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structure contour mapgo analyze subsurface 3D fault geometry along
segments of the Moine thrust, NW Scotland

Nicholas Dean Heaverlo
ABSTRACT

Dynamically recrystallized quartz microstructures preserved in contact aureoles allow for stress
and strain rée estimates associatedith penetrative deformation of rocks surrounding pluton
margins. Microstructural analysisf the Harkless quartzites surrounding the western margin of
Papoose Flat plutoimdicates that recrystallization occurred by grain boundary migration with
mean recystallized grain size ranging from-885um. The application of three calibrated
piezometers results in differential stress estimates between ~11 and ~29 MPa. Published wet
guartzite dislocation creep flow laws combined with deformation temperature, whatgacity,

and differential stress estimates infer strain rates that range from 1.2 4bto 2.3 x 10*s™.

In order to analyze 3D subsurface fault geometry along-petfern curves (saliesstand
recesses), atructure contour map of the Moine thrust, extending from the North Coast
southwards to the Dundonnel area, was constructed from 1:50,000 Bcdlsh Geological
Survey (BGS) maps by correlatimgvizen elevation control pointsonstrained by the
intersection of the faulttrace with topographic contourd he structure contour map indicates
significant lateral variation in fault geometry along the Moine thrusth recesses associated
with antiformal corrugationsn the subsurface and salientbaracterized by planar geometries
or broad synformal corrugationg\dditionally, structure contour maps constructed the
Glencoul thrustas depictedy original BGS maps confirms that the thrust segments to the NE
and SW of Loch Glencoul are partloé tsame structure, rather than different structures
separated by a lateral ramgisshown on more recent BGS maps.
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CHAPTER 1

Introduction

This thesis is separated into two distirsttuctural and petrology basedchapterswhich
detail the application otwo different techniques, athe microstructural (Chapter Znd

regional (Chapter 3) scale

Ly / KI StlesS Aldd strain réte estimatassociated with penetrative deformation
of the Harkless quartzite aureole rocks, Papoose Flat Pluton, eastern Califomissed
published piezometers and wejuartzite flow laws to estimate differential stress and strain
rates associatedvith penetrativedeformation of aureole rockaround the western margin of
the Papoose Flat plutgm eastern CaliforniaAlong the plutons western margigratigraphic
unitswere thinned to nearly 10% of their regional thicknessa result oforcible pluton
emplacement. In order testimate the rate atvhich theaureole rocks were strained, thin
sections were analyzed frogixf 2 O G A2y a 2y 3 (K ® ddtdindeétBey Q&4 6 S &
size of the recrystallized grains ati mechanism by whichjuartz wasdynamically
recrystallizedThese grain sizesane employed toestimatedifferential stresausing three
calibrated piezometersThe differential stress estimates wareturn used in conjunction with
deformation temperatureso estimatestrain rates for deformation of quartzite aureole rocks

using wetquartzite flow laws

In Chapter 3¢ | a A y fire oftdliHn@ps to analyzabsurfaceD faultgeometry
alongsegments of the Moine thrust zorte2  { O 2,iivé donstRuéted structure contour
maps along thenapped trace of the Moine thrugtom the Nort Coast to the Dundonnel area
to analyze thehree-dimensionakubsurfacdault geometryin the region Additionally,we
applied this technique td Yy 9Sa G A 31 0S GKS Df Sy O2dzZ pakdlibzaid WwYO2
the Assynt culminationyhere the strutural positiors of the Glencoul thrust and Ben More
thrust have been the subject of recedebate. Structure contoursn the Glencoukhrust
surfacewere constructed in this regioto evaluatethe lateral continuity of theGlencoulkhrust

surface
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Abstract

Past attempts to quantify stress and strain rates associated with pluton emplacement have
concentrated on measuring strains in aureole rocks and attempting to quantify duration of
deformation via numerical models of pluton/wall rock cooling. Cambrian agkléts
guartzites located along the western margin of Papoose Flat pluton, Vifiyte Mountains,
California, were thinned and dynamically recrystallized to as little as 10% of their regional

stratigraphic thickness during pluton emplacement.

Previous exprimentaland theoreticaltudies have quantified relationships between
dynamically recrystallized grain size, recrystallization regime, and corresponding differential
flow stresses and strain rates. Dynamically recrystallized quartz grain sizes androctnoss
preserved in naturally deformed rocks can therefore be used to estimate differential flow stress

and, in combination with appropriate flow laws, strain rates in the rock.

Microstructure analysis indicates that recrystallization of Harkless git@rbccurred by
grain boundary migration with mean recrystallized grain size ranging freB2Bgum. Only
grain sizes up to ~120 um were considered in differential stress and strain rate estimations.
Application otthree calibrated piezometenssults indifferential stress estimates betweeril 1
and ~29MPa.Publishedwvet-quartzite dislocation creep flow laazombined with deformation
temperature, water fugacity, and differential stress estimates, provide strain rates that range
from 12 x 10" s*to 2.3x 10* s, Thefasterstrain rateestimates are in agreement with strain

rates indicated bywumericalcoolingmodelswithin the pluton's contact aureole.
2.1Introduction

Only a few studies of midrustal plutons have attempted to quantify the stress and
strain rates of deformation related to forcible pluton emplacement. Past research has
suggested that strain rates associated with aleerock deformation varpetween 10° and 10
1251 (Karlstrom et al., 1993; Miller and Paterson, 1994; Nyman et al5;13&nandez and
Castro, 1999; McCaffrey et al., 1999; Albertz et al., 2006). These rates are several orders of



magnitude faster than typical geologic strain rates of’l® 10"°s* (Pfiffner and Ramsey,

1982). No study, to our knowledge, has used ii@d grain size piezometers or wagartzite

flow laws to estimate strain rates associated with pluton emplacement. This is likely because
high strains associated with forcible emplacement typically are not preserved in aureole rock
microstructures at reltively close structural distances to the pluton margin. These preservation
issues typically occur as a result of either mechanical processes, such as assimilation and
stopingof aureole rockgPaterson and Vernon, 1996) grain boundary area reduction
processes that may occur during dynamic recrystallization or after deformh#srceased

(static annealing), resulting in the removal or complete recrystallization of microstructures.

Aureole rocks along the western margin of the Papoose Flat plutoreraSalifornia,
have been plastically deformed and thinned to only 10% of their regional stratigraphic
thickness, with no field evidence for stoping or assimilation proce&dsester et al., 1978).
Nymanet al. (1995) incorporated the amount of stratigrhic thinning into simple 1D thermal
cooling models to estimate strain rates on the order of-4€" associated with the
emplacement and deformation of aureole rocks surrounding the western margin of the pluton.
This study will use the grain sizes ohdsnically recrystallized microstructures preserved in the
relatively pure (with minor accessory phases) Harkless quartzites to estimate differential stress
and strain rates associated with emplacement of Papoose Flat pluton and compare these strain
rate egimates with strain rates indicated by thermal modeling (Nyman et al., 1995). The simple
PT history of quartzites in the contact aureole of the Papoose Flat pluton, compared to multiply
deformed terranes with complex-RD histories, make them ideal candiés for quartz

piezometry and strain rate estimates.

Optically measured grain sizes wemployedto determine differential stresses associated
with forcible emplacement and symagmatic deformation of the aureole roclsing three
calibrated piezometerdNe use these differential stress estimates, along with published
deformation temperatures obtained from calcitiolomite thermometry (Nyman et al., 1995)
and quartz eaxis fabric opening angles (Law et al., 1992), to estimate strain rates using wet

guartate flow laws.



In most studies, these differential stress and strain rate estimates are calculated with a
single piezometeflow law relationship, without discussion alternativeestimates obtained
by using other published calibrations. Given the reli simple deformation history under
which the quartzites surrounding the western margin of Papoose Flat pluton were dynamically
recrystallized, these rocks provides an ideal case study site to investigate discrepancies in
differential stress and strairate estimates obtained when differesbmbinations of

piezometerflow laws are applied.

2.2 Geologic Background

The Papoose Flat pluton is a Late Cretaceous quartz monzonite -fettisidar
megacrysts (Ross, 1965; Sylvester et al., 1978) located in the-UWitd/lountains of eastern
California. It is part of a Mesozoic suite of granitic plutons considered to benieally linked
to the Sierra Nevada Batholith (Bateman et al., 1963; Ross, 1965; 1969), located ~20 km to the
west (Figure2.1). The Papoose Flat pluton is one of the youngest plutons in the range, with a U
Pb monazite age of 83410.4 Ma (Miller, 1996)This age is coincident with a period of Late
Cretaceous magmatism and regional dextral stakp movement along NWending shear
zones in the Sierra Nevada magmatic @mabisch et al., 1995; Greene and Schweikert, 1995;
Tikoff and SainBlanquat, 199; SaintBlanquant et al., 1998; Glazner et al., 2004; Bartley et al.,
2007) and along the western flank of the Whitgyo Range\(ines, 1999Sullivan and Law,
2007).

