	   indistinguishable	  concentrations	   in	  Na	  and	  Ca.	   	  Maps	  produced	  using	   the	  

public	  domain	  software	  ImageJ.	  
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Figure	   12	   –	   (a-‐d)	  Wavelength	  Spectral	   (W)	  CL	   images	  of	   the	  area	   indicated	   in	  

Figure	  9(a).	   	  (a)	  CL	  colour	  map	  of	  composite	   intensities	  across	   the	  visible	   light	  

spectrum	  (380	  –	  780	  nm).	  	  Yellow	  =	  quartz,	  blue	  =	  albite,	  green	  =	  apatite.	  	  Note	  

that	  M-‐domain	  quartz	   (left)	   is	   lower	   in	   absolute	   intensity	   than	  QF-‐domain	  and	  

strain	   shadow	  quartz,	   the	   latter	   two	  being	   identical.	   	  All	   three	  exhibit	   identical	  

composite	   CL	   colours.	   	   However,	   M-‐domain	   albite	   cannot	   be	   readily	  

distinguished	  from	  QF-‐domain	  albite	  via	  absolute	  intensity.	  	  	  (b,c)	  Isolated	  single	  

wavelength	   intensity	   maps	   at	   624	   nm	   (red	   light)	   and	   413	   nm	   (blue	   light)	  

respectively.	   (b)	   QF-‐domain	   and	   strain	   shadow	   quartz	   is	   significantly	   higher	  

intensity	  than	  M-‐domain	  quartz.	  	  Everything	  visible	  is	  quartz.	  	  (c)	  albite	  =	  green	  

to	   red,	   quartz	   =	   blue.	   	   (d)	   Combined	   intensity	  map	   of	  wavelengths	   across	   the	  

visible	   light	   spectrum	   (380	   –	   780	   nm).	   	   Everything	   visible	   is	   quartz.	   	   This	  

highlights	  the	  combined	  intensity	  difference	  between	  M-‐domain	  and	  QF-‐domain	  

quartz.	  	  (e)	  Combined	  visible	  light	  spectrum	  intensity	  map	  of	  the	  area	  indicated	  

in	   Figure	   8(e).	   	   Vein	   quartz	   (V)	   is	   visually	   indistinguishable	   from	   QF-‐domain	  

quartz	   (Q).	   	   (f)	   Composite	   CL	   colour	  map	   of	   the	   area	   indicated	   in	   Figure	   8(e)	  

showing	  that	  albite	  (blue)	  and	  quartz	  (yellow)	  in	  the	  vein	  (left)	  and	  QF-‐domain	  

(right)	   exhibit	   the	   same	   signatures.	   	   (g)	   total	   combined	   intensity	   CL	   map	   for	  

wavelengths	  across	  the	  visible	   light	  spectrum	  of	  quartz	  inclusions	  in	  andalusite	  

(A)	  and	   the	  adjacent	  matrix	   (M).	   	  Note	   that	   inclusions	   in	   the	  andalusite	  exhibit	  

lower	  intensities	  than	  that	  of	  the	  matrix.	  
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Figure	   13	   –	   (a)	   Plot	   showing	   average	   absolute	   luminosity	   spectra	   of	  

wavelengths	   across	   the	   visible	   light	   spectrum	   (380	   –	   780	   nm)	   for	   quartz	   and	  

albite	   throughout	   the	  map	   area	   in	   Figure	   12(a).	   	   Being	   derived	   from	   the	   same	  

map,	   all	   values	   are	   directly	   comparable.	   M-‐domain	   quartz	   and	   albite	   are	  

consistently	  lower	  in	  intensity	  across	  the	  spectra	  than	  their	  counterparts	  in	  the	  

QF-‐domain	   and	   strain	   shadow.	   	   QF-‐domain	   and	   strain	   shadow	   quartz	   are	  

essentially	   identical.	   (b)	   Plot	   showing	   average	   absolute	   luminosity	   spectra	   of	  

wavelengths	  across	   the	  visible	   light	   spectrum	   for	  quartz	   and	  albite	   throughout	  

the	  map	   area	   in	   Figure	  12(e).	   	  Quartz	   in	   the	   vein	   and	  QF-‐domain	   are	   identical	  

across	   the	   entire	   spectrum.	   	   N.B:	   Also	   shown	   for	   comparison	   are	   QF-‐domain	  

quartz	  values	   from	  Figure	  12(a).	   	  These	  values	  may	  be	  compared	  with	  respect	   to	  

relative	   spectral	   components	   but	   not	   in	   absolute	   intensity	   due	   to	   being	   acquired	  

under	  different	  microprobe	  conditions.	   	  The	  QF-‐domain	  quartz	  derived	   from	   the	  

map	   in	   Figure	   12(a)	   possesses	   identical	   relative	   components	   of	   spectral	  

wavelengths	   to	   that	   in	   the	   vein	   and	   QF-‐domain	   in	   Figure	   12(e).	   	   (c)	   absolute	  

intensity	   differences	   between	   QF-‐domain	   and	   M-‐domain	   quartz.	   	   Intensity	  

differences	   are	   greatest	   nearest	   the	   peak	   wavelengths	   of	   the	   phase.	   	   (d)	  

proportional	   relative	  percentage	  difference	  between	  QF-‐domain	  and	  M-‐domain	  

quartz.	  	  (e)	  Intensity	  differences	  between	  quartz	  inclusions	  in	  cordierite	  and	  the	  

adjacent	   strain	   shadow	   (blue),	   and	   quartz	   inclusions	   in	   andalusite	   and	   the	  

surrounding	  matrix	   (green).	   	  Solid	   lines	   in	  (e)	   are	   inclusion	  quartz	  and	  dashed	  

lines	  external	  matrix	  quartz.	  
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Figure	  14	  –	  Combined	  total	  W-‐CL	  intensity	  across	  the	  visible	  light	  spectrum	  of	  

(a)	   quartz	   inclusions	   in	   an	   S2-‐preserving	   cordierite	  porphyroblast,	   and	   (b)	   the	  

adjacent	  strain	  shadow.	  	  Both	  maps	  were	  produced	  sequentially	  using	  the	  same	  

microprobe	   conditions.	   	   Quartz	   inclusions	   inside	   the	   cordierite	   porphyroblast	  

exhibit	  lower	  intensities	  than	  quartz	  in	  the	  strain	  shadow.	   	  (c)	  Ternary	  diagram	  

of	  the	  mean	  relative	  proportions	  of	  blue,	  green	  and	  red	  visible	  light	  wavelengths	  

exhibited	  by	  the	  quartz	  and	  albite	  analyzed	  in	  this	  study.	  	  Purple	  zones	  indicate	  

the	  relative	  proportions	  of	  each	  component	   in	  quartz	  of	  different	  metamorphic	  

grades,	  as	  documented	  by	  Boggs	  et	  al.	  (2002).	  	  Low-‐grade	  regional	  metamorphic	  

quartz	  was	   shown	   to	   possess	   high	   proportions	   of	   red	   and	   low	   blue,	   and	   high-‐

grade	   regional	   and	   contact	   metamorphic	   quartz	   the	   opposite.	   	   Note	   that	   all	  

quartz	  analyzed	  in	  the	  Slacks	  Creek	  schists	  and	  syn-‐D4A	  veining	  plots	  in	  the	  same	  

location	  (records	  the	  same	  metamorphic	  conditions).	  
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- APPENDIX 1 - 

 

 

 

- DATA FOR SECTIONS A – D -  

 

All data used in Sections A – D of the thesis is provided in Appendix 2 (digital). 
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- DATA FOR SECTION E -  

 

X-ray Fluorescence major and trace element compositions for the Slacks Creek 
schists and Spring Creek Gneisses.   
 
Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) 
trace element data for the Slacks Creek schists and Spring Creek gneisses. 
 
