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Introduction and Thesis Outline

This thesis investigates the processésleformation and porphyroblast growth during
orogenesis. The primary focus of the thesis is on the development of the New England
Appalachian Orogen, USA but sonspectacular examples of structures preserved within
porphyroblasts from the Tomm@reek Block, Mount Isa Provie and the Robertson River
metamorphics of Queensland, Australia are alsoméxed. The thesis consists of four sections,
each intended for publication imternational journals. SectiorB and C have already been
published in the Journal of Structural Geold@ell and Bruce, 20062007). The first section
(Section A) compares and contrasts two methfodsdetermining the orientation of foliation
intersection/inflection axes pm@wed in porphyroblasts (FIAshections B and C examine the 3-
dimensional geometry of structures preservediwiiorphyroblasts as inclusion trails and their
interpretation. Section D i@ detailed FIA study, using the ientation and geometry of
porphyroblast inclusion trails to determine thraitig and mechanism of emplacement of the Blue
Hills Nappe and subsequent development eflthbanon Antiformal Syncline, New Hampshire,
USA. This is part of a larger research projecthe Appalachians undertaken by the Structural
and Metamorphism Research Institute (SAMRBRt)James Cook University. Volume | of the

thesis contains the text andaeences, and Volume Il contaifigures, tables and appendices.

Porphyroblasts provide a unique opportunityei@mine the small-scale geometries that
form as deformation commences and begins to partition through the rock because these large
crystals nucleate and/or graat this time (Spiess and Bell, 1996). As they grow, porphyroblasts
trap and preserve microstructures that arerojgstl in the matrix by the same event or during
subsequent deformation (e.g., Bell and Johnd.989; Bell and Newman, 2006). Examining the
geometry of inclusion trails iporphyroblasts and their relatiship to the surrounding matrix
provides important information aine processes occurring earlytive local deformation history
of multiply deformed metamorphic terrains andeals a tectonic record that is commonly more

complete than that preserved in the imgi.g., Cihan and Parsons, 2005, Rich, 2006).
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Section A

Two methods of measuring FIAs are cargd and contrasted. FIAs have most
commonly been measured using multiple vertical fgations with different strikes to determine
the switch in inclusion trail euature asymmetry that takgdace across the FIA trend. The
“FitPitch” computer program is an alternaivmethod to determine FIA orientation via the
measurement of apparent dips of foliations rkdi by inclusion trails from a variety of thin
section orientations. Ehresults obtained from both methagte contrasted while the strengths

and weaknesses of each approaehhighlighted and discussed.

Section B

The geometry of inclusion trails contathevithin a first phasef porphyroblast growth

are compared to those preserved by subsequenphyroblast enlargement. The variation in
inclusion trail geometry and FIA trend withinfféirent porphyroblastic plsas in the same rock
layer, as well as within the same phase in Bffie layers, from two adjacent samples from one
outcrop is examined to explore tatect that pre-existing porphyr@sts have on the strain field.

A thin section is statistically unlikely to perfectly bisect an individual porphyroblast. The
influence this cut-effect has on the geometry efiticlusion trails recorded on a thin section and
on the asymmetry method of FIA determinationeiplored via 3-D computer analysis of
sigmoidal inclusion trails obtained from Xyra&omputed tomography (X-ray CT) of a single
garnet porphyroblast. The sifnance and implications of these phenomena for structural

geologists and metamorphic petrologists vimgkwith porphyroblasticocks is discussed.

Section C

Most structures can be produced througifferent deformation history paths. In
particular, structures that selt from some form of inhomogemes shortening can also be
produced by some combination of shearing plistion of the whole geometry or through
overprinting by shearing in another directio“Millipede” structures (oppositely concave

microfolds) preserved in porphyralsits are interpreted to indiead deformation history of bulk
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inhomogeneous shortening (Bell, 1981). Howeukhnson & Bell (1996) suggest that such
structures may not be unique because similar geometries have been produced experimentally
during modelling of progressive simple sheah@&h, 1975). Natural and experimentally derived

geometries are re-examined in this section.

Section D

Foliation intersection/inflection axes presenasdnclusion trails ipporphyroblasts (FIAS)
from the Lebanon Antiformal Syncline of SE New Hampshire, USA, are examined in an attempt
to document changes in bulk shortening geomassociated with emplacement and refolding of
a large-scale recumbent fold (the Blue HillspNa). Overprinting criteriglus inclusion tralil
composition, texture and orientaticare used to establish a pgeaesis of FIA trends that
developed during Acadian orogenesis. Metamarplhiase relations and pseudosections are used
to examine the P-T conditions during defation and FIA development. Analysis of
asymmetries recorded by the inclusion trails is used to determine the dominant sense of shear
operating during nappe emplacement that resutteéaversion of the stratigraphic sequence and

during refolding of the overturned limb of thappe to form the Lelban Antiformal Syncline.
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Section A:

Movement directions in porphyroblastic rocks:
Evaluation of the “FitPitch” and

the “asymmetry” methods
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Abstract

Using mineral elongation lineations for determining movement directions in
porphyroblastic rocks is problematic because #eyroutinely subjected t®orientation due to
reactivation of compositional lagiag during subsequent defortitan events. Foliation inflexion
or intersection axes preserved within porpiyjasts (FIAs) have been shown by numerous
studies to be a consistent and reliable indicatamovement direction iimetamorphic terrains
that have experienced multiple episodes of bulk shortening. Furthermore, they appear to form
orthogonal to the direction of relative plateotion. FIAs have most commonly been measured
using multiple vertical thin sections with different strikes to determine the switch in inclusion
trail curvature asymmetry that takes place actbesFIA trend. An alternative method uses the
“FitPitch” computer program to determine FIAgsa the measurement of apparent dips of
foliations defined by inclusion trails from a vety of thin section orientations. The results
obtained from both methods are contrasted whigestrengths and weaknesses of each approach
are highlighted and discussed. “FitPitch” works hvlsére the inclusion trails are predominately
straight, whereas the “asymmetry” method requires tihey display some degree of curvature.
The two techniques compliment each other bymiging FIAs to be obtained from a larger
proportion of samples and they can also be usaddapendent tests inmsgles that are suitable
for both methods. The sense of shear operating dpriogyessive bulk shortening is indicated by
inclusion trail curvature recorded in thin seas cut at a high angle to the FIA. Unlike the
“asymmetry” method, “FitPitch” does not give tlshear sense directly but can be used to

establish the most suitably oriented thin secimowhich to look for inclusion trail curvature.

Keywords FitPitch; Porphyroblasts; Inclusion Trails; Lineations

1. Introduction

Linear indicators of movement directiocombined with shear sense indicators are

important tools used to deciphthe kinematics of deformatiafuring orogenesis (e.g., Hobbs

al., 1976). Until recently, relatively littlattention has been paid $ach structures preserved in
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porphyroblasts, or their significance for relativatplmotion. This occurred because matrix linear
indicators of movement direction in shear zoaed thrusts of equivalertge conflict with the
direction of relative plate motion determined from magnetic anomaly maps of the sea floor. Platt
et al (1989) demonstrated that there appears tadbdirect relationship between directions of
relative plate motion and lineandicators of movement directiuch as stretching lineations,
fibores and striations on fault planes, forettAlps. However, the orientation of foliation
intersection or inflection axes preserved as inclusion trails in porphyroblasts (FIAs) from the
same area have been demonstrated @edl., 1995; Bell & Wang, 1999) to reflect successive
changes in the direction of bulk shortening agsed with relative motion between the African

and European plates.

The determination of shear sense along tiolis in deformed and metamorphosed rocks
is an important part of structural analysis thaivides constraints dainematic and metamorphic
paths, during orogenesis. The use of porphgagib as shear sense indicators is commonly
regarded as controversial because the interpreted movement direction differs depending on
whether the porphyroblast is regarded as havaigted or not relative to fixed geographical
coordinates during deforation of the surrounding rock mass and the perception that they are re-
oriented by younger folding events (el8gsenfeld, 1968; 1970; Vissers & Mancktelow, 1992;
Johnson, 1999). In the rotational model, the curvetligmon trails are interpted as the result of
rotation during porphyroblast growth, with respect to a foliation that is parallel to the plane of
shear during simple shear or non-coaxiawfl (e.g., Rosenfeld1970; Schoneveld, 1977,
Passchieet al, 1992; Williams & Jiang, 1999). Convergethe non-rotational model involves
rotation of the matrix foliation about the grmg porphyroblast during multiple foliation-forming
events (Ramsay, 1962; Badt al, 1992; Stallard & Hickey, 2001). How inclusion trails are
interpreted in micro-structural studies is largely dependant on which of these contradictory
models is favoured. If the porphyroblasts weme experience significant rotation and/or
translation during deformation, as suggested byrtiiation model, their usefulness as kinematic
indicators is reduced to near zero. In this cas@tion would be expected to be non-systematic
and would result in a wide range BIA orientations, paicularly for those structures that formed

early in the tectonic history and had experiehosultiple phases of dutd deformation. It has
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been suggested (Bell & Johnson, 1990; 1992) that the correct shear sense can generally be
inferred if the porphyroblasts did not rotate durgngwth. Such lack of rotation is supported by a

large amount of quantitative data (e.Bell & Hickey, 1997; Mares, 1998; Bedt al, 1998;

2003; 2004; 2005; Stallard & Hickey, 2001; Batild Welch, 2002; Ham and Bell, 2004; Bell and
Newman, 2006) and can be demonstrated whergistrébution of early FIA trends retains a non-
random clustering in porphyroblastic metamocpttucks that have undgwne multiple phases of

tectonism and porphyroblagtowth (Bell & Newman, 2006).

Bell & Johnson (1992) point out that sen deformation partitioning controls the
development of new foliations ipart by rotation of older onethe geometry developed must
reflect the strain field. Therefore, to determine the local shear sense for a particular deformation
event, one needs only to distinguish the curvature of an earlier formed foliation into a later one
(from zones of low strain to zones of high strain). The curvature of early foliations preserved as
inclusion trails in porphyroblasts or in strain shadows of relatively large heterogeneities in the
rock allow the determination of local shear senses for early generations of foliations and can

potentially reveal a kinematic history much more extensive than that preserved in the matrix.

The analysis and interpretation of FIAshased on the premise that useful structural
information, which may have been obliteratednirthe matrix during prograde metamorphism
and matrix coarsening processes can be praddoyeinclusion trails in a wide variety of
porphyroblastic mineral phases. Measurement amadiysin of FIA orientations (e.g., Hayward,
1990; Bell & Hickey, 1997; Belkt al, 2003; 2004; 2005) has lead to the development of a
guantitative approach to understitng and integrating structlr and metamghic processes
occurring during orogenesis. Provided that n@ation of the porphyroblasts takes place during
subsequent ductile deformation events, the orientation of these FIAs and the geometry of the
inclusion trails can be used to quantify symiocesses as the direction of bulk transport and
dominant sense of shear during orogenesis @all, 1998), timing and mechanisms of folding
(Bell et al, 2003; 2004) and foliation development idgr changing metamorphic conditions
(Reinhardt & Rubenach, 1989; Williams, 1994).

Volume | A-3



Section A M. D. Bruce

Figure 1(a) shows a representation a three-dimensional shape of a doubly-curving
foliation surface from a porphyroblast with “simple” sigmoidal inclusion trails. This geometry is
described in Johnson (1993) and has been riditext using high-resolution X-ray computed
tomography in the 3-D reconstruction of midiual garnet porphyroblasts (e.g., Huddlestone-
Holmes & Ketcham, 2005; Bell & Bruce, 2006; thesis Section B). The FIA is the axis of
curvature or apparent relative rotation betwperphyroblast and matrix. Alternatively, a FIA
may be considered to be the intersection betviwe foliations preserved within a porphyroblast

(Fig. 1b).

This paper examines two techniques of FIA determination that may be used to routinely
measure these structures. The well establishauhigue developed by Hayward (1990) and Bell
et al (1995) requires that inclusion trails loeirved and asymmetrical. A new technique,
‘FitPitch’ (Aerden, 2003), whichallows determination of FIA @entations in porphyroblastic
rocks previously considered unsuitable for F#dies, is examined and results compared for

samples to which both teriques can be applied.

2. FIA determination

2.1 Asymmetry Method

The trend of the FIA is ascertained by cutting a series of vertical thin-sections with
different strikes and examining the geometry of the foliation$ pEeserved within the
porphyroblasts (Hayward, 1990; Bell al, 1995; Bellet al, 1998). The FIA is marked by the
flip in inclusion trail geometry from “S” to “Z5hape between two closely oriented thin-sections
laying either side of the axis (Fig. 2, see also Appendix E: “EO1-asymmetry method.mov” for a
QuickTime movie that illustrates the basic prpies of the asymmetry method). After examining
an initial set of six vertical sections oriented at Bervals (i.e., strikes of 0, 30, 60, 90, 120 and
150 degrees), two additional sections are prepareddier to refine the estimation of the FIA. In
the example shown in Figure 2, the flip in asymmetry is seen to occur betweandon2 so

two additional sectionsvith strikes of 100 and 118 are prepared and examined. The flip in
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asymmetry is narrowed down to somewhere betweefi 416 126 with the mid-point being
recorded as the trend of the FIA (Betlal, 1998). This approach works well where the curvature
of the inclusion trails can be easily seen but fails where the inclusions are predominately straight

or inconsistent.

2.2 The ‘FitPitch’ computer program

The ‘FitPitch’ computer program allows theachcterisation of preferred orientations of
planar microstructures in a rock from the pitches of their intersection-lines on different sections
(Aerden, 2003). A uniformly-dipping plane can bequgly identified by the pitches (or apparent

dips) of this plane measured in seVeections of diffeent orientation.

FitPitch takes measured pitch or strike angles of inclusion trails in a set of differently
orientated thin sections and compares them to the theoretical intersection lines of one, two or
three model planes on the same sections. Thesb&gion is considered to be the one which
minimises the deviation between the data and the model planes. The intersection of the best-fit
model planes are FIAs. A detalleliscussion of the program principles can be found in Aerden
(2003).

3. Examples from the Lebanon Antiformal Syncline, New Hampshire
3.1 Geological setting
3.1.1 Tectonic framework
The Appalachians extend for over 3000 krongl the east coast of the North American
continent from Alabama in the south to Newfoundland in easternmost Canada. Several major

periods of orogenesis have been suggestedctmuat for the developmenf this mountain chain

(e.g., Hatcher, 1981; Robinson, 1983). These isbns the Ordovician Taconic, the late
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Devonian Acadian and the Carboniferous tonften Alleghanian events. However, in some

sections of the belt, only one or twotbhése periods of orogenesis are evident.

Eastern New England, including the area whécthe subject of this study, is dominated
by Acadian age (~423-355 Ma; Eusdenh al, 2000; Bell & Welch, 2002) structures and
metamorphism. The Acadian orogen is thought téhieeresult of the final closure of the lapetus
Ocean (proto-Atlantic) and the docking of @enia and Baltica (ancestral Europe) with
Laurentia (Kent & Keppie, 1988) to form Euranoari The final phase of orogenesis involved a
rotation of Gondwana with respect to therd&uerican landmass, loninating in the late
Carboniferous/PermiaAlleghanian orogeny and resulted iretassembly of the super continent,
Pangea (Kent & Keppie, 1988). Rifting and separmaof the continents to form the modern

Atlantic Ocean commenced approximately 200Ma.

3.1.2 The Lebanon Antiformal Syncline

The Central Maine Terrane (Fig. 3) is intefed as a large Silurian to early Devonian
depositional basin extendinigom Connecticut to Maine and bounded by the Bronson Hill
Anticlinorium to the west and the Nonesuch Rivault zone to the east. The meta-turbidite
sequence represents an eastwhickening continental margin depbthat appears to have been
deposited before an advancing tectonic front (Osberg, 1988; Bretdy1998). The study area
(Fig. 4, Appendix D) is centred on the Lebanorti#anmal Syncline on the eastern edge of the
Central Maine Terrane. Billings (1956) mappaitl the metasedimentampcks of the Central
Maine Terrane as lower Devonian Littleton Formation. Euseleal (1987) subdivided the
sequence observed around the Lebanon AntiformatiBye into five units and correlated these
with the Silurian Rangeley, Perry Mountain, &ls Falls and Madridcormations and the

Devonian Littleton or Cartzassett Formation west-central Maine.
The rocks of the Lebanon Antiformal Syncline are located on the overturned limb of a

major recumbent fold (Fig. 4), the Blue Hills Nappe ¢(f Eusdenet al, 1987). This limb is

refolded by tight to open, south-east-verging $oldth generally shallownorth-east- or south-
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west-plunging axes. These later generation fold$ lfeve a distinctive, spaced axial planar
differentiated crenulation cleavagand are seen to fold bothh 8nd S. The F, folds are
considered the principal cause of the observadrop pattern and the gawaé& north-west dip of
both $ and S. F; folds are represented by the broad scale change in trend of tblel xes
from E-W in the south-west of the mapped at@aearly N-S in the north-east (Eusdsnal,
1987, thesis Section D).

3.2 Methodology

The asymmetry method (Hayward, 1990; Bxtlal, 1995; Bellet al, 1998) requires that
at least six vertical thin-sections be prepared for each sample. Additional thin-sections are cut in
order to refine the orientation of the FIA to within’1Blorizontal sections were also examined in
an endeavour to better understand the three dior&isature of the microstructures preserved
within the porphyroblasts. These same sections were used for analysis with the ‘FitPitch’
computer program. Samples were divided into those suitable for analysis using the asymmetry
approach (i.e., those with clear asymmetric cumeabf the inclusion trails), those suitable only
for use with ‘FitPitch’ (i.e., having relatively stght inclusion trails) ad samples which could be
used with both techniques (i.e.,gsessing either inclusion trails which are straight with clear

curvature at their extremities or a mixture of asymmetrically curved and relatively straight trails).

Measurements were made of all angles between relatively straight inclusion trails in these
sections and the thin-section edge, using a rgtatiage microscope, andrwverted to true pitch
(vertical sections) or strike angles (horizonsactions), following the procedure of Aerden
(2003). Thin-sections were examined by scagralong parallel bands under the microscope and
measuring the orientation of inclusion trailsewery new porphyroblast that appeared in the field
of view. Inclusion trails which lacked straig segments were ignored. ‘FitPitch’ produces
solutions involving one, two or three model planess lip to the user to decide which (if any) of

these solutions best describes the dathwhat is observed in the sample.
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As discussed in Aerden (2003), the qualityeath possible solution can be evaluated by
calculating the average deviation between measured and model intersectio@)inési¢ is just
the sum of deviations of all data from their nearest model intersection lines divided by the total
number of data. The choice of which solutiorstbéts the data can also be based on the
relationship between best-fit lines calculated for individual thin sections and best-fit model
intersection lines based on all data. One, two or three best-fit lines are calculated for the data of
each individual thin-section. The paramef@ris the average deviation between these lines and

the model intersection lines.

A three plane solution will always yield smaller average deviations than a two or one
plane solution so the average deviations musidsmalised to uniform data to remove the bias
towards multiple plane models. This is accon@s by calculating thabove parameters for

uniform data to giveld. Two new parameters can be considered:

Ri= /D

provides a measure of the quality ightness’ of a best-fit solution and

Rm= B/ Dh

gives a measure of the degree of internal consistency of the data set. Both these quantities are
calculated by FitPitch and presented in the output of the program. The solution that best fits the

data will be the one with the highest &d R, values.

3.3 Results

Three samples, taken from the Perryouvtain Formation, have been selected to
demonstrate how ‘FitPitch’ can be used to cbment the traditional asymmetry method of FIA
determination. The Perry MountaiFormation is a well-bedde meta-turbidite containing

abundant garnet porphyroblasts and characteriseddriogers or pods of pink garnet and quartz
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“coticule” (Thomson, 1992; 2001) parallel to beagli near the base of many of the
metasandstone layers. These three samples are part of a larger data set that is presented in thes
Section D. The accumulated pitch and strike data for each sample was analysed with “FitPitch’
and results obtained for one, two and three mpl#gie solutions. These results are presented in
Table 1. The pitch measurements from all samples treated with FitPitch are presented in
Appendix A. A discussion of three representatdznples and implications of the results are

presented below.

3.3.1 Sample MB019

MBO019 contains abundant small (1-2 mm) gdnoorphyroblasts. One horizontal and nine
vertical thin-sections prepared from this sample were examined, using both the asymmetry and
FitPitch techniques. The pitch data is presgnteFigure 5a on a lower-hemisphere equal area
stereonet (the data is contoutecemphasize any broad trendsfiaas an individual rose diagram
for each thin-section. The results obtained fromitaktP(Table 1 and Fig. 5b) show that a single
plane cannot adequately describe dlata and should be rejectedanour of either a two or three
model plane solution. In this case a three platétisa is preferred, not just because it has high
Rq and R, values (the two plane solution has a slightly highgv&ue), but also because it best
describes what is actually observed in the -Hgotions. Many of the garnet porphyroblasts
beautifully preserve an early differentiated crenulation cleavage (Fig. 6) which pre-dates the
growth of garnet. This structure is similar tathilustrated if Figure 1b. Because this cleavage
formed before it was overgrown by garnet, icaled a pseudo-FIA (pFIA). In addition to the
two early foliations, most of the garnet porphyests display a clear core and rim texture. The
core contains the differentiated crenulation while the rim trails are sub-parallel to the matrix
foliation. This is illustrated in a photomicrographd interpretive sketch of a porphyroblast from
the 090 section of sample MB019 (Fig. 6a). Theapoints allocated to each model plane by
FitPitch are given different symbols and pldtten an equal area low&emisphere stereonet
along with the three planes (Fig. 6b) and the rose diagram which corresponds td tecen.

The three modal orientation maxirohserved in the rose diagramroéasured pitch data closely

match those that would be expected in the intersection of the vertical thin-section (dashed line)
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with the three model planes calculated by FitPitch and also the three different foliations shown in

the photomicrograph of the porphyroblast (Fig. 6a).

Three model planes result in three possible FIA (since there are three ways in which three
planes can intersect). The orientations of these calculated FIA are presented in Table 2 along with
the trends of the FIA established using #symmetry method. FitPitch calculates both a trend
and a plunge for the FIA whereas only a trend has been established using the asymmetry method
(it is possible to determine the plunge of the FIA using this approach but this requires that many
more thin-sections be prepared and since most FIAs are shallowly plunging, this is not usually
done). Both techniques yield remarkably similautes. However, the FIA which results from the
curvature of the rim trails into the matrix (established using the asymmetry method) is not
accounted for using FitPitch as no measuremehtthe matrix foliation were used in the
calculations. Similarly, FitPitch provides the orientation of a FIA that was never actually
observed in the sample (i.e., the lineation formed by the intersection of the earliest core foliation

trails and the rim trails). These two FIA orientations are marked with asterisks in Table 2.

3.3.2 Sample MB030

Sample MBO030 contains nuno&is small (mm scale) porphyroblasts, many of which
display prominent rims, resulting in a distinctive core and rim texture. The cores have fine,
relatively straight inclusion tis, surrounded by an inclusion-fregedian. The rims have coarser
inclusions trails that are straight to gently curving and sub-parallel to the dominant matrix
foliation. One horizontal and nine vertical thieetions of sample MBO3@ere examined, using
both FitPitch and the asymmetry thed. Pitch data is presented in Figure 7(a) on a lower-
hemisphere equal area stereonet and as avidodl rose diagram for each thin-section. A two
plane solution emerges as the best candidate when the data is analysed with FitPitch (Table 1 anc

Fig. 7b) and the results compared with observations.

Figure 8 shows photomicrographs and interpretive sketches of porphyroblasts from the

030 and 108 sections of sample MB030 along witin equal area lower hemisphere stereonet
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plot of pitch measurements and rose diagrainsneasured data for the same sections. The
intersections between the two vertical thin-sections (dashed lines on stereonet) with the two
model planes calculated by FitPitch closely onirthe data presented in the corresponding rose
diagrams and what is observed in the thin-sections. The two model planes are close together
where they intersect the (36ection on the stereonet. This is reflected in the rose diagram, where
only one broad modal peak is obss in the data, and in the G3ghotomicrograph, where the
inclusion trails of both the core and rimearery nearly parallel. By contrast, the 1@@ction
intersects the model planes on opposite sides eofstereonet, the rose diagram displays two
definite modal peaks and the core and rim inclusion trails in thept@omicrograph are nearly

perpendicular to one another.

Further evidence supporting a two plane solution was found by separating the pitch
measurements into core and rim data (Fig. 9b). These two data sets were plotted using different
symbols on the same stereonet ancthpared with the two planes defined by FitPitch (Fig. 9a).

The core and rim data very closely corresponth&data allocated by FitPitch to Plane A and
Plane B respectively. Some confusion arises when allocating data as either core or rim because of

cut effects (i.e., not every cut goes tigb the centre of the porphyroblast).

The two plane solution provided by FitPitchems to describe the data very well. It
would therefore be expected that this answer would agree with that ascertained by the well
established asymmetry method. Table 2 shows thdtsefrom the two techniques. It can be seen
that the two methods provide very differeahswers. FitPitch suggests a FIA trending
approximately towards 02vhile the asymmetry approach gives a FIA trending toward§ 115
The FIA trends established for the same samydmg the two different techniques are separated
by nearly 96. Clearly, these results require somelaration. The asymmetry method works by
picking the orientation of the axis of curvature of the core foliation (i.e., the curvature of this
foliation into the next subsequently formed foliation). FitPitch works by calculating the
intersection lineation formed between two foliations. As noted earlier, the majority of the
porphyroblasts in sample MB030 possess an immuSee median (Fig. 8). It is suggested that

the FIA established using the asymmetry method repteshe axis of curvature of the core trails
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into a foliation developed during the growth oistinclusion-free median. By contrast, the FIA

found using FitPitch is the lineation produced by ithtersection of the core and rim foliations.

3.3.3 Sample MB028

The Perry Mountain Formation contains numersumgers or pods of very fine-grained
garnet “coticule” (Fig. 10). These distinctive lithologies are of uncertain and controversial origin
(Eusderet al, 1984; Thomson, 1992; 2001) but possibletg@iths include manganiferous chert
or Mn-Fe-bearing carbonate concretion. This makavas previously considered useless for FIA
studies because the tiny (~18®) garnet porphyroblasts mostlgrtain extremely straight trails,
meaning that the asymmetry method could noadesd. 440 pitch measurements were made from
one horizontal and six verticaéations and analysed with FitPitch. The results are presented in

Table 1 and Figure 11.