The Whitelnyo Range is a N\vending horst blockhat is bounded to the west by high
angle Cenozoic normal faults in Owens Valley and to the east by normal faults and dextral
oblique slip faults in Eureka Valley, Fish Lake, and Saline \Wlepr{,1992) (Figur.2). The
Inyo Range is composed of essentially unmetamorphosed Cambriampi@@ambrian
sedimentary rock¢Figure2.3) that are folded around the-gunging Inyo Anticline and locally
metamorphosed around pluton margins (Nelson, 1962; Ernst et al., 1993). The Papoose Flat

pluton was forcibly emplaced as a difexl laccolith (Morgn et al., 1998) into the southwest
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limb of the InyeAnticline at a crustal depth of ~115 km (SainBlanquat et al., 2001), locally
deforming and deflecting the pr€ambrian and Cambrian sedimentsthe west (Figure2.4,
2.5) (Nelson et al., 1978; Sylvester et al., 1978). Pressure estimates for emplacement vary

between ~3.5 and 4.0 kbar (Nyman et al., 1995).

The plutoraureole rock contacts along the western and eastern margins of the pluton
exhiht strikingly different field relationships. Along the western margin, an outer carapfce
the plutonknown as the gneissic border facies is concordant with the aureole rocks for ~20 km
(Nelson et al., 1972, 1978; Sylvester et al., 1978; Morgan et 88)1%hese aureole rocks have
been metamorphosed (marble, quartzite, schist) and plastically deformed and thinned by up to
90% now measuring only 10%6 their regional stratigraphic thicknegsigure2.4) (Nelson et
al., 1972; Sylvester et al., 1978).iRgpastic restoration of the aureole rocks shows that during
emplacement the pluton inflated vertically by ~ 2 km, while deflecting and thinning the aureole
rocks along its western margin (Morgan et al., 1998). Contrastingly, the eastern margin pluton
aureole rock contact is discordant with virtually no strain accumulated along the pluton margin

or in the aureole rocks surrounding the pluton (Figu2es 2.6).

Foliation and lineation in the aureole rocks along the western pluton mangiparallel
to foliation and lineation observed in the pluton's gneissic border facies (Law et al., 1992).
Lineation data within both the aureole rocks and gneissic border facies along the western
margin indicate that plastic deformation occurred synchronous with plutoatiofh (Saint
Blanquat et al., 2001). Quartz fabric analysis of the Lower Cambrian Harkless Formation
guartzites around the western part of the pluton indicate that the stretching lineation is
associated with knscale domains of top to the SE and top to Mie shear senses, although top
to the SE shear senses are dominant (Morgan, 1992; Law et al., 1992; 1993).In contrast, the
eastern margin of the pluton displays a vertical linear fabric and the aureole rocks lack any

major fabric development (Sylvester at, 1978).

Morgan et al. (1998) proposed a tvgpage model for pluton emplacement based on the

relationship between andalusite porphyroblast growth and development of macroscopic
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structures within the Harkless Formation schist. Additionally, compositional zoning of silicate
and magnetic minerals within the granitic pluton body suggests that the pluton evolved through

injection ofmultiple magma pulses (SaiBlanquat et al., 2001).

CKSNXYIf Y2RStAYy3 2F (KS LX dzi 2afe@e@edSt@ig f A y 3 K
rate of ~10'%s likely occurred in at least the inner margin of the aureole (Nyman et al., 1995).
Strain rates were modeled using the heat flow atjan for a rectangulashaped pluton from
. dzy SO NIIK omMpynod 'y | daddzYSR YIF3AYlF GSYLISNI {dz
usedTheA Y AGALFE gl ff NRO]l GSYLISNI GdzNB 41 & | aadzySR
depth of ~10 km and a geothermaINJ R A Sy (i -'2This mopeting Assuinds that the
pluton was formed from a single magma pulse that stretched the surrounding country rocks in
the pluton's aureoleAdditional modeling by Nyman et al. (1995; their fig. 8a) indicates that if
elevated emperatures are maintained by the input of successive magma pulses, the observed
DE: GKAYYAY3I 2F AGNI GAINFLIKAO dzyAada |f2y3 GKS
at slower strain rates.Further modeling by Saint Blanquat et al. (2001) ested total
duration for pluton development, from initial sill emplacement to final crystallization to be

~30,000 years.
2.3 Microstructures

Dynamically recrystallized quartz microstructures produced under known experimental
conditions (Hirth and Tulljd992) have also been recognized in naturally deformed rocks
(Dunlap et al., 1997; Stoeckhert et al., 1999; Stipp et al., 2002a, b, 2010). Three different
recrystallization microstructures can form as a result of changes in strain rate and/or
deformationtemperature. These microstructures in naturally deformed quartzites are: grain
boundary bulging (BLG), formed at relatively high strain rategoandw temperatures;
subgrain rotation (SGR), formed under medium strain ratd@ngemperature conditions; ad
grain boundary migration (GBM), formed at relatively low strain rategaruigh
temperatures (Stipp et al., 2002b). These microstructures broadly correlate to the three

dislocation creep regimes for quartz, identified by Hirth & Tullis (19B@) cf. Stipp et al.
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(2002b) and review by Law (in press). In naturally deformed rocks, transitional recrystallization
regimes are often observed, with the presence of at least two recrystallization microstructures,

one dominant over the other (Stipp et al., ZZ4) this study).

In their study of natural quartzites along the Tonale Fault Zone (Italian Alps), Stipp et al.
(2002b) recognized two separate classes of GBM based on the relationship between accessory
phase phyllosilicates and dynamically recrystalligedrtz grains. The relatively low
temperature, GBM I, is identified by quartz microstructures that are pinned by phyllosilicates,
with spacing between phyllosilicates controlling quartz grain growth during dynamic
recrystallization. The relatively high temrature, GBM I, is distinguished by quartz grains
growing without impedancéom second phase minerals (phyllosilicates) on grain boundary

growth.

Previous microstructural work completed on the plastically deformed aureole rocks along
the western margirof Papoose Flat pluton has focused on quartz fabrics (Law et al., 1992) and
deformation temperatures associated with pluton emplacement and deformation (Nyman et
al., 1995). Law et al. (1992) documented preferred alignmejtofRiynamically recrystallize
grains oblique to the macroscopic mylonitic foliation)(@fined by phyllosilicates in some
Harkless quartzite samples that indicated a dominanttiophe SE shear sense. In all samples
shear sense inferred from oblique grain shape alignments wasrowd by asymmetry of

single and crosgirdle (transitional between Type 1 ands&nsuLister, 1977)-@axis fabrics

Samples analyzed in this study were collected by R.D. Law and S.S. Morgan during field seasons
in 19961991. Our analyses were completed Harkless quartzites, collected from the western
aureole of Papoose Flat pluton, along traverses oriented perpendicular to the pluton margin
(Figure2.7). Thin sections wereut perpendicular to macroscopic foliation and parallel to

stretching lineation XZ plane). In most cases, sample traverse names correspond to the Law et

al. (1992) traverse descriptions (their Traverse B, C, D, aildag®rses not described by Law et

al. (1992) are named accordinggamplelocation numbers (Location 26, 46), receddon the

field topographic mp by R.D. Law and S.S. Morgan.
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Fig.2.7. Simplified geologic map showing location of samples collected from the Harkless

Formation quartzites along western margin of the Papoose Flat pluton. Figure adapted from
Law et al. (1992).
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All quartz grains in the samples from the Harkless Formationtzjtes have been
dynamically recrystallized by GBM I/1l with minor amounts of transitional SGR/GBM
microstructures, whose significance we will discuss later. Large lobate and sutured grain
boundaries are typical microstructures in these dynamically réaltyed quartzites. In areas of
relatively high mica concentration, pinning of quartz grain boundaries, parallel to the main
guartzite foliation is common throughout the samples. Even in cases where GBM | dominates in
the Harkless quartzite samples, thease GBM Il microstructures with phyllosilicate trails

includedwithin large quartz grains, indicative of a transitional regime within GBM.