Wavelength Spectral (W-CL) data for quartz and albite in the Slacks Creek 
schists is available in the “W-CL_data” section of the Appendix 2 (digital). 
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X-‐ray	  Fluorescence	  (XRF)	  trace	  elem
ent	  com

positions	  for	  the	  Slacks	  Creek	  
Schists	  and	  Spring	  Creek	  gneisses	  
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LASER	  ABLATION-‐INDUCTIVELY	  COUPLED	  PLASMA-‐MASS	  
SPECTROMETRY	  (LA-‐ICP-‐MS)	  TRACE	  ELEMENT	  DATA	  FOR	  THE	  

SLACKS	  CREEK	  SCHISTS	  AND	  SPRING	  CREEK	  GNEISSES	  
	  

	  

	  
Mmc	  27	  -‐	  LA-‐ICP-‐MS	  data	  (ppm)	  

	  	   	   	   	   	   	  Element	   ROUND	  1	   ROUND	  2	   ROUND	  3	   MEAN	   ST	  DEV	  
Sc	   22.07	   22.23	   22.28	   22.19	   0.11	  
Co	   14.73	   14.76	   14.28	   14.59	   0.27	  
Ni	   28.29	   27.79	   28.06	   28.05	   0.25	  
Cu	   19.50	   19.03	   24.48	   21.00	   3.02	  
Zn	   102.30	   108.30	   108.81	   106.47	   3.62	  
Ga	   32.24	   30.66	   28.69	   30.53	   1.78	  
Rb	   245.15	   250.63	   249.96	   248.58	   2.99	  
Sr	   61.28	   61.76	   62.23	   61.76	   0.48	  
Y	   38.18	   38.57	   38.34	   38.36	   0.20	  
Zr	   133.60	   133.82	   134.76	   134.06	   0.62	  
Nb	   19.19	   18.94	   19.56	   19.23	   0.31	  
Sn	   9.88	   10.44	   9.41	   9.91	   0.52	  
Cs	   11.83	   11.95	   12.03	   11.94	   0.10	  
Ba	   873.63	   883.46	   891.93	   883.01	   9.16	  
La	   51.80	   52.12	   53.00	   52.31	   0.62	  
Ce	   102.52	   102.11	   102.98	   102.54	   0.44	  
Pr	   11.42	   11.79	   11.69	   11.63	   0.19	  
Nd	   43.54	   44.02	   41.18	   42.91	   1.52	  
Sm	   7.49	   8.05	   8.34	   7.96	   0.43	  
Eu	   1.49	   1.29	   1.56	   1.45	   0.14	  
Gd	   6.82	   6.79	   6.88	   6.83	   0.05	  
Tb	   1.07	   1.16	   1.06	   1.09	   0.05	  
Dy	   6.70	   7.02	   6.18	   6.63	   0.42	  
Ho	   1.37	   1.34	   1.32	   1.34	   0.02	  
Er	   3.78	   3.62	   3.49	   3.63	   0.15	  
Yb	   3.37	   3.57	   4.14	   3.69	   0.40	  
Lu	   0.60	   0.56	   0.53	   0.56	   0.04	  
Hf	   3.54	   3.71	   3.61	   3.62	   0.09	  
Pb	   25.20	   25.72	   25.58	   25.50	   0.27	  
Th	   19.79	   19.64	   20.06	   19.83	   0.21	  
U	   3.18	   3.47	   3.45	   3.37	   0.16	  
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Mmc	  28	  -‐	  LA-‐ICP-‐MS	  data	  (ppm)	  

	  	   	   	   	   	   	  Element	   ROUND	  1	   ROUND	  2	   ROUND	  3	   MEAN	   ST	  DEV	  
Sc	   18.67	   19.00	   19.78	   19.15	   0.57	  
Co	   14.44	   16.03	   16.30	   15.59	   1.01	  
Ni	   34.86	   31.08	   32.16	   32.70	   1.95	  
Cu	   15.91	   13.85	   14.21	   14.66	   1.10	  
Zn	   99.67	   99.01	   99.41	   99.36	   0.33	  
Ga	   25.52	   24.80	   27.39	   25.90	   1.34	  
Rb	   251.02	   260.37	   262.05	   257.81	   5.94	  
Sr	   59.71	   62.05	   62.09	   61.28	   1.36	  
Y	   30.55	   31.82	   32.01	   31.46	   0.79	  
Zr	   100.99	   103.97	   105.20	   103.39	   2.16	  
Nb	   14.84	   15.87	   15.92	   15.54	   0.61	  
Sn	   7.32	   7.48	   7.88	   7.56	   0.29	  
Cs	   15.11	   15.25	   15.67	   15.34	   0.29	  
Ba	   752.37	   768.07	   775.18	   765.21	   11.67	  
La	   43.93	   44.50	   45.22	   44.55	   0.65	  
Ce	   84.62	   85.20	   86.26	   85.36	   0.83	  
Pr	   9.34	   9.80	   9.94	   9.69	   0.31	  
Nd	   35.24	   35.43	   38.39	   36.35	   1.77	  
Sm	   6.90	   6.91	   6.72	   6.84	   0.11	  
Eu	   1.20	   1.25	   1.32	   1.26	   0.06	  
Gd	   6.02	   6.28	   6.28	   6.19	   0.15	  
Tb	   0.91	   0.99	   0.94	   0.95	   0.04	  
Dy	   5.40	   5.80	   5.93	   5.71	   0.28	  
Ho	   1.12	   1.12	   1.13	   1.12	   0.01	  
Er	   3.01	   3.11	   3.51	   3.21	   0.26	  
Yb	   2.86	   3.25	   3.00	   3.04	   0.20	  
Lu	   0.45	   0.55	   0.51	   0.51	   0.05	  
Hf	   2.80	   3.01	   2.92	   2.91	   0.11	  
Pb	   24.66	   24.14	   24.57	   24.46	   0.28	  
Th	   16.90	   17.25	   17.63	   17.26	   0.37	  
U	   2.94	   2.97	   3.08	   3.00	   0.07	  
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Mmc	  31	  -‐	  LA-‐ICP-‐MS	  data	  (ppm)	  

	  	   	   	   	   	   	  Element	   ROUND	  1	   ROUND	  2	   ROUND	  3	   MEAN	   ST	  DEV	  
Sc	   19.90	   20.12	   20.66	   20.23	   0.39	  
Co	   16.14	   16.65	   16.50	   16.43	   0.26	  
Ni	   45.62	   44.35	   47.29	   45.75	   1.47	  
Cu	   11.88	   11.54	   7.63	   10.35	   2.36	  
Zn	   103.17	   105.57	   105.71	   104.82	   1.43	  
Ga	   26.50	   26.93	   27.52	   26.98	   0.51	  
Rb	   227.75	   228.03	   232.11	   229.30	   2.44	  
Sr	   81.85	   82.36	   85.13	   83.11	   1.77	  
Y	   38.39	   38.29	   39.78	   38.82	   0.83	  
Zr	   135.02	   134.50	   135.70	   135.07	   0.60	  
Nb	   17.70	   18.53	   18.30	   18.18	   0.43	  
Sn	   6.87	   7.15	   7.75	   7.26	   0.45	  
Cs	   11.86	   11.84	   11.72	   11.81	   0.08	  
Ba	   732.58	   722.18	   729.31	   728.02	   5.32	  
La	   52.09	   52.17	   51.86	   52.04	   0.16	  
Ce	   100.31	   99.86	   100.08	   100.08	   0.23	  
Pr	   11.44	   11.20	   11.25	   11.30	   0.13	  
Nd	   41.40	   42.46	   42.87	   42.24	   0.76	  
Sm	   7.27	   7.76	   8.35	   7.79	   0.54	  
Eu	   1.46	   1.40	   1.38	   1.41	   0.04	  
Gd	   6.90	   6.75	   7.00	   6.88	   0.13	  
Tb	   1.12	   1.07	   1.13	   1.10	   0.03	  
Dy	   6.41	   6.69	   6.41	   6.50	   0.16	  
Ho	   1.22	   1.21	   1.34	   1.25	   0.07	  
Er	   3.93	   3.75	   3.90	   3.86	   0.10	  
Yb	   3.54	   3.54	   3.42	   3.50	   0.07	  
Lu	   0.59	   0.57	   0.59	   0.59	   0.01	  
Hf	   3.87	   4.05	   3.83	   3.92	   0.12	  
Pb	   27.27	   28.12	   28.77	   28.05	   0.75	  
Th	   18.10	   18.39	   18.65	   18.38	   0.28	  
U	   3.34	   3.26	   3.41	   3.34	   0.08	  
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Mmc	  32	  -‐	  LA-‐ICP-‐MS	  data	  (ppm)	  