A three plane solution is preferred for this sample based;@mdR R, values and this is
supported by observation. The inclusion trails @resd in the garnet porphyroblasts are mostly
straight but Figure 12 shows a rare ep@anof a porphyroblast that has overgrown a
differentiated crenulation cleavage. The orieptatof the preserved inclusion trails combined
with the matrix foliation very closely matches the modal peaks of the pitch data (as shown on the
rose diagram) and also mirrors the intersections of th@ 886€tion with the model planes
calculated by FitPitch. Numerous small porphyroblasts are observed with straight inclusion trails
which have the same ontion as either the very early fdlan, the differentiate crenulation or
the matrix foliation. This may be indicatingmsething about the way that garnets nucleate and
grow in the coticule material. Rather than forming overgrowths on previously existing garnets (as
observed in samples MB019 and MB030), the majarftyhe coticule garnets seem to preserve
just one foliation as inclusion trails. This suggests that it is easier to nucleate new garnets in this
material than continue growing the old and may partly explain the very small size of the

porphyroblasts in the coticule.
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4. Discussion and Conclusions

4.1 Asymmetry vs. FitPitch

FIA orientations determined using both the traditional asymmetry and “FitPitch”
techniques have been compareu @ontrasted. It has been damtrated that results obtained
from the two techniques can either agree withm(gle MB019), or sharply contradict each other
(sample MB030). In order to reconcile differer@sults obtained from the two methods, it is
important to understand how the ttexhniques differ and what thestdting FIAs actually relate
to. The results from sample MBO030 highligtitese important differences. The asymmetry
method relies on the curvature of one foliation iatsubsequently formed foliation. The FIA is
found by examining the pattern formed by the regetion of vertical thin-sections of differing
strikes with the curved inclusion trails presetweithin porphyroblasts and picking the flip from
“S” to “Z” shape between two closely oriented sections. FitPitch takes a mathematical approach
and attempts to fit one, two or three model plawegitch data measured in a set of differently
oriented thin-sections. The best solution is considered to be the one that minimises the deviation

between the data and the model planes. Interssdbietween these model planes define FIAs.

The dramatically differentesults obtained for sampMB030, using the two techniques
can be explained by the absence of inclusiaistin the median of the porphyroblasts. The
garnets in this sample generally display distinct cores and rims, separated by a largely inclusion-
free median. Clearly, no pitch data can be olet@difrom the median so the FIA calculated by
FitPitch is the product of the ingection between the core and fintiations. This virtual FIA is
never directly observed in the rock. By contrdbe core FIA established using the traditional
asymmetry approach is found by examining the awume of the core foliation into the median.
This effectively gives the intersection lineation between core and median foliations. Therefore,

the two procedures measure quite different FIAs.
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4.2 Matrix lineations

The usual procedure followed by structural geologists is to prepare and examine P and N
sections (i.e., sections cut perpendicular to the dominant matrix foliation and both parallel (P) and
normal (N) to the stretching or mineral elongatilineation). In areas that have been multiply
deformed and metamorphosed, this approach will commonly result in an incomplete picture of
the tectonic history of an aré@ihan, 2004). Stretching and ef@tion lineations are subject to
reorientation during alsubsequent episodes of foldingacgvation (Bell, 1986) and/or reuse
(Davis & Forde, 1994) of previously developtgiations. They are rotated by the cumulative
effects of all successive deformations rathantindicating the direction of movement during the
youngest deformation. Accordingly, they shouldregarded as products of the cumulative strain
and not the instantaneous strain ellipsoid. Furthermore, the mineral elongation lineatig§on S
will commonly be the product of numerous defotimas due to the routenreorientation of &

(e.g., Bell et al., 2003, 2004, 2005, Ham and Bell, 2004).

The orientation of linear indicators ofawement direction on gently dipping planes
appears to relate more to topography tharnivelglate motion. The radiating pattern of linear
indicators of movement diction perpendicular to topphic highs (e.g., Plagt al, 1989; Bell
& Wang, 1999) suggests that body forces assediatith gravitational collapse and spreading
rather than the effects of relative plate rootiare responsible for the development of these
structures. Elliot (1976) first proposed the idéet nappes and thrusts could advance by
gravitational spreading, while undergoing intertrahning under the weight of overlying rocks.
Subsequent work (e.g., Last al, 1986; Merle, 1989; Sandiford, 1989; Northrup, 1996; Aerden
& Malavieille, 1999) hasdund this idea to be in good agreement with the strain patterns and

structures observed in some thrust sheets.
FIAs form from the preservation, as inclusitrails, of intersectim successive foliations

that develop against the porphyroblast marginglAtrend is controlled only by the orientation

of steeply dipping foliations and independent of the movemattitection on horizontal planes.
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Therefore, the FIA is the only linear indicator of movement direction that consistently reflects the

direction of bulk shortening associatedh relative motion between plates.

4.3 Shear sense

It is often difficult to ascertain which thin-section orientation is the most suitable for
determining sense of shear, particularly when inclusion trails show minimal curvature or where
that curvature appears to be inconsistent. dloeedure of examining only ‘P’ and ‘N’ sections
to determine shear sense is inadequate in multiply deformed rocks, and will commonly give
misleading or inaccurate results. FIAs develop perpendicular to the direction of bulk horizontal
shortening (Belket al, 1992) and therefore, only sections cut at a high angle to the FIA provide
an accurate indication of shear sense duringfildudeformation. The dermination of shear
sense is a fundamental part of the traditiongkag@ch to FIA determination. The asymmetry of a
large number of inclusion trails in a set of differently oriented vertical thin sections is recorded in
order to find two closely oriented sections betw which the asymmetry flips (i.e., from ‘S’ to
‘Z’ shaped). The FIA is interpreted to lie aetmidpoint between these two sections. The correct
shear sense can be easily resolved by re-examiméindata recorded for sections at a high angle

to the FIA.

The “FitPitch” computer program does notvgithe correct sense of shear directly.
However, it does provide a method to easily ueiee the orientation of the FIA, even in
samples with negligible inclusion trail curvature. It is then possible to quickly establish which
section orientation is most suitable for shearssedetermination. As few as three differently
oriented thin sections (e.g., Aerden, 2003; twdival and one horizontal) are needed to give a
reasonably good estimate of the FIA trend. Oneecttientation of the FIA is determined, shear
sense can be ascertained by examination ofteosexut perpendicular to the FIA. Even samples
with predominantly straight aconfusing trails willusually show some amount of curvature at
their extremities and FitPitch provides a simple answer to the challenge of deciding which section
orientation is most suitable f@xamination. Differently orientesections are required for rocks

with changing FIA trends from the core to the rim of porphyroblasts.
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4.4 Independent tests

FitPitch is a valuable tool which complimsrexisting methods of FIA determination by
providing a check for results obtained from #symmetry method and by making it possible to
get results where the latter method cannotdermonstrated with sample MB028. Three FIAs
were obtained from this sample which was poasly considered unsuitable for this type of
study. The two techniques take completely different approaches and can be employed as
independent tests of ommother. The same thin-sections t&nused for both techniques but an
additional horizontal section halpn gaining a better understangiof the three dimensional

microstructures preserved within the porphyroblasts.

Caution needs to be exercised when using FitPitch. It will always provide solutions for
one, two and three model planes, even if no planes are present or if more than three planes would
better describe the data. It is imperative that the solutions provided by FitPitch be compared and

reconciled with the structuredserved in the thin-sections.
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The internal inclusion trail geometries preserved within

a first phase of porphyroblast growth
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Abstract

The inclusion trail geometry within a firphase of porphyroblast growth can differ
significantly from that preserved by further enlargement because the porphyroblast forms a rigid
mass up against which the rock preferentially strains during ensuing events. The geometry of the
first overgrown inclusion trails is affected their primary orientation, including any pre-existing
curvature, combined with any heterogeneootation of this foliatim about the developing
stretching lineation. This can impact the appataning of foliation intersection/inflection axes
preserved within porphyroblasts (FIAs) that mated during the develogmt of a sub-horizontal
foliation, but is readily resolved. 3-D computer as&d of sigmoidal inclusion trails reveals that
the asymmetry method for FIA determinationuisaffected by the cut location relative to the
porphyroblast core. Significantly, perfect spiratlirsion trail geometries can be produced from a
sigmoidal shape in cuts up 30° away from the HiAerefore, since FIAs in most porphyroblasts
bear no relation to matrix structures, there is a 17% chance that thin-sections cut relative to the
foliation lie within 30° of a FIA and could caath such an apparent spiral. FIAs maintain
consistent trends for the first phase of gigroblast growth accompanying horizontal bulk
shortening but may vary in plunge. FIAsave sub-horizontal plunges for porphyroblasts
nucleating during gravitational coflae, but may vary in trend. Fall periods of porphyroblast
regrowth the data available indicates that Fi&siain consistently treling and sub-horizontal

until the relative direction of plate motion causing orogenesis changes.
Keywords:Porphyroblast nucleation; Porphyroblgsdwth; Crenulation cleavage; Shear sense
1. Introduction

Over a decade has passed since measutemere first madeon the orientation of
foliation intersection/inflection axes in porphyroblasts (FIAs). For some years now this data has
been providing extended structuhastories that have been lost from the matrix due to repeated

shearing or reactivation of the bedding (el4pm & Bell, 2004), extended metamorphic P-T-t

paths (e.g., Sayab, 2005), quaitta correlation of metamorphiand structural data around
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oroclines and along and across orogens (e.gdeke 2004), and a means for dating periods of
deformation associated with the successive changes in relative plate motion that accompany

extended orogenesis (e.8ell & Welch, 2002).

One feature of this data has not receiwatch attention. A first phase of porphyroblast
growth does not necessarily behave like the later phases in terms of the internal inclusion trail
geometry preserved within. This occurs because once a porphyroblast has grown, it forms a rigid
mass against which the rock preferentially deforms during ensuing events, preventing reactivation
of the compositional layering as shown in FiglireSubsequent porphyroblast growth can entrap
the foliations that have formed against the porphyroblast rim and they maintain predominantly
sub-vertical and sub-horizontatientations (e.g., Hayward, 1992 owever, the first phase of
porphyroblast growth overgrows a crenulation kirggs it begins to develop in a pre-existing
foliation; such crenulations or foliation infle@hs may have a large range of orientations
depending on the orientation tifis earlier-formed foliation. For example, if the porphyroblast
grows in a deformation event that forms a sub-vertical foliation, then the resulting FIA will have
a trend consistent with those measured from pogiitgsts that contain der formed cores, but
a variable plunge (Fig. 2; Bell & Wang, 1999). If the porphyroblast grows in a deformation event
that forms a sub-horizontal foliation, then tlesulting FIA will have a sub-horizontal plunge but
potentially a trend that is not consistent with those measured from porphyroblasts with earlier
formed cores (Fig. 3). If there has been a previous crenulation event that was not accompanied by

porphyroblast growth, then othgeometries are possible.

To demonstrate the geometric consequences and significance of these effects we:-

1. examine the variation in inclusion trajeometry and FIA trend within different
porphyroblastic phases in the same layer, as well as within the same phase in different
layers, from two adjacent samples from the one outcrop; in these samples there is a
remarkable consistency of FIA trends between porphyroblasts showing multiple phases of

growth and those that grew during the depeent of a sub-vertical foliation. This
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contrasts dramatically with those thabhly grew during the development of a sub-

horizontal foliation.

2. examine the 3-D geometry of sigmoidaiijaped inclusion trails obtained by high-
resolution X-ray computed tomography (X-ray) of a garnet porphyroblast that reveals
significant aspects of the variation of inclusion trails that are possible within a first phase
of porphyroblast growth, which need to tadken into account when attempting to time

porphyroblasts microstructurally.

3. discuss the significance and implicationshafse phenomena for strurdl geologists and

metamorphic petrologists working with porphyroblastic rocks.
2. FIA trend variation within samples from the Tommy Creek Block
2.1 The samples
Samples TC1365 and TC1365i weaien from adjacent thin pelitic bands in an outcrop
of the Tommy Creek Block, Mount Isa Province@fieensland, Australia (Fig. 4; Lally, 1997).
Three different pelitic bands within these samples contain:-
A. garnet porphyroblasts (layer A; sample TC1365i).
B. garnet plus andalusite porphyroblasts (that locally replace staurolite; layer B; sample
TC1365i).
C. garnet and staurolite porphyroblasts (layer C; sample TC1365).
2.2 Timing of porphyroblast growth and FIA trend
The FIAs preserved in these porphyroblasts were measured separately for each

porphyroblastic phase in each compositional laj/ke foliations and phases of growth preserved

within these porphyroblasts, plus the FIA trends they define, are as follows:-

Volume | B-3



Section B M. D. Bruce

1. Layer A - garnet porphyroblasts preserve up t@a@est of growth (Fig. 5) that occurred during
D, (S sub-vertical, $sub-horizontal) through IXS; sub-horizontal). All have a FIA trending at
350°.

2. Layer B - garnet porphyroblasts in the andalus#i@ing layer (Fig. 6a) contain sub-vertical S

with a clockwise asymmetry (looking NE) into sub-horizontalaBd the FIA trends at 45°.
Local relics of staurolite porphyroblasts preserved within masses of andalusite have a very
similar inclusion trail geometry to garnet, preserving sub-verticalith a clockwise asymmetry

into sub-horizontal §Fig. 6b). The FIA was not determinéat staurolite because relics of this
phase are only present in a few thin sections, but we expect it to be similar to that in garnet.
Andalusite porphyroblasts grew early during theel@ment of a matrixrenulation with a sub-
vertical axial plane (§, and then during the developmentasfother with a sub-horizontal axial

plane (S); the FIA for andalusite trends at 350°.

3. Layer C - garnet and staurolite porphyroblastayer C (Fig. 7c) contain FIA trending at 350°
and 45° respectively. Garnet grew predomilyatduring the development of sub-vertical ®ith
some rim growth during the delopment of sub-horizontal sS whereas staurolite grew

predominantly during the delopment of sub-horizontals§Fig. 7a).

2.3 Interpretation

Layer A contains garnet porphyroblasts preserving multiple phases of growth that
accompanied up to 6 different deformation events. Once garnet had formed, any foliations that
developed against its rim were preserved by egisnt phases of growth the orientation in
which they were produced, as shown in Fig&resd 8b. The FIA trend of 350° is controlled by
the strike of the sub-vertical foliatiory $hat predated porphyroblast growth as well as the strike
of §, and § that accompanied it, independent of any rotational effects or reactivation in the
matrix. There was no rotation of4 towards the stretching lineatiorfslsuch as that shown in

Figure 2, prior to porphyroblast nucleation in the very early stages. of D
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In layer B, garnet only grew during development of sub-horizontéfi§s. 6a, b and 8d).
The regionally coarsely partitioned nature of [Bell & Hickey, 1998) caused the“d
intersection lineation to rotate towards the W-E trendifignineral elongation lineation, such as
shown in Fig. 3, at a scale much biggeantha porphyroblast. Where garnet nucleation
accompanied reduction in the scale of deforomapartitioning, it overgrew portions of rock
where % had been rotated from 350° towards tAedtretching lineation to a trend of 45° (Figs.
3 and 8d). Andalusite first nucleated ig, ivhich produced sub-verticaf §-ig. 8e). It then grew
during development of a weak sub-horizontal The 350° FIA trend in andalusite is controlled
by the 350° striking sub-verticak.SThis FIA could vary in plunge from the horizontal if rotation
of L% towards the steeply pitchindd.occurred in a similar manner to that which affectég L
(such as shown in Fig. 3); however, such rotatioes not affect the primary 350° FIA trend. The
weak character of Pmeant that the 350° FIA was main&ihin any andalusite that did not
nucleate on previously formed porphyroblasts. Very locally, andalusite has replaced staurolite

(Fig. 6¢, d) and in these locatiomsudd preserve the staurolite FIA trend.

In layer C, where garnet porphyroblasts first grew early during the development of sub-
vertical Dy, the 350° FIA trend is controlled lite strike of sub-vertical,§Fig. 8a, c; see also
Fig. 2) There was no rotation of preserved in the strain shadows of the porphyroblasts (Fig. 7d)
during minor rim growth that accompanied the development of sub-horizgraaldso the FIA
defined by s remained at 350°. Staurolite grew goweninantly during the development of sub-
horizontal B, which as described in (2) above, caused rotation “pftdwards Es prior to

porphyroblast nucleatiomd resulted in the 45° trending FIA (Fig. 8d).

These observations from adjacent layers reveal variation in FIA trend is possible during a
single sub-horizontal foliation producing defation event for a first phase of porphyroblast
growth in some layers versus a second or later phase in others. For example, the different FIA
trends in garnet porphyroblasts that grew duriggrDayers A and B can be readily interpreted
via the effects that the presence of a porpbhast has on the developnt and preservation of

foliations in the matrix against it. Furthermore, the parallelism of FIA trends in garnet and
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andalusite porphyroblasts that grew for the first time during a sub-vertical foliation producing
deformation event, with those in garnet in layer A overgrowing earlier formed cores, has resulted
from the only variation that is possible due to heterogeneous strain being in the vertical plane

around a steep stretching lineation (Fig. 2).

Thus the variation in FIA trend from phate phase and layer to layer can be readily
interpreted when the timing of porphyroblast development is examined with regards to whether
the foliation that accompanied growth developed sub-horizontally or sub-vertically. Where
foliations preserved in porphyroblasts are successively sub-vertical and sub-horizontal the FIA
trends are controlled by the strike of sub-wait foliations as shown in Fig. 8a. Once a
porphyroblast has formed, sub-vertical foliations floatned against it are preserved in its strain
shadow from the effects of rotation due to sthsent deformation areactivation of bedding.

Any foliation pre-dating porphyroblast growth canrb&ated by the effects of prior deformation,

or locally by that accompanying porphyroblast nucleation.

3. Inclusion trail geometries in 3-D

A significant quantity of data has been fpsied on the measurement and analysis of FIA
orientations with the majority of this work cad out using the approach established by Hayward
(1990) of cutting multiple verticahin sections around the compass. This method averages the
asymmetry of the inclusion trails in a large population of porphyroblasts from a single rock
sample using several differently oriented thin sections. Reconciliation of the structures observed
in differently oriented thin sections into a complete three-dimensional presentation of the
inclusion trail geometry is generally impractical because each porphyroblast is cut somewhere
between its centre and edge. This does not chidwegmclusion trail asymmetry for one stage of
growth but it may change the shape (e.g., compare Fig. 9a, b, c; see also Appendix E: “E02-
vertical sigmoid slice 090.mov” a QuickTime meuhat shows the range of possible inclusion
trail geometries that could be aauntered depending on where the 096ction intersects the

porphyroblast). In particular, it may reveal curvwat of inclusion trails in some porphyroblast
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cores that passes towards the horizontal (Fig. 9ar kirtical; such curvature has significance

(see discussion).

Numerous studies have attempted to pratietgeometry of inclusion trails based on the
process by which they form (e.g., f®neveld, 1977; Bell & Johnson, 1989; Masuda &
Mochizuki, 1989; Williams & Jiang, 1999), but réleely little data has been presented on the
three dimensional geometry of inclusion trgiieeserved in real rocks. A doubly curving non-
cylindrical geometry of “simple” sigmoidal inclusi trails has been dedoeid by several studies
(e.g., Johnson, 1993) utilising a serial sectionipgr@ach in which the inclusion trails were
reconstructed from tracings of several parallel thin sections made through a single large
porphyroblast. Marschallinger (1998) employed ecjsion serial lappingral scanning technique

to aid in similar reconstructions.

The advent of high-resolution X-ray CT has permitted the actual three-dimensional
geometry of curved inclusion trails in garnet porphyroblasts to be studied in detail for the first
time (Ikedaet al, 2002; Huddlestone-Holmes KRetcham, 2005). The cormation of attenuation
data with thin section and mmaprobe data allows inclusiophases to be distinguished and
separated. The 3-D model of a single gapwphyroblast produced by Huddlestone-Holmes &
Ketcham (2005) provides the adtugometry of a doubly curving single sigmoidal quartz-rich
inclusion trail that runs through the centre of the porphyroblast, paralleled by numerous ilmenite
inclusions. Their model serves as the template for this study as the geometry of inclusion trails
preserved throughout this porphyroblast can kemeed and computer deed 2-D cuts made
through it in any orientation to quantify and thusderstand the significance of inclusion trail cut

effects through a single porphyroblast.

3.1 Establishing a model porphyroblast

The 3-D inclusion trail geometry, producdcbm the high-resolution X-ray CT by

Huddlestone-Holmes & Ketchar@@05) on a sample of Cram Hitbrmation from south-eastern

Vermont, is shown in Figure 10a. This repréagan was imported into and manipulated in the
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3D modelling, animation and rendering package Discreet 3ds Max™. This software allows
individual phases (garnet, quartz, ilmenite, etc.) or even individual inclusions to be treated and
managed separately. It is possible to turnvidial parts of the model on or off to highlight
aspects of interest. We stripped away garnet and crack-fill material to reveal the central quartz
inclusion trail (light coloured) along with high attenuation ompues (ilmenite) inclusions (Fig.

10b). For clarity, we removed isolated quantzlusions around the periphery of the garnet
because this study is concerned with structures preserved during the first phase of porphyroblast
growth and these inclusions were overgrown Matg. The central quartz inclusion trails were
traced in three dimensions by adjusting theesepoints of a flat, box-shaped primitive object in

3ds Max. Adjustments were made so that tlseiltant continuous inclimn trail passes through

the centres of the quartz inclusions (Fig. 1@ejulting in a continuous representation of the
inclusion trail geometry. Removing the central quartz trails reveals that the dark ilmenite
inclusions are parallel to the central continutiad in Figure 10d. Additinal trails were made

by extrapolation of the central trail, using the ilmenite inclusions as a guide and adjusting as
necessary to create a satisfactory fit (Fig. 19&.then replaced the garnet around the periphery
that was established by the original X-ray Cptoduce the final model (Fig. 10f). The inclusion
trails in this model offer the advantage thatltontain no breaks or gaps. A section cut through
the garnet at any orientation or position will ay@antersect the trails and produce a continuous

trace.

3.2 Slicing the model

The trend of the FIA is usually found by loogifor the flip in inclusion trail asymmetry
in a set of radial vertical thin sections. Figure 11 illustrates the inclusion trail geometries
encountered in a set of such radial sectiondenthrough the centre of the model porphyroblast
(see also D: “D3-vertical sigmoigbtate.mov”). In reality, we need only cut sections at 0°, 30°,
60°, 90°, 120° and 150° to get this information. Sections at 180°, 210°, 240°, 270°, 300° and 330°
can be examined simply by reversing the initial set of six sections. It can be seen that the flip in
asymmetry from “Z” to “S” shaped occurs at, wery close to 0° (000° or 180° section).

Consequently, The FIA for this sgle is oriented approximately N-S. The trend of the FIA can
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be further constrained by cuttjradditional sections close to 000° (Fig. 12). These additional

sections confirm that the flip in asymingeoccurs very close (+/- 5°) to 0°.

Figure 11 shows that the sections cut perpendicular to the FIA (090° and 270°) display the
least apparent curvature of the trails. Thesetions, passing through the centre of the
porphyroblast provide trugrofiles of the inclusion trail geometry. Sections cut in the remaining
orientations display an increase in the apparent curvature, appearing more spiral like, culminating
in the closed loop structures of sections patallel to the FIA (000° and 180°). Structures
observed in sections cut very close to the akisurvature (e.g., the 010°, 020° and 350° sections
of Figure 12) exhibit almost 180° of apparentation from the centre to the margin of the
porphyroblast. A comparison of sections made through the trails of the schematic model and the
original model of Huddlestonedtimes & Ketcham (2005) is presented in Figure 12. The sections
through the schematic model clearly reflect the geometry represented by the central quartz
inclusions of the original model but the schematic model has the advantage that it is unaffected

by the paucity of inclusions, particularly opaques/ ilmenite.

3.3 The cut effect

All sections pass through the centre of fhorphyroblast in Figure 11. However, it is
unlikely that any particular porphyroblast wilbe perfectly bisected by a thin section.
Consequently, the inclusion traidserved usually vary from central cuts as shown for a set of
radial thin sections in Figure 13 (the numberpanenthesis are thosection orientations that
can be obtained simply by flipping the origirsgction over; 210° is equivalent to 030° viewed
from the opposite direction). Significantly, thépfin asymmetry occurs very close to 0°
regardless of whether the sections utilised pasaighr the centre or the closer to the edge of the
porphyroblast for one phase of porphyroblast growth. That is, the asymmetry method for
determination of the axis of curvature is unaféeicby cut effects. However, the doubly curving,
non-cylindrical nature of the inclusion trailsstdts in a significant decrease in the apparent
curvature of the inclusion trails from the centre to the outer margin of the porphyroblast. This is

especially apparent in sections cut nearly agtinal to the FIA (e.g., at 090°). While this can
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potentially make determination of asymmetry difficult, these effects can be overcome by

examining a large enough popiite of porphyroblasts.

Another aspect to cut effects is the orientation of a section relative to the FIA. Structures
observed in sections cut within 30° of the axisurvature (Fig. 11 and the 010°, 020° and 350°
sections of Fig. 12) exhibit almost 180° of apgwd rotation from the centre to the margin of the
porphyroblast and would be called spiral inclusiils as opposed to sigmoidal if viewed in
isolation through cutting just one or two thin sections from this sample. Different sets of FIAs can
show a large range of trends relative to theérméoliation (e.g., Ham & Bell, 2004). Therefore,
thin sections cut perpendicular to the matrikafiioon and perpendicular grarallel to a lineation,
may cut through a porphyroblast where the FIA lies at 30° or less to the section plane. Such thin
sections may show perfect spiral shapeduisioin trails in porphyroblasts where the actual
geometry is a sigmoid (e.g., Fig. 11) and wobé&linterpreted by many today as a product of
intense local shear zone development (aglliams & Jiang, 1999). Appendix E: E02-D06
contains several QuickTime movies that illustithie range of possible inclusion trail geometries
that could be encountered by vertical thintees with different stkes intersecting the model

porphyroblast at a range of distanbetween its centre and its edge.

3.4 Variation in FIA trend through the model

Figure 14a shows three horizontal cut®tigh the inclusion trail geometry. The variation
in the orientation of the intersection of the inclusion trails with the horizontal cut that passes
through the porphyroblast centre potentially defines the maximum variation in trend of a FIA that
could be recorded by the growth of a single porphyroblast that grew in this event. The
intersection of this foliation with the horizontal cut varies through a maximum of 60°.
Huddlestone-Holmes & Ketchan2@05) measured the FIAs separately in 58 porphyroblasts
using X-ray CT on 5 cylinders cored fromffdrent portions of tis sample and found a
maximum variation of 30° around the mean FlAttegiving a total variation of 60°. Therefore,
the question to be resolved is how much a$ tariation predated or was synchronous with

porphyroblast growth. This is particularly pertinent with this sample because, as mentioned
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above, it contains evidence of a foliation inflecttbrough the vertical that strongly suggests the
foliation either initially had a sub-horizontal amiation (Fig. 14b (i)) or was a reactivated oblique
moderately east dipping foliath sub-parallel to compositionalykring (Fig. 14b (ii) or was a
pre-existing crenulation about a steep axial plgig. 14b (iii)). This foliation in Figure 14b (i)

was initially rotated by a deformation with a sub-vertical axial plane to the steep east dip or
started in this orientation prior to the deformation with the sub-horizontal axial plane that
accompanied porphyroblast growth. It was then overprinted by the crenulation with the sub-
horizontal axial plane that accompanied porpbiast growth. If the porphyroblast did not
overgrow the centre of a partially decrenulapee-existing hinge (Fig. 14c (i)), but instead was
centred above that as shown in Figure 14c (ii), then the resulting foliation through the centre of
the porphyroblast would look like Figure 14a (iiftmthe actual geometry that should have been
preserved in the porphyroblast centre looking like thdtigure 14a (i). Therefore, we conclude
that the bulk of the variation occurred prior tovelepment of the sub-horizontal foliation in this

sample.