In samples collected near the pluton margin, possible dissection microstructures or island
grains (sensu Urai etl.a1986) are present, and in some cases the samples exhibit a foam
GSEGdzZNBE 6AGK LRfea2ylrt INIAY o62dzy RI NASa GKI
microstructure is characteristic of grain boundary area reduction (GBAR) processes that may
occur as aesult of: dynamic recrystallization (sgieformation), static annealing (post
deformation), or by a combination of the two processes (Heilbronner and Tullis, 2002; Passchier
and Trouw, 2005). While it is important to draw a distinction between theseqases, both
NEBadzZ & Ay +ty AYyONBIFraS Ay 3INIAY &A1l S -ifjoR L2 &3
impossible-to differentiate between these mechanisms based on microstructures. In
consideration of this problem, samples displaying thisrgfabric will be referred to as either
RAALI I @Ay 3 | PIFsechier &nd Tod RaDBdIBS algrkiil KiNidary area

reduction (GBAR) microstructure, for the remainder of this chapter.
2.3.1 Traverse B

Traverse B (Figuz8) is located alonthe SW margin of the pluton. GBM microstructures
indicated by large lobate grain boundaries are present in all samples3®Hocated 10.9 m
from the pluton margin, exhibits GBM Il microstructures with an abundant number of grains

with afoam texture. =136, located 15.8 m from the margin, exhibits GBM Il microstructures,
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Fig2.8. Crosssection along Traverse B. Photomicrograp
on the right are arranged in order of proximity to the
pluton margin (bottom imagés closest to the margin).
Orange arrows indicate phyllosilicatesluded within
guartz grairs, indicative of GBM Il microstructures. Light
blue arrows indicaté&sBARmicrostructures (?), and yellov
arrows indicate phyllosilicates controlling grain boundar !
migration; indicative of GBM I. This microstructural
relationship indicates a decrease in temperature or stra
rate as we move away from the pluton margin. Mean
grain sizes and structural distance of each sarfrpla

the pluton margin can be found in Tallel. All
photomicrograph scale baegt 500 um. Figure adapted
from Law et al(1992).
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Fig2.8 (continued)Crosssection along Traverse B
(extension) Photomicrographs on thieft are arranged in

&4 order of proximity to the pluton margin (bottom image

closest to the margin). Yellow arrows indicate phyllosilica
controlling grain boundary migration; indicative of GBM |,
orange arrows indicate phyllosilicatexluded within quarz

29 grains indicative of GBM Il microstructures, and light blue

arrows indicateGBAR microstructurebean grain sizes anc
y structural distance of each sample to the pluton margin ci
be found in Tabl@.1. Allphotomicrograph scale baegt 500
pm.
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with relatively fewer annealed grains than the previously described sample. The locally
observed decrease in @R microstructures is likely due to the increased structural distance
from the pluton margin. In sample AB7, located 18.9 m from the pluton margia transition

to GBM I microstructures is observed. Grain boundaries are pinned by phyllosilicates, which
define foliation in the sample. PE38, located 19.9 m from the pluton margin displays GBM |
microstructures with minor amounts @BARyrains. Theransition from GBM Il (PE36) to

GBM | (PA.37,138) microstructures are interpreted to be thermally controlleased on the

distances between the samples and the pluton margin.

2.3.2 Traverse C

Traverse C (Figu9) is located at the westermost mapposition of the pluton
margin. All samples exhibit GBM II microstructures9@®F504, and 505 are all located in
essentially the same structural position in the aureole at 23.2 m from the plwtahrock
contact, and yet display different recrystallizatimicrostructures. A comparison between-PF
505 and P#0, 504 shows that P05 grains are much more lobate and amoeboid in shape. PF
505 exhibits GBM Il microstructures with island grains, but lack&k@gcrostructures. Rg0
also displays GBM II mictasctures with possible island grains, and grain boundary area
reduction is much more common than in the other two samples from the same structural
position. PO exhibits GBM Il microstructures and island grains lacks GBR grains. RB9,
located 253 m from the pluton margin displays GBM II microstructures with island grains and
PF88, located 39.6 m from the pluton margin displays GBM Il microstructure with relatively
larger grain sizes than the structurally lower&8: All samples located alongdltraverse
display GBM Il microstructures. This traverse displays the clearest evidence for grain boundary
area reduction processes compared to any of the other traverses analyzed around the pluton

margin.

2.3.3Traverse D

Traverse D is located along thN&V margin of the pluton (Figu210). PF73, the sample

collected closest to the pluton margin (22.7 m), exhibits GBM Il microstructures with foam

19



PO PF-83, 4x, XPL

on the right are arranged in order of proximity to the
pluton margin (bottom imagés closest to the margin).
Green arrows indicate possible island grain
microstructures, orange arrows indicate phyllosilest
included withinquartz graingrains indicative of GBM Il
microstructures, and light blue arrows indicaB8AR
microstructures. Mean grain sizes and structural distanc
of each sample to the pluton margin can be found in Talt
2.1. All photomicrographcsile barsat 500 um. Figure
adapted from Law et a(1992).

=500 pm
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on the right are arranged in order of proximity to the plutob
margin (bottom image closest to the margin). Yellow arro'
indicatephyllosilicates controlling grain boundary
migration; indicative of GBM I, orange arrows indicate
phyllosilicatesncluded withinquartz graingrains indicative
of GBM Il microstructures, and light blue arrowsiaade
potential GBAR microstructurellean grain sizes and
structural distance of each sample to the pluton margin c:
be found in Tabl@.1. All photomicrograph scale baas500
um. Figure adapted from Law et al (1992).
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aureole (PH4,75), GBM I/l transitional microstructures are observed, along with a decrease in
presence of GBR microstructures. This transition to GBM | at the higher structural position

likely indicates a decrease in tempeus.

2.3.4 Traverse E

Traverse E is located along the NW margin of the pluton (FRjLfg. PF/7, located 34.0 m
from the pluton margin, was the only quartzite sample collected along this traverse. It displays
GBM Il microstructures with phyllosilicatexluded within grais. Possible island grain
structures are present. These could also be interpreted as SGR microstructures, but given the
lobate nature of the surrounding grains with the inclusion of phyllosilicates, it is not likely that

SGR microstraares were produced.

2.3.5 Location 26

Location 26 (Figur.12) is situated on the northern margin of the pluton. Two samples
were analyzed from this location. No data were available for correlating samples to structural
distance from thepluton margin. =105 displays$ransitional SGR/GBM recrystallization
microstructures. This is the only sample where SGR microstructures are so abundant.
Microstructures are pinned by phyllosilicates, indicating GBM | recrystallization. Because this is
the only known quareite sample that displays these microstructures, the SGR microstructures
in this sample are interpreted to be overpring microstructures that have developeadter
deformation under relatively low temperature conditions. However, they may have also tbrme
due to an increase in strain rate and overprint of sjgiormational GBM microstructures. PF

109 displays GBM | microstructures with few microstructures indicative of GBAR.

2.3.6 Location 46

Location 46 (Figure.13) is situated on the southern margihthe pluton. Structural
distance data were not available for this traverse. Recrystallization is dominated by GBM | and Il
microstructures. PA71 exhibits possible SGR microstructures. BecausedsBM I
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Fig.2.11. Crosssection along Traverde Green arrows indicate possible island grain
microstructures (?) and orange arrows indicate phyllosilicatelsided withinquartz grairs;
indicative of GBM Il morostructures. Mean grain sizan be found in Tabl2.1.

Photomicrograph scale bat 500 pm.Figure adapted from Law et.£1992).
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Fig2.12 Location 26 microstructures. Structural distance
data was not available for this traverdged arrows indicate
possible SGR microstructuré&ellow arrows indicate
phyllosilicates controlling graimoundary migration;
indicative of GBM, landlight blue arrows inttate potential
GBAR microstructurédean grain sizes and structural
distance of each sampfeom the pluton margin can be
found in Table.1. All photomicrograph scale bat500
pm.
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PF-173, 4x, XPL| Fig2.13 Location 46 microstructures. Structural distance
data not available for this travers®range arrows indicate
phyllosilicatesncluded withinquartz grairs; indicative of
GBM Il microstructures, aned arrows indicate possible
SGR microstruates.Mean grain sizes and structural
distance of each sampfeom the pluton margin can be
found in Table2.1. All photomicrograph scales at 500 pm.
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microstructures present in other samples from this location, these microstructures are
interpreted asbeing formedas a result o& pulse of high strain rate or due tacreased
structural position from the pluton margjn.e. SGR microstructures overprinting syn

deformational GBM microstructures.

Sample PF170, 171, and 173ll displaymore tabulargrain shapethan all other traverse
samples with graifong axesoriented perpendicular to foliation. PE70 and 173 appear to be
recrystallized by GBM I, but these are very pure quartzites that lack phyllosilicate grains so it is

difficult to constrain he GBM sulregime.
2.4 Quartz recrystallized grain size measurements

Quartz grain size measurements were completed on standard 30 um thin sections cut
perpendicular to macroscop foliation and parallel tgtretching lineation (XZ plane) following
the analyti@al procedures of Stipp and Tullis (2003). Grain size measurements were completed
using the grain boundasjnear intercept method of Smith and Guttman (1953), complying with
grainsize measurement techniques of Stipp et 20X0) for quartz grains exhilmg SGR and
GBM microstructures. The grain bounddinear intercept method is our chosen method over
other techniques (see Stipp et al., 2010) because it not only prevents bias by not allowing for
GOKSNNE LIAOLAYy3AE 20utitslalsdbe mpg timédficienodihigud, NI A y a

when compared to other methods.