	  	   	   	   	   	   	  Element	   ROUND	  1	   ROUND	  2	   ROUND	  3	   MEAN	   ST	  DEV	  
Sc	   19.52	   20.48	   20.01	   20.00	   0.48	  
Co	   15.72	   14.61	   13.63	   14.65	   1.05	  
Ni	   37.69	   33.70	   32.45	   34.61	   2.74	  
Cu	   42.70	   42.02	   39.56	   41.43	   1.65	  
Zn	   133.56	   133.94	   127.63	   131.71	   3.54	  
Ga	   27.47	   28.45	   27.00	   27.64	   0.74	  
Rb	   235.94	   239.23	   235.39	   236.85	   2.08	  
Sr	   64.83	   64.68	   64.45	   64.65	   0.19	  
Y	   37.05	   37.75	   37.41	   37.40	   0.35	  
Zr	   105.60	   104.48	   104.96	   105.01	   0.56	  
Nb	   16.41	   16.03	   16.40	   16.28	   0.22	  
Sn	   7.67	   7.49	   7.50	   7.55	   0.10	  
Cs	   12.51	   13.22	   12.60	   12.78	   0.39	  
Ba	   753.88	   772.15	   751.77	   759.27	   11.21	  
La	   49.03	   49.33	   48.14	   48.83	   0.62	  
Ce	   93.45	   94.60	   91.72	   93.26	   1.45	  
Pr	   10.91	   11.01	   10.79	   10.90	   0.11	  
Nd	   42.86	   40.65	   39.95	   41.15	   1.52	  
Sm	   8.35	   8.15	   7.87	   8.12	   0.24	  
Eu	   1.39	   1.60	   1.44	   1.48	   0.11	  
Gd	   7.34	   7.28	   7.15	   7.26	   0.10	  
Tb	   1.16	   1.12	   1.09	   1.12	   0.04	  
Dy	   6.52	   6.54	   6.47	   6.51	   0.04	  
Ho	   1.30	   1.26	   1.27	   1.27	   0.02	  
Er	   4.25	   3.95	   4.06	   4.09	   0.15	  
Yb	   3.58	   3.72	   3.17	   3.49	   0.29	  
Lu	   0.55	   0.57	   0.54	   0.55	   0.02	  
Hf	   2.83	   2.96	   3.11	   2.97	   0.14	  
Pb	   28.02	   29.00	   27.96	   28.33	   0.58	  
Th	   18.19	   18.26	   17.73	   18.06	   0.29	  
U	   3.62	   3.57	   3.30	   3.50	   0.17	  
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Mmc	  34	  -‐	  LA-‐ICP-‐MS	  data	  (ppm)	  

	  	   	   	   	   	   	  Element	   ROUND	  1	   ROUND	  2	   ROUND	  3	   MEAN	   ST	  DEV	  
Sc	   19.51	   19.32	   19.10	   19.31	   0.21	  
Co	   11.60	   11.38	   9.77	   10.92	   1.00	  
Ni	   28.43	   29.50	   26.42	   28.12	   1.56	  
Cu	   15.98	   13.25	   17.87	   15.70	   2.32	  
Zn	   100.22	   102.97	   97.83	   100.34	   2.57	  
Ga	   26.33	   26.26	   25.82	   26.14	   0.28	  
Rb	   227.62	   233.84	   229.49	   230.32	   3.19	  
Sr	   44.64	   45.93	   44.51	   45.03	   0.79	  
Y	   39.03	   39.94	   38.25	   39.07	   0.85	  
Zr	   161.48	   166.09	   162.55	   163.37	   2.41	  
Nb	   16.96	   17.18	   17.15	   17.10	   0.12	  
Sn	   8.74	   8.66	   8.53	   8.64	   0.11	  
Cs	   11.74	   12.29	   12.31	   12.11	   0.32	  
Ba	   752.92	   777.88	   756.47	   762.42	   13.50	  
La	   50.51	   51.75	   49.43	   50.56	   1.16	  
Ce	   101.71	   102.39	   100.75	   101.62	   0.82	  
Pr	   11.45	   12.08	   11.58	   11.70	   0.33	  
Nd	   44.34	   44.81	   44.37	   44.51	   0.26	  
Sm	   8.85	   9.00	   8.54	   8.80	   0.23	  
Eu	   1.46	   1.54	   1.53	   1.51	   0.04	  
Gd	   8.01	   8.06	   7.53	   7.87	   0.29	  
Tb	   1.23	   1.26	   1.13	   1.21	   0.07	  
Dy	   6.69	   6.90	   7.01	   6.87	   0.16	  
Ho	   1.33	   1.29	   1.39	   1.34	   0.05	  
Er	   3.85	   3.96	   3.98	   3.93	   0.07	  
Yb	   3.44	   3.41	   3.92	   3.59	   0.29	  
Lu	   0.57	   0.54	   0.52	   0.55	   0.02	  
Hf	   4.68	   4.44	   4.43	   4.52	   0.14	  
Pb	   21.25	   22.26	   22.11	   21.87	   0.55	  
Th	   19.12	   19.38	   18.93	   19.14	   0.23	  
U	   3.56	   3.71	   3.66	   3.64	   0.08	  
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Mmc	  55	  -‐	  LA-‐ICP-‐MS	  data	  (ppm)	  

	  	   	   	   	   	   	  Element	   ROUND	  1	   ROUND	  2	   ROUND	  3	   MEAN	   ST	  DEV	  
Sc	   25.38	   24.01	   23.66	   24.35	   0.91	  
Co	   8.63	   8.75	   9.00	   8.79	   0.19	  
Ni	   15.55	   16.79	   18.31	   16.88	   1.38	  
Cu	   32.95	   38.84	   38.28	   36.69	   3.25	  
Zn	   72.31	   72.97	   68.90	   71.39	   2.18	  
Ga	   32.60	   32.56	   32.19	   32.45	   0.23	  
Rb	   282.56	   293.27	   287.27	   287.70	   5.37	  
Sr	   123.98	   124.33	   122.07	   123.46	   1.22	  
Y	   47.16	   47.09	   47.30	   47.18	   0.11	  
Zr	   130.90	   130.83	   130.18	   130.64	   0.40	  
Nb	   20.51	   21.01	   20.28	   20.60	   0.37	  
Sn	   8.71	   8.63	   8.37	   8.57	   0.18	  
Cs	   13.20	   13.58	   13.37	   13.38	   0.19	  
Ba	   918.73	   921.84	   923.77	   921.45	   2.54	  
La	   69.04	   69.84	   69.03	   69.30	   0.46	  
Ce	   131.99	   134.34	   132.80	   133.04	   1.19	  
Pr	   14.21	   14.76	   14.76	   14.58	   0.32	  
Nd	   54.47	   53.78	   53.25	   53.83	   0.61	  
Sm	   10.19	   10.77	   10.41	   10.46	   0.29	  
Eu	   1.92	   2.01	   1.92	   1.95	   0.05	  
Gd	   8.94	   9.57	   9.15	   9.22	   0.32	  
Tb	   1.38	   1.41	   1.40	   1.40	   0.02	  
Dy	   8.17	   8.43	   8.70	   8.43	   0.27	  
Ho	   1.67	   1.81	   1.74	   1.74	   0.07	  
Er	   4.58	   4.66	   4.86	   4.70	   0.14	  
Yb	   4.74	   4.44	   4.67	   4.62	   0.16	  
Lu	   0.68	   0.66	   0.73	   0.69	   0.04	  
Hf	   3.69	   3.85	   3.91	   3.82	   0.11	  
Pb	   38.11	   39.44	   38.57	   38.71	   0.68	  
Th	   22.99	   23.27	   23.25	   23.17	   0.16	  
U	   4.44	   4.73	   4.73	   4.63	   0.17	  
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Mmc	  66	  -‐	  LA-‐ICP-‐MS	  data	  (ppm)	  