4. Discussion

4.1 The early growth of porphyroblasts relative to deformation

Porphyroblast growth during regional taemorphism commences very early during a
deformation event (Bebt al, 2003) and ceases once a differeatlacrenulation cleavage begins
to form in the immediate vicinity (Fig. 15; Bell & Hayward, 1991). Nucleation of a
porphyroblastic phase for the first time at a particular site requires irregular partitioning of the
deformation into progressive etring and shortening components on the scale of a porphyroblast
(e.g., Fig. 15a), which generaliyvolves relatively coaxial straito enhance microfracture along
pre-existing foliations (e.g., Be#it al, 2004). This means that the first phase of porphyroblast
growth generally preserves simple trails that commonly have a very similar orientation across a
thin section (Ramsay, 1962), fold or regiorygén, 1980; Aerden, 2004). However, deformation
may locally commence and be distributed very homogeneously on a scale much larger than a

porphyroblast. For example, if reactivationtbé pre-existing foliation is possible or becomes
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possible, then the foliation can rotate withawrenulations developingat the scale of a
porphyroblast (e.g., Be#t al, 2003). If this occurs, porphyroblasts will not nucleate unless the
deformation begins to partitiontm progressive shearing and gleoing components at the scale
of a porphyroblast. Consequently, the foliatipneserved as inclusion trails within such
porphyroblasts could vary significantly from isientation prior to the commencement of that

deformation event. However, it is significant that in many examples this is not the case.

Foliations that have been folded seveirakes before porphyroblast growth begins should
show a large range of variation in orientation wipeeserved as inclusion trails. It is intriguing
how uncommon this appears to be at the soblgeveral outcrops (Stéardt, 1989; Aerden,

1995), shear zone (Juegal, 1999), or region (Fyson, 1980). Possible reasons for this are:-

1. Such variation is less interesting than cdasisy and has not been recorded; consequently, it

is less well represented in the literature.

2. Foliations lying parallel to bedding are crenulated at a coarser scale than recently developed

axial planar ones causing porphyroblastprieferentially nucleate in the latter.

A significant factor that wuld promote the situation dedwed in 2 is that compositional
layering always will reactivate if the geometry is appropriate and this reduces the number of sites

available for porphyroblast growth (Beit al, 2003).

4.2 Porphyroblast nucleation and initial growth

As a result of the early commencement of porphyroblast growth relative to deformation in
the vicinity, the most common inclusion trail geetny preserved is one of straight inclusion
trails that are slightly curved at the porphyesiledges (Fig. 15¢). Porphyroblast growth ceases
once inclusion trail curvature becomes significant because the progressive shearing causing
foliation curvature also causes a differentiatednulation cleavage to begin to develop. The

dissolution and solution transfer associated whik process stops further porphyroblast growth

Volume | B-12



Section B M. D. Bruce

(Fig. 15d, e, f; Bell & Hayward, 1991). Consequgnporphyroblasts will generally not nucleate

over a foliation lying at a low angle to that which is newly developing as such foliations will
reactivate antithetically as shown in Figure 1 (e.g., Bekl, 2003) or be reused synthetically
(e.g., Davis & Forde, 1994). The next most comnmafusion trail geometry is one of sigmoidal
inclusion trails that are slightly more curved at the porphyroblast edges than towards the core.
Such trails commonly result from the overprint of a pre-existing crenulation hinge by a younger
event as shown in Figure 14b (iii). Their developtristvery similar to that just described except

that relics of an early crenulation are preseavigling more curvature of the inclusion trails.

4.3 Significance of foliation curvatutewards the vertical or horizontal

Multiple thin sectioning of samples commonly reveals in some porphyroblasts inflections
towards the vertical or horizontal for the easti@bservable portion of the inclusion trail as
shown in Figure 16. These inflections havgnsdicance if inclusion trails result from the
development of successive subtieal and sub-horizontal foliations as first argued by Bell &

Johnson (1989). They can form in one of 3 ways.

1. They reflect the remains of an older crenufatioat predates porphyroblast growth as shown
in Figure 14b (iii).

2. They reflect the remains of a reactivated foliation that lay oblique to the horizontal or vertical
(Fig. 14b (ii)).

3. They result from relatively coaxial deformation occurring early during the deformation that
occurred prior to the first phase of porphyroblast growth (Fig. 15a-c; Bell & Bruce, 2007; thesis
Section C).

If they result from nucleation on an oldeegulation then one would expect that X-ray
CT scans of 3D inclusion trail geometries from many porphyroblasts in the same sample would

reveal such geometries in a lot of them. This could also apply if the foliation was the remains of
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an oblique reactivated one. Indeed this is Hituation recorded by Huddlestone-Holmes &
Ketcham (2005). If, however, they formed by garbaxial deformation one would expect that
the variation in geometry from porphyroblastporphyroblast would be very large (e.g., Bell &
Bruce 2007; thesis Section 3). If such changecurred at a mucharger scale than a
porphyroblast then no porphyroblast would tend to nucleate. However, if repartitioning of the
deformation occurred at a finescale through the outcrop, apprphyroblasts that nucleated
would overgrow the previously rotated foliation and perhaps have a similar geometry to that
described for 1 and 2 above. At a larger scalerhight not be the case and the inclusion trail

geometry could vary significantly from porphyroblast to porphyroblast.

4.4 Curvature of the intersection or inflexion axis within a porphyroblast

When a porphyroblast first nucleates the Euld show considerable curvature in 3-D
(Fig. 10) causing a change in trend in a horiabplane in Figure 14a (i-iii) and plunge in a
vertical plane in Fig. 14b. This variation cdre recorded using X-ray CT methods within
individual porphyroblasts as shown in Figure However, the method of measurement used to
record the FIA and described by Hayward (1990) records the FIA for a sample and not for an
individual porphyroblast. The effects of sughimary variation within a porphyroblast are

eliminated.

4.5 Apparent spiral shaped inclusitwails due to sction orientation

The 3-D geometry of inclusion trails inettgarnet porphyroblast revealed by X-ray CT
shows that some section orientations in spam#ain spiral shaped inclusion trail geometries
even though the inclusion trails are sigmoida®4ib (e.g., the 030° and 150° sections in Fig. 11).
This possibility will be recognized by anyone who works extensively with multiple thin sections
around the compass but will not be known by m&tamorphic and structural geologists
because they have not done this type of w@dnsequently, where thin sections are cut either
randomly or relative to the matrix microstructu(@gere the porphyroblast is truncated by the

schistosity), they may show spiral shaped indadrails when in fact only sigmoidal ones are
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present in 3-D. This could dramatically influence interpretation of the structural history of the
region, depending on whether one interpretedt tthe inclusion trails had formed by
porphyroblast rotation or non-rotation. Wherever spsfeped inclusion trails are seen in thin
section showing a maximum of 180° of curvaturdrathin sections in other orientations should

be cut to check whether true spiralgust sigmoidal trails are present.

4.6 Geometry of foliation development against a porphyroblast

Once a porphyroblast has formed it providesgia or competent object against which the
shearing component of the deformation ire tmatrix tends to nucleate soon after the
commencement of deformation. The large amoahtquantitative dataavailable on the
orientation of foliationdorming after an initial stage of porphyroblast growth suggests that they
form predominantly sub-vertically or sub-imntally (Fig. 17, modified from Gavin 2004; see
also fig. 10 in Hayward, 1992). This is confirmiegl the shallow plunges of FIAs in the terrains
where these have been measured (Fig. 18 from data in fig. 9d in Bell & Hickey, 1997; table 1 in
Bell & Wang, 1999; fig. 9 in Hickey & Bell, 1999; and Bell & Newman, 2006). FIAs resulting
from successive steep foliations would have pasnganging from mainly very steep to locally
very gentle (Fig. 19), which is not what adserved where porphyroblasts have grown for a
second or subsequent time. The only way to &ehpdunges less than 30° during every phase of
porphyroblast growth after the first is for the FIAs to result from the intersection of successively
preserved sub-vertical and sub-horizontal fadiasi. Such sub-horizontal plunges are independent
of whether a sub-horizontal foliath overprints a sub-vertical fotian or a sub-vertical foliation

overprints a sub-horizontal foliation.
4.7 The asymmetry method versus the cut effect

The asymmetry method of FIA determination uses curvature of inclusion trails in all
porphyroblasts present in a thin section. Therefore, it uses all cuts through a porphyroblast from

the core to the rim, in at least 8 different aotaions around the compass. Conceptually, all slices

through one period of growth of the porphyroblsisould preserve the asymmetry and the above
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method should be independent of any cut effectjtbstclearly important to test this. Figure 13
shows that this is the case. Therefore, tlyenasetry method provides an excellent procedure for
measuring foliation inflection/intersection axes preserved in the porphyroblasts within a sample

that is independent of any cut effect on th&usion trail geometry through a porphyroblast.

4.8 Consistency of FIA trends

Where FIAs have been measured regionally they maintain remarkably consistent
successions of trends for largestances (e.g., Aerden, 2003; Betl al, 2004). In a range of
locations, individual FIAs result from successions of up to 7 foliations intersecting in the one axis
requiring that directions of k&tive bulk shortening remain cdast for significant periods of
time. Bell & Welch (2002) suggest that theseiquas are around 10 to 30 million years in length.
Layer A in sample TC1365i contains garnetpgioroblasts preserving evidence for 5 foliations
plus a crenulation axial plane in the matrix timérsect in the one axis at 350°. Variation from
this trend only occurs in samples where there is one phase of growth that occurred during the
development of a horizontal foliation. Suchmgdes can be readily eliminated from a regional

analysis if anomalies relative to multiple FIA samples are recorded.
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Section C:

Progressive deformation partitioning and deformation history:

Evidence from millipede structures

Volume |



Section C M. D. Bruce

Abstract

The progressive development and migration of patterns of deformation partitioning at all
scales through the rock matrommonly destroys any record thfe ductile history associated
with previous events making the problem milar structures developing through multiple
pathways generally intractable. However, records of the small-scale geometries that form as
deformation commences and begins to partitthrough a rock are routinely trapped and
protected by porphyroblasts becatisese large crystals nucleate amdjrow at this time. This
allows examination of the geometry of midrostures formed at the start of deformation
partitioning that were destroyed by the same event in the matrix, or which formed during an event
prior to any preserved in the matrix. Porphiylasts locally presve oppositely concave
microfolds (“millipedes”), which, in all examples that we have found, exclusively indicate a
deformation history of bulk inhomogeneous shairtg. Very similar structures have been formed
experimentally during inhomogeneous simple shrdrcan readily be siinguished from those
trapped in porphyroblasts that form duripgogressive bulk inhoogeneous shortening.
Oppositely concave microfolds in some porphyasktd reveal that dafmation near orthogonal
to a previously developed foliation occurred by bplane shear driven rotation that led to rapid
reactivational “card-deck-like” ca@pse of the pre-existing foliation. Differentiated crenulation
cleavages may result from the same progessiding yet another reason for the cessation of

porphyroblast growth at thetart of differentiation.

Keywords:Progressive bulk inhomogeneosisortening; Shear sengggrphyroblast nucleation;

porphyroblast growth; coaxial deformati crenulation cleavage development
1. Introduction

Deformation partitioning (illustrated ifrig. 1) plays a signifiant role in numerous
processes that accompany tectonism (Siatmal, 2005). These include the development of

foliations of all types other than bedding (B&P981; Davis, 1995), pphyroblast nucleation and
growth within a sample (Hayward, 1992), sitegexdrystallization duringnylonitization (Bell &
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Johnson, 1989), dissolution and solution trangfétewart, 1997), crystal-plasticity versus
solution-transfer (Lagoeiret al, 2003), the leaching and tr@est of metals from low
concentration environments to ones where origsodevelop (Davis, 2004), the development of
meso and microstructures used for shearesdegerminations (Bell & Johnson, 1992), and sites
for the formation of metamorphogenic ore lesd(Aerden, 1991). Thefects of deformation
partitioning are obvious in the case of lozaion of shearing on the boundary of more
competent rocks such as a granite pluton, wheeheological contrasts between the intrusion
and the country rocks provide ready explanation for the geometry observed. However, the
effects and role of deformation partitioning are much less certain in the development of
crenulation cleavages in massive slates andtschr anastomosing shear zones in granitoids and
amphibolites, where the rock was more homogengousart with. Littleis known about the
progressive development of this phenomenoriectonized rocks because the distribution of
zones of progressive shearing atdrtening (that is the pattern pértitioning; e.g., Figs. 1 and
2a, b) changes as the deformation proceedsary stages are obliterated by the overprinting

effects of later stages in the same event, as well as by subsequent events.

How inclusion trails are interpreted in noestructural studies ifargely dependant on
whether the porphyroblast is regarded as havitgted or not relative to fixed geographical
coordinates during deformatioof the surrounding rock masH. the porphyroblasts were to
experience significant rotation andtranslation during deformain their usefulness as kinematic
indicators is reduced to near zero. In this cas&tion would be expected to be non-systematic
and would result in a wide range of FIA orientatioparticularly for those structures that formed
early in the tectonic history and had experiehomultiple phases of ductile deformation. It has
been suggested (Bell and Johnson, 1990; 1992)tlleatorrect shear sense can generally be
inferred if the porphyroblasts did naitate during growt. Such lack of rotation is supported by a
large amount of quantitatvdata (e.g., Bell and Hielg, 1997; Mares, 1998; Bedt al, 1998;
2003; 2004; 2005; Stallard and Hickey, 2001l Bad Welch, 2002; Ham and Bell, 2004, Bell
and Newman, 2006) and can be demonstrated whereistribution of early FIA trends retains a
non-random clustering in porphyroblastic nmetaphic rocks that have undergone multiple

phases of tectonism and porphyroblast growth (Bell and Newman, 2006).
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Quantitative structural studies of porphyidik involving the routine measurement of
inclusion trail geometries, have provided substhmvédence that these large crystals preserve
considerable data on the history of the progressive role of deformation partitioning in the
surrounding rocks (e.g., Bedt al, 2004; Cihan & Parsons, 2005; Sayab, 2005). Once the P, T
and bulk composition are appropriate, porphyroblagbw in zones oprogressive shortening
that result from deformation parbning at a scale similar tthe their maximum size and cease
growth once a pattern of non-coaxial deformaimmestablished and diffentiation begins. For
porphyroblasts to nucleate or regrow in thesees a pre-existing foliation lying at a high angle
to any newly developing one must be presentthace should be limited aro reactivation of the

compositional layering (Be#t al., 2003).

Oppositely concave microfolds presedvéen porphyroblasts (millipedes; Fig. 2a, b)
potentially provide a geometry that containsqua evidence of the deformation history that a
rock has been through (Bell, 1981). Some resutimm experimental models produced in the
seventies appear to suggest ting might not be the case (Ghosh, 1975). We re-examine natural
and experimentally derived geometries and amtelthat all oppositelyomcave microfolds that
we have examined in rocks provide a uniqueginisinto at least a portion of the deformation
history that the host rocks have undergone. Ttsght leads to revelatioren the role of near
orthogonal foliations in crenation cleavage developmentdathe cessation of porphyroblast

growth.
2. Deformation history
2.1 The non-uniqueness of most structures

Most structures can be produced throudifferent deformation history paths. In
particular, structures that result from somarfaf inhomogeneoushsrtening (e.g., Fig. 1) can
also be produced by some combination of shgaplus rotation of the whole geometry or

through overprinting by shaag in another directiorilhe simplest example diis is progressive

pure shear versus progressive simple shearenther strain geometry produced by simple shear
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in Figure 2c, d is produced by pure shear plustation in Figure 2e, fg. Folds preserved in
porphyroblasts that are oppositely concave along theal plane with the transition containing
straight layers as shown in Figure 2a, b (millipede geometry) appeared to be uniquely a product
of progressive bulk inhomogemes shortening. However, Joloms& Bell (1996) suggested that

such structures may not be unique becausssiones had been produced experimentally during

modelling of progressive simple shear (Gho#Y,5). This possibility is re-examined below.

2.2 Are millipede geometries a unique indicator of deformation history?

Ghosh (1975) reported experiments inickh silicone putty cotaining rigid wood
cylinders was deformed by progressive simgleear (Figs. 3 and 4). He marked each
experimental run with a passive marker from waham estimate of the resultant 2-D strain field
geometry can be determined. He marked sovit indented circles, which on deformation
became strain ellipses, allowing an estimate efftiiation generated by the deformation to be
determined. His starting configuiat in Figure 3a shows a rigidrcular central cylinder, plus
lines in grey (the marker) and thigcles in light grey that weri@dented into orthe silicone putty
matrix (which define strain ellipses after defotima has been imposed). The final strain state in
Figure 3b shows the effects of anticlockwise pesgive simple shear on rotation of the rigid
cylinder, the markers and the indented circlése latter become ellipses. Significantly,
heterogeneities that develop in the silicone putty with deformation follow the strain ellipses and
can be used to define the “foliation” thatvéps during the experime&al deformation. These
matrix silicone putty “bliations” were drawn on the photo fiy. 10 from Ghosh (1975) after it
had been reproduced at high magnification onraprder. Where the markers lie at a high angle
to the newly developing foliation, as shown Figure 3, a shear zone-type geometry forms.
Where they lie at a moderate angle and dip in the direction of relative shear, a millipede-like
geometry can be formed (Fig. 4).

Figure 4 shows the pre-deformation, intermediate and final states of strain for the same
experiment as in Figure 3 (figs. 11, 12b and 13 respectively in Ghosh, 1975) but where the
markers lay at 45° to the shear plane, orientetiaoduring anticlockwisprogressive shearing it
would initially undergo shortening (compare F&a with 4b). The “foliation” developing as a

result of this deformation, which is defined bye thatrix silicone putty strain lines that were
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drawn on the photo at high magnification, is shaw Figure 4b, c. As described by Johnson &
Bell (1996), the grey lines defining the initial fi@tion” are deformed into millipede-like shapes

in Figure 4b, c. However, when one comparesdalstspes (Fig. 5a, b) with the newly developed
“foliation” the difference between this geometry and the natural millipede shown in Figure 5c is
apparent around the porphyroblastrgmas that lie parallel to the newly developed foliation. In
natural millipedes, the newly developed foliation follows the hinge line from one direction of
curvature to the opposite as seen in Figure 5¢ around the porphyroblast rim. For millipede-like
shapes formed during a historygrbgressive simple shear, this is not the case. The foliation that
developed during deformation cuts across the axial planes defined by the millipede-like shapes.
Beaumont-Smith (2001) suggested that millipede geometries might result from conjugate
crenulations forming around a porphyroblast thatentben overgrown bthe porphyroblast rim.
However, his “conjugate” crenulations are simghlg anastomosing crenulation geometries that
develop during the early coaxiabges prior to the developmenit a differentiated crenulation

cleavage (Fig. 6a-f) and noffdirent to the geometrig¢hat we describe (e.g., Belt al,, 2004).

3. Examples of very coaxial geometries

3.1 Millipede generating fold hinge

Figures 7 and 8 show afibld hinge (Sample H20C) from an amphibolite facies outcrop
of a muscovite and quar rich schist containing numeroyagioclase porphyroblasts in the
Robertson River metamorphics where the firslipede microstructures were recognized (Bell &
Rubenach, 1980). This sample contains 3 fiolst that can be readily observed under the
microscope. The axial plane structure idifferentiated crenulan cleavage calleds;SFig. 9).

The folded foliation (Figs. 7 to 9), which is crenulated microscopically to faree&mns (Fig. 9c,

d, e), is also a differentiated crenulation cleavage cali#i® 9a). Between the,Eleavage
seams a crenulated cleavage callets preserved (Figs. 9a, ¢ and 10a, b). Attempts at modelling
the progressive development of the millipede microstructures in this outcrop resulted in the strain
field geometry shown in Figures 1 and 2aatd the concepts on the role of deformation
partitioning in its development thatere described by Bell (198T)his fold hinge formed during

the same deformation event that developed the millipede microstructures.
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The asymmetry of curvature of a crenulatéehvage into an overprinting differentiated
crenulation cleavage (Fig. 6d, e, falled the differentiation asynetry (which is clockwise in
the matrix in Fig. 6d, e, f), does not necessattilgnge across a fold hinge (compare figs. 2b and
2d in Bell et al, 2003). In the case of the fold shownFigures 7 and 8 the asymmetry of
curvature of crenulated, $to differentiated crenulation cleavager8mains clockwise on both
limbs in the matrix away from porphyroblasts.ig differs from the foliation/foliation asymmetry
of S relative to $ across the fold, which switches from limb to limb (e.g., Bekl 2003). This
fold contains numerous plagioclase porphyraislasll of which preserve superb millipede-
shaped quartz inclusion trail geometries with &xample shown in Figure 9 containing the most
oblique relationship between 8nd S that was found. Generally it @nly in regions adjacent to
these porphyroblasts that local anticlockwise curvature,oint® S is preserved. One thin
section was cut from each of the lower and uppebdiand the hinge of 4 separate profile plane
slabs of this fold as shown in Figure 8a, b; pinefile plane dips 80° Sstrikes at 120° and the
fold was cylindrical on the saalof the outcrop. Thin sections mealso cut from the lower and
upper limbs plus hinges i slabs cut parallel to% and perpendicular tosSas shown in Figure

8a, C.

All porphyroblasts present in eadh the 12 thin sectionsdm the profile plane of the
fold (Fig. 8b) contain millipede inclusion trageometries. The straight foliation defined by the
bulk of the inclusion trails across the coreatifthe porphyroblasts on thewer limb of the fold
(the location of the thin section blocks are shaowirigure 8b) pitches SE. It is significant (see
below) that in the hinge and upper limb this fotia pitches both SE and NE; therefore, this data
is distinguished in Table 1, aseathe widths of theanes of partitioned stira that contain the
porphyroblasts in Table 2. A photo of the ployroblast in the hingeegion that contains

inclusion trails pitching at thlowest angle (45° SE) if@wn in Figure 9a (see below).

We measured the width perpendicular tcafross the widest part of each porphyroblast
(W in Fig. 9a) in the 12 profile plane thin sects mentioned above agll as 12 thin sections
cut from 4 vertical slabs (using the thin sectioockk shown in Fig. 8c). We did this to provide a

measure of the width of the millipede shaped zoindeformation partitioning within which the
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porphyroblast grew to see if any differences reléetthe variation in inelsion trail pitch for the
lower limb versus the hinge and upper limb webservable (Table 2). Such measurements are
completely dependent on where the thett®n cuts through each porphyroblast measured.
However, sufficient porphyroblasts were foundeiach limb for the average width obtained to
have some significance. The average width of this zone in the lower limb, where all the
porphyroblasts contain inclusiorBpping towards the SE in 3-D, is 6.00mm (Table 2). The
average width of this zone fgorphyroblasts containing inclusidrails that donot have the
lower limb dip direction is 2.63mm in the hinge and 3.73mm in the upper limb. Averaging the
data for all porphyroblasts containing inclusitnails that do not have the lower limb dip
direction gives 3.29mm. Thus the zones ofboguessive shortening strain that contain
porphyroblasts with inclusion ttaidipping in the opposite direon to those in the lower limb

are 54.8%, on average, the width of those in the lower limb.

3.2 Millipede shaped inclusn trails in porphyroblasts

Figure 9 shows the foliation relationshipeserved in and arourad porphyroblast from
the hinge of the fold in Figure 7, whergiB the matrix lies at a high angle to the sub-horizontal
axial plane & but where Spreserved as inclusiorails lies at a quite digue angle. There is a
spectacular increase in the separation,dbation planes as they exit into the matrix (shown in
Fig. 9a, b) with the distance parallel tg ficreasing 1.83 times from inside to outside the
porphyroblast. At high magnification, the matrixoae and below the porphyroblast is dominated
by a clockwise asymmetry afurvature of crenulated,Snto sub-horizontal differentiated
crenulation cleavage 3S(Fig. 9d, e). This differentiadn asymmetry is opposite to the
anticlockwise shear required fifie porphyroblast had been rotatedthis orientation after or
while it grew. However, in the strain shadoegions to the immediateeft and right of the
porphyroblast (Figs. 9 and 10) thdferentiation asymmetry of,9nto & is anticlockwise (Fig.
10b, c), which is the shear sengquired to rotate the ®liation prior to it being overgrown by
the porphyroblast. The pattern of &d $ preserved within the strashadows can be used to
test this (Fig. 10). Ss a differentiated crenulation cleavaggh an anticlockwise differentiation

asymmetry due to the curvature qfifto $ (outside of the sain shadow in Fig. 10b). In Figure
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10b, the triangular shaped portion ofifs the strain shadow to étright of the porphyroblast is
bounded by $on its upper and lower margin with artialockwise differentiation asymmetry of
S, into S. This differs from the clockwise differeation asymmetry that dominates the matrix
above and below. Within this triangular porti@s, well as within the region now overgrown by
the porphyroblast, if clockwise reactivation of &curred during Prather than development of
an S axial plane cleavage (Bell, 1986), this wibulave resulted in the primary anticlockwise
Si/S; differentiation asymmetry being switcheddockwise and produce the geometry shown in
Figure 10a, b. Figure 10c showe tiotational effect that su@process would have on Within

an ellipsoidal pod of partitioned simgprior to porphyroblast growth.

Figure 10a, b shows thtite crenulated cleavage &n be seen between differentiated S
seams in the matrix but not in the porphyroblasia profile plane section (Fig. 8a, b) cut
perpendicular to f;. This occurs for all 12-pfile plane sections that we cut. All sections cut
perpendicular to $Sand parallel to f; (Fig. 8a, c) show crenulated $ the porphyroblasts
between differentiated,$eams but not in the matrix. Therefor&, lies sub-parallel to1; in the
matrix but sub-perpendicular to it in the porphyroblasts. Furthermde,cthanges from

porphyroblasts to matrix in sgons cut parallel to $5as shown in Figure 8a.

3.2.1 Interpretation of trend of}.

The above combination of facts allow us derive the orientadbn of the stretching
lineation L%, within the axial plane structure; ®ven though we cannatbserve it directly
because of the seamy nature of $he S seams developed post porphyroblast growth.
Therefore, £, was rotated during £in the matrix but not in the porphyroblasts. Such rotation in
more highly strained portions of rock alwayscurs towards the deleping stretching lineation
L% (e.g., Alsop & Holdsworth, 2004). Therefore®;Imust trend at a low angle to the matrix
intersection lineation %;as shown in Figure 8a. A significamsult of the low angle betweersL
and L3; is that the displacement of @cross $ differentiated crenulation cleavage seams is
minimalized in sections parallel to the profgane (e.g., Fig. 9b, c, d, e), enhancing the coaxial

nature of the resulting matrix geometry and possibly the millipedes.