The linear intercept method involvgdacinga line of known lengtlacross a series of
grainsand dividing by the number of grain boundary interceplsng the lingFigure2.14).
Grain boundary measurements were completed using a linear intercept grid that was
constructed with fixed transects oriented parallel, perpendicular, and oblique to the
macroscopic foliation of the sample (Fig@.&5). Past studies (Stipp et al., 2@0b; 2010) have
only measured grains sizes along transects oriented parallel and perpendicular to the foliation.
Due to the lobate, norfequant nature of the grains that characterize GBM microstructures, and
the preferred shape @pof dynamic recrystalled grains that are oblique to the main foliation

(Law et al., 1992), measurements made oblique to the macroscopic foliation were implemented
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Mean linear intercept
(average grain size) ~

L= total line length

Ni= number of grain
boundaries intersected

Fig2.14. Diagram illustrating the grain boundaliypearintercept method of Smith & Guttman
(1953) used to determine mean grain size. @ir@vingrepresents sschematic
photomicrograph captured from the optical microscope. The equation used to calculate the
average grain size along the transect line is shown to the right of the figure.
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Line parallel to main foliation

Line perpendicular to main foliation
Line oblique to main foliation

Fig.2.15 Linear intercept transect grid with transect lines oriented parallel, perpendicular, and
oblique to the macroscopic foliation. This grid was placed over three spatially different
locations on the photomicrograph in order to more meaningfully estinth&erepresentative

grain size of the sample.
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to more meaningflly constrain mean grain siz&rain sizes were measured using an optical
microscope combined with photomicrographs. The linear transect grid was overlain on the
photomicrograph usingmage koftware (Rasband, 1992014) Micrographs of quartich rocks
taken in crosgolarized light often convey a false impression of grain boundaries due to
adjacent grains having similar extinction positions for particular orientations on the microscope
stage. In order to more meaningfully determine the presence of grain boundaries that may not
be obvious on the micrographs, refinements to the microstructures shown on the micrographs
were made using different extinction positions on the rotating stage ofoihical microscope.

This allowed grain boundary relationships to be mapped on the photomicrographs at a finer
scale. Three linear intercept grid measurements were completed on each sample, resulting in a
minimum of 250 grains measured per sample. Followireganalytical methods of Stipp and

Tullis (2003), no stereological corrections were made to the measured grain sizes.

Quartz grain growth may be inhibited by secondary phase minerals such as mica and
magnetite (Jessell, 1987) during both dynamic reetigation and annealing processes (Tullis
and Yund, 1982; Song and Ree, 2007), therefore grain size measurements were carried out in
thin section areas that lackedandant secondary phase mineral graiiilin section analysis
indicated thatGBM Il micrasuctures whose grain boundaries cut across-prasting domains
of phyllosilicates are not impacted by the secondary phase minerals, so measurements were

still completed in these areas.

Following the analytical method of Stipp et al., 2002a, mean grandsameter was
calculated using the geometric mean for grain sizes measured perpendicular, parallel, and
oblique to the macroscopic foliation. A summary of grain size measurements can be found in
Table2.1. There is no apparent relationship between dynamically recrystallized grain size and

proximity to the pluton margin.

2.5Deformation Temperatures

Peak temperatures of contact metamorphism were estimated using both calcite

dolomite thermometry (Nyman et al., 98) and quartz-@xis fabric opening angle data
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(reported by Law et al., 1992) combined with the Kryninganglethermometer (Kruhl,

1998). Peak temperatures of contact metamorphism acquired from Poleta Formation samples,
using calcitedolomite thermonetry, range between betweea.nc nel YR ppn s/ X RSL
sample location along the western margin of the pluton. Deformation temperatures inferred
FNRY FFEONRO 2LSYyAy3a y3dtSa INB (GeLAOlLtfte dpn
layers obtaind by calcitedolomite thermometry. The thermal aureole reaches a maximum

width of ~600 m along the southern margin and narrows to ~ 60 m on the westernmost margin

of the pluton (Nyman et al., 1995). In areas, where the outer extent of the thermal kureo

could not be constrained byalcitedolomite or quartz opening angle thermometry, it was

determined by lack of silicat@ineralphases in carbonate rocks sampled furthest from the

contact, and by the first appearance of unstrained sedimentary structuresdrautwards

from the pluton margin (Nyman et al., 1995).

Dynamic recrystallization microstructures in the Harkless quartzites allow us to at least
gualitatively evaluate deformation temperatures associated with pluton emplacement. In the
Tonale Fault Zanstudy area described by Stipp et al. (2002a, b) the presence of SGR and GBM
microstructures correlate with temperatures of contact metamorphism (associated with the
Adamello pluton) inthe~40p nn s/ o0{ Dw0O YR BYpnn e/ heé6D. ald N
Papoose Flat pluton, SGR and dominant GBM microstructures in the Harkless quartzites
correlate with roughly similar temperatures indicated by calcitdomite thermometry and

guartz caxis fabric opening angles.
2.6 Differential stress estimates

Experimenally- (De Bresser et al., 1998; Stipp and Tullis, 2003) and theoretiCaNiss,
1977; Shimizu, 2008) derived piezometers predict an inverse relationship between dynamically
recrystallized grain size (D) and differential stregsThese piezometers pvae a way to
estimate differential stresses operating in plastically deformed and dynamically recrystallized
rocks. BLG, SGR and GBM microstructures recognized in the experimental studies of Hirth and

Tullis (1992) have also been identified in naturatisgs (Dunlap et al., 1997; Stipp et al.,
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2002a; 2010a). Extrapolation of the experimentally derived differential stress, temperature, and
strain rate conditions under which these microstructures formed to natural settings allows for
the use of dynamicallsecrystallized grain size (D) to estimate the differential stfeksStipp et

al. (2006) argued that quartz recrystallization microstructures will only change regimes with
changes in flow stress and that there is no independent effect of hydrolytic emgady,

temperature, strain rate, anduartzalphabeta transition on grain size and hence the

experimentally calibrated Stipp and Tullis (2003) piezometer.

The relationship between dynamically recrystallized grain size (D) and differential stress

() is diown by the equation:

K "0 2.1)

where () is the differential stress[) is the grain size diameter, aBthndx are empirically

derived constants whose values vary between different experimental and theoretical studies. In
this study we will estimate and compare differential stresses associated with deformation of
Harkless quartzite samples in the contact aureoléhefPapoose Flat pluton using the following

three piezometers: Stipp and Tullis (2003), Twiss (1977) and Shimizu (2008).

The experimentally derived piezometer of Stipp and Tullis (2003) was calilusitegla
molten salt cell Griggs apparatus to defortadk Hills quartzite under varying temperature and
strain rate conditions. Holyoke and Kronenberg (2010) published an improved calibration for
the Stipp and Tullis (2003) piezometer by incorporating corrections made from their
experimental gas apparatusito the differential stress equatiorihe piezometer is calibrated
for grain sizes between ~3 and 46 um (Stipp and Tullis, 2003). However, Stipp et al., (2010)
suggest that the piezometer can be applied to grain sizes <120 um based on correlations
betweenmicrostructures recognized in experimental and natural settings. The empirical
constantsBandx used for calculating the differential stress with this piezometer are 480 and

0.79, respectively.
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The theorybased piezometer of Twiss (19f@zometer is tenperature independent
and therefore, recrystallized grain size is dependent only on differential stress. This piezometer
was used by Stipet al. (2010) to determine differential stresses for naturally deformed
guartzites based on recrystallized grain sizes compiled from a number of natural case studies.
They argued that given the geologic parameters for their compiled data, the Twiss (1977)
piezometer is the most suitable of the currently available grain size/stress calibrations and is
bestsuited for GBM microstructures (Stipp et al., 201Blpason and Tullis (1995) and Hirth et
al. (2001) alsodundthe Twiss (1977) piezomet&r be the most accurate piezometer for
quartz grains recrystallized by GBMis theoretical piezometer follows the form of EdlL.

with; Bequal to 603 and equal to 0.68.

In the theoretical piezometer of Shimizu (2008) it is assumed that grain size is
dependenton both stress and temperature, and that if temperature is neglected as a
contributing factor estimated stresses will be too low. This piezometasusedBoutonnet
(2013) because it isestsuited for SGR5BM recrystallization microstructureandthey argued
that the Twiss (1977) piezometer is applicable to subgrain size, but not to grains recrystallized
by GBM For alpheguartz (stable at <~570 °C), the following equation (with temperature
incorporated) is used for paleostress estimates on dynamicadiyystallized SGEBM

microstructures:

K6 0 ¢ (22)
where () is differential stresgD) is grain size diameteT,A & S Y LIS NBisiadzadBiricAly Yo =

constant equal to 217, anxlis an empirical constant equal to 0.8.