	  	   	   	   	   	   	  Element	   ROUND	  1	   ROUND	  2	   ROUND	  3	   MEAN	   ST	  DEV	  
Sc	   26.05	   23.13	   25.61	   24.93	   1.57	  
Co	   21.08	   21.79	   19.44	   20.77	   1.21	  
Ni	   52.77	   52.60	   49.98	   51.78	   1.56	  
Cu	   9.76	   10.73	   11.24	   10.58	   0.75	  
Zn	   113.25	   113.34	   115.67	   114.09	   1.37	  
Ga	   35.00	   34.44	   34.55	   34.66	   0.30	  
Rb	   224.32	   225.45	   225.43	   225.07	   0.65	  
Sr	   88.13	   89.51	   89.67	   89.10	   0.85	  
Y	   51.70	   50.65	   51.68	   51.34	   0.60	  
Zr	   155.95	   157.33	   159.81	   157.70	   1.96	  
Nb	   22.49	   22.42	   22.05	   22.32	   0.24	  
Sn	   9.57	   9.05	   9.57	   9.40	   0.30	  
Cs	   9.71	   9.43	   9.62	   9.59	   0.14	  
Ba	   885.47	   879.96	   913.77	   893.07	   18.14	  
La	   79.92	   78.90	   80.71	   79.84	   0.91	  
Ce	   147.90	   149.79	   151.77	   149.82	   1.94	  
Pr	   16.00	   15.91	   16.33	   16.08	   0.22	  
Nd	   61.02	   58.41	   61.31	   60.25	   1.60	  
Sm	   10.82	   11.25	   11.34	   11.14	   0.28	  
Eu	   2.01	   2.13	   2.00	   2.05	   0.07	  
Gd	   9.59	   8.86	   9.54	   9.33	   0.41	  
Tb	   1.57	   1.46	   1.52	   1.52	   0.06	  
Dy	   9.88	   9.33	   9.29	   9.50	   0.33	  
Ho	   1.73	   1.80	   1.89	   1.81	   0.08	  
Er	   5.53	   5.17	   5.08	   5.26	   0.24	  
Yb	   5.46	   4.71	   5.61	   5.26	   0.48	  
Lu	   0.85	   0.74	   0.78	   0.79	   0.06	  
Hf	   4.66	   4.59	   4.87	   4.71	   0.15	  
Pb	   33.36	   33.37	   33.08	   33.27	   0.16	  
Th	   24.90	   25.30	   25.38	   25.19	   0.26	  
U	   5.78	   5.50	   5.68	   5.65	   0.14	  
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Mmc	  80	  -‐	  LA-‐ICP-‐MS	  data	  (ppm)	  

	  	   	   	   	   	   	  Element	   ROUND	  1	   ROUND	  2	   ROUND	  3	   MEAN	   ST	  DEV	  
Sc	   21.76	   21.98	   23.14	   22.29	   0.74	  
Co	   12.90	   12.48	   12.18	   12.52	   0.36	  
Ni	   31.43	   34.46	   35.02	   33.64	   1.93	  
Cu	   26.62	   30.07	   25.59	   27.43	   2.35	  
Zn	   117.54	   115.16	   119.94	   117.55	   2.39	  
Ga	   29.82	   29.82	   28.92	   29.52	   0.52	  
Rb	   265.46	   257.68	   267.84	   263.66	   5.31	  
Sr	   46.01	   46.23	   46.99	   46.41	   0.51	  
Y	   36.90	   37.23	   37.44	   37.19	   0.27	  
Zr	   117.93	   116.39	   120.58	   118.30	   2.12	  
Nb	   17.82	   17.55	   18.34	   17.90	   0.40	  
Sn	   8.21	   7.54	   7.34	   7.70	   0.46	  
Cs	   13.12	   12.80	   13.38	   13.10	   0.29	  
Ba	   830.57	   836.30	   841.48	   836.12	   5.46	  
La	   51.75	   52.07	   53.29	   52.37	   0.81	  
Ce	   104.58	   106.40	   106.44	   105.81	   1.06	  
Pr	   11.59	   11.65	   12.12	   11.79	   0.29	  
Nd	   44.78	   44.59	   44.61	   44.66	   0.10	  
Sm	   8.46	   8.54	   9.42	   8.81	   0.53	  
Eu	   1.55	   1.59	   1.64	   1.59	   0.05	  
Gd	   7.49	   7.58	   7.35	   7.47	   0.12	  
Tb	   1.15	   1.13	   1.09	   1.12	   0.03	  
Dy	   6.35	   6.43	   6.79	   6.52	   0.23	  
Ho	   1.32	   1.36	   1.31	   1.33	   0.03	  
Er	   3.77	   3.51	   3.91	   3.73	   0.20	  
Yb	   3.69	   4.04	   3.55	   3.76	   0.25	  
Lu	   0.63	   0.55	   0.54	   0.57	   0.05	  
Hf	   3.28	   3.42	   3.51	   3.40	   0.12	  
Pb	   27.96	   27.75	   28.67	   28.13	   0.48	  
Th	   19.04	   19.32	   19.85	   19.40	   0.41	  
U	   3.58	   3.53	   3.87	   3.66	   0.18	  
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Mmc	  82	  -‐	  LA-‐ICP-‐MS	  data	  (ppm)	  

	  	   	   	   	   	   	  Element	   ROUND	  1	   ROUND	  2	   ROUND	  3	   MEAN	   ST	  DEV	  
Sc	   22.52	   22.27	   21.87	   22.22	   0.33	  
Co	   21.39	   19.51	   20.35	   20.42	   0.94	  
Ni	   45.44	   44.90	   47.27	   45.87	   1.24	  
Cu	   19.27	   23.28	   21.37	   21.31	   2.01	  
Zn	   124.12	   125.72	   129.50	   126.45	   2.76	  
Ga	   30.47	   30.76	   31.30	   30.84	   0.42	  
Rb	   273.30	   274.39	   276.90	   274.86	   1.85	  
Sr	   62.97	   62.36	   63.59	   62.97	   0.62	  
Y	   45.49	   44.53	   44.44	   44.82	   0.58	  
Zr	   143.72	   142.59	   143.92	   143.41	   0.72	  
Nb	   18.92	   20.36	   19.33	   19.54	   0.74	  
Sn	   9.50	   9.33	   9.26	   9.36	   0.12	  
Cs	   14.25	   14.53	   14.52	   14.43	   0.16	  
Ba	   850.85	   852.09	   855.99	   852.98	   2.68	  
La	   62.63	   62.76	   62.82	   62.74	   0.10	  
Ce	   120.92	   120.99	   119.68	   120.53	   0.74	  
Pr	   13.48	   13.42	   13.80	   13.57	   0.20	  
Nd	   50.51	   50.70	   52.76	   51.32	   1.25	  
Sm	   9.42	   9.58	   9.35	   9.45	   0.12	  
Eu	   1.73	   1.86	   1.92	   1.84	   0.10	  
Gd	   8.40	   8.40	   8.78	   8.53	   0.22	  
Tb	   1.29	   1.30	   1.30	   1.30	   0.01	  
Dy	   8.23	   8.22	   7.94	   8.13	   0.16	  
Ho	   1.57	   1.56	   1.66	   1.60	   0.06	  
Er	   4.89	   4.42	   4.33	   4.55	   0.30	  
Yb	   4.63	   4.62	   4.29	   4.51	   0.19	  
Lu	   0.63	   0.63	   0.66	   0.64	   0.02	  
Hf	   4.14	   4.25	   4.45	   4.28	   0.16	  
Pb	   29.60	   29.89	   30.31	   29.93	   0.36	  
Th	   23.11	   23.07	   23.13	   23.10	   0.03	  
U	   4.30	   4.53	   4.37	   4.40	   0.12	  
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Mmc	  88	  -‐	  LA-‐ICP-‐MS	  data	  (ppm)	  