Volume | C-8



Section C M. D. Bruce

3.3 A model millipede

Johnson & Moore (1996) used the computer program Matheffdtigaroduce a three-
dimensional representation of a millipede porphyroblast microstructure from one of our samples
of Robertson River Metamorphic8ustralia collected from the same location as that shown in
Figures 5c through 11. Foliationscaporphyroblast outlines in ats# 12 closely spaced parallel
thin sections were scanned and traced bedbeiag imported into Mathematica. The foliation
surfaces and porphyroblasts were then reconsttisteedefining the traced curves as functions
with a fitting algorithm. The 3D surfaces werehdefined using a second set of functions using
the techniques in Johnson & Moore (192996) and Moore & Johnson (1993, 2001). While the
results obtained from Mathematica show the migatures of the structure quite well, the fitting
routines significantly simplify and smooth the fimasult. The scope for exploring the 3D nature
of the structure in Mathematica is also extegymimited. We present a ffierent version of the
same millipede structure, reconstructed with 3 modelling, animation and rendering package
Discreet 3D Studio Max™.

The 12 traced sectionsrgm fig. 9 in Johnson & Moorel996) were digitized and
imported into 3ds Max, where theyere scaled and positionednga verticakpacing of 1.5 mm
(Fig. 12a). Once in position, the foliation caporphyroblast surfaces were reconstructed by
stretching “U-loft” surfaced®etween the traced curves. Thisiksn to stretching a skin over a set
of ribs and is demonstrated in Figures 12b anthese show the 12 curves that define one of the
foliation surfaces (Fig. 12b) and the resultingface created between tharves (Fig. 12c). The
final model (Fig. 12d) is composed of theirfglividual foliation surfaces (light grey) and 3

plagioclase porphyroblasts (dark grey).

The geometry of foliation surfaces can be rexamined and computer derived 2-D cuts
made at any orientation. Horizontaid vertical slices througheghmodel are presented in Figures
13, 14 and 15 (see also AppendixED7-E09). The oppositely concave nature of the foliation
surfaces is readily apparent in nearly alltees made through these models and reflect the

structures observed in thinc®ns cut horizontally (Fig. 11&nd vertically (Fig. 9) through
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sample H20C from the Robertson River Metamarpht he millipede structures preserved in this
sample can essentially be described as opppddelng irregular cup stped folds where they
pass into the matrix and this is best seeadnessing the 3-D VRML nael that can be accessed

at http://www.es.jcu.edu.ausearch/SAMRI/millipede.zigalso presented in Appendix E :"E10-

millipede.zip”). Sections cut at almost any oteion (Fig. 15, Appendix E: E09) will display
spectacular oppositely concave folds. The onlyises that do not consistently display millipede
shaped inclusion trail geometriase those cut sub-vertical butrpendicular to the fold profile

plane.

4. Interpretation and discussion

4.1 Deformation history versus geometry

When first discovered, the millipede geometppeared to provide a unique example of a
structure that could oplbe produced by a histipof progressive bulknhomogeneous shortening
(Bell & Rubenach, 1980). Recognition that a simgaometry could be produced experimentally
during progressive inhomogeneous shearing (Figcpappeared tochange this (Johnson & Bell,
1996). However, millipede-like shapes developed in the foliation being folded experimentally
during bulk shear are only superficially similéo those that form in and around actual
porphyroblasts (compare Figs. 5a, b and k). examples of millipedes preserved by
porphyroblasts, the matrix foliation follows the dxm@ane of the folds to either side of the
central core structure. These are shown bytwee lines of hinges madd with heavier black
lines in Figure 5c. The matrix “foliationin the models produced experimentally by
inhomogeneous simple shear does not follow thel gi#ne of the folds to either side of the
central core structure. Instead, this foliation cuts across the millipede-like structure into the
“porphyroblast” (Fig. 5a, b). Thisimple test is readily appligd naturally occurring millipedes
allowing them to be used tdlistinguish the deformation diory. This is a significant
breakthrough because millipede geometri@ound porphyroblasts ar found relatively
commonly when vertical thin seens are cut around the compass eatihan oriented relative to

the matrix foliation.
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4.2 The progressive development of the fold

To understand how this fold developed (Fig. 16) we have to be able to explain why the
straight portion of Sinclusion trails that dominates all ptryroblasts pitches only SE (Table 1)
on the lower limb of the fold (Figs. 7 and &ut both SE and NW in the hinge and upper limb
(Table 1). We also have to lable to explain why all porphgblasts, independent of whether
their S inclusion trails pitch SE or NW, containlipede inclusion trail geometries on their rims

that developed during the samdatenation that produced the fold.

The curvature of crenulated, $nto differentiated $ (called the & differentiation
asymmetry) is dominantly clockse in the matrix away frorime porphyroblasts on both limbs of
the fold. Therefore, shear org, Snce differentiation became significant, was predominantly
clockwise, or top to the SE in Figures 7 @&h@hown schematically in Fig. 6d, e, f) and could
rotate $ from SE pitches to NE pitches but not vice versa (Fig. 16a, b, c). However, the millipede
geometries trapped within thgorphyroblasts reveal that thegll grew dumg coaxial bulk
shortening. Consequently, those with SE pitchiagr8lusion trails on the hinge upper limb
probably grew before the fold developedsa®wn in Figure 16d. Those with NW pitching S
inclusion trail in the hinge and upper limb porptiylasts (Fig. 16f) would have grown after the
upper NW dipping limb began to form (Fig. 16e)emhthese portions of the fold contained NW
pitching $ and the lower limb did not. This interpriten of the history of fold development is
supported by the change in widihthe zones of progssive shortening shown in Table 2, which
for NW pitches decreases to 54.8% the widthihaf zones with SE pitches in the lower limb,
suggesting that progressive shearniagartitioned at a finer scaile these regionto develop the

upper limb of the fold as shown in Figure 16f.

We interpret that the fold formed byggressive bulk inhomogeaes shortening with a
component of top to the SE shear (e.g., BeHigkey, 1997; Ham & Bell, 2004). However, if
only clockwise shear occurred on developinge® enormous amount of bulk shortening would
have been required to rotatgis the lower limb to its lowest tal pitch of 20°. Tts is shown in

Figure 16 where 100% homogeneous bulk sharteof Figure 16b produced SE pitches only as
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low as 45° in Figure 16¢. This suggests the@es some local top to the NW or anticlockwise
shear on the lowelimb. Detailed examirigon of the location wher the lower limb locally
pitches 20° SE revealed that an eoitkwise differentiation asymmetry ory & very locally

present.

Of course local components of clockwiselanticlockwise shear (Fig. 2a, b) must have
been present to form the millipede geometries; rotation,adcBurred in opposite directions
along the sames%xial plane during the early stages aof (©.g., Fig. 6a, b, c) as can be seen in
Figure 9a, b. Therefore, duringprphyroblast growth (e.g., Figa to 6¢) no pattern of non-
coaxiality had developed and crenulations with both asymmetries developed. However, the final
dominance in the matrix of a clockwise differentiation asymmetry f@ac®ss the fold suggests
that from the commencement of proggize bulk inhomogeneous shortening duringdithough
the deformation was essentially coaxial, ¢hewas a small component of top to the SE
displacement. This rotatedh $1to steeper orientations until dipped NW and started to form
alternate folds limbs (e.g., Fig. 16e). This ep$ the preservation of porphyroblasts with
inclusion trails pitching SE on both limbs profile plane thin sections (Fig. 16d). Those
porphyroblasts in the hinge and on the upper foltb containing inclugin trails that vary
through the vertical to pitching sigg NW lie in domains wrapped bys; $hat are 54.8% on
average shorter in width than those contairmpogphyroblasts in the Veer limb where all the
inclusion trails pitch SEFig. 16f). This suggestsahthe deformation duringddepartitioned at a
smaller scale in the zones that became hingds\W dipping limbs (compare Fig. 16e and f).
This repartitioning resulted inhe nucleation and gwth of more porphyroblasts that have
smaller widths perpendicular tg,®ut which preserve millipede shaped inclusion trails because

the deformation was still dominantly coaxial.

4.3 The progressive development of deformation partitioning

Large-scale orogenesis can be a responseistatishortening, or gravitational collapse of

an over thickened orogen; collapse can reBolin over thickening due to excessive crustal

shortening or from extension due to roll bgelg., fig. 14 in Bell & Newman, 2006). Such large-
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scale modes of deformation occur by a gednérstory of progressie bulk inhomogeneous
shortening at a low angle td. Within the orogen, the deformati partitions into portions where

a large component oprogressive bulk shomég accompanies and even results in the
development of significant zones of progresskiearing such as mylonite zones on major thrusts
(e.g., fig. 18 in Bell & Newman, 2006). Zonesmbgressive inhomogeneous shear (i.e., where
there is no component of bulk skeming across the shear zone) témdbe restricted to vertical
transform or transfer faults where, geonucetly, there is no re for bulk shortening.
Determining the progressive development of defttion partitioning has generally been an
unresolved problem in orogenicltsebecause the deformation repartitions through the rocks at
finer and finer scales as it intensifies. Porphyaistsd provide the bestidence for the role of
partitioning in deformation history because theggerve the microstructures that they overgrow
from obliteration as the deformation intensifies. Indeed, they provide the only source of data on
what took place geometrically in a rock prior ttze intensification of the matrix foliation.
Porphyroblasts always nucleate and groworprto the commencemenof differentiated
crenulation cleavage development (e.g.jeSp & Bell, 1996; fig. 1 in Bellet al, 2004).
Consequently, for any deformation event that wewsy intense, they preserve evidence of the
character of the deformation partitioning at theiahistages of impact of that event on the rock
(e.g., Fig. 6a, b, c); they cease to grow once tliermiation intensifies tesuch a level that a
differentiated crenulatiooleavage begins to form in their imdiate vicinity (Fig. 6d, e, f; Belet

al., 2004).

4.3.1 Reactivation weakening in fold hinges

The fold hinge in Figure 7a preservether intriguing information on the role of
deformation partitioning in these rocks during #arly stages of defoation. Sub-horizontal 55
which accompanied the development of this fold, is dominated by a clockwise differentiation
asymmetry on both limbs and the hinge (Fig. 9dJdj)is indicates thatop to the SE shear
accompanied bulk shortening as this foliation and the fold developed (Bell & Johnson, 1992). Of
course the opposite (anticlockwjsessymmetry is preserved in the rims of all porphyroblasts and

in the strain shadows of some (e.g., Fig. 10bjnéigpede geometries could not develop without
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both shear senses occurring at the same time Fegg 2a,b). Furthermore, in one location where
the limb pitch in the profile plane on the lower limb locally reduces to 20°, an anticlockwise

differentiation asymmetry igery locally preserved.

S, preserved as inclusion trails in porphyik on the lower limb always pitches in the
one direction averaging around 70° te tBE (Table 1). Similarly pitching,&ails in the hinge
and upper limb, as well as others that pitch N\&h(€ 1), plus the dominant top to the south SE
shear on § suggests that,Slipped 70° to the SE in the early stages g@faB shown in Figure
16d and discussed earlier. However, due to the sftéatarly reversals in shear that predated the
final all pervasive clockwise shear that dominates the matriwaS locally rotated anticlockwise
as shown in Figures 9 and 10. This rotation tptace without the pervag development of a
differentiated $ by antithetic shear on,QFig. 10c) after it had rotad sufficiently from a high
angle to the newly developings@xial plane to be reactivatg@ell, 1986). Furthermore, the
amount of anticlockwise rotation ot ®/as large (Figs. 9 and 10);ighs particularly significant
because this rotation occurreddriocal and isolated ellipsoidabne (Fig. 10c) within the fold
hinge where $was developing near orthogonal t(Big. 9a, b, c). This ésaordinary setting for
such an anomalous amount of rotation of fileation being folded strongly suggests that the
interaction of synthetic shear on a newly depelg axial plane structure and antithetic shear on
a well developed foliation that is being foldedh ¢eve runaway effects in terms of the amount of
strain that can be locally accumulated over a ghernibd of the deformation history. It suggests
that if the circumstances are riglafter some critical amoumf rotation, such a geometry can
literally collapse like a pack @ards as shown in Figure 10c, lbyta completely ductile process.
The critical amount ofotation of a pre-existing foliatioaway from orthogonal to the newly

developing one lies somewhere between 20° and 40°.

4.3.2 Reactivation weakening - @&aohmanism for crenulation clgage development and switching

off porphyroblast growth

The anomalous rotation of, rior to porphyroblast growt{Fig. 10) in the hinge of the

fold in Figure 7 has implications for the meacism of differentiated crenulation cleavage
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development and the switching off of porphyroblgeowth that takes place as differentiation
begins (e.g., Belet al, 2004). Crenulation cleavage demment during the 1960’'s and 1970’s
was considered to be a product of buckling disdolution of the long limb through a mechanism
of pressure solution involving tredfect of stress differentials amemical potential (e.g., Gray &
Durney, 1979). However, stress differentials aroamplain do not accumulate as the deformation
continues; they vary as defortiman occurs and remain small makinglifficult to accept them as

a significant driving force for the slow press of dissolution argblution transfer.

An alternative mechanism was proposed the 1980’s involving the effects of
deformation partitioning. This mechanism sugjgedifferentiated crenatfion cleavage seams
form along zones of progressigbearing (e.g., Fig. 1; Bell 1982\Vhen a zone of progressive
shearing begins to form, dislocation densities aedate in non platy minerals within this zone;
this increases chemical potential gradients ftbhenrim to core causing dissolution and removal
of the rim and eventually ofhe whole. This brings together platy minerals, which do not
accumulate dislocations, into differentiated cratioh cleavage seams (Fig. 6d, e, f; Bell & Cuff,
1989). After initiation of the zone of progressisieearing, non platy minerals on the margins of
these zones are progressively strained increasiegiical potential gradms from rim to core
these grains and causing thdissolution and removal. Thegty (and locally some fibrous)
minerals are left behind as cleavage seamswidgn the more shear strain that has occurred
along the zone of progressiveesiing (Bell & Cuff, 1989). In s model, bulk shear operates
along the crenulation cleavage seam, as showkigares 1 and 6d, e, and equates with that

acting along &in Figures 7 to 9.

In the early stages of crelation development, once sometation of the crenulated
cleavage has occurred, reactivatiosi@ear along this cleavage,(ff the case described herein)
can occur. If rapid collapse of this zone occursahjlar to that discussed in the previous section,
then differentiated cleavagewdopment may occur tbugh the same reactivational weakening
process. This could go a long way to hepplaining the link beveen the cessation of
porphyroblast growth and the corantement of this stage ofetiulation cleavage development

that has been observed and pondered over for 2 decades (e.g., Spiess & Bell, 1996).
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4.4 Millipedes in 3D

Figures 13, 14 and 15 show that millipede gewias can be seen in most thin section
orientations within porphyroblas{see also Appendix E: E07-EQJ}his is not the case for cut
effect millipede-like geometries that are common in thin sections cut sub-parallel to foliation
intersection/inflection axes presed in porphyroblasts (FIAs) caihing spiral shaped inclusion
trails. As shown in Figures 13, 14 and 15, whewe iticlusion trails areontinuous with the
matrix foliation millipede geometries can be seeralmost all thin sections orientations. The
only orientation where they tend be uncommoffioisthin sections cut parallel to thésland
perpendicular to $Ssuch as the 030° section in Figur®. This has consatable significance
because even where porphyroblgsts-date the matrix foliation drare completely truncated by
it, millipede geometries will be preserved most thin section orientations within the
porphyroblasts and revealed in spite of cuttingises relative to the matrix microstructures.
Therefore, if two or more differgly oriented sections are cufatve to geographic coordinates,
and the porphyroblasts contain millipede microstnegythese will be revead in at least one of
these sections. For the discerning reader we ltanstructed a virtual reality model (VRML),
which  can be accessed on the world wide web at the URL

http://www.es.jcu.edu.au/research/SAMRI/millipede.tAppendix E: E10-millipede.zip). This

model allows the reader to examine the millipedengetry in Figures 13 to 15 in full colour in 3-
D and rotate it for observation from any direction. At the push of a button the model will split

along the planes shown in Figure 14.

4.5 Cut effect millipede-like structures

Stallard et al (2002) make the assertion thaillimede microstructures may simply
represent a peculiar 2-D slicerough a 3-D spiral. Certainly, as mentioned above, cut effect
millipede-like structures appear when thin smet are cut parallel tthe FIA through natural
spiral inclusion trails preserddan porphyroblasts. We comparseveral computer-derived slices
through a simple model spiral, constructed usimg“goft selection” tool in 3d Studio Max with

slices through an actual millipede. A rotatior2@D° was applied to the central vertex of a model
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composed of seven parallel sheets, eaclnéeéfby 100 x 100 x 5 vertices. The effect produced
was that the central paot the model was rotated 270° walhdecreasing amount of rotation with
distance away from the central vertex. A cut-away view of the model spiral is shown in Figure
17a. The separated elements of the spir&iguire 17a compare favoutgtwith those produced

by Stallardet al (2002). Sections cut parallel to thesamf rotation show oppositely curved or
closed-loop structures (000° ingFil7b). These structures may éiha resemblance to sections
through genuine millipedes. However, the oppositeeexities of the curvingnclusion trails tend

to start to bend back towards each other, mesoases making a closed loop (compare Figs. 17b
and 15), in complete contrast with true millipedekich never have this character. We have also
shown that sections of almost any oriematthrough genuine millipede structures will display
oppositely curving foliation tracesThe converse is true for saemts through spirals. Only
sections cut very close to the axis of rotatiall display such structures. The vast majority of
sections will display either spirals or simpsggmoidal foliation traes (Fig. 17b; see also
Appendix E: E11-E15). Therefore, it is relatively easy to distinguish cut effect millipede-like
structures from true millipedes. One simply needs to cut a thin section striking at 45° to the one in
which the millipede-like geometry appeared. lfrapinclusion trails are revealed, then the

geometry was produced by a cut effect.

4.6 Transection of sheath fold hinges

Alsop & Holdsworth (2004, p. 1578) describeatural sheath foldahere the intersection
lineation of the foliation being generated saots the hinge line. Alsop & Holdsworth
(unpublished data) have been exploring wayslistriminating zones of high strain containing
sheath folds resulting from a defieation history of inhomogeneossnple shear from those that
formed during bulk inhomogeneowshortening. If transectiolccurs in samples where the
deformation history was of the former typ&lsop, G.I. pers. comm2006), but not in those
where it was the latter, this would be of considerafterest. It might reflect the transection of
fold axial plane geometries resulting frothe inhomogeneous simple shear experiments
discussed herein and eventually provide a gfiabke discriminator of deformation history for

sheath fold development. One would have to b&arethat the sheath folds formed at the same
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time as the cleavage rather than being overprinted by it because it is now apparent that the latter

history is common in region&blds (Ham & Bell, 2004; Belét al, 2005).

5. Conclusions

Millipede structures with an axial planfoliation can only form by progressive bulk
inhomogeneous shortening.

Millipede-like shapes transected by a foliatioattaccompanied their development form during

progressive inhomogeneous simple shear.
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Abstract

The succession of foliation intersection/inflentiaxes preserved as inclusion trails in
porphyroblasts (FIAs) from the Lebanon Antiformal Syncline of SE New Hampshire, USA,
document changes in bulk shortening geometgoaiated with emplacement and refolding of a
large-scale recumbent fold (the Blue Hillspg&). A sequence of four FIAs trending NW-SE,
NE-SW, E-W and NNW-SSE has been dististpeid based upon overprinting criteria plus
inclusion trail composition, textarand orientation. This succeassiindicates a general clockwise
rotation in the direction of horizontal bulk@rtening during Acadian orogenesis. Metamorphic
phase relations and pseudosections used to examine the P-T conditions during deformation and
FIA development indicate an increase in bottspuee and temperature associated with inversion
of the stratigraphic sequence. Analysis of asyinegrecorded by the inclusion trails reveals a
spectacular dominance of top the south-east directed, non-coaxial horizontal shear during
nappe emplacement and subsequent refolding that is attributed to repeated episodes of
gravitational collapse in the orogen core to West that progressively rotated, translated and

amplified originally sub-vertical folds arfdliations into sub-horizontal orientations.

Keywords: Lebanon Antiformal Syncline; Blue ik Nappe; shear sense; non-coaxial

deformation; FIA; porphyroblasts; inclusion trails; deformation partitioning; reactivation

1. Introduction

Inclusion trails in porphyrobkts in tectonised metamorphic rocks contain a wealth of
information regarding metamorphism and defdiorathat occurred dumg orogenesis (Sayab,
2005). Correlation between the progressive bgreent of micro-structural features,
porphyroblastic mineral growth and large-scale butkvement directions is made possible using
a technique for measuring theiemtation of Foliation Inflexan/ Intersection Axes within
porphyroblasts (FIA) preserved as umibn trails (Hayward, 1990; Bedit al, 1995) combined
with a detailed study of inclusion traisymmetries (e.g., Bell & Hickey, 1997; Betlal, 2003).
Consistent trends of FIA for large distana@eng orogens (e.g., Bell & Mares, 1999; Bell &
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Newman, 2006) suggest thatariges in bulk movement ditean, and hence relative plate
motion (Bell & Wang, 1999), during orogenesis arBerted in changes in the orientation of
successive sets of FIA. If a consistent disttion pattern and succession of FIA trends can be
established, there is potential to distinguisid aorrelate multiple phases of metamorphism and

tectonism, many of which predate nmatmicrostructures (Ham & Bell, 2004).

Matrix foliations in metamorphic rocks thiadve undergone multiple phases of tectonism
are commonly composite fabrics that have besensed, re-oriented andactivated since their
formation (Davis, 1995). Reactivation of the matioliation or bedding tends to obscure or
destroy early formed microstructures, excegtonphyroblasts where these subtle effects may be
preserved. Even a relatively minor deforraatevent will commonly mduce a foliation against
a rigid object such as a porphyroblast but may lelesser effect in the matrix and on larger
macroscopic structures. As porphyroblast grows during the early stages of deformation, it
preserves the foliation that develops up agaissedlge (Bell & Bruce2006; thesis Section B).
The matrix foliation intensifies against tip@rphyroblast rim because the rigid porphyroblast
takes up no strain. The most pronoed foliation development occuagainst the margins of any
rigid bodies in the rock because these cannot wigkany strain internally, and appears to form
perpendicular to the direction of bulk stearing (Bell & Mares, 1999; Bell & Wang, 1999).

The curvature of inclusn trails preserved withinporphyroblasts provides vital
information on the dominant sense of shearrajgeg during metamorphism and deformation.
Previous studies (e.g., Belt al, 2003; Ham & Bell2004; Cihan & Parsong005) indicate that
most of the deformation taking place during tevelopment of both sub-vertical and sub-
horizontal foliations isrelatively coaxial onthe bulk scale. Thisoccurs even though the
development of the foliations themselves imeasl heterogeneous non-cadstrain (Bell, 1981,
Bell & Newman, 2006). This study utilises inclusitmils preserved withirgarnet, andalusite
and staurolite porphyroblasts to reveal a remdekabd enduring dominance of top to the south
east shear that provides evidence for thengrand mechanism of emplacement of a regional-
scale recumbent fold (the Blue Hills Nappe) &nel processes operatidgring refolding of the

overturned limb to form the Lebanon #normal Syncline of SE New Hampshire.
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2. Geologic setting

2.1 Tectonic framework

The Appalachians extend for over 3000 &lang the east coast of the North American
continent from Alabama in the south to Newhdland in easternmost Canada. Several major
periods of orogenesis have been suggestedctuatfor the developmenf this mountain chain
(e.g., Hatcher, 1981; Robinson, 1983). These cbrddisthe Ordovician Taconic, the late
Devonian Acadian and the Carboniferous to RannAlleghanian events. However, in some

sections of the belt, onlyne or two of these period$ orogenesis are evident.

Eastern New England, including the area Wwhgthe subject of this study, is dominated
by Acadian age (~423-355 Ma?; Eusdenal, 2000; Bell & Welch, 2002) structures and
metamorphism. The Acadian orogen is thought ttheeresult of the finatlosure of the lapetus
Ocean (proto-Atlantic) and the docking of @enia and Baltica (ancestral Europe) with
Laurentia (Kent & Keppie, 1988) to form Euramea. The final phase of orogenesis involved a
rotation of Gondwana with reept to the Euramerican landmass, culminating in the late
Carboniferous/Permian Alleghanianogeny and resulted in the asdsy of the super continent,
Pangea (Kent & Keppie, 1988). Rifting and separatf the continentso form the modern

Atlantic Ocean commenced at approximately 200Ma.

The Taconic, Acadian and Alleghanian pbs of Appalachian tectonism are usually
regarded as separate and distor@igenic events, with episodes of deformation being punctuated
by periods of quiescence (e.g.,b@g8y, 1983; Rodgers, 1970). Thends to imply a stop-and-
start nature to the motion of the tectoniatpk. Recent work (Bell & Welch, 2002; Lisowiec,
2005; Rich, 2005; Bell & Newman, 2006) using U-Tin#chniques to date individual monazites
in porphyroblasts, suggests that deformatind metamorphism was comuous for most of the
history of the Appalachian orogen. It seemslijkthat deformation continued as the plates
converged, with peaks in thetemsity of deformation and met@rphism corresponding to times

of continent/continent or coinent/micro-contient collision.
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2.2 Stratigraphy

The Central Maine Terrane (Fig. 1) is inteed as a large Silurian to early Devonian
depositional basin extendingofn Connecticut to Maine and bounded by the Bronson Hill
Anticlinorium to the west and the Nonesuch Rivault zone to the east. The meta-turbidite
sequence represents an eastward thickening cotgimeargin deposit that appears to have been

deposited before an advancingttaic front (Osberg, 1988; Bradley al, 1998).

Billings (1956) mapped all the metasedimentary rocks of the Central Maine Terrane as
lower Devonian Littleton Formation. Eusden al (1987) subdivided the sequence observed
around the Lebanon Antiformal Syncline into five tsnand correlated theswith the Silurian
Rangeley, Perry Mountain, Smalls Falls and Nthdiormations and the Devonian Littleton or
Carrabassett Formation in west-central Maine. The age of the Carrabassett formation is
constrained by shelly fossils fouma correlatives at three locaés in New Hampshire as late
Llandoverian or pre 438 Ma (Moeneh al, 1995). Well preserved graded bedding indicates that

the majority of the rock straia the study area are inverted.

2.3 Structure and metamorphism

The Lebanon Antiformal Syncline (Fig. 2, Appexd) is situated on the eastern edge of
the meta-turbidite sequences of the Central Maine Terrain that were multiply deformed and
metamorphosed during the Acadian and fgigs$he Alleghanian orogenies (Eusdsral, 1987).

Early low P/ intermediate T metamorphism inxed the development of strong axial planar
cleavages and the growth of Buchan facies zone minerals. This was followed by high T
metamorphism associated with therirsion of Acadian plutons (Eusden al, 1984). A final

stage of retrogressive metamorphismy, M characterised by sericdison of alumininosilicates

and chlorite pseudomorphs of biotite and garnet.