Differential stress estimates for wall rocks strains associated with emplacemérg of
Papoose Flat pluton range from ~ 10 to 42 MPa using the Stipp and Tullis (2003) piezometer, ~
21 to 73 MPa using the Twiss (1977) piezometer and ~ 17 to 77 MPa usiggithizu (2008)
piezometer. Only grains less than ~120 um were considered in these differential stress
estimates (based on recommendations of Stipp et al., 2010). Pabsnd Figure 2.16

summarizethe variation in estimated stresses between the piezoenst
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Table 2.1Recrystallized grain size and differential stress estimates

€€

Sample Deformation Distance from  Recrystallized Grain Size Std Dev  Stipp, 2003  Stipp, 2003  Stipp, 2003  Twiss, 1977  Twiss, 1977  Twiss, 1977  Shimizu, 2008  Shimizu, 2008  Shimizu, 2008
# Temperature pluton Diameter (+/-) Min. Avg. Max. Min. Avg. Max Min. Avg. Max.
66/ 0 (m) (um) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
Traverse C
PF504 500 58.4 122.6 111 10.1 10.8 11.6 21.6 22.9 24.4 20.1 21.6 23.3
PF505 500 67.3 2251 15.3 6.3 6.7 7.0 14.5 15.2 15.9 12.6 13.3 141
PF90 500 76.1 194.5 59.9 6.0 7.5 10.0 13.9 16.7 21.5 12.1 14.9 20.1
PF89 500 83.0 184.9 30.8 6.9 7.8 9.0 15.6 17.3 19.6 13.7 155 17.9
PF88 500 129.9 190.2 32.4 6.7 7.6 8.8 15.3 17.0 19.3 13.4 15.2 17.6
Location 26
PF109 550 - 103.7 16.2 11.0 12.3 141 23.3 25.7 28.8 20.0 225 25.7
PF105 550 - 23.8 1.5 37.7 39.6 41.7 66.9 69.9 73.1 69.4 72.9 76.9
Traverse D
PF73 570 22.7 124.9 13.7 9.8 10.6 11.6 21.1 22.6 245 17.2 18.7 20.5
PF74 570 32.7 102.4 9.7 11.6 12.4 13.5 24.4 25.9 27.7 20.4 21.9 23.8
PF75 530 32.7 143.6 23.2 8.4 9.5 10.9 18.6 20.6 23.2 15.9 17.9 20.7
Traverse E
PF77 512 34.0 128.1 13.6 9.6 10.4 11.4 20.8 22.2 24.0 18.8 20.4 22.3
Traverse B
PF135 550 10.9 113.6 16.2 10.3 114 12.9 22.0 24.1 26.8 18.8 20.9 23.6
PF136 550 15.8 117.2 16.6 10.1 11.2 12.6 21.6 23.6 26.2 18.3 20.4 23.1
PF137 550 18.9 112.8 14.3 10.5 115 12.8 22.4 24.3 26.6 19.1 21.0 23.4
PF138 544 19.9 151.3 25.1 8.1 9.1 10.5 17.9 19.9 225 14.9 16.8 194
PF245 550 29.2 97.8 12.8 11.7 12.9 14.4 24.6 26.7 29.4 21.3 23.6 26.3
PF246 550 39.6 103.2 11.9 11.3 12.4 13.6 23.9 25.8 28.0 20.7 22.6 249
PF246A 550 415 112.4 111 10.7 115 125 22.8 243 26.1 195 21.1 22.9
PF248 550 51.8 126.3 12.3 9.8 10.5 114 21.1 225 24.1 17.8 19.2 20.8
PF247 550 56.1 140.6 17.3 8.8 9.7 10.7 19.3 20.9 22.8 16.1 17.6 19.6
PF249 550 61.6 108.6 14.4 10.7 11.9 13.3 22.9 24.9 27.4 19.6 21.7 24.3
PF249A 550 65.2 104.5 13.8 111 12.2 13.7 23.5 25.5 28.1 20.2 22.3 25.1
Location 46
PF170 550 - 88.9 25.5 11.4 13.9 18.2 24.0 28.5 35.9 20.8 25.4 33.3
PF171 550 - 85.9 17.2 12.4 14.3 17.1 25.8 29.2 34.0 22.6 26.1 31.3
PF173 550 - 117.7 17.6 10.0 111 12.7 21.4 23.6 26.3 18.2 20.3 23.1
PF169 550 - 225.8 17.5 6.3 6.6 7.1 14.4 15.1 16.0 11.4 12.1 12.9

Recrystallized grain sizes and differential stress estimates for samples collected from the Harkless quartzites alestethe
margin of the Papoose Flat pluton. Structural distané®m pluton marginare given if datawere available. Deformation
temperaturesestimated from quartz eaxis fabrics (Law et al., 1992) and addomite thermometry (Nyman et al., 1995). For
analytical method used for grain size measurements see text
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Fig.2.16. Diagram comparing differential stress estimates for Harkless quartzites using different
recrystallized grain size piezometers. All plotted values are average estimates from Table 2.1.
The Stipp and Tullis (2003) piezometer gives the lowest differentedserstimates in all

samples analyzed. The Twiss (1977) piezometer gives the highest differential stress estimates
for all samples, except for tHee grain size sample (PF05)that was dynamically

recrystallized by SGR. For this samfile Shimiz({2008) piezometer indicatebe highest

differential stress.
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In this study, wherromparing average differential stress estimates, the Twiss (1977)
piezometeryieldsthe highest differential stresses for all grain sizes except for sampl®PF
which hasSGR microstructures and an average grain size of ~24 um. In this case the Shimizu
(2008) piezometer yields the highest differential stress estimate. When considering maximum
differential stresses associated with the deformation of the Harkless quarttiegstimate
for samplePF105 was not considered because the microstructures are interpreted to have
formed postdeformation (see SectioR.3.5). The Stipp and Tullis (2003) piezometer estimates
the lowest differential stresses all samples that were analyz@éigure2.16). Given the
narrow extent of the aureole, estimated differential stresses do not significantly decrease

traced away from the pluton margin.
2.7 Strain rate estimates

Strain rates associated with emplacement aftphs and the associated displacement of
aureole rocks may occur at notably higher rates (e.g. Karlstrom et al., 1993; John and Blundy,
1993; Miller and Paterson, 1994; Nyman et al., 1995; McCaffrey et al., 1999; Fernandez and
Castro, 1999; Johnson et &001) than 'average' geologic strain rates of-d® 10*°s*

(Pfiffner and Ramsay, 1982). As noted above, thermal modeling by Nyman et al. (1995)
estimated strain rates of 18 s™ for the aureole of the Papoose Flat pluton that ar8 brders

of maqitude faster than these 'average' geologic rates. Strain rates of this magnitude are too
rapid to be calculated from isotopeased geochronological techniques, but aureole rock
microstructures may record these high strain rates (Gerbi et al., 2004galdipistate

dislocation creep is reached in the aureole rocks, the resultant microstructure can be coupled
with published wet quartzite flow laws to estimate strain rates associated with pluton
emplacement and deformation of aureole rocks. The GBM quartrostructures observed
around the western margin of the pluton indicate that steagtgte dislocation creep was

reached in the aureole rocks.
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Published wetjuartzite flow laws can be used to estimate strain rate if differential stress,
temperature, and water fugacity can be constrained (Hirth et al., 2001; Rutter and Brodie,

2004). The wet quartzite power law equation for streire follows the form:

6 07 AAgDojy"r (2.3)

where Tis the strain rateAis a materiatonstant (™ ) is the water fugacity exponent, Xis
the differential stressn is the differential stress exponernis the activation energyRis the

ideal gas constant, anfis the absolute temperature.

The wet quartzite flow law of Hirth et al. (2001) uses comparisons between
experimentally and naturally deformed rocks to constrain individual flow law parameters. The
parameter values for thelirth et al. (2001) power flow law are as follows:10**MPa"/s,
m=1,n=4,Q= 135 kJ/mol, an®. Water fugacity was calculated following the methodology of
Hirth et al. (2001) and estimated to be ~196 MPa. This value was calculated by assuming an
F SN 3S RSTF2NXYIFGA2Y GSYLISNY GdzNBE 2F ppnse [/ O |

maximum lithostaéic pressure of 4.Xbar (based on the presence of andalusite).

The quartzite power flow law of Rutter and Brodie (2004) was calibrated experimentally
in the beta-quartz field using an argon gas medium apparatus. The parameter values for the
Rutter and Bodie (2004) equation are as follows=10**MPa"/s, m=1,n=2.97, and)=-

242000. A water fugacity of ~196 MPa was estimated in the same manner as previously noted.

Thesetwo published quartzite flow lawsdicatestrain rates that vary by orders of
magnitude when the input parametersemperature {T), and stress () are kept constant.
Strain rates based on thdirth et al. (2001) flow law are typicallyorders of magnitude
faster than strain rates based on tiRutter and Brodie (2004w law Caw et al., 2011;
Francsis, 2014.aw et al., 201)3For this study, the wet quartzite flow law of Hirth et al. (2001)
is preferred because the paraneet were determined from a wedlonstrained, natural tectonic
setting, while the Rutter and Brodie (2004) calibration tends to indicate strain rates lower than

the time-averaged strain rate (~ I8sec’) indicated for the aureole of the Papoose Flat pluton
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aureoleby thermal modeling (Nyman et al., 1995). Summaries aétrans in strain rate

estimates for the Harkless quartzites indicated by the Hirth and Tullis (2001) and Rutter and
Brodie (2004) flow laws, and using stress data from the Stipp and Tullis (2003), Twiss (1977) and
Shimizu (2008) piezometers, are showT ables2.2,2.3 and2.4, respectively All parameters

except stress’(), which varies with the piezometer chosen, are kept constant in these strain

rate calculations for each sample.

Using the Hirth et al. (2001) flow law combined with the Stipp e28il03) piezometer
results in estimated strain rates that vary between 9.7 #%#hd 2.9 x 18*s™. The Rutter and
Brodie (2004) piezometer results in strain rates of 6.2 %109.2 x 10’s* using the same

input parameters (Figurg.17).