	  	   	   	   	   	   	  Element	   ROUND	  1	   ROUND	  2	   ROUND	  3	   MEAN	   ST	  DEV	  
Sc	   23.25	   22.85	   23.19	   23.10	   0.22	  
Co	   19.93	   19.63	   20.85	   20.14	   0.64	  
Ni	   40.31	   42.93	   39.30	   40.85	   1.87	  
Cu	   12.79	   13.76	   8.60	   11.72	   2.74	  
Zn	   127.42	   131.23	   128.34	   129.00	   1.99	  
Ga	   32.36	   32.27	   34.10	   32.91	   1.03	  
Rb	   289.34	   292.34	   293.50	   291.73	   2.15	  
Sr	   58.89	   59.85	   58.77	   59.17	   0.59	  
Y	   41.42	   41.72	   40.61	   41.25	   0.57	  
Zr	   127.10	   126.74	   126.51	   126.78	   0.30	  
Nb	   19.22	   19.30	   19.19	   19.24	   0.06	  
Sn	   9.92	   10.00	   8.95	   9.62	   0.58	  
Cs	   15.88	   16.33	   16.55	   16.25	   0.34	  
Ba	   866.49	   873.77	   862.24	   867.50	   5.83	  
La	   58.33	   58.79	   58.00	   58.37	   0.40	  
Ce	   111.56	   112.89	   111.25	   111.90	   0.87	  
Pr	   12.75	   12.71	   12.73	   12.73	   0.02	  
Nd	   48.43	   46.76	   46.86	   47.35	   0.94	  
Sm	   8.77	   9.07	   8.84	   8.89	   0.16	  
Eu	   1.67	   1.54	   1.48	   1.56	   0.10	  
Gd	   7.64	   7.76	   7.71	   7.70	   0.06	  
Tb	   1.22	   1.23	   1.20	   1.22	   0.02	  
Dy	   7.42	   7.50	   7.48	   7.47	   0.04	  
Ho	   1.41	   1.51	   1.50	   1.47	   0.06	  
Er	   4.26	   4.37	   4.58	   4.40	   0.16	  
Yb	   4.21	   4.12	   3.89	   4.07	   0.17	  
Lu	   0.64	   0.57	   0.60	   0.60	   0.04	  
Hf	   3.87	   3.88	   3.75	   3.83	   0.07	  
Pb	   30.78	   31.16	   30.34	   30.76	   0.41	  
Th	   22.71	   22.73	   22.70	   22.71	   0.02	  
U	   3.84	   3.90	   3.94	   3.89	   0.05	  
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Mmc	  101	  -‐	  LA-‐ICP-‐MS	  data	  (ppm)	  

	  	   	   	   	   	   	  Element	   ROUND	  1	   ROUND	  2	   ROUND	  3	   MEAN	   ST	  DEV	  
Sc	   22.94	   23.95	   23.39	   23.43	   0.51	  
Co	   38.59	   40.60	   36.44	   38.54	   2.08	  
Ni	   61.26	   62.82	   57.73	   60.60	   2.61	  
Cu	   13.70	   11.81	   13.35	   12.95	   1.01	  
Zn	   158.13	   148.80	   149.34	   152.09	   5.24	  
Ga	   33.05	   35.01	   32.74	   33.60	   1.23	  
Rb	   340.11	   335.87	   330.41	   335.46	   4.86	  
Sr	   117.18	   116.25	   110.94	   114.79	   3.37	  
Y	   49.19	   48.10	   48.26	   48.52	   0.59	  
Zr	   235.75	   235.84	   233.58	   235.06	   1.28	  
Nb	   25.09	   25.03	   24.08	   24.73	   0.57	  
Sn	   11.76	   12.15	   12.00	   11.97	   0.20	  
Cs	   17.98	   17.72	   17.24	   17.65	   0.38	  
Ba	   901.14	   878.82	   871.22	   883.73	   15.55	  
La	   64.13	   63.88	   62.71	   63.57	   0.76	  
Ce	   130.51	   130.12	   127.08	   129.24	   1.88	  
Pr	   14.52	   14.50	   14.21	   14.41	   0.17	  
Nd	   56.03	   54.78	   54.16	   54.99	   0.95	  
Sm	   10.59	   10.71	   10.72	   10.67	   0.07	  
Eu	   1.81	   1.82	   1.90	   1.84	   0.05	  
Gd	   9.17	   8.57	   9.31	   9.02	   0.39	  
Tb	   1.45	   1.34	   1.53	   1.44	   0.10	  
Dy	   8.68	   9.96	   8.57	   9.07	   0.77	  
Ho	   1.87	   1.70	   1.82	   1.80	   0.09	  
Er	   5.12	   5.05	   5.34	   5.17	   0.15	  
Yb	   4.85	   5.01	   4.80	   4.89	   0.11	  
Lu	   0.72	   0.72	   0.75	   0.73	   0.02	  
Hf	   7.14	   7.00	   6.69	   6.94	   0.23	  
Pb	   46.80	   44.93	   44.16	   45.30	   1.36	  
Th	   27.20	   26.86	   26.87	   26.98	   0.19	  
U	   6.63	   6.60	   6.57	   6.60	   0.03	  
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Mmc	  104	  -‐	  LA-‐ICP-‐MS	  data	  (ppm)	  

	  	   	   	   	   	   	  Element	   ROUND	  1	   ROUND	  2	   ROUND	  3	   MEAN	   ST	  DEV	  
Sc	   21.33	   21.70	   21.45	   21.49	   0.19	  
Co	   50.97	   48.60	   49.37	   49.65	   1.21	  
Ni	   42.63	   42.51	   41.34	   42.16	   0.71	  
Cu	   30.08	   36.38	   34.43	   33.63	   3.23	  
Zn	   130.18	   137.80	   141.92	   136.63	   5.96	  
Ga	   26.69	   29.43	   28.46	   28.19	   1.39	  
Rb	   257.57	   261.92	   262.56	   260.68	   2.72	  
Sr	   64.16	   64.32	   65.86	   64.78	   0.94	  
Y	   34.97	   35.46	   34.91	   35.11	   0.30	  
Zr	   123.01	   125.53	   125.86	   124.80	   1.56	  
Nb	   16.78	   17.13	   16.90	   16.94	   0.18	  
Sn	   6.88	   7.79	   7.36	   7.34	   0.46	  
Cs	   13.88	   13.83	   14.41	   14.04	   0.32	  
Ba	   822.69	   823.57	   818.69	   821.65	   2.60	  
La	   45.76	   46.26	   47.22	   46.41	   0.74	  
Ce	   92.45	   93.96	   93.48	   93.30	   0.77	  
Pr	   10.59	   10.54	   10.72	   10.62	   0.09	  
Nd	   40.32	   40.77	   41.65	   40.91	   0.68	  
Sm	   7.34	   8.46	   8.33	   8.04	   0.61	  
Eu	   1.37	   1.58	   1.39	   1.45	   0.12	  
Gd	   7.08	   6.96	   6.88	   6.97	   0.10	  
Tb	   1.08	   1.00	   1.03	   1.04	   0.04	  
Dy	   6.35	   6.70	   6.72	   6.59	   0.21	  
Ho	   1.36	   1.26	   1.21	   1.28	   0.08	  
Er	   4.00	   3.97	   3.72	   3.90	   0.15	  
Yb	   3.39	   3.38	   3.88	   3.55	   0.29	  
Lu	   0.51	   0.57	   0.54	   0.54	   0.03	  
Hf	   3.60	   3.69	   3.51	   3.60	   0.09	  
Pb	   42.29	   42.98	   43.25	   42.84	   0.50	  
Th	   18.68	   19.06	   19.28	   19.01	   0.30	  
U	   3.52	   3.87	   3.87	   3.75	   0.20	  
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Mmc	  105	  -‐	  LA-‐ICP-‐MS	  data	  (ppm)	  