The rocks of the Lebanon Antiformal Syncliaee located on the evturned limb of a

major recumbent fold (Fig3), the Blue Hills Nappe (Fof Eusdenet al, 1987). This limb is
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refolded by tight to open, south-east-verging foldsh generally shallow, north-east- or south-
west-plunging axes. These later generation fold$ ligve a distinctive, spaced axial planar
differentiated crenulation cleavagend are seen to fold bothy &nd 3. The F folds are
considered the principal cause of the obsegdrop pattern and the mgeral north-west dip of
both $ and S. F; folds are represented by the braadle change in trend of the feld axes
from E-W in the south-west of the mappeéato nearly N-S in the north-east (Euséeml.,
1987).

A feedback mechanism between crustal ansit@xd contractional deformation has been
proposed for adjacent west-central Maine (Sefal, 1998; Solar @d Brown, 1999, 2000;
Johnsonet al, 2003) that is supported by U-Pbrcmn and monazite ages for granite
crystallisation that coincide with ages of ssgtonic metamorphism in the same area (Smith and
Barreiro, 1990). This model, in which granitescent, metamorphic mineral growth and
deformation are focused in zones of high istrgSolar and Brown, 2001gontrasts with an
alternate view (e.g., Gudotti, 2000) that regional metghism in this part of the Central Maine
Terrain was primarily the result of advective héatv associated with the emplacement of “post-

tectonic” granites.

Dates of 377? and 363? Ma have been established fate syn- and post-tectonic two-
mica granites that cross-cuetBequence that forms the Laba Antiformal Syncline (Eusden &
Barriero, 1988) using U/Pb in monazite techniqu#lengate quartz diorite bodies that intrude the
sequence are most likely correlatives of littelogically similar Winnipesaukee and Spaulding
quartz diorites, dated at 388 Ma by Rb/Sr whole rock ¢aniques (Lyons & Livingston, 1977
and recalculated by Steiger & Jager, 1977). Nomesuch River fault system cuts off earlier
formed structures, resulting ithe juxtaposition ofthe Silurian and Devonian rocks of the
Lebanon Antiformal Syncline against tfrecambrian and/or Ordovician (Lyoes al, 1982;

Olszewski, 1984) Merrimack @Gup rocks to the south-east.
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3. Description of samples

104 spatially oriented samples were taken froad cuttings and isolated outcrops across
the Lebanon Antiformal Syncline and surroundingaa: 751 vertical and hootal thin sections
were prepared from these samples and providedoundation for the microstructural analysis.
55 of these samples contain plyroblasts with well preservedcinsion trails. These samples
consist of rusty sulphidic and non-rusty peliand carbonaceous ssts of predominantly
staurolite to lower sillimanite grade. The plypoblastic phases presemte garnet, andalusite
and staurolite. The matrix comai a well developed schistosity{Sdefined by preferentially
aligned muscovite, elongate quagmins and graphite, that isrpel to the original bedding
(S), and a distinctive spaced crenulation cleavagg @sfined by reoriented muscovite and
quartz. Additional matrix forming minerals dally include plagioclase, chlorite, ilmenite,
sillimanite, tourmaline and pyrite. Sillimanite occulsth as fibrolite in radiating clusters, knots
or mats and as prismatic crystals. Porphyroblastbiotite with quatz strain shadows are
common. Chlorite occurs as largeell developed crystals thatoss cut the mat foliation and
as a retrograde alteratigoroduct of biotite, muscovite, garretd sillimanite. The alteration of
garnet commonly resulted in a core surrounded byrithlihat retains the minal euhelral shape

of the garnet porphyroblast, similar teose described by Guidotti & Johnson (2002).

4. Inclusion trail morphology

4.1 Sigmoidal and staircase inclusion trails

Williams (1994) defined sigmoidal inclusiorair geometries as those that exhibit less
than 96 of internal foliation (§ curvature within the porphyroblast (Fig. 4a). These are the most
common geometries encountered in samfies the Lebanon Antiformal Syncline and are
interpreted to be the result gorphyroblast growth during angjle episode of deformation.
Sigmoidal inclusion trails are @served in garnet, andalusitedastaurolite. Common inclusions

are quartz, graphite and ilmenigth minor biotite and tourniime. Several samples contain
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partial or complete pseudomorphs of coarssngd muscovite after andalusite and retain the

original sigmoidal geometrgf opaque inclusion trails.

Staircase shaped inclusion trail geonestifFig. 4b) consist of more than onetiform/
synform pair and are interpreted to be theltefumultiple episodes agyntectonic porphyroblast
growth. Many of the samples studied contain gaorphyroblasts thgireserve fine grained
sigmoidal trails in their cores truncated by coasgmoidal trails in their rims. The trails in the
garnet rims are commonly continuowith the matrix foliation (g., Fig. 5a, b). These core/ rim
trails are useful for relativéming. Alternatively, well definedsigmoidal core trails may be

separated from the matrix by an inclusion-free rim.

4.2 Differentiated crenulation cleavages

Several samples contain garnet that ovevgaedifferentiated crenulation cleavage that
developed in the matrix prior to porphyroblagbwth (Fig. 4c). Fine, elongate quartz and
iImenite grains define an early formed foliatishat has been overpted by a crenulation
cleavage at stage 4 of development (Bell 8bBnach, 1983). The inclusion free zones separating
the folded quartz grains preserve the remainsich seams that have been entirely replaced by
garnet. Measurements of these structures alt@rdetermination of pseudo-FIAs or pFIAs (see
below, Bell & Newman, 2006), so called because they predate porphyroblast growth. They are
interpreted as asymmetric matrix microstructutest were overgrown in contrast to true FIAs
that are matrix foliations incorporated as inclusion trails in the early stages of the same
deformation that crenulated them. They are pvesem numerous garnebres in several of the
samples studied. In some cases, curvature ofdRgil planes can be notatd used to determine

a true FIA (e.g., Belet al, 1998) for that sample which cae different from the pFIA.
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5. Methods

5.1 FIA determination

5.1.1 Asymmetry method

The mean trend of the FIA for a given samplascertained by cutting a series of at least
eight differently oriented vertical thin sectioasd examining the geometoy the inclusion trails
(S) preserved within the porphyroblasts (Hayward, 1990; &edl., 1995; Bellet al, 1998). The
trend of the FIA is found by initially prepag a set of six vertical sections, cut af Ba@ervals
from an oriented horizontal slab (i.e.,rtds of 0, 30, 60, 90, 120 and 150 degrees). The blocks
are marked and cut in such a way that the finaldbttions have their strike parallel to their long
edge. Each section is examined from the sdimextion around the compass under a petrological
microscope and the geometry of the inclusi@ilgris recorded. A FIA determined within a°10
range can be measured by preparing additional sections covering the’36terval over which
the flip in asymmetry is observed. This is seen to occur betwetan@128 for the model
shown in Fig. 6. In this exampleyo sections with strikes of 10@nd 1168 are prepared and
examined. The change from “S” shaped to “Zapéd inclusion trails is now constrained to
between 11band 128 with the mid-point being recordeas the trend of the FIA (Bedit al,
1998). The FIA trend for a single sample is thean for the total population of porphyroblasts
present in the thin sdons analysed. See also AppenHix‘EO1-asymmetry method.mov” for a

QuickTime movie that illusates the basic principles of the asymmetry method.

Figure 6 shows that the amountafrvature of individual incision trails in a given thin
section may vary significantly depending on awlpart of the three dimensional structure
intersects the plane of the secti This “cut effect” ignost apparent in sections cut close to the
FIA and can cause confusion when apparent sgiraped inclusion trails are encountered where
only simple sigmoidal trails arexpected (Bell & Bruce, 2006;dkis Section B). The asymmetry
approach works well where the curvature of theusicin trails can be easily seen but fails where

the inclusions are predominatedtraight or inconsistent.
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5.1.2 The “FitPitch” computer program

An alternative method of FIA measureméiats been developed by Domingo Aerden of
the University of Grenada, Spain (Aerde®003). Planar microstructures with preferred
orientations in a rock can lharacterised by the pites of their interséion-lines on different
sections. A uniformly-dipping planean be uniquely identified biye pitches (oapparent dips)
of this plane measured in several sectionsdifferent orientation. The ‘FitPitch’ computer
program takes measured pitch or strike anglesabfision trails in a set differently orientated
thin sections and compares them to the thexaleintersection lines of one, two or three model
planes on the same sections. Test solution is considered b@ the one which minimises the
deviation between the data ané tinodel planes. The intersectiontioé best-fit model planes are
FIAs. A detailed discussion of the program prinegotan be found in Aerden (2003) and thesis

Section A.

5.2 Relative timing criteria and FIA succession

Different porphyroblastic phasehat grew during progressiveetamorphism in a single
sample can preserve different portions tbé deformation history (Bell & Hickey, 1999).
Changes in FIA orientation can also occur withm individual porphyroblast. For example,
porphyroblasts that have undergone multiple epsadegrowth may contain different FIAs in
the core and rim (e.g., Fig. 5a, b). A FIA succesfiora multi-FIA sample can be determined by
utilising established concepts o¥erprinting. If a consisterduccession is observed, the data

from all samples can be combined to derihe relative timing of each FIA (Bedt al, 1998).

6. Results

6.1 FIA data

The orientations of ninety eight FIAéTable 1, Fig. 7a) were measured using

porphyroblasts within fifty five sutially oriented samples collext from the Lebanon Antiformal
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Syncline. Sixty five of these were measureging garnet porphyroblasts. Thirty four samples
contain a single garnet FIA and fifteen presarudtiple garnet FIAs including three that contain
pFlAs (the result of porphyrobliagrowth over a pre-existing creation cleavage) in addition to
a true FIA formed from the curvature tfat cleavage (samplédB019, MB023 and MB042).
Ten preserve core and rim FIAsa(sples MB010, MB019, MB030, MB035, MB063, MB074,
MBO076, MB080, MB090 and MBO095). Seven garnet FMsere calculated using the FitPitch
computer program. Twenty three FIAs were noead from samples containing andalusite. Six
samples preserve only a single andalusite FIAte#ir contain an andalusite FIA in addition to a
single garnet FIA; three preserve an andaluBi#& plus garnet core and rim FIAs (samples
MBO063, MB074 and MB080) and three contain andédygiarnet and staurolite FIAs (samples
MB063, MB066 and MB107). Ten staurolite FlAgere obtained from eight samples. Two
samples preserve multiple generations of staurolite FIAs (samples MB042 and MB066). Sample

MBO063 contains andalusite asthurolite FIAs in addition tgarnet core and rim FIAs.

Figure 7a shows all FIA trends measumgtereas Figs. 7b, ¢ and d show the data
separated for garnet, staurolite and andalugite. total FIA data (Fig. 7a) shows three modal
peaks at 40-60 70-9C and 140-179 This distribution is similar to that for the garnet FIAs (Fig.
7b). Staurolite FIAs (Fig. 7c) digy two dominant trends at 60-108nd 140-170 Andalusite
FIAs (Fig. 7d) show a remarkably consistent trend of betwe2ar76. Andalusite commonly
occurs as large (up to several cm) porphyroblastis high aspect rats. These crystals are
randomly oriented mostly within the plane of foliation (i.e., they tend to have their long axis sub-
parallel to bedding (@ and the bedding parallel foliation). This implies either that rotation of the
andalusite into parallelism with the foliation occurred due to layer flattening during the
development of Sor that the andalusite preéstially grew sub-parallel top,Sand S. Any
significant amount of rotation aftéineir growth would result in wide range of andalusite FIA
orientations. The tight diribution of FIA trends suggests thithe degree of rotation during the
development of S(or subsequent foliatiopsvas negligible and thaélhe porphyroblasts nucleated
preferentially with their dng axis sub-parallel tooSand the developing foliation {Seither
because of bulk compositional \ation related to the primary layering or in response to the

accumulation of strain associated withdgvelopment.
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6.2 Relative timing of FIAs

A paragenesis of FIA development canthelt up by examining arprinting criteria,

metamorphic phase relations and textural chanatits of inclusion trds. Core/rim textures

were used to establish the relative timing ofA$kince a foliation preserved in the core of a
porphyroblast must be older than that in the. Samples containing multiple porphyroblastic
phases allowed the relative timing of FIAs to be established where it could be determined that
growth of one mineral preceded the other. Textararacteristics and the degree of continuity
between the internal foliation i{Sand the matrix foliation  were used to correlate single FIA
samples with the succession determined from the multi-FIA samples. Several samples contain
more than one generation of the same porphgsbisl mineral phase. Septe generations were
distinguished by the size, shape and compositibtheir inclusions and whether or not the
internal foliation shows continuity with the miatifoliation. For example, early formed garnet
porphyroblasts typically have inclusions dominabgdvery fine quartz gras that are truncated

by the matrix foliation. Later generations hagearse inclusions that may include quartz,
ilmenite, biotite, tourmaline and staurolite asdow varying degrees of continuity with the

matrix foliation.

6.3 FIA sets

Relative timing criteria separate the datéoimour FIA groups (K. 8). The earliest
formed group (FIA set 0; NW-SE) includes garnelAsf garnet core andrgjle garnet FIAs that
pre-date andalusite growth armhve inclusion trails that ardiscontinuous with the matrix
foliation. FIA set 1 (NE-SW) is nue up of andalusite, garnet card single garnet FIAs that
have inclusion trails consisting Ghe grained quartz and showj varying degrees of continuity
between their internal foliations and the mattixey are commonly truncated. One garnet rim
FIA (sample MBO76) is present set 1 and it has same trendtlaat preserved in the core. FIA
set 2 (E-W) is largely made up of garnet risimgle garnet and stadite FIAs. The inclusion
trails of set 2 are generally continuous witle ttmatrix foliation and are composed of coarse

grained quartz, ilmenite, bioti@nd tourmaline. FIA set 3 (NNW-SSE) has a similar orientation
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to set 0 but is made up of staurolite, singlrnet and garnet rim FIAs all of which show
continuity between their inclusidmails and the matrix foliation. Brolite is commonly present in
the rims of garnet and staureliporphyroblasts that preserve FAt 3. Garnet grew during all
prograde metamorphic episodes andsequently preserved four FIA sets. The majority of the

andalusite FIAs belong to set 1. Stiie preserves FIA sets 2 and 3.

6.4 Asymmetry of inclusion trails

Deformation partitioning controls the despient of new foliations part by rotation of
older ones so the geometry developed mutatethe strain field (Bell & Johnson, 1992). To
determine the locadhear sense for a particular deformatevent, one needs only to distinguish
the curvature of an earlier forméaliation into a later one (from zones of low strain to zones of
high strain). The curvature of early foliations preseras inclusion trailg porphyroblasts or in
strain shadows of relatively large heterogenegitie the rock, allows the determination of local
shear sense for early generatioofs foliations and reveals &inematic history much more

extensive than that preserved in the matrix.

The asymmetry of inclusion trail curvagufor FIA sets 1 an@ was recorded looking
north-east in a sectiaat a high angle to the FIA trenddg for set 1 FIAs trending at 40-7@he
curvature of the inclusion trailwas recorded by lookingt vertical thin setions striking 130-
16 and looking NE). The curvature of FIA seta@id 3 inclusion trails was recorded looking
north-west in sectionperpendicular to the FIA trend. &hcumulative frequency plot of
asymmetry data (Fig. 9) shows that mosttieé porphyroblast growth occurred during the
development of shallow dipping foliations (i.e.ettecorded asymmetry is a sub-vertical foliation
curving into a shallow dipping foliation). This #rikingly clear for FIA sets 1 and 2, both of
which show a spectacular dominance of clockwiop to the south east) asymmetries that
developed during vertical shortening. FIA 8ethows a high proportioof porphyroblast growth
during vertical shortening with slightly moretatockwise (top to the south west) asymmetries.
An overall north-east side up értop to the south-v&¢ sense of shear is indicated by the

clockwise asymmetries commonly recorded by FIA set 3.
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7. Interpretation

7.1 Structural and metamorphic relationships

The polytectonic history of the Lebanon thormal Syncline involes at least four
phases, of orogenesis. A block diagram (Fig.ill@3trates the major stawral and stratigraphic
features. The metamorphic grade generally irsggdowards the north-widsut this distribution
is complicated by higher pressure/ lower temperature rocks in the core of the antiform as

indicated by the isagds in Figure 2.

An early phase of deformation and metamorphism;\Mepresented by small garnet
porphyroblasts preserved entirely within adodde porphyroblasts and by large randomly
oriented biotite inclusions in bo&ndalusite and garnet, pre-deaéisnajor structures in the area.
Biotite inclusions, which are common in andale, are elongate parallto the dominant
foliation where they also lie within the matrix. Differentiated crenulation cleavages, locally
preserved as inclusion trails in the cores of maarnet porphyroblasts, aaéiributed to an early

phase of tectonism () that pre-dates the bulk ofalgrowth of that mineral.

The earliest major phase of metamorphismy)(ié a low pressure, regional event
recognised throughout the CemtMaine Terrane (Robinsoat al, 1988; Eusdemt al, 1987;
Eusden, 1988) and is characterised by well-agesl andalusite porphyrasts and minor garnet
growth. This is interpreted herein as accompanying nappe emplacement (see below). A
ubiquitous bedding parallel foliation £{SS; of Eusdenret al, 1984; 1987) defined by elongate
quartz grains and preferentiallyigsied muscovite and biotite issal inferred to have originally

developed during D

M, is a progressive event that marks a significant increase in pressure associated with
refolding of the Blue Hills Nappe into,FRolds with a well developed, spaced axial planar
crenulation cleavage. The waning stages pfrbolved a significant hegand fluid?) pulse that

accompanied the intrusion of several large granitic plutons. Extensive garnet growth and the
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development of spectacular complete or papggeudomorphs of andalusite by coarse-grained
muscovite and idioblastic to subidioblastic stditeowith quartz-rich symplectitic cores (Fig.
1la) are attributed to M Staurolite replacing andalusitommonly extends into the matrix,
overgrowing the earlier foliation developed awsithe andalusite rinfFig. 11b) and locally

inheriting its inclusiortrails (Fig. 12a).

Areas of abundant fibrolitic and prismaticlisilanite are associated with an increase in
mineral grain size and are representative of the lathigh temperature contact metamorphic
event. Paramorphic replacement of andalusitesibynanite is common (Fig. 12a). Garnet is
typically zoned, with earlier formecbres, rich in fine-grained inclusions, overgrown by rims that
are inclusion-free or that contain only a few sgamclusions (Fig. 5a, b). Small quantities of
tourmaline are present in most samples andcanemonly found as inclusions in the rims of
garnet (Fig. 5a, b) and in late §Mstaurolite. Matrix tourmalines preferentially distributed along
cleavage seams, suggesting that boron may heeme dberived from crystallising granitic plutons
or melts within the migmatites. This influx mdyave also been partially responsible for the
alteration of andalusite to coarse muscovitejlamto such pseudomorphs in west-central Maine
(Solar & Brown, 1999; 2000).

Three metamorphic zones (Fig. 2) haween mapped based on the presence of M
sillimanite and staurolite in each sample. T¢émgrads mark the appearance or disappearance of
each mineral. The sillimanite and staurolite zosm@sseparated by a transition zone that contains
both minerals. Pseudosections in the MnKFB#A system were constructed for several
representative samples with THERI@ALC 3.21 (Powell & Holland, 1998; Poweédt al,
1998), using the dataset of Holth& Powell (1990). Quartz and seovite were assumed to be
in excess and water activity was assumed tautigéy. The rock composition (Table 2) was
obtained by XRF analysis of 50 mg rock g from homogeneous 150-250 gram pulverized
rock samples using the analytical facilitiesJatnes Cook Universitysiven the inhomogeneous
nature of the metaturbidite rock samples, care ta#ten to analyse thersa rock layers from
which the thin sections were prepared. Tp&eudosections constructed in this manner are

presented in Figure 13.
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The P-T paths depicted on the pseudosestidlustrate differing conditions in the
transition (Fig. 13a) and silliamite zones (Fig. 13b) as,Nprogressed. The stable;hineral
assemblage is governed by the pressure andetamope conditions relative to the g-bi-st-sill
divariant field shown on the pseudosections. Titemszone rocks display metamorphic textures
that permit the relationship between staurolite sitisnanite to be examined in detail. Early, M
metamorphism involved an increase in pressacktamperature that allowed staurolite to grow
at the expense of andalusite (Figs. 11, 12hé&mal pulse associated with emplacement of
Acadian granites during the waning stages fd3ulted in staurolitbecoming unstable and the
growth of both fibrolitic and prismatic sillimanité=ig. 12a, b, c). The staurolite in Fig. 12b
shows euhedral crystal faces omere it is protected by andalte. Rocks in the sillimanite
zone (Fig. 13b) never reached the pressuqmimed for the growth of staurolite and;Nbk
represented only by the growth of garnet, dilbte and by the replacement of andalusite by
prismatic sillimanite. The majority of rocks cairting staurolite in this metamorphic zone are
similar in composition to sample MB063. An appimate P-T path for these rocks has been
added to the MB063 pseudosection (dotted line; F3@) to explain the alhisee of sillimanite in
the core of the Pantiform. The positive slope of theastolite/ sillimanite reaction boundary
reflects the condition that at ekted pressure, a higher temperatisr required for sillimanite to
be stable. These rocks experienced the highesisures and, since they are furthest from
granites, they also experienced the lowesakptemperatures. The temperature necessary for
sillimanite growth was never attained at the ated pressure that occurred in the core of the

antiform.

M3 metamorphism is represented by prograderithlthat cuts across the matrix foliation
and the growth of staurolite and minor quantities of garnet. The age of this event remains
uncertain. It may be associated with moven@nthe Nonesuch River Hasystem or the broad
scale folds (k) that result in a change of orientation of thefdtd axes from E-W in the south-
west of the mapped area to nearly N-S in the north-east (Fig 2; Eesdén1987). A matrix
crenulation cleavage {Bis preserved locally. Retgressive metamorphism,/Ms characterised

by sericitisation of alumininosilicates andafite pseudomorphs of biotite and garnet.
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7.2 Significance of FIA data

The orientation of foliation intersection or iaftion axes preserved axlusion trails in
porphyroblasts (FIAs) reflect successive changekeardirection of bullshortening that occurred
synchronous with metamorphism. FIAs appear tonfperpendicular to the direction of relative
plate motion, their trend being governed by thekstof steeply dippindoliations that form
during horizontal bulk shortening (Bell & Wang, 1999; Bxlhal, 2004). A single FIA trend may
be the result of multiple phases of tectonism gnatiuced several overprinting steep and shallow
dipping foliations provided the direction of Buhorizontal shorteningemained the same. A
change in the direction of réiae plate motion results in the development of new sub-vertical
foliations with a different orientation. Porphyrosia that overgrow thisew foliation record a

change in the trend ofé¢h~IA (e.g., Bell & Newman, 2006).

The distribution and relative timing of FIA s€i&gs. 7, 8) provides a means to define the
succession of bulk movement directions duringgenesis in this part of the Central Maine
Terrane. Microstructural and petrographic exaitnomaof the schists afhe Lebanon Antiformal
Syncline indicates a tectonic history involving 4ftshin the direction of relative plate motion.
FIA set O (Fig. 8a) is presemdocally and comprises a NW-SEend that suggests a phase of
NE-SW directed bulk shortening that predateshalmajor structures olfie area. FIA set 1 (Fig.
8b) records a considerable NW-SE directed ali&rtening event thaccompanied the growth
of garnet and andalusite. FIA set 2 (Fig. 8cpiisserved in garnet and staurolite and trends
approximately E-W, suggesting a significant gha$ N-S directed harontal bulk shortening
that coincided with a major pke of prograde metamorphism2IMFIA set 3 (Fig. 8d) represents
a late phase of ENE-WSW directed horizorialk shortening. The succession of FIA trends

indicates a general clockwise rotation in the direction of relative plate motion with time.

7.3 Inclusion trail asymmetry and develogmh of the Lebanon Antiformal Syncline

The dominant sense of shear for each FIA set can be determined by examining the

curvature of inclusion trails pserved within porphyroblasts gections at a high angle to the
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FIA. The asymmetry data (Fig. 9) indicatesttithe majority of porphyroblast growth occurred
early during the development of flat-lying fdians. The generation of multiply repeated sub-
horizontal foliations suggests thgitavitational collapse, initiated either by collapse of an over-
thickened orogen (Bell & Johnsoh989, 1992) or as a resulttoénch rollback (Meulenkamegt

al., 1988; Boronkay & Doutsos, 1994) played a mage in Appalachian orogenesis (Bell &
Newman, 2006).

FIA set O pre-dates all the major structuofsthe area and records an early phase of
tectonism involving predominantly SW side up aop to the SW directed shear (Fig. 9). FIA set
0 is preserved in only a few samples, sugggdfwat nucleation and gwth of porphyroblastic
phases at this time was governed by a coarsafgtioned pattern of fation development that
was not conducive to abundaporphyroblast growth. The dominance of a top to the SW
differentiation asymmetry suggests that thisswhe dominant sheaense operating during
horizontal foliation development but this interpretation is considered uncertain due to the scarcity
of FIA set 0 data.

FIA set 1 formed during NW-SE directed budkortening that resulted in a pervasive
foliation (S) that is preserved in a subrtieal orientation in the cergs of andalusite and garnet
porphyroblasts. FIA set 1 is dominated by inawstrails that display clockwise (looking NE)
steep-to-flat geometry (i.e., the majoritgf porphyroblast growthoccurred during the
development of a sub-horizontal foliation and gnevailing sense of shear was top to the SE).
The distribution of FIA set 1 asymmetries can liest understood if garnet and andalusite
porphyroblasts are considered separately (E#p). Garnet porphyroldts display generally
equal numbers of clockwise and anticlocleviessymmetries that developed during both
horizontal and vertical bulk shening. By contrast, andalusighows exclusively clockwise
steep-to-flat asymmetry. Two pgayroblastic phases preserving the same FIA trend can only
display such contrasting asymmetry distributisghthey formed at different times during this

period of NW-SE directed bulk shortening.
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At the commencement of successive qasi of bulk shortening, newly developing
crenulations initiallyoverprint the earlier formed foliain relatively coaxially (e.g., Be#t al,
2004, Ham & Bell, 2004, Bell & Newnmga 2006). For the deformation to intensify significantly,
the strain path must become non-coaxialll(BE981, Bell & Bruce, 2006thesis Section B).
Porphyroblast nucleation and growth during regianatamorphism commences very early in a
deformation event (Be#t al, 2003) and ceases once a differentiateenulation cleavage begins
to develop in the adjacent domains (BellHayward, 1991). FIA set fjarnet porphyroblasts
grew during horizontal bulkh®rtening displaying roughly eguaumbers of clockwise and
anticlockwise inclusion trail asymmetries (Figal4These porphyroblastseanterpreted to have
grown early during a deformation that eventualveloped a steep crenulation cleavage, while
the strain path was coaxial at the bulk scélg.the strain increased and became non-coaxial,
garnet growth ceased and the crust thickened. Garnet porphyroblasts that grew during intervening
periods of collapse that accompanied the developofeidt lying foliations show slightly more
clockwise than anticlockwise asymmetries butdtstribution is relatively coaxial in comparison

to that preserved by andalusite (Fig 14a).