Using tke Hirth et al. (2001) flow law combined with the Twiss (1977) piezometer results
in estimated strain rates that vary between 9.1 x'1and 1.9 x 18°s™. The Rutter and Brodie
(2004) piezometer results in strain rates of 3.3 X110 9.0 x 10° s using the same input

parameters (Figur@.18).

Using the Hirth et al. (2001) flow law combined with the Shimizu (2008) piezometer
results in estimated strain rates that vary between 1.1 X°ehd 1.5 x 18°s™. The Rutter and
Brodie (2004) piezometeesults in strain rates of 3.8 x 1bto 7.2 x 10’ s*using the same

input parameters (Figur@.19).

¢KS VY[ Q awldatsmintsabséniedSilNgigures 2.17, 2.18, and 218y be
caused by the influence of deformation temperature on the strain rate equation. We would
expecta decrease in differential stress to result in a decrease in strain rate. However, if
estimated deformation temperatures are higher in samples with lowenested differential
stresses, this might result in an increase in estimatiedin rate When defomation
temperatures are consisteritetween the samples, a linear relationship between differential
stress and strain rate is indicated by theper segmentofi KS W[ Q LI G 04SNy I & KSNJ

differential stress results in faster strain rate estimates.
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Table 2.2 Strain rate estimates for the Stipp and Tullis (2003) piezometer

Stress { 0 Strain Rated T 0
Deformation Water Stipp, Stipp, Stipp, TMin TAvg TMax
Temperature Fugacity 2003 Min. 2003 Avg. 2003 Max. TMin. TAverage TMax (Rutter, (Rutter, (Rutter,
sample b6/ 0 (MPa) (MPa) (MPa) (MPa) (Hirth, 2001)  (Hirth, 2001)  (Hirth, 2001) 2004) 2004) 2004)
Traverse
C
PF504 500 187 10.1 10.8 11.6 9.1E15 1.2E14 1.6E14 9.2E17 1.1E16 1.4E16
PF505 500 187 6.3 6.7 7.0 1.4E15 1.7E15 2.2E15 2.3E17 2.7E17 3.2E17
PF90 500 187 6.0 7.5 10.0 1.2E15 2.8E15 8.9E15 2.0E17 3.8E17 9.1E17
PF89 500 187 6.9 7.8 9.0 2.0E15 3.3E15 5.8E15 3.0E17 4.3E17 6.6E17
PF88 500 187 6.7 7.6 8.8 1.8E15 3.0E15 5.4E15 2.8E17 4.0E17 6.3E17
Location
26
PF109 550 187 11.0 12.3 14.1 4.6E14 7.3E14 1.3E13 1.2E15 1.7E15 2.5E15
PF105 550 187 37.7 39.6 41.7 6.4E12 7.8E12 9.7E12 4.6E14 5.3E14 6.2E14
Traverse
D
PF73 570 187 9.8 10.6 11.6 4.6E14 6.5E14 9.3E14 1.9E15 2.5E15 3.3E15
PF74 570 187 11.6 12.4 13.5 9.1E14 1.2E13 1.7E13 3.2E15 4.0E15 5.0E15
PF75 530 187 8.4 9.5 10.9 9.9E15 1.6E14 2.8E14 2.2E16 3.2E16 4.8E16
Traverse
E
PF77 512 187 9.6 10.4 11.4 1.0E14 1.4E14 2.1E14 1.4E16 1.8E16 2.4E16
Traverse
B
PF135 550 187 10.3 114 12.9 3.6E14 5.5E14 8.9E14 9.8E16 1.3E15 1.9E15
PF136 550 187 10.1 11.2 12.6 3.3E14 5.0E14 8.0E14 9.1E16 1.2E15 1.8E15
PF137 550 187 10.5 11.5 12.8 3.8E14 5.6E14 8.6E14 1.0E15 1.4E15 1.9E15
PF138 544 187 8.1 9.1 10.5 1.2E14 1.9E14 3.4E14 3.7E16 5.2E16 8.0E16
PF245 550 187 11.7 12.9 14.4 6.0E14 8.8E14 1.4E13 1.4E15 1.9E15 2.6E15
PF246 550 187 11.3 12.4 13.6 5.2E14 7.4E14 1.1E13 1.3E15 1.7E15 2.2E15
PF246A 550 187 10.7 115 12.5 4.2E14 5.7E14 7.914 1.1E15 1.4E15 1.8E15
PF248 550 187 9.8 10.5 11.4 2.9E14 3.9E14 5.4E14 8.4E16 1.0E15 1.3E15
PF247 550 187 8.8 9.7 10.7 1.9E14 2.8E14 4.2E14 6.2E16 8.1E16 1.1E15
PF249 550 187 10.7 11.9 13.3 4.3E14 6.3E14 9.9E14 1.1E15 1.5E15 2.1E15
PF249A 550 187 11.1 12.2 13.7 4.8E14 7.1E14 1.1E13 1.2E15 1.6E15 2.3E15
Location
46
PF170 550 187 11.4 13.9 18.2 5.4E14 1.2E13 3.5E13 1.3E15 2.4E15 5.3E15
PF171 550 187 12.4 14.3 17.1 7.4E14 1.3E13 2.7E13 1.7E15 2.6E15 4.4E15
PF173 550 187 10.0 11.1 12.7 3.1E14 4.9E14 8.2E14 8.9E16 1.2E15 1.8E15
PF169 550 187 6.3 6.6 7.1 4.9E15 6.2E15 8.0E15 2.2E16 2.6E16 3.2E16

Estimated strain rates for the Harkless quartzites using the Hirth et al. (2001) and Rutter and
Brodie (2004) quartzite flow laws, inputtimigfferential stress estimates from the Stipp and

Tullis (2003) piezometer with corrections published by Holyoke and Kronenberg (2010).
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Table 2.3 Strain rate estimates for the Twiss (1977) piezometer

Stress { U Strain Rated T 0
Deformation Water Twiss, Twiss, Twiss,
Temperature  Fugacity 1977 Min. 1977 Avg. 1977 Max. TMin. TAverage TMax TMin TAvg TMax
Sample 66/ 0 (MPa) (MPa) (MPa) (MPa) (Hirth, 2001)  (Hirth, 2001)  (Hirth, 2001)  (Rutter, 2004)  (Rutter, 2004)  (Rutter, 2004)
Traverse
©
PF504 500 187 21.6 22.9 24.4 1.9E13 2.5E13 3.2E13 9.0E16 1.1E15 1.3E15
PF505 500 187 14.5 15.2 15.9 3.9E14 4.7E14 5.7E14 2.7E16 3.1E16 3.6E16
PF90 500 187 13.9 16.7 215 3.4E14 7.0E14 1.9E13 2.4E16 4.2E16 8.8E16
PF89 500 187 15.6 17.3 19.6 5.3E14 8.0E14 1.3E13 3.4E16 4.7E16 6.7E16
PF88 500 187 15.3 17.0 19.3 4.8E14 7.4E14 1.2E13 3.2E16 4.4E16 6.4E16
Location
26
PF109 550 187 233 25.7 28.8 9.3E13 1.4E12 2.2E12 1.1E14 1.5E14 2.1E14
PF105 550 187 66.9 69.9 73.1 6.4E11 7.6E11 9.1E11 2.5E13 2.9E13 3.3E13
Traverse
D
PF73 570 187 21.1 22.6 245 1.0E12 1.3E12 1.8E12 1.9e14 2.3E14 3.0E14
PF74 570 187 24.4 25.9 27.7 1.8E12 2.3E12 3.0E12 2.9E14 3.5E14 4.3E14
PF75 530 187 18.6 20.6 23.2 2.3E13 3.5E13 5.6E13 2.3E15 3.2E15 4.5E15
Traverse E
PF77 512 187 20.8 22.2 24.0 2.3E13 3.0E13 4.1E13 1.4E15 1.7E15 2.2E15
Traverse B
PF135 550 187 22.0 24.1 26.8 7.5E13 1.1E12 1.6E12 9.4E15 1.2E14 1.7E14
PF136 550 187 216 23.6 26.2 6.9E13 9.9E13 1.5E12 8.8E15 1.2E14 1.6E14
PF137 550 187 22.4 24.3 26.6 8.0E13 1.1E12 1.6E12 9.8E15 1.2E14 1.6E14
PF138 544 187 17.9 19.9 225 2.8E13 4.3E13 7.0E13 3.9E15 5.3E15 7.6E15
PF245 550 187 24.6 26.7 29.4 1.2E12 1.6E12 2.4E12 1.3E14 1.7E14 2.2E14
PF246 550 187 239 25.8 28.0 1.0E12 1.4E12 2.0E12 1.2E14 1.5E14 1.9814
PF246A 550 187 22.8 24.3 26.1 8.6E13 1.1E12 1.5E12 1.0E14 1.3E14 1.5E14
PF248 550 187 211 225 24.1 6.3E13 8.1E13 1.1E12 8.2E15 9.9E15 1.2E14
PF247 550 187 19.3 20.9 22.8 4.4E13 6.1E13 8.7E13 6.3E15 8.0E15 1.0E14
PF249 550 187 229 24.9 274 8.7E13 1.2E12 1.8E12 1.0E14 1.3E14 1.8E14
PF249A 550 187 235 25.5 28.1 9.7E13 1.4E12 2.0E12 1.1E14 1.5E14 1.9e14
Location
46
PF170 550 187 24.0 28.5 35.9 1.1E12 2.1E12 5.3E12 1.2E14 2.0E14 4.0E14
PF171 550 187 25.8 29.2 34.0 1.4E12 2.3E12 4.3E12 1.5E14 2.2E14 3.4E14
PF173 550 187 21.4 23.6 26.3 6.7E13 9.8E13 1.5E12 8.6E15 1.1E14 1.6E14
PF169 550 187 14.4 15.1 16.0 1.4E13 1.7E13 2.1E13 2.6E15 3.1E15 3.6E15