	  	   	   	   	   	   	  Element	   ROUND	  1	   ROUND	  2	   ROUND	  3	   MEAN	   ST	  DEV	  
Sc	   17.78	   17.50	   16.73	   17.34	   0.54	  
Co	   30.46	   29.56	   31.04	   30.35	   0.75	  
Ni	   72.01	   70.69	   70.09	   70.93	   0.98	  
Cu	   23.69	   24.77	   27.58	   25.35	   2.01	  
Zn	   106.49	   105.80	   118.57	   110.29	   7.18	  
Ga	   22.56	   24.09	   24.31	   23.65	   0.95	  
Rb	   262.96	   257.82	   266.89	   262.56	   4.55	  
Sr	   78.04	   75.86	   76.71	   76.87	   1.10	  
Y	   40.74	   40.80	   40.53	   40.69	   0.14	  
Zr	   177.34	   176.69	   175.28	   176.44	   1.05	  
Nb	   17.77	   17.39	   18.02	   17.73	   0.32	  
Sn	   9.78	   10.55	   10.58	   10.30	   0.45	  
Cs	   13.89	   13.55	   14.02	   13.82	   0.24	  
Ba	   717.30	   708.82	   715.52	   713.88	   4.47	  
La	   46.81	   46.58	   47.68	   47.02	   0.58	  
Ce	   92.44	   91.65	   93.17	   92.42	   0.76	  
Pr	   10.88	   10.45	   10.57	   10.63	   0.22	  
Nd	   41.41	   40.60	   40.87	   40.96	   0.41	  
Sm	   8.33	   8.31	   8.20	   8.28	   0.07	  
Eu	   1.63	   1.51	   1.59	   1.58	   0.06	  
Gd	   7.55	   7.58	   7.96	   7.70	   0.23	  
Tb	   1.22	   1.17	   1.21	   1.20	   0.03	  
Dy	   7.48	   7.51	   7.81	   7.60	   0.18	  
Ho	   1.45	   1.52	   1.48	   1.48	   0.04	  
Er	   4.32	   4.47	   4.35	   4.38	   0.08	  
Yb	   3.88	   3.90	   4.15	   3.98	   0.15	  
Lu	   0.58	   0.58	   0.63	   0.59	   0.03	  
Hf	   5.19	   4.72	   4.97	   4.96	   0.24	  
Pb	   29.08	   27.97	   29.08	   28.71	   0.64	  
Th	   20.22	   20.00	   20.45	   20.22	   0.23	  
U	   4.32	   4.29	   4.27	   4.29	   0.03	  
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Mmc	  106	  -‐	  LA-‐ICP-‐MS	  data	  (ppm)	  

	  	   	   	   	   	   	  Element	   ROUND	  1	   ROUND	  2	   ROUND	  3	   MEAN	   ST	  DEV	  
Sc	   17.81	   17.43	   17.54	   17.59	   0.20	  
Co	   49.97	   49.81	   50.09	   49.96	   0.14	  
Ni	   51.17	   49.47	   51.83	   50.82	   1.22	  
Cu	   20.63	   22.97	   23.33	   22.31	   1.47	  
Zn	   131.23	   134.77	   130.11	   132.04	   2.43	  
Ga	   24.03	   24.19	   22.80	   23.67	   0.76	  
Rb	   256.76	   262.69	   257.05	   258.83	   3.34	  
Sr	   75.57	   75.17	   75.31	   75.35	   0.20	  
Y	   39.72	   40.84	   40.51	   40.36	   0.58	  
Zr	   177.06	   177.83	   175.14	   176.68	   1.39	  
Nb	   17.65	   17.75	   17.81	   17.74	   0.08	  
Sn	   9.15	   9.64	   9.13	   9.31	   0.29	  
Cs	   13.79	   14.19	   14.08	   14.02	   0.21	  
Ba	   681.80	   694.61	   684.56	   686.99	   6.74	  
La	   71.13	   72.38	   72.99	   72.17	   0.95	  
Ce	   91.55	   92.96	   91.81	   92.11	   0.75	  
Pr	   10.19	   10.79	   10.53	   10.50	   0.30	  
Nd	   40.94	   40.90	   40.56	   40.80	   0.21	  
Sm	   7.79	   8.64	   8.45	   8.29	   0.45	  
Eu	   1.72	   1.62	   1.48	   1.61	   0.12	  
Gd	   7.76	   7.93	   7.85	   7.85	   0.09	  
Tb	   1.14	   1.13	   1.13	   1.13	   0.01	  
Dy	   7.19	   7.17	   7.05	   7.14	   0.08	  
Ho	   1.40	   1.48	   1.45	   1.44	   0.04	  
Er	   4.30	   4.85	   4.23	   4.46	   0.34	  
Yb	   4.30	   4.72	   4.00	   4.34	   0.36	  
Lu	   0.58	   0.58	   0.57	   0.57	   0.01	  
Hf	   4.88	   5.32	   5.33	   5.18	   0.26	  
Pb	   29.25	   29.88	   30.30	   29.81	   0.53	  
Th	   20.07	   20.73	   20.40	   20.40	   0.33	  
U	   4.14	   4.18	   4.20	   4.17	   0.03	  
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Mmc	  107	  -‐	  LA-‐ICP-‐MS	  data	  (ppm)	  

	  	   	   	   	   	   	  Element	   ROUND	  1	   ROUND	  2	   ROUND	  3	   MEAN	   ST	  DEV	  
Sc	   11.02	   11.71	   11.64	   11.46	   0.38	  
Co	   22.82	   22.63	   21.38	   22.28	   0.78	  
Ni	   39.62	   39.23	   39.31	   39.39	   0.21	  
Cu	   12.75	   13.48	   14.14	   13.46	   0.70	  
Zn	   96.12	   90.30	   92.26	   92.89	   2.96	  
Ga	   20.07	   23.11	   21.52	   21.57	   1.52	  
Rb	   208.26	   211.48	   210.24	   209.99	   1.62	  
Sr	   107.70	   108.20	   109.14	   108.35	   0.73	  
Y	   37.17	   36.30	   35.99	   36.49	   0.61	  
Zr	   211.70	   209.90	   209.57	   210.39	   1.15	  
Nb	   15.32	   15.18	   15.27	   15.26	   0.07	  
Sn	   6.95	   7.13	   7.43	   7.17	   0.24	  
Cs	   11.60	   12.27	   11.80	   11.89	   0.34	  
Ba	   546.62	   550.33	   541.40	   546.12	   4.49	  
La	   48.04	   48.02	   47.89	   47.98	   0.08	  
Ce	   94.01	   94.55	   94.04	   94.20	   0.30	  
Pr	   10.23	   10.45	   10.17	   10.28	   0.15	  
Nd	   39.65	   39.41	   39.21	   39.42	   0.22	  
Sm	   7.91	   8.01	   8.18	   8.03	   0.14	  
Eu	   1.38	   1.41	   1.49	   1.43	   0.06	  
Gd	   7.50	   7.09	   7.06	   7.22	   0.25	  
Tb	   1.09	   1.13	   1.12	   1.11	   0.02	  
Dy	   6.90	   6.96	   6.89	   6.92	   0.04	  
Ho	   1.37	   1.30	   1.26	   1.31	   0.06	  
Er	   3.54	   3.95	   3.84	   3.78	   0.21	  
Yb	   3.30	   3.58	   3.79	   3.56	   0.25	  
Lu	   0.56	   0.55	   0.54	   0.55	   0.01	  
Hf	   6.15	   6.06	   5.89	   6.03	   0.13	  
Pb	   33.83	   34.38	   33.97	   34.06	   0.29	  
Th	   20.54	   20.71	   21.18	   20.81	   0.33	  
U	   4.41	   4.35	   4.32	   4.36	   0.05	  
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Mmc	  108	  -‐	  LA-‐ICP-‐MS	  data	  (ppm)	  