The abundance of porphyroblasitsit preserve FIA set hdicates that deformation was
regionally penetrative ahe scale of a porphyroblast this time and resulted in a sub-vertical
foliation (S) that was associated with a period ofigpt folding prior to nappe emplacement.
The exclusively clockwise inclusion trail asyminyeof andalusite porphyroblasts preserving FIA
set 1 suggests that the growth of this minecabored during strong, top to the SE directed shear.
The sequence of differentiationyasmetries that formed during the development of FIA set 1
(from coaxial horizontal bulk shortening, weakiyn-coaxial verticashortening and finally,
strongly non-coaxial vertical shortening with @ to the south-east sense of shear) preserves the
changes in strain path that were responsibiefoplacement of the Blue Hills Nappe. The early
stage of vertical foliation ¢ development and upright foidy resulted in considerable
thickening of the orogenic wedge. Subsequent grawitally induced spreaty of the orogen, at
first relatively coaxially at the bulk scale bbecoming strongly non-coaxial, resulted in the
rotation, translation and amptftion of the originally uprightfold structure into a sub-

horizontally orientated recumbent fold. B&l Newman (2006) showed how the degree of
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shearing increases from the core to the marginan orogen during gvitational collapse and
spreading when partitioning of the amount of bsitortening occurs vécally through the crust

(Fig. 15). The change in asymmetry disttibn during the formation of shallow-dipping
foliations may be due to a shift in the orogen core towards the NW or may simply be a result of
garnet growing very early during the procesweaitical bulk shortening, before one asymmetry

became dominant.

The distribution of FIA set 2 asymmetries shows some similarities to that of FIA set 1
(Fig. 9), with a clear dominance of porphyrobigisiwth during the formation of shallow-dipping
foliations with a top to the south sense of sh&arnet and staurolite garyroblasts have nearly
identical asymmetry distributions (Fig. 14b).erbiiming of FIA set 2 relative to the Lebanon
Antiformal Syncline can be demonstrated by dividing asymmetry data into that obtained from
the northern limb (Fig. 16a) and southern limly(Ai6b) of the major fold and also by comparing
the combined data from all of the northern limbs (Fig. 16c) to the combined data from all of the
southern limbs (Fig. 16d) of the second order pacaamntiforms. The data from the northern limb
of the Lebanon Antiformal Syncline (Fig. 16d)osvs only anticlockwise asymmetries and the
southern limb (Fig. 16b)h®ws a greater proportion of clwise asymmetries during the
formation of sub-vertical foliations for FIA s2t This observation suggests that the development
of FIA set 2 coincided with refding of the overturned limb ahe nappe to form the Lebanon
Antiformal Syncline. Interestingly, this is notetttase for the parasitamtiforms (Fig. 16c, d).
The cumulative data for the northern limbs oé tharasitic antiformshew equal numbers of
clockwise and anticlockwise asymmetries for sirallow-to-steep geometries and the southern
limbs show more anticlockwise than dedse asymmetries. If porphyroblast growth
accompanied formation of the folds, the asymrmastthat should occur are anticlockwise on the
northern limbs and clockwise on teeuthern limbs where the trails switch from flat in the core
to steep in the rim. This discrepancy suggests ¢ither the parasitic folds formed before the
Lebanon Antiformal Syncline and that they patxl the majority of FIA set 2 porphyroblast
growth or that reactivation of bedding or thedding parallel foliation occurred on the limbs of
the parasitic folds, resulting in more of the opposite asymmetry than that which would be

expected.
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The dominance of top to the south shemorded by FIA set 2 (Figs. 9, 14, 16) indicates
that gravitational collapse awdyom the orogen core was an ongoing process. Most of the
porphyroblast growth occurred on the southenbs of both the Lebanon Antiformal Syncline
and the smaller scale parasitantiforms during horizontal bulk shortening (Fig. 16). The
geometry of the northern limbs was such thatizontal shortening could be accommodated by
the reactivation of bedding and/tdte bedding parallel foliagn (Fig. 17). Redtvation of an
older foliation on the limb of a fold occurs e synthetic shear operagi on a newly developing
foliation switches to antithetic shear on the older foliation (Bellal, 2003). This process
reduces the number of potentmrphyroblast growth sites, s&@ porphyroblasts tend to nucleate
in zones of progresse shortening (Belet al, 1986). The southern linsbcould not reactivate
during top to the south shear and deforntleugh the development of a new crenulation
cleavage (Fig. 17) that wasmducive to porphyroblast nuctean and growth. Collapse and
gravitational spreading awayofn the orogen core resulted the earlier formed upright

structures being reoriented into moderately inclined folds and foliations.

FIA set 3 (Fig. 9) is preserved witharnet and staurolitporphyroblasts. The few
samples that were found to preserve this FIAnsae collected close to axes of the gentle folds
(Fs) that result in a broad scale change in trend of Hel& axes from E-W in the south-west of
the mapped area to nearly N-S in ti@th-east (Fig. 18), where the weakcBenulation is best
developed. The curvature of theelusion trails in pgohyroblasts that grewuring the formation
of the steeply dipping crenulation cleavage amustvely clockwise orthe north-eastern limbs
and exclusively anticlockwise othe south-western limbs ofzFantiforms (Fig. 18). The
relationship between inclusion trail asymmedrpgreserved by porphyrolsks containing FIA set
3 and the Efolds suggests that the change in orientation of iHfel& axes was caused by ENE-
WSW directed bulk shortening during the latesajor phase of techism that accompanied

metamorphism.
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8. The significance of gravity in orogenesis

The Lebanon Antiformal Syncline develop#dough a process of repeated cycles of
horizontal bulk shortening, punctuated by grawtaél collapse and the foation of flat lying
foliations. It has long been recognised (e.gifrégs, 1931; Bucher, 1956; Mudge, 1970; Price,
1971, Elliot, 1976a, b; Ramber981; Liu, 2001; Bell & Newnma, 2006) that gravity has a
profound influence on the development of the orogeedge in that thickened crustal material
has a propensity to collapsedaspread laterallynder its own weight. Bell & Johnson (1989)
proposed a model of orogenesisg(FL9), involving bulk orogewi shortening alternating with
gravitational collapse that was based on analgsigclusion trail geometries from different
orogenic belts. During the horizontal bulk shomgnphase, the crust is thickened as material is
effectively forced upwards in the core ofetlorogenic belt (Fig. 19aAs the orogenic core
collapses on itself (Fig. 19b), thrust faults amgiated toward the margin of the orogen and
ductile horizontal shear kas place in the lower parff a cross section adhe orogen is divided
into four quadrants, the sense of shear m tipper right quadrant is anti-clockwise while a
clockwise sense of shear occurs in the lower right quadrant. Shear sense in the other half of the
orogen is a mirror image of that in the right.rden (1998) refined the model and showed that
extension and compression could operate simultahedau different partf an orogenic belt.
This allows for continued convezgt plate motion, with periodic calbse of parts of the orogen
as the gravitational potential energy exceeds which can be supported by the strength of the

lithosphere.

Elliot (1976a, 1976b) asserted that thmappes can only advance large (up to 100 km)
distances as a result of gravitational spre;diom areas of high potential energy that are
undergoing internal thinning under the weighoegrlying rocks. Subsequent work (e.g., Leiv
al., 1986; Merle, 1989; Sandiford, 1989; Notpy 1996; Aerden & Mauvieille, 1999) has
supported this concept through theast patterns rad structures observed some thrust sheets.
Gravitational collapse causes pre-existing stedpdping structures in the ductile levels of the
crust to be rotated into sub-hasizal orientations and results ihe development of flat-lying

foliations. It seems that nappes are most Yikiel develop where gravitational collapse and
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spreading of the orogen play a dominant rolerirstal deformation. This process permits the re-
use of shallow-dipping foliations during successpariods of gravitatinal collapse and can
potentially produce enough horizontal shear dcilitate the formation of enormous nappe

structures.

9. Discussion and conclusions

The development of the Lebanon Antiformal Symeinvolved at least four major phases
of tectonism and metamorphism (Fig. 20). Amhegeriod of NE-SW direted horizontal bulk
shortening predates all major structures andrimdoliations but evidence for this event is
preserved as inclusion traiis porphyroblasts. The strongteeply dipping foliation (3 that is
preserved as inclusion trails in the coms numerous porphyroblasts and the exclusively
clockwise inclusion trail asymnmes contained within andalasi porphyroblasts that grew
during the vertical collapse stage of the depelent of FIA set 1 indicate that the Blue Hills
Nappe formed from the horizontal shearing ofoaiginally upright fold. Gravitational spreading
during crustal collapse resulted in sub-horizhntan-coaxial (top to theouth-east) flow that
progressively rotated, translated and amplifiedathginal upright structue into a sub-horizontal
recumbent fold. The dominant matrix fabrig,J$s a composite foliation that is the result of the
re-orientation and reactivation of bedding)(8r the bedding-parallel foliation {Sduring the

gravitational collapse stage asabsequent tectonic events.

Eusderet al (1987) proposed that the Central Neampshire Anticlinorium (Fig. 1) acts
as a “dorsal zone,” splittg the Central Maine Terrane into twiestinct structural styles. West of
the “dorsal zone” the early nappes verge west,amhile nappes to the east verge east only. The
Central New Hampshire Anticlinorium is marked by the oldest formation in the Central Maine
Terrane, the lower Rangeley Formation andh®yhighest grade of metamorphism (Lyetsl,
1997). The high grade metamorphic zone tbatresponds to the Central New Hampshire
Anticlinorium is interpreted to represent the cofehe Acadian orogen. Ehbipolar symmetry of
structures on either side ofishzone may reflect gravitational lapse away from an area of

maximum topography and graaitonal potential energy.
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The development of FIA set 2 marks a significant increase in pressure that is interpreted
to be the result of the folding and inversionstfata on the overturddimb of the nappe and
possibly loading by allochthonousaterial spreading away from the orogen core. This major
metamorphic event (M could potentially be considered asotdiscrete phases. The first of these
involves the growth of garnet, stalite and sillimanite at elevatgutessures (Fig. 13). The later
phase involves a significant fluid pulse and terapee increase associated with the intrusion of
granitic melts. However, while is considered reasdole to make some broad statements about
the relative timing of these minerals in the different metamorphic zones, difficulties arise in
differentiating and correlatinghese phases between outcropsisTis primarily due to the
pressure and temperature conditions being ekage to the g-bi-st-sill divariant during MFig.

13). Slight variations in bulk rock chemistry atiee variable activity of the fluid phase means
that the growth of sillimanite, staurolite or both could start, stop and restart dusirigoMthis

reason, M has been treated as a singletamorphic event in this study.

The broad change in orientation of the fbld axes has previously been presented as
anecdotal evidence for a late stage ofadmeisin affecting the Umanon Antiformal Syncline
(Eusdengt al, 1987). The measurement of a locally presdrcrenulation cleavage axial planar
to the R folds and the excellent fit of FIA set 3 asyetry data to the development of those folds
are considered strong supporting evidence do late stage of ENE-WSW directed bulk

shortening.
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Conclusions

This study has demonstrated that inclusiails within porphyroblasts can preserve a
wealth of local tectonic and mabarphic history, much of whicks routinely destroyed in the
matrix by later deformation events. The uniqumeeticapsule character of porphyroblasts makes it
possible to reconstruct the deformation amgttamorphic history of multiply deformed
metamorphic terrains in unpard#ld detail. The principal cohgsions of each section are

summarised below:

Section A

The asymmetry and FitPitch methods fdetermining the orientation of foliation
intersection/inflection axgsreserved in porphyroblasts (FIAge very different approaches. The
asymmetry method relies on the cawe of one foliation into aubsequently formed foliation.
The FIA is found by examining the pattern formedthyy intersection of vadal thin-sections of
differing strikes with the curved inclusion trapseserved within porphgblasts and picking the
flip from “S” to “Z” shape betwen two closely oriented sectior#stPitch works best where the
inclusion trails are predominagettraight and uses a mathematical approach to fit one, two or
three model planes to pitch dateasured in a set of differentlyiented thin-sections. The best
solution is considered to be the one that misesithe deviation betweéme data and the model
planes. Intersections betweeresk model planes define FIAs. The two techniques compliment
each other by permitting FIAs to be obtained from a larger proportion of samples and they can
also be used as independentd@stsamples that are suitable bioth methods. The sense of shear
operating during progressive bulk shortening isaatid by inclusion trail curvature recorded in
thin sections cut at a higmgle to the FIA. Unlike the “asgmetry” method, “FitPitch” does not
give the shear sense directly but can be useddblsh the most suitably iented thin section in

which to look for inclusion trail curvature.

FIAs form from the preservation, as inclusitrails, of intersecting successive foliations

that develop against the porphyroblasargins. A FIA trend is cordlled only by the orientation
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of steeply dipping foliations and is independehthe movement direction on horizontal planes.
Therefore, the FIA is the only linear indicatormbvement direction thatonsistently reflects the

direction of bulk shorteningssociated with relative motion between plates.

Section B

The geometry of inclusion trails containetthin a first phase oporphyroblast growth
can show significant differences to those preseérby subsequent enlargement because of the
influence a pre-existing porphyraisit has on the strain field. The porphyroblast acts as a rigid
mass up against which the rock preferentiallaies during ensuing even The variation in
inclusion trail geometry and FIA trend withinffégirent porphyroblastic plsas in the same rock
layer, as well as within the same phase in Bffie layers, from two adjacent samples from one
outcrop show a remarkable consistency of Egnds between porphyroblasts showing multiple
phases of growth and those that grew duringdénelopment of a sub-vertical foliation. This
contrasts dramatically withhose that only grew during the \aopment of a sub-horizontal
foliation. The foliation preserved asclusion trails wihin a first phase gporphyroblast growth
can potentially vary significantly from its ientation prior to the commencement of that

deformation event. However, it is significahat in many examples this is not the case.

The 3-D geometry of sigmoidally shapedlusion trails obtainedby high-resolution X-
ray computed tomography (X-ray CT) of a garpetphyroblast reveals siditant aspects of the
variation of inclusion trails @it are possible within a firghase of porphyroblast growth. 3-D
computer analysis of sigmoidal inclusion Igsareveals that the asymmetry method for FIA
determinations is unaffected llye cut location relative to thorphyroblast core. Significantly,
perfect spiral inclusion trail geometries cangreduced from a sigmoidal shape in cuts up 30°
away from the FIA. This could dramatically inéince interpretation of ¢hstructural history of
the region, depending on whether one interpretteat the inclusion &ils had formed by
porphyroblast rotation or non-rotation. Wherever spitaped inclusion tigi are seen in thin
section showing a maximum of 180° of curvaturdraethin sections in ber orientations should

be cut to check whether true spiralgust sigmoidal trails are present.
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Section C

Porphyroblasts locally preserve oppositebncave microfolds (“millipedes”), which, in
all examples that we have found, excledyv indicate a deformation history of bulk
inhomogeneous shortening. Very similar structunase been formed experimentally during
inhomogeneous simple shear but are distinguisioed fhose trapped in porphyroblasts that form
during progressive bulk inhomogenes shortening. Millipede struges with an axial plane
foliation can only form by progressive bulkhomogeneous shortening while millipede-like
shapes transected by a foliation that accompatheir development form during progressive
inhomogeneous simple shear. Oppositely concaeeofolds in some porphyroblasts reveal that
deformation near orthogonal to a previouslyealeped foliation occued by axial plane shear
driven rotation that led to rapid reactivatibrigard-deck-like” collapse of the pre-existing
foliation. Differentiated crenulation cleavagesymrasult from a similar process, involving the

development of near orthogonal foliations dewtling to the cessatiai porphyroblast growth.

Section D

The succession of foliation intersection/inflentiaxes preserved as inclusion trails in
porphyroblasts (FIAs) from the Lebanon Antiformal Syncline of SE New Hampshire, USA,
document changes in bulk shortening geometsoaiated with emplacement and refolding of a
large-scale recumbent fold (the Blue Hillspg&). A sequence of four FIAs trending NW-SE,
NE-SW, E-W and NNW-SSE has been distirsipeid based upon overprinting criteria plus
inclusion trail composition, textarand orientation. This successindicates a general clockwise
rotation in the direction of horizontal bulkatening during Acadian orogenesis. Metamorphic
phase relations indicate an increas both pressure and temperatassociated witmversion of
the stratigraphic sequence. Analysis of asymieetrecorded by the ingion trails reveals a
spectacular dominance of top the south-east directed, non-coaxial horizontal shear during
nappe emplacement and subsequent refolding that is attributed to repeated episodes of

gravitational collapse in the orogen core to st that progressively rotated, translated and
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amplified originally sub-vertical folds and folians into sub-horizontabrientations. The broad
change in orientation of the Fold axes that has previouslgdn presented as anecdotal evidence
for a late stage of tectonism affecting theb&eon Antiformal Syncline is attributed to ENE-
WSW directed bulk shortening, represented bipcally preserved crailation cleavage axial

planar to the §folds and by the youngest FIA set.

Recommendations for further investigation

FIAs have been used to distinguish a sesm of four periods of metamorphism and
foliation development in the region of thesbanon Antiformal Syncline. The consistent
succession of FIAs from sample to sample is iciemed to reflect periods of time over which the
relative plate motion was constantly directed befghifting to another trend. Assigning absolute
ages to the development of the FIAs maypossible by mapping and analysis of monazite
inclusions in porphyroblasts with an electroncroprobe, using the U-Th-total Pb technique
(Montel et al, 1996; Williamset al, 1999; Lisowiec, 2006a). Bwles with core-rim FIA
relationships could potentially be used to tesetbr the monazite ages are consistent with the
FIA succession determined by this study. This wqéddnit the correlation of the FIA data with
previous studies undertaken in the New EndlAppalachians (e.g., Bell and Welch, 2002; Rich,
2005, Lisowiec, 2006b). It is envisaged that thisskvaill be carried outas part of a future

project to establish the ages of, and cotegfdAs across the New England Appalachians.
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Section A:

Movement directions in porphyroblastic rocks:
Evaluation of the “FitPitch” and

the “asymmetry” methods
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(a) (b)

Figure 1. The Foliation Inflexion Axis (FIA), indicted by an arrow, is the axis of zero curvature in
the doubly-curving inclusion trails (a). A FIA may also take the form of the intersection lineation

(Foliation Intersection Axis) between two foliations preserved within a porphyroblast (b).
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FIA

Figure 2. 3D model demonstrating the asymmetry method for establishing the FIA trend for a
sample containing simple sigmoid inclusion trails similar to those depicted in Figure la. Initially,
six vertical thin sections, cut at Biditervals from an oriented horizontal slab (i.e., trends of 0, 30,

60, 90, 120 and 150 degrees) are examined from the same direction around the compass and th
geometry of the inclusion trails in all the porphyroblasts is recorded. The FIA trend can be refined
to within a 10 range by preparing two additional sections (marked with an asterisk) covering the
30 interval over which the flip in asymmetry is observed. This is seen to occur betwWeam90

12@ for the model shown. In this example, two sections with strikes ot 488 116 are
prepared and examined. The change from “S” shaped to “Z” shaped inclusion trails is now
constrained to between ’18nd 128 with the mid-point (11% being recorded as the trend of the

FIA. See also Appendix E: “EO01l-asymmetry method.mov”.
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Figure 3. Major structural features of New Hampshire. The Central Maine Terrane (CMT) is
interpreted as a large Silurian to early Devonian depositional basin that was multiply deformed
and metamorphosed during the Acadian and Alleghanian orogenies. (Modified after Eusden,

1988). The inset box highlights the area shown in Figure 4.
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Figure 4. Map of the study area showing major structural features and sample localities. Samples

referred to in the text are highlighted in bold. Base map after Ees@tn1984.
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Sample No. of model planes @ m Ry D| Rn Best fit planes (dip/dip-direction

MB019 1 26.6 249| 1.692 1.80p 70/272

n=122 2 7.9 3.1 3.318 8.295 60/04369/274
Sections: 10 3 4.4 4.1 4944 5.380 60/043; 58/279; 74/266

MB028 1 27.4 26.6| 1.642 1.698 67/031

n=440 2 13.5 11.8] 1.980 2.269 58/02771/245
Sections: 7 3 8.3 5.2 2.757| 4.415 74/043; 54/024; 71/245

MB030 1 22.6 21.2| 1987 2.12p 39/350

n=161 2 8.6 4.2 3.268| 6.655 42/344; 55/106
Sections: 10 3 6.8 13.1 | 3.805] 1.961 46/346; 55/106; 28/319

Table 1 FitPitch data for the three porphyroblastic samples. The number of data collected is
given for each sample, along with the results from FitPitch for one, two and three model planes.
The value [ is the average angular deviation between measured and model intersection-lines
(i.e., the sum of deviations of all data from their nearest model intersection lines divided by the
total number of data)D, is the average deviation between best-fit lines calculated for individual
thin sections and best-fit model intersection lines based on all datandR R, are the
corresponding values normalised by uniform data to remove the bias towards multiple plane
models. The choice of which solution best describes the data (bold type) is based, largely on

which solution has the highest Bnd R, values.
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P MBO019 ! one plane solution two plane solution
(a) (b) p p

Torizontal 000

050

n=44

three plane solution (preferred)

Figure 5. (a) Pitch data for sample MB019 as measured in nine vertical thin-sections, shown as

contoured scatter on a lower-hemisphere equal area stereonet (Gaussian contours with k=10C
calculated after Robin and Jowett; 1986) and as rose diagrams for each sectior? wétbtdiO

size. (b) Best fit solutions for one, two and three model planes. A three plane solution is preferred

as explained in the text.
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090

/ > n=13

planeA ©

planeC # — — —

Figure 6. (a) Photomicrograph and interpretive sketch of a porphyroblast from the@8n of

sample MB019. (b) Equal area lower hemisphere stereonet plot of pitch measurements and rose
diagram of measured data for the 998ction from sample MB019. Data points allocated to each
model plane by FitPitch are given different symbols on the stereonet. This diagram illustrates the
closeness of fit between the three modal orientation maxima observed in the rose diagram, the
three different foliations preserved in the porphyroblast and the orientation of the intersection

lines between the vertical thin-section (dashed line) and the three model planes.
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Sample __ _ Resultant FIA
FitPitch (dip/dip direction) Asymmetry method
38/339 155335) pFIA
MBO019 41/342 155 (335) curvature of diff. cren
* 31/347 * * 175 (355) * rim to matrix
35/325 -
MB028 31/323 -
33/322 -
MBO030 37/017 115 (295) core to median ?

Table 2 FIA orientations calculated with the FitPitch computer program versus FIA orientations
established for the same samples using the asymmetry method. See text for discussion of the

similarities and differences between results obtained by the two different technigues.
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. MBO030 one plane solution two plane solution (preferred)
(a) (b) p P p

haorizontal

three plane solution

Figure 7. (a) Pitch data for sample MB0O30 as measured in nine vertical thin-sections, shown as
contoured scatter on a lower-hemisphere equal area stereonet (Gaussian contours with k=10C
calculated after Robin and Jowett; 1986) and as rose diagrams for each sectior? wétbtdiO

size. (b) Best fit solutions for one, two and three model planes. A two plane solution is preferred

as explained in the text.
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Figure 8. (a) and (c) Photomicrographs and interpretive sketches of porphyroblasts from“the 030
and 108 sections of sample MB030. (b) Equal area lower hemisphere stereonet plot of pitch
measurements and rose diagrams of measured data for the same sections. Data points allocated
each model plane by FitPitch are given different symbols on the stereonet. The intersections
between the two vertical thin-sections (dashed lines on stereonet) with the two model planes
calculated with FitPitch closely mirror the data presented in the corresponding rose diagrams and

what is observed in the thin-sections.
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plancA e

planeB © -------- rim O

Figure 9. (a) Separation of MB0O30 pitch data into two planes according to FitPitch and (b) core

and rim data plotted separately.
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Figure 10. The Perry Mountain Formation is characterised by stringers or pods of garnet
“coticule” as shown in this hand specimen of sample MB028. The photomicrograph shows the

fine-grained nature of the garnet porphyroblasts which give the coticule its distinctive pink colour.
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MBO028 (b) one plane solution two plane solution

a)

horizontal

|
\ ! 000
i - Y

030

(

060

L]

120

150

Figure 11 Pitch data for sample MB028 measured in one horizontal and six vertical thin-sections
shown as contoured scatter on a lower-hemisphere equal area stereonet (Gaussian contours wit
k=100 calculated after Robin and Jowett; 1986) and as rose diagrams for each sectiofl with 10
sector size. (b) Best fit solutions for one, two and three model planes. A three plane solution is

preferred as explained in the text.
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(b) 3 plane solution favoured
030

planeA ©

Figure 12 (a) Photomicrograph and interpretive sketch of a porphyroblast from tAes@&@n

of sample MB028 which has overgrown a differentiated crenulation cleavage. (b) Equal area
lower hemisphere stereonet plot of pitch measurements and rose diagram of measured data for th
030 section. Data points allocated to each model plane by FitPitch are given different symbols on
the stereonet. The rose diagram clearly displays three modal peaks which correspond to the
intersections of the vertical 036ection (dashed line) with the three model planes on the stereonet
and also with the orientations of the foliations preserved in the core of the garnet porphyroblast

and the matrix.
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Section B:

The internal inclusion trail geometries preserved within

a first phase of porphyroblast growth

Volume I



Section B M. D. Bruce

jav]

Figure 1. (a) Vertical cross-section through a porphyroblast within an obliquely dipping foliated

matrix. (b) Progressive bulk inhomogeneous shortening involving a component of anticlockwise
shear causes antithetic (clockwise shear) on the oblique foliation. The presence of the rigid
porphyroblast causes synthetic clockwise axial plane shear to localize against its margins. (c)

Clockwise synthetic shear develops a differentiated foliation against the porphyroblast margin.
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~ §tretching
lineation

Figure 2. (a) 3-D sketch showing the location of the 2-D longitudinal section (b) and cross
section (c). Porphyroblasts that grew in crenulation hinges during a deformation event that formed

a sub-vertical foliation 1 (a, ¢) contain FIAs with the same trend but variable plunges (a, b).
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~— stretching lineation

Figure 3. (a) 3-D sketch showing the location of the 2-D horizontal section (b) and cross section
(c). Porphyroblasts that grew in crenulation hinges during a deformation event that formed a sub-

horizontal foliation &:1 (a, ¢) contain FIAs with the same plunge but variable trends (a, b).
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Figure 4. Location of samples TC1365 and TC1365i from adjacent thin pelitic bands in the

Tommy Creek Block of the Mount Isa Province of Queensland, Australia.
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Figure 5. Spiral-shaped inclusion trails (a) and line diagram (b) of a garnet porphyroblast from
Layer A in sample TC1365i. Vertical section strikes 90° with single barbed arrow showing strike
and way up. The relics of 4 foliations are preserved with the fikhi@ng continuous with the

matrix foliation. Note the truncational character of § and 3. Plane polarized light.
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andalusite

Figure 6. (a, b) Shows straight to slightly sigmoidal shaped inclusion trails in garnet
porphyroblasts that grew during the development of a crenulation with a sub-horizontal axial
plane g in layer B in sample TC1365i. Vertical section strikes 120° with single barbed arrow
showing strike and way up. Plane polarized light. (c, d) Shows a staurolite porphyroblast that
grew during the development of a crenulation with a sub-horizontal axial piand&§er B in
sample TC1365i. The staurolite was partially replaced by andalusite in a younger steeg.event S
Partial evidence for this are the remains gfr&ctivated during §) preserved in the andalusite
extremities. Vertical section strikes 120° with single barbed arrow showing strike and way up.