Estimated strain rates for the Harkless quartzites using the Hirth et al. (2001R@ter and
Brodie (2004) quartzite flow laws, inputting differential stress estimates from the Twiss (1977)
piezometer.
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Table 2.4 Strain rate estimates for the Shimizu (2008) piezometer

Stress { 0 Strain Ratg(T) ‘
Deformation Water Shimizu, Shimizu, Shimizu, B . . B TAvg B
Temperature  Fugacity 2008 Min. 2008 Avg. 2008 Max. TMin. TAverage TMax TMin (Rutter, TMax
Sample 66/ 0 MPa (MPa) (MPa) (MPa) (Hirth, 2001)  (Hirth, 2001)  (Hirth, 2001)  (Rutter, 2004) 2004) (Rutter, 2004)
Traverse C
PF504 500 187 20.1 21.6 23.3 1.5E13 1.9E13 2.6E13 7.2E16 8.9E16 1.1E15
PF505 500 187 12.6 13.3 14.1 2.2E14 2.8E14 3.5E14 1.8E16 2.1E16 2.5E16
PF90 500 187 12.1 14.9 20.1 1.9E14 4.4E14 1.5E13 1.6E16 3.0E16 7.2E16
PF89 500 187 13.7 15.5 17.9 3.1E14 5.1E14 9.1E14 2.3E16 3.3E16 5.1E16
PF88 500 187 13.4 15.2 17.6 2.9E14 4.7E14 8.5E14 2.2E16 3.2E16 4.9E16
Location 26
PF109 550 187 20.0 225 25.7 5.1E13 8.2E13 1.4E12 7.0E15 1.0E14 1.5E14
PF105 550 187 69.4 72.9 76.9 7.4E11 9.0E11 1.1E10 2.8E13 3.3E13 3.8E13
Traverse D
PF73 570 187 17.2 18.7 20.5 4.5E13 6.2E13 9.0E13 1.0E14 1.3E14 1.7E14
PF74 570 187 20.4 21.9 23.8 8.8E13 1.2E12 1.6E12 1.7E14 2.1E14 2.7E14
PF75 530 187 15.9 17.9 20.7 1.2E13 2.0E13 3.6E13 1.5E15 2.1E15 3.2E15
Traverse E
PF77 512 187 18.8 20.4 22.3 1.5E13 2.1E13 3.0E13 1.1E15 1.3E15 1.7E15
Traverse B
PF135 550 187 18.8 20.9 23.6 4.0E13 6.1E13 9.9E13 5.8E15 8.0E15 1.1E14
PF136 550 187 18.3 20.4 23.1 3.6E13 5.5E13 9.1E13 5.4E15 7.4E15 1.1E14
PF137 550 187 19.1 21.0 23.4 4.2E13 6.2E13 9.6E13 6.1E15 8.1E15 1.1E14
PF138 544 187 14.9 16.8 19.4 1.4E13 2.2E13 3.9E13 2.3E15 3.2E15 4.9E15
PF245 550 187 213 23.6 26.3 6.6E13 9.9E13 1.5E12 8.5E15 1.1E14 1.6E14
PF246 550 187 20.7 22.6 24.9 5.8E13 8.3E13 1.2E12 7.8E15 1.0E14 1.3E14
PF246A 550 187 19.5 21.1 229 4.6E13 6.3E13 8.8E13 6.5E15 8.2E15 1.0E14
PF248 550 187 17.8 19.2 20.8 3.2E13 4.3E13 6.0E13 5.0E15 6.2E15 7.9E15
PF247 550 187 16.1 17.6 19.6 2.1E13 3.1E13 4.7E13 3.7E15 4.8E15 6.6E15
PF249 550 187 19.6 217 24.3 4.7E13 7.1E13 1.1E12 6.6E15 8.9E15 1.3E14
PF249A 550 187 20.2 22.3 25.1 5.3E13 7.9E13 1.3E12 7.2E15 9.7E15 1.4E14
Location 46
PF170 550 187 20.8 25.4 33.3 5.9E13 1.3E12 3.9E12 7.9E15 1.4E14 3.2E14
PF171 550 187 22.6 26.1 31.3 8.3E13 1.5E12 3.0E12 1.0E14 1.6E14 2.6E14
PF173 550 187 18.2 20.3 23.1 3.5E13 5.4E13 9.1E13 5.3E15 7.3E15 1.1E14
PF169 550 187 11.4 12.1 12.9 5.3E14 6.7E14 8.7E14 1.3E15 1.6E15 1.9E15

Estimated strain rates for the Harkless quartzites using the Hirth et al. (2001) and Rutter and
Brodie (2004) quartzite flow laws, inputting differential stresstirmates from the Shimizu
(2008) piezometer.
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Fig.2.17.Diagram comparing strain rate estimates from the Hirth et al. (2001) and Rutter and
Brodie (2004) flow laws with differential stress estimates from the Stipp and Tullis (2003)
piezometer.Temperature and differential stress are kept constant when comparing the two
guartzite flow laws. Strain rate estimat®sry by 23 orders of magnitude between thevo

flow laws All plotted values are average stress and strain rate estimates from Table 2.
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Fig.2.18 Diagram comparing strain rate estimates from the Hirth et al. (2001) and Rutter and
Brodie (2004) flow laws with differential stress estimates from the Twiss (1977) piezometer.
Temperature and differential stress are kept constant when ganmg the two gartzite flow
laws. Strain rate estimatesry by 23 orders of magnitude between thevo flow laws All

plotted values are average stress and strain rate estimates from Table 2.3.
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Fig. 2.19Diagram comparing strain rate estimates frdime Hirth et al. (2001) and Rutter and
Brodie (2004) flow laws with differential stress estimates from the Shimizu (2008) piezometer.
Temperature and differential stress are kept constant when comparing the twotzjte flow

laws. Strain rate estimatesry by 23 orders of magnitude between thevo flow laws All

plotted values are average stress and strain rate estimates from Table 2.4.
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2.8 Discussion

2.8.1 Grain Boundary Area Reduction

As shown in the photomicrographs and describe8dation2.3, GBAR microstructures
are most prevalent in samples close to the pluureole contact, but are also noted in
samples at further structural distance from the pluton margin. Grain boundary area reduction
can occur during deformation and may become daoamihafter deformation has ended (Bons
and Urai, 1992). If the GBAR microstructures in the Harkless quartzites have been formed due
to postdeformationstatic annealing, they are interpreted to have formed as the result of
elevated thermal conditions thaiutlasted pluton emplacement and associated wall rock
deformation. In a general sense, the influence of pdstormation annealing on grain size is
poorly understood and, to our knowledge, only one experimental study has addressed this
issue (Helibronnerrad Tullis, 2002). The Heilbronner and Tullis (2002) experimental study
showed that regardless of the finite dynamic recrystallization microstructure (BLG, SGR, GBM),
postdeformational annealing always led to an increase in grain size. BLG showed tlesigreat
increase in grain size with pedeformational annealing, while GBM showed the least amount
of grain growth. The same increase in grain size is seen, however, in GBAR microstructures
producedsyndeformation. Therefore, the ability to differentiate be&een recrystallized grains
formed by grain boundary area reduction processes operating during (dynamic) and after
(annealing) deformation is critical if we are going to apply a grain size piezometer to rocks that
contain these microstructures. Inputting @B microstructure grain sizes into a piezometer,
regardless of the process that formed them, will result in underestimates of differential flow

stresses because of the relatively large grain sizes produced during these processes.

The basis for identifyon GBAR microstructures in the Harkless quartzite was guided by
the experimental results of Heilbronner and Tullis (2002) and the review by Passchier and
Trouw (2005). Based on these criteria, grains that were clearly formed as a result of grain
boundary aea reduction processes were avoided when measuring grain sizes. However, it is

often difficult to recognize and explicitly identify these grains as such. Lobate and inter
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fingering GBM microstructures often form at or near these triple junction boundasethe

extent of grain boundary area reduction near these boundaries is difficult teraene.