	  	   	   	   	   	   	  Element	   ROUND	  1	   ROUND	  2	   ROUND	  3	   MEAN	   ST	  DEV	  
Sc	   22.26	   20.85	   22.30	   21.80	   0.83	  
Co	   25.49	   25.46	   23.68	   24.88	   1.04	  
Ni	   53.16	   53.91	   51.23	   52.77	   1.38	  
Cu	   21.97	   15.87	   19.42	   19.09	   3.06	  
Zn	   134.33	   132.27	   131.77	   132.79	   1.36	  
Ga	   31.91	   30.64	   31.31	   31.29	   0.64	  
Rb	   214.78	   216.54	   218.89	   216.74	   2.06	  
Sr	   86.37	   85.70	   87.47	   86.51	   0.89	  
Y	   27.47	   27.41	   27.55	   27.48	   0.07	  
Zr	   153.44	   154.43	   155.27	   154.38	   0.92	  
Nb	   19.54	   20.07	   19.51	   19.71	   0.32	  
Sn	   9.55	   9.83	   9.67	   9.68	   0.14	  
Cs	   13.56	   13.16	   13.55	   13.42	   0.23	  
Ba	   788.30	   777.52	   795.13	   786.98	   8.88	  
La	   54.60	   54.49	   55.70	   54.93	   0.67	  
Ce	   106.18	   107.40	   108.81	   107.46	   1.32	  
Pr	   11.44	   11.91	   11.98	   11.78	   0.29	  
Nd	   43.79	   43.64	   45.20	   44.21	   0.86	  
Sm	   8.33	   7.97	   8.65	   8.32	   0.34	  
Eu	   1.42	   1.44	   1.35	   1.40	   0.05	  
Gd	   6.47	   6.25	   6.41	   6.38	   0.11	  
Tb	   0.91	   0.95	   0.86	   0.91	   0.04	  
Dy	   5.31	   5.79	   5.51	   5.54	   0.24	  
Ho	   1.07	   1.07	   1.05	   1.06	   0.01	  
Er	   2.94	   3.30	   3.22	   3.15	   0.19	  
Yb	   2.92	   3.12	   3.03	   3.02	   0.10	  
Lu	   0.48	   0.49	   0.48	   0.48	   0.01	  
Hf	   4.53	   4.55	   4.36	   4.48	   0.10	  
Pb	   39.89	   39.27	   40.26	   39.81	   0.50	  
Th	   21.46	   21.64	   22.03	   21.71	   0.29	  
U	   4.41	   4.48	   4.56	   4.48	   0.08	  
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Mmc	  103	  -‐	  LA-‐ICP-‐MS	  data	  (ppm)	  

	  	   	   	   	   	   	  Element	   ROUND	  1	   ROUND	  2	   ROUND	  3	   MEAN	   ST	  DEV	  
Sc	   18.19	   17.36	   17.53	   17.69	   0.44	  
Co	   29.18	   30.95	   29.37	   29.83	   0.97	  
Ni	   45.92	   48.17	   46.51	   46.87	   1.17	  
Cu	   9.96	   10.63	   7.77	   9.45	   1.50	  
Zn	   126.49	   129.93	   125.82	   127.41	   2.21	  
Ga	   24.64	   24.65	   25.95	   25.08	   0.75	  
Rb	   252.20	   253.92	   252.35	   252.82	   0.95	  
Sr	   89.14	   89.16	   89.84	   89.38	   0.40	  
Y	   36.98	   36.70	   37.23	   36.97	   0.27	  
Zr	   173.94	   172.76	   178.03	   174.91	   2.77	  
Nb	   17.61	   18.11	   18.23	   17.98	   0.33	  
Sn	   8.82	   8.90	   8.45	   8.72	   0.24	  
Cs	   13.08	   13.11	   12.93	   13.04	   0.10	  
Ba	   677.62	   677.50	   684.37	   679.83	   3.93	  
La	   49.05	   49.63	   49.38	   49.35	   0.29	  
Ce	   96.52	   96.34	   99.41	   97.42	   1.72	  
Pr	   10.66	   10.90	   11.15	   10.90	   0.25	  
Nd	   41.63	   41.21	   42.66	   41.83	   0.75	  
Sm	   8.66	   7.86	   8.15	   8.22	   0.41	  
Eu	   1.37	   1.44	   1.47	   1.43	   0.05	  
Gd	   7.41	   7.12	   7.49	   7.34	   0.19	  
Tb	   1.15	   1.11	   1.11	   1.12	   0.02	  
Dy	   7.03	   6.79	   6.48	   6.77	   0.28	  
Ho	   1.39	   1.48	   1.31	   1.39	   0.09	  
Er	   4.07	   3.77	   4.01	   3.95	   0.16	  
Yb	   3.67	   3.45	   3.69	   3.60	   0.13	  
Lu	   0.52	   0.53	   0.55	   0.53	   0.01	  
Hf	   5.16	   5.06	   5.00	   5.07	   0.08	  
Pb	   34.29	   35.26	   34.95	   34.83	   0.50	  
Th	   20.70	   20.88	   21.00	   20.86	   0.15	  
U	   4.93	   5.02	   5.13	   5.03	   0.10	  
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Mmc	  35	  -‐	  LA-‐ICP-‐MS	  data	  (ppm)	  

	  	   	   	   	   	   	  Element	   ROUND	  1	   ROUND	  2	   ROUND	  3	   MEAN	   ST	  DEV	  
Sc	   22.72	   22.45	   21.63	   22.27	   0.57	  
Co	   22.92	   25.05	   23.52	   23.83	   1.10	  
Ni	   62.87	   61.62	   59.01	   61.17	   1.97	  
Cu	   25.28	   26.71	   29.96	   27.32	   2.40	  
Zn	   145.79	   151.12	   149.01	   148.64	   2.68	  
Ga	   32.72	   33.59	   31.38	   32.56	   1.11	  
Rb	   269.86	   274.14	   270.60	   271.53	   2.29	  
Sr	   54.71	   56.25	   54.07	   55.01	   1.12	  
Y	   42.61	   42.93	   42.44	   42.66	   0.25	  
Zr	   122.90	   123.86	   121.07	   122.61	   1.42	  
Nb	   18.65	   18.85	   18.56	   18.69	   0.15	  
Sn	   8.92	   8.99	   9.00	   8.97	   0.04	  
Cs	   14.62	   14.79	   14.37	   14.59	   0.21	  
Ba	   858.85	   875.65	   844.33	   859.61	   15.67	  
La	   59.34	   59.96	   58.84	   59.38	   0.56	  
Ce	   114.37	   115.55	   113.28	   114.40	   1.14	  
Pr	   12.99	   12.74	   12.61	   12.78	   0.19	  
Nd	   48.45	   48.52	   47.55	   48.17	   0.54	  
Sm	   9.40	   9.04	   8.79	   9.08	   0.31	  
Eu	   1.73	   1.69	   1.73	   1.72	   0.02	  
Gd	   8.31	   7.83	   7.92	   8.02	   0.26	  
Tb	   1.29	   1.22	   1.28	   1.26	   0.04	  
Dy	   8.04	   7.98	   8.01	   8.01	   0.03	  
Ho	   1.59	   1.55	   1.47	   1.54	   0.06	  
Er	   4.56	   4.53	   4.68	   4.59	   0.08	  
Yb	   4.21	   4.38	   4.31	   4.30	   0.09	  
Lu	   0.65	   0.63	   0.64	   0.64	   0.01	  
Hf	   3.77	   3.60	   3.96	   3.78	   0.18	  
Pb	   30.47	   29.87	   30.43	   30.26	   0.34	  
Th	   22.56	   22.81	   22.82	   22.73	   0.15	  
U	   4.22	   4.06	   4.12	   4.13	   0.08	  
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Mmc	  37	  -‐	  LA-‐ICP-‐MS	  data	  (ppm)	  