Plane polarized light.
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Figure 7. (a, b) Staurolite grown in steep event layer C in sample TC1365. Vertical section strikes
90° with single barbed arrow showing strike and way up. Plane polarized light. (c, d) Bulk of
garnet overgrew s3n steep R event in layer C in sample TC1365 (verticair@ensifies at garnet
rim within lower RH rim). Upper and lower garnet rims grew i Wertical section strikes 90°

with single barbed arrow showing strike and way up. Plane polarized light.
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Trend of FIA controlled by the

strike of the sub-vertical foliation ‘

Sub-horizontal foliation

7

FIA remains consistently trending

sub parallel to S, for the intersec-

tion of successive steep and flat

foliations once a core has formed
Sy

Garnet in Layer A

FIA L45 can swing towards
horizontal stretching lineation
L35 prior to garnet nucleation
but will stay sub-horizontal

d

Sy

Ss

Garnet in Layer B
Staurolite in Layer C

sub-vertical foliation

FIA L3, can swing towards
vertical stretching lineation L4,
prior to garnet nucleation but
will trend parallel to S

Garnet in Layer C

FIA L34 can swing towards
vertical stretching lineation L&

prior to andalusite nucleation
but will trend parallel to S

c Se

Ss
5(1

Andalusite in Layer B

Figure 8. (a) Shows how FIA trend is controlled by the strike of the sub-vertical foliation. (b-e)
skeletal inclusion trail geometries drawn as vertical cross-sections for each porphyroblast phase in
each layer. The foliations represent those preserved within the porphyroblasts and can be
correlated from layer to layer. (b) The FIA defined by, IL%, L% and L% in the garnet from

layer A remain consistently oriented throughout porphyroblast growth at 170°. (c) The FIA
defined by I, in garnet from layer C formed during the development of a sub-vertical foliation
and trend at 170°. (d) The FIA defined by tHg intersection lineation were rotated towards L
during the development of sub-horizontad B garnet and staurolite in layers B and C
respectively and trend at 45°. (e) The FIA defined by flaéntersection lineation in andalusite in

layer B may have been rotated towards the steeply plundinduting the development of the
sub-vertical $but their trend remains at 170°.
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up

Nl

Figure 9. Shows how reconciliation of the structures observed in differently located thin sections
into a complete three-dimensional presentation of the inclusion trail geometry is impractical
because thin sections commonly cut each porphyroblast represented somewhere between its

centre and edge.
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Figure 10. (a) The 3-D inclusion trail geometry, produced from the high-resolution X-ray CT by
Huddlestone-Holmes and Ketcham (2005) on a sample of Cram Hill Formation from south-
eastern Vermont (Sample V209 in Bell et al., 1998). (b) Shows garnet and crack-fill material
stripped away to reveal the central quartz inclusion trail (light coloured) along with higher
attenuation opaques (ilmenite) inclusions. (c¢) 3-D inclusion surface drawn to pass through the
centre of the quartz inclusions. (d) The dark ilmenite inclusions are parallel to the central surface
drawn with the quartz inclusions removed. (e) Additional inclusion surfaces were made by
extrapolation of the central trail, using the ilmenite inclusions as a guide and adjusting to create a
satisfactory fit. (f). Shows garnet, as established from the original X-ray CT, resulting in the final

model.
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Figure 11 Shows the inclusion trail geometries encountered in a set of radial sections made
through the centre of the 3-D porphyroblast constructed in Fig. 10. In reality, we need only cut
sections at 0°, 30°, 60°, 90°, 120° and 150° to get this information. Sections cut perpendicular to
the FIA (090° and 270°) display the least apparent curvature of the trails. These sections, passing
through the centre of the porphyroblast and cut perpendicular to the FIA can be considered true

profiles of the inclusion trails. See also Appendix E: “E03-vertical sigmoid rotate.mov”.
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Figure 12 The trend of the FIA can be further constrained by cutting additional sections close to
000°. Sections made through the schematic inclusion trails are compared to sections made througt

the original model of Huddlestone-Holmes and Ketcham (2005).
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Figure 13. Shows the range of potential inclusion trail patterns made by taking sections through
the schematic model porphyroblast at different orientations and at various distances from the
centre. It is statistically unlikely that a particular porphyroblast will be perfectly bisected by a thin
section. The inclusion trails observed are more commonly variations on these perfect delineations,

as illustrated here. See also Appendix E: E02-EOQ6.
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(i) initially orthogonal Sa
foliation crenulated by steep
event and then a flat event

(ii) initially reactivated
foliation crenulated by flat
event after reactivation

(iii) crenulated about a steep Sp
axial plane and then \

overprinted by a flat event

c

(i) . ;
If porphyroblast nucleated in centre as a horizontal
crenulation developed then the inclusion trails
would look like (i) on a horizontal cut.

(ii)

If porphyroblast nucleated in top half as a horizontal
crenulation developed then the inclusion trails
would look like (ii) on a horizontal cut.

Figure 14. (a) Shows the inclusion trail geometry in three different horizontal cuts through the
porphyroblast. (b) The inflection through the vertical shown in (a) can be explained by
overprinting during a deformation that develops a sub-horizontal axial plane shown in a vertical
cross-section through (i) a foliation that was initially flat lying but which had been overprinted by
an earlier steep event, (ii) a foliation that was reactivated and dipping right, or (iii) a pre-existing
crenulation. (c) Shows (i) a porphyroblast nucleating in the centre of inflection described in (b)

and (ii) a porphyroblast nucleating in the upper part of the same inflection.
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Figure 15 Shows how porphyroblast growth that has commenced very early during a
deformation event (a-c) ceases once a differentiated crenulation cleavage begins to form in the
immediate vicinity (d-f). Also shows how nucleation of a porphyroblastic phase for the first time
at a particular site requires partitioning of the deformation into progressive shearing and

shortening components on the scale of a porphyroblast through that location.
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Inflection towards horizontal
of inclusion trail in the core
suggests the potential for an
earlier formed sub-horizontal
foliation as shown to the right.

Inflection towards vertical

in inclusion trail in the core
suggests the potential for an
earlier formed sub-vertical
foliation as shown to the right.
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Figure 16. Skeletal diagrams of vertical cross-sections through spiral-shaped inclusion trails in
porphyroblasts. Curvature towards horizontal of the central inclusion trail in (a) suggests the
presence of an earlier formed sub-horizontal foliation as shown in (b). Curvature towards vertical
of the central inclusion trail in (c) suggests the presence of an earlier formed sub-vertical foliation

as shown in (d).
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Figure 17. Equal area rose diagrams showing the pitch of truncational discontinuities preserved as
inclusion trails measured from between 8 and 12 vertical thin sections with different strikes per

sample (from Gavin, 2004).
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Figure 18 Stereonets of FIA plunges and histograms of angle of plunge data from (a, b) the
Spring Hill syncline (Bell and Hickey, 1997), (c, d) the Bolton syncline (Hickey and Bell, 1999),

(e, f) the Wepawaug fold (Bell and Newman, unpublished data), (g, h) the European Alps (Bell
and Wang, 1999) and (i, j) these four regions all combined into one plot. The plunges are pre-
dominantly sub-horizontal ranging up to 30°. The three steep plunges recorded in the Alps all
occur in samples where the porphyroblasts grew for the first time during the development of a

sub-vertical foliation.
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Figure 19. Stereonet showing how the intersection of a sub-horizontal plane with any other
steeply dipping plane has a gentle plunge (circles). It also shows how the intersections of steeply
dipping planes have mainly steep plunges. They only range to gentle plunges when the

intersecting steeply dipping planes are very close in strike, and mainly have opposite dips.
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Section C:

Progressive deformation partitioning and deformation history:

Evidence from millipede structures
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progressive shearing and shortening
plus progressive shearing only strain

= progressive shearing

progressive shortening only strain

i

} = progressive shortening
approximately no strain

Figure 1. Shows the partitioning of deformation into zones of no strain, progressive shortening
strain, progressive shearing plus shortening strain, and progressive shearing only strain that results
from a history of deformation involving progressive bulk inhomogeneous shortening (thick
arrows) with a component of anticlockwise shear (thin single barbed arrows; after Bell, 1981). For
discussion we group the zones of no strain and progressive shortening only strain and call them
progressive shortening. We group the zones of progressive shortening plus shearing and

progressive shearing strain and call them zones of progressive shearing.
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Figure 2. (a, b) The millipede shaped geometry of the strain field that results from coaxial
progressive bulk inhomogeneous shortening. The progressive shearing component of the
deformation is more confined in (a) than in (b). (c, d) Schematic representation of the
transformation of a sphere (c) by progressive simple shear to an ellipsoid. (e-g) Schematic
representation of the transformation of a sphere (e) by progressive homogenous shortening

(progressive pure shear; ), plus a rotation (g), to the same end product as in (d).
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Figure 3. (a) Accurately reproduced line diagram from fig. 8 in Ghosh (1975) of rigid cylinder in
silicone putty at start of an experimental run involving top to left (anticlockwise) shear. Prior to
commencement of the experiment the grey lines were marked and the grey in filled circles were
inscribed (as circles) into the model; they become strain markers. (b) Accurately reproduced line
diagram from fig. 10 in Ghosh (1975) at the end of the experimental run involving anticlockwise
progressive simple shear. The finer lines are strain lines developed in the silicon putty were drawn
onto the image at very high magnification. They lie parallel to the strain ellipsoids. Single barbed

arrows show direction of shear applied to produce this geometry.
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Figure 4. (a) Accurately reproduced line diagram from fig. 11 in Ghosh (1975) of rigid cylinder

in silicone putty at start of an experimental run involving top to left (anticlockwise) shear (shown
by arrows). The grey lines become strain markers. (b) Accurately reproduced line diagram from
fig. 12b in Ghosh (1975) part way through experimental run involving progressive simple shear.
The finer lines are strain lines developed in the silicon putty were drawn onto the image at very
high magnification. They lie parallel to the strain ellipsoid and define a foliation. (c) As for (b)
except at higher strain at the end of the experimental run. Single barbed arrows show direction of

shear applied to produce these geometries.
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Figure 5. (a, b) Shows millipede like geometries (oppositely concave folds) produced

experimentally by progressive simple shear. The foliation (thin lines) cuts across the millipede
fold axial planes to either side of the core structure (thicker lines). Single barbed arrows show
direction of shear applied to produce this geometry. (c) Shows a natural millipede geometry
within a porphyroblast produced by progressive bulk inhomogeneous shortening. The
differentiated crenulation cleavage (foliation) produced during the millipede event follows the

axial planes of the folds to either side of the core structure (thick lines). Arrows show the inferred

direction of bulk shortening that produced this geometry.
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The differentiation asymmetry of S,on S, does not change across the D, fold but the vergence asymmetry of S; on S, does.

Figure 6. Shows how porphyroblast growth that has commenced very early during a deformation
event (a-c) ceases once a differentiated crenulation cleavage begins to form in the immediate
vicinity (d-f). The progression shows how the core may preserve a coaxial millipede geometry (a-
c), but the more developed matrix contains a consistent clockwise non-coaxial asymmetry at
stages (d-f). This figure also shows how nucleation of a porphyroblastic phase for the first time at
a particular site requires partitioning of the deformation into progressive shearing and shortening
components on the scale of a porphyroblast through that location. The differentiation asymmetry
(9), which in this example is the curvature gfito differentiated $(see Bell et al., 2003), is
clockwise and does not change across the fold although the vergence asymmetry (alati&/&

to S does. The foliation/foliation asymmetry of @lative to $ does not change either.
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Figure 7. Fold hinge from outcrop containing numerous plagioclase porphyroblasts all of which
examined in thin section contain millipede microstructure. The axial plane structure is readily
apparent in thin sections and is called Bhe folded foliation is called,SThe differentiation
asymmetry of $into S in the matrix on both limbs is predominantly clockwise looking in the
direction shown (that is, it looks the same as that shown in Fig. 6d-f on a microscope). The single
barbed arrow shows the strike of the sub-vertical profile plane. Width perpendicular to axial plane

is 10 cm.
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Figure 8. Fold hinge (a) showing the relative orientation and locations of blocks from which thin
sections were cut in the profile plane (width perpendicular to axial plane is 10 cm). (b) and
parallel to the % fold axis but perpendicular to the; @xial plane (c). The differentiation
asymmetry due to the curvature of crenulatedn® the differentiated crenulation cleavage S

that is folded around the fold is also shown as it appears in the profile plane.
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Figure 9. (a) Plagioclase porphyroblast containing highly oblique millipede-shaped trails from the
hinge of the fold in Fig. 7 (vertical width is 2.5 cm). (b) Shows théation, which predates
porphyroblast growth, and which was accurately drawn onto the image in (a) at very high
magnification. Note the spectacular increase in width parallel to the axial pjdeween %

planes, from inside to outside the porphyroblast (1.83 times). This is best observed using the two
S, traces outlined with heavy black lines as they pass out of either end of the porphyroblast and is
due the effects of bulk shortening near orthogonaktdcy Shows changes in crenulated cleavage

S; as $ passes through the porphyroblast strain shadow. Also shows local more intense zones of
sub-horizontal differentiated crenulation cleavagea®acent to the porphyroblast. (d) Detail of
boxed area marked d in (a) showing clockwise differentiation asymmetryiotoSS. (e) Detail

of boxed area marked e in (a) showing clockwise differentiation asymmetsyrab Ss.
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Location $ pitch SE in degrees ,9itch NW in degrees
Upper Limb 80 65
82 80
76 72
75
65
72
Average 79.33 71.50
Hinge of Fold 45 75
89 88
50 81
77 80
75 82
75
Average 67.2 80.12
Lower Limb 71
60
70
89
51
74
Average 69.17

Table 1 Shows the pitch of Spreserved as inclusion trials in plagioclase porphyroblasts in the
hinge plus lower and upper limbs of the fold shown in Fig. 8. The pitches were measured from the
12 thin sections taken from the fold profile plane shown in Fig. 8b. Note how only SE pitches are

present in the lower limb.
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Location Width betweensS Width between $
for SE pitch in mm  for NW pitch in mm
Upper 2.7 1.00
Limb 7.7 4.00
6.75 5.00
2.45 8.45
3.80 3.85
3.25 3.55
4.10 3.70
9.25 2.40
1.60
Average 5.00 3.73
Hinge 4.25 3.85
of Fold 4.60 1.90
4.45 2.30
4.00 0.85
4.25 2.30
2.70 4.60
1.90
8.60
Average 4.34 2.63
Lower 0.60
Limb 9.25
8.30
4.15
6.90
3.10
10.35
5.40
4.60
7.30
Average 6.00

Table 2 Shows the width betweeny Seams measured across porphyroblasts along the line W
shown in Fig. 9a separated according to whether thectision trails dip SE or NW in 3-D plus
whether the sections were cut from the hinge or lower and lipges of the blocks shown in Fig.

8Db, c. The dimension W defines the width of the zone of partitioned shortening strain that contains

a porphyroblast.
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Figure 10. (a) Photographic detail of right hand millipede end. (b) Shaw§%nd $. Note that

S, inside and outside the triangular shaped strain shadow on the right side of the porphyroblast
does not cut across.SShear on $in the matrix switches from clockwise (3 heavy short arrows
above and 3 below) in the matrix to anticlockwise (2 heavy short arrows to right of albite) on the
Ss bounding the strain shadow. Thei®o Sdifferentiation asymmetry outside the porphyroblast
strain shadow is anticlockwise. Inside the strain shadow it is clockwise. This resulted from the
clockwise reactivation of Searly during R that switched the primary anticlockwise
differentiation asymmetry of;Snto S outside of the porphyroblast strain shadow to clockwise
within the strain shadow. (c) Schematically summarizes the clockwise reactivatipthat 8ok

place within an ellipsoidal pod of partitioned Btrain, which rotated ;Sprior to growth of the
porphyroblast. The porphyroblast and its strain shadow fill this pod although modification of the
strain shadow occurred ag itensified. This pulled Sseams apart and elongated relidyéhg

between them as can be seen in (b).
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Figure 11 Millipede plagioclase porphyroblast in a sub horizontal section cut parallel to the axial
plane structure @ of the s fold that generated the millipede geometry. North is marked so that

the structures preserved can be related to those in Fig. 8a. Crossed polars.
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Figure 12 Reconstruction of millipede structure after Johnson and Moore (1996). (a) Digitized
and scaled tracings of 12 thin sections positioned with a spacing of 1.5 mm. (b) 12 curves define a
single foliation surface. (c) “U-loft” surface created by stretching a skin over the curves. (d)
Complete millipede model composed of five foliation surfaces (light grey) and three plagioclase
porphyroblasts (dark grey). The single barbed arrow shows the strike and orientation of a face that

is vertical when the sample is spatially oriented.
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Figure 13. Two horizontal slices cut through the millipede model displaying oppositely concave

foliation traces. The single barbed arrow shows the strike of the vertical face on the front of the

structure. See also Appendix E: “EO7-horizontal millipede slice.mov”.
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Figure 14. Vertical millipede sections displaying oppositely concave foliation traces. The single
barbed arrows show the strike of vertical cuts through the structure. See also Appendix E: “E08-

vertical millipede slice 120.mov” and “E10-millipede.zip”.

Volume Il C-17



Section C M. D. Bruce

Figure 15 Radial sections through the millipede model display spectacular oppositely curving
foliation traces in section of almost any orientation. The single barbed arrows show the strike of

successive vertical cuts. See also Appendix E: “E09-vertical millipede rotate slice.mov”
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Figure 16. Sketches showing how bulk shortening of an initially 70° SE dippirgl&tion (a)

and only clockwise shear on the sub-horizontal axial plane differentiated crenulation cleavage S
(b) cannot produce the lowest angles (locally as low as 20° to the horizontal) of limb dip on lower
limb (c) seen in the fold in Fig. 7. Therefore, early during the deformation history there must have
been some anticlockwise shear on the lower limb. (d) porphyroblast growth early in the history of
bulk shortening preserves inclusion trails with the initial orientation after folding has commenced.
(e) and (f) shows the effects of a reduction in the scale of partitioning on the upper limb of a fold
as the deformation intensified. Newly grown porphyroblasts in the progressive shortening

domains after repartitioning occurred have smaller dimensions perpendicular to the axial plane.
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Figure 17. (a) Cut-away profile view of a model spiral structure with the elements of this model
separated to either side.f{ Stallardet al; 2002). Shows the range of inclusion trail geometries
expected in a series of radial thin sections through a sample containing spiral porphyroblasts. (b)
Sections in the top row pass through the centre of the model; those in the bottom row intersect the
outer edge. Orientations are given relative to the axis of apparent rotation. Only sections cut
parallel to the axis of rotation display foliation traces that could be mistaken for millipede

structures, all others show spirals or sigmoids. See also Appendix E: E11-E15.
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Section D:

Timing nappe development in multiply tectonised rocks:

A new approach
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Figure 1. Location map showing the major fold structures of the Central Maine Terrane (Modified

after Eusden, 1988). The inset box highlights the area shown in Figure 2.
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Figure 2. Detailed map of the study area showing the major structural features and sample
locations. Samples from which FIAs were measured in garnet, staurolite or andalusite
porphyroblasts are also shown. The line A-A’ marks the position of the section shown in Figure

10. Base map after Eusdenal, 1984. See also Appendix D.
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Figure 3. Schematic section showing the position of the Lebanon Antiformal Syncline on the
overturned limb of the refolded Blue Hills Nappe, prior to faulting and plutonism. A detailed

cross section through the Lebanon Antiformal Syncline is shown in Figure 10.
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Figure 4. Photomicrographs and associated line diagrams illustrating inclusion tyail (S
geometries preserved in garnet porphyroblasts from the Lebanon Antiformal Syncline. Strike of
vertical thin section shown by single barbed arrow in upper right corner. Scale bar in lower right
corner. (a) Sigmoidal inclusion trail geometry. Sample MB081. Plane polarized light. (b) Staircase
inclusion trail geometry. Sample MB090. Plane polarized light. (c) Pseudo-FIA (pFIA). Inclusion
trails define a differentiated crenulation cleavage that predates porphyroblast growth. Sample

MBO019. Plane polarized light.
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Figure 5. Photomicrographs and associated line diagrams of garnet porphyroblasts in differently
oriented thin sections cut from a single sample (MBO030) illustrating how variations in
composition and morphology can be used to distinguish and correlate different generations of
inclusion trails (§. These garnet porphyroblasts show a distinct textural zonation with core
inclusions of fine grained quartz and ilmenite being truncated by the foliation preserved in the
rim. The rim trails are continuous with the matrix foliation and have inclusions of coarse grained
quartz, ilmenite and tourmaline. Scale bar in lower right corner. (a) Vertical section strikfng 030

Plane polarized light. (b) Vertical section striking 11@lane polarized light.
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FIA

Figure 6. 3D model demonstrating the asymmetry method for establishing the FIA trend for a
sample containing simple sigmoid inclusion trails. Initially, six vertical thin sections, cuf at 30
intervals from an oriented horizontal slab (i.e., trends of 0, 30, 60, 90, 120 and 150 degrees) are
examined from the same direction around the compass and the geometry of the inclusion trails in
all the porphyroblasts is recorded. The FIA trend can be refined to withfhrarig@ by preparing

two additional sections (marked with an asterisk) covering thén8&val over which the flip in
asymmetry is observed. This is seen to occur betwetar@D128 for the model shown. In this
example, two sections with strikes of £@thd 1168 are prepared and examined. The change from

“S” shaped to “Z” shaped inclusion trails is now constrained to betweéhahti0128 with the
mid-point (115) being recorded as the trend of the FIA. See also Appendix E: “E01-asymmetry

method.mov”.
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garnet . .
Sample pFIA single FIA core rim FitPitch andalusite staurolite
MB003 150 060
MBO006 085
MBO007 085
MB008 175 055
MB010 020 065 160
MB014 130
MB018 038
MB019 155 155 175
MB021 045 055
MB022 080 009
MB023 130 050 165
MB024 040
MB028 145, 143
MBO030 120 070
MBO031 085 055
MBO033 120 045
MBO035 045 075
MBO037 075
MB040 055
MB042 145 155 085, 080
MB044 085
MB045 085 045
MB049 045 060
MBO050 085 055
MBO051 070, 084
MB054 045
MBO055 045
MB057 085 075
MBO058 130
MB060 130
MB061 155
MB063 040 090 025 165
MBO065 040 045
MB066 080 065 85, 145
MB067 040
MB068 085
MB069 085
MBO071 040
MBO074 050 070 050
MBO075 155
MBO076 050 050
MBO080 075 075 045
MB081 070
MB082 115
MB084 085 055
MB090 160 155
MB093 065
MB095 045 140
MB096 085 065
MB099 050
MB101 040
MB106 155 090
MB105 076
MB107 075 065 085
MB110 075 035

Table 1. FIA data from the Lebanon Antiformal Syncline separated into that from andalusite,
staurolite and garnet porphyroblasts. Garnet FIAs are subdivided into pFIA, single FIA, core, rim

and FitPitch data.
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Figure 7. Equal area rose diagrams of FIA trends. (a) The plot of total data shows three modal
peaks at 40-60 70-90 and 140-17®that are also reflected in the garnet data (b). The distribution
of staurolite FIAs (c) displays two dominant peaks at approximately 6D&k@D140-179and

andalusite shows one dominant trend of betweémad@ 70.
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Figure 8. Maps and equal area rose diagrams of the 4 successive FIA sets for samples collectec
from the Lebanon Antiformal Syncline, New Hampshire. (a) FIA set O trends. (b) FIA set 1

trends. (c) FIA set 2 trends. (d) FIA set 3 trends.
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Figure 9. Histograms showing the asymmetry of inclusion trails preserved within porphyroblasts
separated according to FIA sets and whether the geometry can be interpreted as resulting from &
flat-to-steep or steep-to-flat transition of successive foliations. The inclusion trail asymmetry is
recorded as it would project onto a SW-NE section looking NW for FIA sets 0 and 3, and looking

NE in a section oriented NW-SE for FIA sets 1 and 2.
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Figure 10. Block diagram illustrating the major structural and stratigraphic features of the

Lebanon Antiformal Syncline as viewed looking NE. The line of section is indicated in Figure 2.
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Figure 11. Photomicrographs and interpretive sketches illustrating pseudomorphs of staurolite and
muscovite after andalusite. The pseudomorphs are interpreted as interpreted as forming during
early M, metamorphism. Plane polarized light. Scale bars in lower right corners. (a) Sample
MBO044. Partial pseudomorph of andalusite by coarse-grained muscovite and idioblastic to
subidioblastic staurolite with quartz-rich symplectitic cores. (b) Sample MB106. Staurolite
replacing andalusite and extending into the matrix, overgrowing the foliation developed against

the andalusite rim.
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Figure 12. Photomicrographs illustrating the relationship between andalusite, staurolite and
sillimanite. Scale bars in lower right corners. (a) Sample MB107. Crossed polarized light. The
staurolite (upper left) replaced andalusite and incorporated the latter’s inclusion trails. Sillimanite
paramorphically replaced andalusite and staurolite (upper right) during the jateigbh
temperature contact metamorphic event. (b) Sample MB107. Plane polarized light and (c)
enlargement of inset shown in (b). Fibrolitic sillimanite replacing andalusite and staurolite as a
result of the thermal pulse that accompanied the waning stages &tddrolite maintains its

euhedral crystal faces only where it is protected by andalusite.
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MB019 MBO063

wt.% oxides
SiO, 70.30 61.80
TiO, 0.72 0.88
Al,O4 14.50 19.60
MnO 0.12 0.07
MgO 1.73 2.11
CaO 0.12 0.40
Na,O 0.83 0.83
K,O 3.64 4.64
P,Os 0.04 0.14
SG; 0.01 0.01
FeO* 6.46 6.30
loi 157 2.79
Sum 100.76 100.20

* All Fe as FeO

Table 2. Major element analyses (shown as weight % oxide) of bulk compositions used in the

calculation of pseudosections.
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Figure 13. Pseudosections showing approximate P-T paths for rocks in (a) the transition zone
(solid line) and staurolite zone (dotted line) (b) sillimanite zone. The stablanieral
assemblage is governed by the pressure and temperature conditions relative to the g-bi-st-sill
divariant field. The andalusite-sillimanite reaction curves of Holdaway (1971; solid line) and
Pattison (1992; dashed line) are both shown. Mineral abbreviations used are as follows: chl =
chlorite, ctd = chloritoid, cd = cordierite, g = garnet, st = staurolite, bi = biotite, and = andalusite,

sill = sillimanite, g = quartz, mu = muscovite.
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Figure 14. Histograms showing the relative frequency of inclusion trail asymmetries preserved
within porphyroblasts separated according to whether the geometry can be interpreted as resulting
from a flat-to-steep or steep-to-flat transition of successive foliations. The inclusion trail
asymmetry is recorded as it would project onto a NW-SE section looking NE. (a) FIA set 1
asymmetry data plotted separately for garnet and andalusite porphyroblasts. (b) FIA set 2 data

plotted separately for garnet and staurolite porphyroblasts.
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Figure 15. (a) Demonstration of the principle that the accumulation of displacement during
gravitational collapse and spreading results in an increase in the degree of shearing with distance
from the core to the margins of an orogen when partitioning of the amount of bulk shortening
occurs vertically through the crust. (b) The same principle in a more geologically significant
context, where the zones of progressive shearing contain portions of the progressive shortening
history and the zones of progressive shortening contain some effects of the progressive shearing

history and faults do not lie on their boundaries. After Bell and Newman (2006).
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Figure 16. Histograms of inclusion trail asymmetries divided into FIA sets and plotted separately
for (a) the northern and (b) the southern limb of the Lebanon Antiformal Syncline. The data is
also divided into that from (c) the northern and (d) the southern limbs of the second order
antiforms that are parasitic to the Lebanon Antiformal Syncline. The inclusion trail asymmetry is
recorded as it would project onto a SW-NE section looking NW for FIA sets 0 and 3, and looking
NE in a section oriented NW-SE for FIA sets 1 and 2. It can be seen that most of the
porphyroblast growth occurred on the southern limbs of both the Lebanon Antiformal Syncline

and the smaller scale parasitic antiforms during horizontal bulk shortening.
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Figure 17. Schematic cross-sectional sketch looking towards the east, showing the effects of a
developing sub-horizontal foliation with a clockwise differentiation asymmetry (shown by single
barbed arrows) on each limb of an upright fold. (a) Anticlockwise reactivation of bedd)jrma(S

occur on the northern limb and will accommodate some of the effects of clockwise shearing on
the developing foliation. This reactivation results in decrenulation of the newly developed
crenulations and unfolding and rotation of earlier foliations towardsTBe remains of the
developing foliation are also rotated towards @) Reactivation on the southern limb is not

possible and a new crenulation cleavage continues to develop. Modified froet &glR003.
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Figure 18. FIA set 3 is most commonly preserved in samples that were collected close to the axis
of F; folds. The garnet and staurolite porphyroblasts that grew during the formation of the steeply
dipping S crenulation cleavage display exclusively clockwise inclusion trail asymmetries on the
NE limbs and anticlockwise asymmetries on the SW limbs @hEiforms, indicating that FIA set

3 is related to the gentle folds that result in a broad scale change in trend pfalleaikes from

E-W in the south-west of the mapped area to nearly N-S in the north-east.
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Figure 19. Schematic representation of the upper 50-60 km of the lithosphere during (a) uplift and
(b) gravity induced collapse phases of orogenesis as proposed by Bell and Johnson (1989). The

dominant sense of shear in each sector is indicated by the single barbed arrows.
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Figure 20. Schematic diagram showing the relationship between deformation, metamorphism and
porphyroblast growth. The relative succession of FIA sets is shown on equal area rose diagrams

with a 10 class interval.
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Appendix A — FitPitch data M. D. Bruce

MBO018 Inclusion Trail Pitch/Strike

Garnet Garnet Garnet Garnet
Section Orientation Core Rim Section Orientation Core Rim

000 114 171 060 23 147
000 100 04 060 21 150
000 116 10 090 52 144
000 106 06 090 60 147
000 125 175 090 73 160
000 135 177 090 65 145
000 122 01 090 70 146
000 133 00 090 69 144
000 127 01 090 63 147
000 125 05 090 143
000 134 00 120 60 144
000 122 177 120 57 136
000 129 178 120 66 138
000 125 176 120 60 150
000 178 120 68 148
000 174 150 54 175
000 03 150 74 145
000 179 150 61 155
030 151 157 150 61 170
030 136 161 150 94 165
030 143 158 150 59 160
030 138 157 150 70 159
030 142 159 150 67
030 137 162 150 62
030 144 167 150 55
030 141 160 horizontal 054 006
030 139 150 horizontal 054 005
030 155 horizontal 043 176
060 34 151 horizontal 030 170
060 32 153 horizontal 050 165
060 20 150 horizontal 055 170
060 21 144

vii
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MBO019 Inclusion Trail Pitch/Strike

Section Crenulated Differentiated Garnet
Orientation Cleavage Crenulation Rim
000 54 6 14
000 58 170 8
000 59 168 16
000 54 170
000 53
030 59 109 147
030 61 122 148
030 51 124 154
050 67 110 136
050 60 115 140
050 59 99 134
050 133
060 59 94 126
060 67 99
060 53 108
060 48 118
060 61
090 50 105 124
090 38 111 123
090 42 104 124
090 38 95 119
090 46
120 30 100 128
120 12 109 126
120 27 112 123
120 108
130 178 113 115
130 6 115 120
130 7 117 130
130 2 114
130 111
140 167 118 125
140 170 120 129
140 178 116
150 163 103 136
150 159 108 135
150 146 116 130
150 149 120 130
150 144 123 127
150 125
horizontal 312 350 10
horizontal 330 4 14
horizontal 310 5 10
horizontal 320 8 12
horizontal 309 348 11
horizontal 321 355 8
horizontal 310 9
horizontal 318 14
horizontal 312

viii
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MBO022 Inclusion Trail Pitch/Strike

Section  Caoticule Section  Caoticule Section  Coticule Section  Caoticule
Orientation Garnets Orientation Garnets Orientation Garnets Orientation Garnets

000 151 000 0 030 63 070 102
000 153 000 38 030 136 070 145
000 81 000 31 030 165 070 124
000 176 000 158 030 168 070 105
000 16 000 25 030 94 070 120
000 155 000 34 030 5 070 144
000 170 000 21 030 100 070 111
000 158 000 153 030 133 070 130
000 57 000 41 030 134 070 105
000 10 000 150 030 78 070 98
000 51 000 171 030 160 070 134
000 154 000 30 030 169 070 137
000 57 000 31 030 125 070 149
000 22 000 68 030 142 070 116
000 152 000 4 030 122 070 81
000 148 000 29 030 132 070 80
000 133 000 144 060 69 070 2
000 52 000 35 060 95 070 105
000 150 000 18 060 175 070 103
000 51 000 20 060 66 070 104
000 154 000 135 060 161 070 118
000 156 000 48 060 68 070 85
000 164 000 26 060 60 070 113
000 16 000 31 060 172 070 89
000 165 000 40 060 112 070 98
000 48 000 166 060 104 070 144
000 163 030 163 060 160 070 10
000 44 030 158 060 132 070 146
000 153 030 113 060 144 070 116
000 16 030 93 060 102 070 130
000 20 030 167 060 94 070 117
000 2 030 122 060 72 070 115
000 19 030 164 060 96 080 96
000 52 030 71 060 110 080 116
000 14 030 43 060 114 080 104
000 53 030 92 060 159 080 102
000 47 030 155 060 114 080 118
000 8 030 150 060 116 080 137
000 153 030 71 060 134 080 92
000 134 030 39 060 135 080 118
000 42 030 150 060 114 080 115
000 162 030 73 060 85 080 129
000 25 030 76 060 128 080 80
000 42 030 55 060 128 080 100
000 176 030 62 060 122 080 129
000 38 030 124 060 137 080 105
000 167 030 152 060 90 080 99
000 163 030 148 060 114 080 111
000 154 030 104 060 115 080 155
000 147 030 120 060 97 080 64
000 154 030 178 060 140 080 109
000 17 030 179 060 159 080 114
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MBO022 Inclusion Trail Pitch/Strike continued

Section  Caoticule Section  Caoticule Section  Coticule Section  Caoticule
Orientation Garnets Orientation Garnets Orientation Garnets Orientation Garnets

080 89 090 87 120 92 150 166
080 151 090 85 120 159 150 162
080 120 090 104 120 160 150 100
080 116 090 111 120 122 150 163
080 109 090 89 120 138 150 61
080 115 090 109 120 162 150 36
080 101 090 137 120 117 150 43
080 115 090 125 120 163 150 122
080 143 090 144 120 134 150 145
080 136 090 104 150 48 150 26
080 92 090 172 150 164 150 120
080 107 090 120 150 130 150 158
080 134 090 117 150 52 horizontal 9
080 115 090 123 150 143 horizontal 339
080 133 090 105 150 159 horizontal 329
080 109 120 143 150 160 horizontal 312
080 140 120 39 150 165 horizontal 350
080 148 120 70 150 156 horizontal 344
080 125 120 78 150 143 horizontal 295
080 130 120 160 150 158 horizontal 320
080 142 120 165 150 168 horizontal 320
080 84 120 101 150 157 horizontal 58
080 72 120 144 150 167 horizontal 318
080 84 120 100 150 147 horizontal 338
080 80 120 146 150 164 horizontal 30
090 140 120 128 150 115 horizontal 20
090 130 120 178 150 32 horizontal 35
090 121 120 120 150 156 horizontal 312
090 104 120 88 150 144 horizontal 327
090 105 120 96 150 2 horizontal 347
090 119 120 137 150 173 horizontal 27
090 125 120 138 150 161 horizontal 349
090 133 120 140 150 56 horizontal 16
090 102 120 133 150 96 horizontal 19
090 120 120 114 150 0 horizontal 352
090 121 120 87 150 171 horizontal 330
090 121 120 139 150 112 horizontal 6
090 74 120 82 150 149 horizontal 4
090 104 120 90 150 140 horizontal 352
090 128 120 102 150 130 horizontal 354
090 151 120 90 150 7 horizontal 348
090 100 120 134 150 108 horizontal 18
090 128 120 158 150 125 horizontal 2
090 86 120 144 150 158 horizontal 4
090 75 120 131 150 142 horizontal 10
090 148 120 145 150 121 horizontal 3
090 133 120 134 150 133 horizontal 2
090 119 120 125 150 89 horizontal 340
090 111 120 98 150 147

090 89 120 111 150 130
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MBO028 Inclusion Trail Pitch/Strike

Section Coticule Section Coticule Section Coticule
Orientation  Garnets Orientation  Garnets Orientation  Garnets

000 48 000 132 000 51
000 50 000 66 000 65
000 72 000 70 030 54
000 62 000 51 030 53
000 150 000 32 030 68
000 56 000 47 030 49
000 124 000 53 030 109
000 54 000 36 030 104
000 58 000 51 030 110
000 56 000 134 030 115
000 68 000 68 030 116
000 131 000 95 030 58
000 67 000 54 030 56
000 74 000 62 030 48
000 69 000 49 030 72
000 67 000 131 030 98
000 48 000 133 030 71
000 127 000 51 030 56
000 72 000 89 030 68
000 108 000 51 030 112
000 59 000 68 030 32
000 69 000 68 030 88
000 116 000 50 030 115
000 119 000 60 030 111
000 50 000 63 030 55
000 65 000 93 030 110
000 64 000 44 030 76
000 48 000 63 030 55
000 52 000 72 030 54
000 130 000 41 030 110
000 114 000 134 030 108
000 65 000 132 030 113
000 54 000 54 030 174
000 64 000 49 030 72
000 63 000 66 030 55
000 42 000 39 030 51
000 51 000 67 030 114
000 119 000 83 030 57
000 126 000 145 030 68
000 132 000 54 030 108
000 124 000 41 030 56
000 18 000 53 030 73
000 44 000 65 030 156
000 56 000 58 030 114
000 57 000 52 030 139
000 55 000 128 030 17
000 38 000 124 030 54
000 52 000 65 030 45
000 25 000 46 030 53
000 37 000 112 030 73
000 130 000 130 030 2

Xi
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MBO028 Inclusion Trail Pitch/Strike continued

Section Coticule Section Coticule Section Coticule
Orientation  Garnets Orientation  Garnets Orientation  Garnets
030 53 060 136 090 150
030 56 060 90 090 43
030 55 060 98 090 30
030 46 060 72 090 67
030 116 060 110 090 52
030 19 060 50 090 35
030 114 060 119 090 27
030 135 060 49 090 114
030 48 060 116 090 29
030 71 060 114 090 37
030 72 060 98 090 55
030 54 060 50 090 110
030 62 060 59 090 114
030 112 060 108 090 123
030 54 060 67 090 31
030 76 060 70 090 108
030 54 060 75 090 115
030 40 060 51 090 111
030 75 060 35 090 74
030 118 060 10 090 67
030 112 060 105 090 32
030 113 060 44 090 155
030 70 060 49 090 164
030 120 060 34 090 91
030 53 060 73 090 64
030 135 060 70 090 36
030 56 060 77 090 64
030 72 060 48 090 59
030 49 060 49 090 112
030 108 060 91 090 69
030 71 060 51 090 60
030 54 060 49 090 104
030 54 060 86 090 60
030 100 060 71 090 68
030 113 060 98 090 30
030 55 060 69 090 19
030 57 060 53 090 54
030 29 090 112 090 104
030 53 090 105 090 112
030 119 090 65 090 32
030 58 090 34 090 67
060 54 090 30 090 32
060 50 090 95 090 101
060 49 090 60 090 32
060 70 090 56 090 44
060 51 090 29 090 65
060 117 090 75 090 163
060 74 090 28 090 109

Xii
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MBO028 Inclusion Trail Pitch/Strike continued

Section Coticule Section Coticule Section Coticule

Orientation  Garnets Orientation  Garnets Orientation  Garnets
090 65 120 40 150 163
090 67 120 117 150 140
090 110 120 4 150 138
090 71 120 164 150 137
090 29 120 178 150 145
090 29 120 174 150 95
090 65 120 48 150 162
090 34 120 170 150 142
090 108 120 125 150 93
090 65 120 121 150 153
090 39 120 148 150 129
090 110 120 40 150 143
090 157 120 172 150 134
090 109 120 37 150 56
090 30 120 36 150 38
090 105 120 175 150 35
090 66 120 176 150 87
090 61 120 39 150 135
090 60 120 127 150 159
090 29 150 77 150 42
090 68 150 164 150 163
090 169 150 160 150 129
090 60 150 132 horizontal 121
120 130 150 69 horizontal 122
120 38 150 109 horizontal 39
120 168 150 170 horizontal 110
120 39 150 65 horizontal 135
120 171 150 110 horizontal 160
120 58 150 130 horizontal 134
120 122 150 142 horizontal 120
120 125 150 158 horizontal 115
120 68 150 160 horizontal 152
120 40 150 169 horizontal 110
120 119 150 160 horizontal 115
120 39 150 149 horizontal 134
120 165 150 135 horizontal 24
120 26 150 142 horizontal 109
120 20 150 138 horizontal 119
120 173 150 117 horizontal 114
120 158 150 165 horizontal 59
120 123 150 27 horizontal 128
120 125 150 44 horizontal 113
120 38 150 99 horizontal 6
120 149 150 21 horizontal 154
120 170 150 106 horizontal 100
120 169 150 158 horizontal 114
120 173 150 166 horizontal 154
120 157 150 93
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MBO030 Inclusion Trail Pitch/Strike

Garnet Garnet Garnet Garnet
Section Orientation Core Rim Section Orientation Core Rim
000 28 45 080 43 167
000 23 42 080 52 164
000 19 47 080 53 167
000 41 44 080 58 1
000 29 49 080 61 6
000 20 35 080 63
000 14 51 080 55
000 29 47 090 32 153
000 41 48 100 44 160
000 14 45 100 40 159
000 42 45 100 64 163
000 35 100 43 158
000 27 100 49 157
000 23 100 42 161
000 32 100 159
000 175 110 63 153
000 33 110 38 149
030 24 23 110 100 148
030 24 32 110 51 156
030 32 43 110 61 150
030 62 36 110 160
030 16 29 120 39 153
030 39 37 120 155 150
030 17 120 144
030 23 150 6 140
060 61 21 150 4 135
060 45 11 150 124 138
060 43 16 150 14 104
060 38 19 150 154 156
060 35 12 150 149 121
060 55 14 150 156 139
060 74 11 150 100 144
060 50 16 150 121 147
060 47 150 113 146
060 44 150 46 148
060 50 horizontal 35 75
060 67 horizontal 21 70
080 62 24 horizontal 31 70
080 54 19 horizontal 20 72
080 72 152 horizontal 16 78
080 35 148 horizontal 40 90
080 32 159 horizontal 20 68
080 41 165 horizontal 28
080 51 158 horizontal 20
080 53 169 horizontal 14
080 44 171
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MBO051 Inclusion Trail Pitch/Strike

Section  Crenulated Differentiated Garnet Section  Crenulated Differentiated Garnet
Orientation Cleavage Crenulation Rim Orientation Cleavage Crenulation Rim

000 110 72 160 090 158 128 162
000 115 74 141 090 175 110

000 114 70 143 090 162

000 108 75 144 120 61 110 10
000 102 70 152 120 61 102 5
000 114 48 140 120 70 102 2
000 108 70 120 54 120 4
000 114 74 120 58 103

000 104 76 120 62

000 108 150 68 104 25
030 114 56 140 150 71 90 21
030 113 55 143 150 67 93 19
030 105 70 140 150 50 102 24
030 103 65 144 150 110 22
030 64 136 150 107

030 52 150 110

030 53 150 114

030 55 horizontal 81 49 115
060 122 117 153 horizontal 90 50 127
060 126 115 147 horizontal 85 55 109
060 122 87 146 horizontal 108 54 136
060 124 115 142 horizontal 105 45

060 128 112 138 horizontal 100 56

060 125 119 139 horizontal 120 39

060 125 120 149 horizontal 102

060 112 horizontal 101

090 165 103 160 horizontal 125

090 143 115 172 horizontal 95
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MB105 Inclusion Trail Pitch/Strike

Garnet Garnet Garnet Garnet
Section Orientation Core Rim Section Orientation Core Rim

000 110 36 120 114 136
000 70 43 120 20 133
000 68 120 90 144
000 54 120 25 130
030 30 17 120 137
030 72 12 150 96 150
030 100 10 150 140 140
030 89 113 150 80 137
030 63 15 150 92 138
030 102 150 104 139
060 58 175 150 102 138
060 96 162 150 94 120
060 40 161 150 125
060 167 horizontal 54 40
090 58 153 horizontal 61 42
090 11 158 horizontal 8 44
090 70 145 horizontal 57 42
090 58 148 horizontal 61 43
090 118 151 horizontal 75 44
090 18 157 horizontal 109 42
090 20 149 horizontal 73 41
090 50 148 horizontal 88 38
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Appendix B:

Sample localities and

mineralogical data



prograde/

% alteration
Sample # Unit  Eastings Northings ' feldspar | % plag % bt % mu % chl retrograde % and of andalusite % sill

% st % gt % tourm % opaques

MBO003
MBO0O06
MBOO7
MB0O08
MBO010
MBO012
MBO013
MBO014
MB018
MBO019
MB021
MB022
MB023
MB024
MB028
MBO030
MBO031
MBO033
MBO035
MBO037
MBO038
MBO039
MBO040
MB041
MB042
MB043
MB044
MB045
MB048
MB049
MBO050
MBO051
MBO053

IIAX

3

ANPAPEANNNARDMOAEANMNNDNDNDNNAEDRRNENDENAEANMNNDNOSEPOOPDPA

338889
337182
336208
335330
339325
338159
338095
338174
338888
338447
340536
331167
330214
337663
327392
338069
335808
335173
335885
331977
331396
332475
332452
338072
335055
334423
334822
331175
333705
335826
334392
333999
334551

% qtz/ k-

4802880 70 1 2 18 1
4799613 40 2 15 10

4798899 45 1 15 25 3
4799605 55 5 10 5 7
4794007 70 1 10 5 1
4800187 50 1 8 25 8
4801180 45 1 26 18 2
4801614 52 1 5 20 2
4803527 55 1 20 15 2
4804397 50 3 20 18

4800854 40 1 25 18 5
4792741 45 1 15 20 1
4796434 53 1 15 20 1
4797061 55 1 10 10 15
4799770 50 3 5 20

4796421 65 2 15 10 1
4797366 57 2 10 15 10
4796967 55 2 10 14 12
4794840 40 3 17 25 5
4798718 55 2 5 25 5
4799335 35 8 5 24 15
4799888 55 2 15 18 2
4796476 50 2 20 2 <1
4797288 60 8 5 3 7
4796900 45 2 12 20 1
4796253 45 1 12 15 8
4798789 50 1 12 18 2
4797911 42 3 15 20 3
4802040 45 15 10 20 5
4799092 50 1 20 10 2
4800748 55 3 22 5 2
4801564 50 4 15 20 2
4800307 50 2 16 14 1

retro

pro+retro
retro
protretro
retro
pro+retro
retro
retro

pro+retro
pro+retro
retro
retro

retro
retro
retro
retro
retro
retro
retro
retro
retro
retro
retro
retro
retro
retro
retro
retro
retro
retro

15

2

2

»

99

10
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100

90

90
100

95

55

80

100
100
100
100

100

100
95
80
70

100
45
65

100
80

NINN

1

<1

8
1

1
3

2

fibrolitic/
tabular
5
3
2
2
1
1 fibrolitic
fibrolitic
fibrolitic
1 fibrolitic
fibrolitic
fibrolitic
fibrolitic 1
fibrolitic = <1
fibrolitic
fibrolitic
fibrolitic
2 fib+tab
3 fib+tab
8
fibrolitic
fibrolitic
2
2 fib+tab
fib + tab
2 fibrolitic
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2

D WN R

N

W o dwn B w

1
<1
1

<1
<1

<1
12
<1
<1

<1

<1

<1l
<1

<1

HrPPwPe R w

A
w A

P NWEFE @GP RERPERPEDN

NP R

e1ep [e2IbojeIauUIW pue Ssanedo| a|dwes — g xipuaddy

2on1g 'a '



% alteration
Sample # Unit | Eastings Northings | feldspar | % plag % bt % mu % chl retrograde % and of andalusite % sill

fi

brolitic/

tabular

% st % gt % tourm | % opaques

MB054
MBO055
MBO57
MBO058
MBO060
MB061
MB063
MB065
MB066
MBO67
MB068
MB069
MBO070
MBO71
MBO072
MBO74
MBO75
MBO76
MBO77
MBO78
MBO079
MBO080
MB081
MB082
MBO083
MB084
MBO085
MBO087
MB090
MB092
MB093
MB094
MB095

NAX

4

NABRADNMNNMNPAAADMMEADMMPAAMAEARNDEERARAARPEAEEARNMNNMNNAEARRPAAPPOODASEDS

334099
335103
335920
337870
337052
336836
335086
335302
332957
332781
331563
331367
330863
330179
329324
330236
329987
329595
329506
328889
329691
332761
333075
342372
342715
332888
332884
332031
328614
338173
333382
333562
332415

% qtz/ k- prograde/
4800715 56 6 12 2 3 retro
4799690 45 1 15 30 5 retro
4799072 50 1 15 15 10 retro
4798394 55 1 15 18 2  retro
4799102 45 1 17 7 3 protretro
4798813 60 2 18 2 2 retro
4800082 30 2 22 24 2  protretro
4799984 46 2 20 10 1 retro
4796484 55 2 18 15 1 retro
4796502 50 6 10 25 3 retro
4793822 40 7 15 15 7  protretro
4794011 45 7 15 20 2  protretro
4794566 45 15 15 17 <l retro
4794984 46 3 19 20 2 pro+tretro
4796069 40 2 18 30 1 retro
4795224 46 7 15 20 6  protretro
4795483 50 3 15 20 3 retro
4795761 60 3 5 20 4  protretro
4795924 60 3 10 16 5  pro+tretro
4796491 40 10 13 22 3 retro
4795963 50 5 14 10 12 retro
4795763 60 6 10 2 2  retro
4795786 40 10 20 20 1 retro
4799296 50 1 8 15 23  protretro
4799705 50 1 9 2 20 protretro
4798337 55 6 12 16 5 retro
4798502 50 4 10 20 10 retro
4796861 55 2 16 9 14  pro+tretro
4796717 50 20 8 14 3 retro
4795772 65 6 8 7 4  retro
4800199 40 5 22 15 1 retro
4799818 50 2 17 3 5 retro
4794270 56 5 15 14 1 pro+tretro

3

2

12

80
100

95
100
100
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20
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% qtz/ k- prograde/ % alteration fibrolitic/

Sample # Unit | Eastings| Northings | feldspar % plag ' % bt | % mu % chl retrograde % and of andalusite % sill tabular % st % gt % tourm % opaques
MB096 4 | 330476 4796384 55 8 10 10 10 retro 1 fibrolitic 2 1 1
MB097 4 | 330322 4796616 40 10 15 20 8 retro 100 2 1 2
MBO099 2 338102 4796775 45 10 12 25 3 protretro 1 2
MB101 3 | 330335 4796838 65 4 12 7 3 retro 100 2 fibrolitic 3 3
MB103 4 330613 4796739 55 4 12 7 3 retro 3 <1 2
MB104 4 331186/ 4797784 50 8 15 20 3 retro 100 <1 fibrolitic <1 1 1
MB105 2 331861 4798655 45 10 12 15 9 retro 3 fib+tab 2 <1 1
MB106 4 333420 4796712 40 2 8 27 <1 99 2 fib+tab 14 2 <1 2
MB107 4 335242 4796426 50 5 10 14 <1 retro 5 55 4  fib+tab 6 2 2
MB108 2 335937 4796212 45 4 35 3 retro 100 1 fib+tab 1 2 1 3
MB109 4 335744 480158 48 15 12 10 2 retro 1 85 8 fibrolitic 1 1 1
MB110 4 335004 4800663 50 1 15 2 1 retro 12 55 1 fib+tab 3 2 1 1

1 Coarse grained migmatite (Perry Mt/ Rangely Fms). Mineral abbreviations used are as follows: gtz = quartz, k-felds = K feldspar,
2 Non-rusty, coticule bearing Perry Mt Fm. plag = plagioclase, bt = biotite, mu = muscovite, chl = chlorite, and = andalusite,
3 Rusty weathering Smalls Falls Fm. sill = sillimanite, st = staurolite, gt = garnet, tourm = tourmaline.
4  Grey metaturbidites (Carrabassett Fm)
5 Poorly bedded Gonic and Berwick Fms.
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Appendix C:

JCU collection

numbers



Appendix C — JCU collection numbers M. D. Bruce

Sample JCU Collection Sample JCU Collection
Number Number Number Number
MB001 74151 MBO061 74192
MBO003 74152 MBO063 74193
MB004 74153 MBO065 74194
MBO006 74154 MBO066 74195
MBOO7 74155 MBO067 74196
MBO008 74156 MBO