	  	   	   	   	   	   	  Element	   ROUND	  1	   ROUND	  2	   ROUND	  3	   MEAN	   ST	  DEV	  
Sc	   23.62	   24.37	   22.87	   23.62	   0.75	  
Co	   15.75	   15.75	   17.70	   16.40	   1.13	  
Ni	   38.43	   39.92	   36.24	   38.20	   1.85	  
Cu	   17.37	   21.99	   23.70	   21.02	   3.27	  
Zn	   111.98	   117.79	   115.29	   115.02	   2.91	  
Ga	   32.15	   31.41	   32.10	   31.89	   0.41	  
Rb	   259.00	   266.01	   259.99	   261.67	   3.79	  
Sr	   66.24	   66.96	   66.77	   66.66	   0.37	  
Y	   41.85	   41.69	   41.32	   41.62	   0.27	  
Zr	   146.72	   147.50	   146.94	   147.05	   0.40	  
Nb	   18.82	   19.19	   19.09	   19.03	   0.19	  
Sn	   9.25	   8.95	   8.66	   8.95	   0.30	  
Cs	   13.29	   13.69	   13.44	   13.47	   0.20	  
Ba	   920.32	   926.24	   934.29	   926.95	   7.01	  
La	   59.50	   60.81	   60.63	   60.31	   0.71	  
Ce	   117.09	   118.92	   119.45	   118.49	   1.24	  
Pr	   13.21	   13.22	   13.23	   13.22	   0.01	  
Nd	   49.90	   51.41	   50.00	   50.44	   0.84	  
Sm	   9.29	   9.07	   9.04	   9.13	   0.14	  
Eu	   1.59	   1.73	   1.60	   1.64	   0.07	  
Gd	   8.02	   8.39	   8.25	   8.22	   0.19	  
Tb	   1.27	   1.29	   1.34	   1.30	   0.04	  
Dy	   7.92	   7.66	   7.81	   7.80	   0.13	  
Ho	   1.45	   1.53	   1.61	   1.53	   0.08	  
Er	   4.36	   4.64	   4.72	   4.57	   0.19	  
Yb	   4.21	   3.89	   4.20	   4.10	   0.18	  
Lu	   0.72	   0.66	   0.70	   0.69	   0.03	  
Hf	   4.68	   4.38	   4.60	   4.55	   0.16	  
Pb	   29.51	   30.74	   30.32	   30.19	   0.63	  
Th	   23.87	   24.00	   24.04	   23.97	   0.09	  
U	   4.74	   4.71	   4.72	   4.72	   0.02	  
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Mmc	  21	  -‐	  LA-‐ICP-‐MS	  data	  (ppm)	  

	  	   	   	   	   	   	  Element	   ROUND	  1	   ROUND	  2	   ROUND	  3	   MEAN	   ST	  DEV	  
Sc	   20.96	   21.02	   21.44	   21.14	   0.26	  
Co	   19.12	   19.66	   19.87	   19.55	   0.39	  
Ni	   39.79	   38.73	   38.75	   39.09	   0.61	  
Cu	   14.06	   16.09	   14.43	   14.86	   1.08	  
Zn	   109.93	   105.89	   114.55	   110.12	   4.33	  
Ga	   30.55	   29.54	   29.53	   29.87	   0.59	  
Rb	   271.42	   276.74	   278.02	   275.39	   3.50	  
Sr	   54.93	   55.05	   54.75	   54.91	   0.15	  
Y	   43.28	   42.76	   41.69	   42.58	   0.81	  
Zr	   123.64	   122.86	   122.67	   123.06	   0.51	  
Nb	   17.96	   17.78	   18.82	   18.19	   0.56	  
Sn	   8.00	   8.06	   8.66	   8.24	   0.36	  
Cs	   14.23	   14.33	   14.47	   14.34	   0.12	  
Ba	   864.94	   867.98	   854.49	   862.47	   7.08	  
La	   54.27	   54.98	   54.42	   54.56	   0.37	  
Ce	   108.33	   109.02	   107.45	   108.27	   0.79	  
Pr	   11.68	   12.08	   12.00	   11.92	   0.21	  
Nd	   45.29	   46.47	   44.14	   45.30	   1.17	  
Sm	   8.88	   8.84	   9.04	   8.92	   0.11	  
Eu	   1.64	   1.62	   1.56	   1.61	   0.04	  
Gd	   7.99	   8.41	   8.22	   8.21	   0.21	  
Tb	   1.36	   1.28	   1.27	   1.30	   0.05	  
Dy	   7.83	   7.85	   7.34	   7.67	   0.29	  
Ho	   1.42	   1.53	   1.38	   1.44	   0.08	  
Er	   4.45	   4.52	   4.31	   4.43	   0.11	  
Yb	   4.20	   4.45	   4.14	   4.26	   0.16	  
Lu	   0.63	   0.61	   0.61	   0.62	   0.01	  
Hf	   3.83	   3.85	   3.76	   3.81	   0.05	  
Pb	   26.09	   26.28	   26.18	   26.18	   0.10	  
Th	   21.34	   21.23	   21.14	   21.24	   0.10	  
U	   4.23	   4.16	   4.17	   4.19	   0.04	  

	  
	  
	  
	  



Appendix 1  M. A. Munro 
	  

	   297	  

	  

	  
Mmc	  20	  -‐	  LA-‐ICP-‐MS	  data	  (ppm)	  

	  	   	   	   	   	   	  Element	   ROUND	  1	   ROUND	  2	   ROUND	  3	   MEAN	   ST	  DEV	  
Sc	   22.15	   22.55	   22.55	   22.42	   0.23	  
Co	   20.01	   19.41	   19.41	   19.61	   0.35	  
Ni	   58.82	   60.00	   60.00	   59.61	   0.68	  
Cu	   19.34	   20.49	   20.49	   20.11	   0.66	  
Zn	   131.42	   129.40	   129.40	   130.07	   1.17	  
Ga	   33.07	   32.09	   32.09	   32.42	   0.57	  
Rb	   263.74	   264.95	   264.95	   264.55	   0.70	  
Sr	   73.26	   73.43	   73.43	   73.37	   0.10	  
Y	   41.28	   40.33	   40.33	   40.65	   0.55	  
Zr	   138.07	   133.99	   133.99	   135.35	   2.36	  
Nb	   18.56	   18.39	   18.39	   18.45	   0.10	  
Sn	   10.41	   9.82	   9.82	   10.02	   0.34	  
Cs	   10.73	   10.33	   10.33	   10.46	   0.23	  
Ba	   1028.75	   1026.83	   1026.83	   1027.47	   1.11	  
La	   54.95	   54.22	   54.22	   54.46	   0.42	  
Ce	   109.72	   108.62	   108.62	   108.99	   0.64	  
Pr	   12.15	   11.80	   11.80	   11.92	   0.20	  
Nd	   44.85	   46.69	   46.69	   46.08	   1.06	  
Sm	   8.65	   8.84	   8.84	   8.78	   0.11	  
Eu	   1.47	   1.40	   1.40	   1.42	   0.04	  
Gd	   7.72	   7.39	   7.39	   7.50	   0.19	  
Tb	   1.22	   1.25	   1.25	   1.24	   0.02	  
Dy	   7.52	   7.52	   7.52	   7.52	   0.00	  
Ho	   1.54	   1.49	   1.49	   1.51	   0.03	  
Er	   4.59	   4.60	   4.60	   4.60	   0.01	  
Yb	   4.41	   4.23	   4.23	   4.29	   0.10	  
Lu	   0.62	   0.64	   0.64	   0.63	   0.01	  
Hf	   4.35	   3.92	   3.92	   4.06	   0.25	  
Pb	   26.60	   26.56	   26.56	   26.57	   0.02	  
Th	   21.95	   21.69	   21.69	   21.78	   0.15	  
U	   4.37	   4.45	   4.45	   4.42	   0.05	  
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