Heilbronner and Tullis (2002) proposed that for analytical purposes annealed grain sizes could
be scaled down, depending on the dynamic recrystallization rsiiaroture that was formed,

prior to annealing. Based on their study, grain sizes can be scaled down by a factor of 4 to 5 for
regime I/ll and by a factor of 2 to 3 for regime 11l microstructures. While this is an appealing and
apparently easy solution tde problem of grain annealing, more experimental studies will

need to be conducted to & the validity of this scaling. Additionally, analytical methfmfs
determining thegrain boundary area reduction process that formed the end member

microstructuremust be developed.
2.8.2 Grain size piezometers

As summarized in Tabfl1 and Figure 2.160r a gven recrystallized grain size the
experimental(Stipp and Tullis, 2003) and theoretical (Twiss, 1977; Shimizu, 2008) piezometers
vary by a factor of two itheir estimates of differential stress. This difference, especially when
comparing stress estimates from tlegperimental and theoreticgliezometes, suggests that
different piezometers may be better suited for specific dynamic recrystallization mechganism
and perhaps, geologic settingStipp et al. (2010) proposed that the experimentalyibrated
piezometer of Stipp and Tullis (2003), which is based on BLG microstructures that vary in size
between ~3 to 50 um, may be best suited for naturally deforreachples that exhibit low
temperature (and/or high strain rate) BLG to SGR microstructures. Their study shows that when
applying this piezometer to grains recrystallized by GBM, it will likely underestimate the

differential flow stress.

Our analysis of qu& microstructures and grain sizes in the Harkless quartzites supports
this conclusion. For example, when inputting differential stress estimates obtained from the
Stipp and Tullis (2003) piezometer into the Hirth et al. (2001) flow law, straisbatereen 10
14 and 10" s* were estimated. These estimated strain rates are low, even when compared to

typical geologic strain rates. As noted previously, taweraged strain rates on the order of 10
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1251 are estimated for the Papoose Flat pluton aureole rocks, based on numerical cooling
models (Nyman et al., 1995). This two to three order of magnitude difference in strain rate
most likely results from inputting differential stress estimates that are towfbr this geologic
setting and GBM microstructurd his serves to demonstrate that the Stipp and Tullis (2003)
guartz piezometer is not an appropriate piezometer for estimating differential stresses in high

temperature naturally deformed rocks recrystaéid by GBM.

Application of the Twiss (1977) theabpsed piezometer to the Harkless quartzites
results in higher differential stress estimates than the Stipp and Tullis (2003) piezometer.
Inputting stress estimates based on the Twiss (1977) piezomdtethia wet-quartzite flow law
of Hirth et al. (2001) results in strain rates that are similar to those estimated by Nyman et al.
(1995). Other experimental studies (Gleason and Tullis, 1993, 1995; Hirth et al., 2001) have also
found that the Twiss (1977)gzometer provides differential stress estimates that are in
relatively close agreement with their predetermined experimentally applied flow stresses for
transitional SGR/GBM dynamically recrystallized quartd for quartz grains completely
recrystallizel by GBM. Because of these experimental findings, we favor the Twiss (1977)

piezometer over the Stipp and Tullis (2003) piezometer for our study of the Harkless quartzites.

The Shimizu (2008) thechased piezometer incorporates additional temperature
condition dependencies into the analytical proto@itributing changes in grain size to both
differential stress and temperaturdifferential stress estimates obtained from the Harkless
guartzites using this piezometer roughly correlate to stress valueaiodd using the Twés
(1977) piezometer. e Shimizu (2008) piezometer also appears to provide relatively robust
differential stress estimates for rockisat have recrystallized by GBherefore we also favor

this piezometer over the Stipp and Tullis (3Dpiezometer.

The twofold differences in differential stress estimates obtained using the
experimentallycalibrated (Stipp and Tullis 2003) and thebgsed (Twiss, 1977; Shimizu, 2008)
quartz grain size piezomete(Bigure 2.16)lemonstrates the crital importance of applying a

piezometer based on observed microstructures, especially when grains have recrystallized by
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GBM. From our study of the Harkless quartzites, the Twiss (1977) and Shimizu (2008)
piezometergprovide differential stress estimatebat are likely closest to palestress

conditions associated with deformation of the aureole rocks around the margin of Papoose Flat
pluton basedon comparisons of our values to the strain rate estimated by Nyman et al. (1995).
While this is arguably thedst solution currently available for choosing appropriate

piezometers, more experimental worlas well as continued compilation of natural data sets

is needed in order to develop improved quartz piezometers that are calibrated for a specific

dynamic recystallization microstructure.
2.8.3 Strain Rate

As previously mentioned, contact aureole strain rates associated with pluton
emplacement are typically much higher than typical 'average' geologic strain rates. Nyman et al.
(1995) estimated strain rates dhe order of 10'?s* associated with emplacement of the
Papoose Flat pluton and deformation of the surrounding aureole rocks. Strain rate modeling of
aureole deformation associated with forcible pluton emplacement indicates that evidence for
high strainrates is only likely to be preserved in microstructures close to the platoeole
rock contact (Gerbi et al., 2004; Albertz et al., 2006). As previously mentioned in Se8tiign
preservation of dynamic recrystallization microstructures associateld evitplacemendriven
deformation may be modified and/or overprinted by grain boundary area reduction
microstructures during or after penetrative deformation ceases, but while the pluton and its
aureole rocks are still at elevated temperatures. Other po@nnhagma em@cement
mechanisms such as siog or assimilation can lead to loss of highly strained rocks in the inner
part of the contact aureole (Paterson and Vernon, 1995). If one of these mechanisms operated
during straining of the aureole rocks, thecks preserved around a pluton margin will not
necessarily record the highest strains associated with pluton emplacement. In the case of the
Papoose Flat pluton, evidence for stoping or assimilation has not been found along the exposed
portion of the plubn's western margin. In a one general sense, however, giog and
assimilation cannot be ruled out as possible mechanisms for removing highly strained aureole

rocks.
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When applyingither the theoretical piezometer of Twiss (1977) or Shimizu (2G0®)
the quartzite flow law of Hirth et al. (2001), our strain rate estimates for the Harkless quartzites
in the aureole of the Papoose Flat pluton are in general agreeffset Table 2.2,2.3,2.4 and
Figure 2.17,2.18,2.19)ith the time average strain rate oDI?s™ estimated from thermal
modeling (Nyman et al., 1995). In some samples, a strain rate up to one order of magnitude
slower than this timeaveraged rate is calculated. These slower strain rates may be the result
of increased grain size due @BAR mcessesn the quartzites. While thesstrain rate
estimates based on grain size may be slower than the-tneraged strain rate indicated by
thermal cooling models, Nyman et al., (1995) acknowledge that if multiple magma pdses
injectedduring evolition of Papoose Flat pluton, then strain rates in the aureole rocks will be
likely be slower. Based on more recent studies of the pluton and its contact auredleriggan
et al. (1998) and Saint Blanquatetal. (2001)i A& y2¢ 0Sft A DShIsed K I U
resulted in formation of the pluton, so these slower strain rates arelig#ly tobe in

reasonable agreement with the tim@veraged strain rate predictions of Nyman et al. (1995).

The Rutter and Brodie (2004) wetiartzite flow law equatiortonsistently estimated
strain rates that are much too low when compared to typ&tahinrates for pluton
emplacement and to the thermal cooling models of Nyman et al. (1995). Therefore, we
conclude that this is not an appropriate flow law for estimatitigain rates in the aureole rocks

around the western margin of Papoose Flat pluton.

The problem with using quartz flow law equations to estimate strain rates is that there
is not an independent way to assess strain rates in naturally deformed rock#)enedy test
the flow lawbased estimates. The use of flow laws in attempting to estimate strain rates is
heavily dependent on estimates of input parameters such as differential stress and deformation
temperature, together with the possible impact of hytirtic weakening on both deformation
temperature thermometers and differential stress estimates. If thégierential stressvalues
are not correctly determined, theresultingstrain rate estimates will also be incorrect.
Therefore, when using these edians to estimate strain rate, especially in settings where

guartz grains have been dynamically recrystallized by GBM, it is useful to have strain rate
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models or other reference frames (e.g. Boutonnet, 2013) specific to the geologic environment,
in order b determine the validity of strain rate estimates obtained from dislocation creep flow
law equations. As with grain size piezometers, this is the best solution currently available and
more experimental and natural datasets are required to determine a waydependently

estimate strain rates.
2.8.4 Grain Size Measurements

As grain sizes increase with increasing deformation temperature and grains become
more lobate and amoeboid in shape, it is often difficult to meaningfully measure grain size,
given thedegreeof irregularity ingrainshape that persists at these large sizes. The oblique
transect along our linear intercept grid was implemented to take these grain boundary
irregularities into account, in an attempt to mitigate errors involved with measgpiiirese

grains.

Dissection microstructuresénsuUrai, 1986) and island grains pose another problem when
trying to estimate mean grain size. If dissection microstructures are present, the linear
intercept method counts different segment of the same grasnindividual dynamically
recrystallized grains. This results in an average grain size that is smaller than the 'true’ grain
size, resulting in higher differential stress estimates when input into a grain size piezometer.
The only possible way to avoidishissue is to increase the size of the data set in the hope that a
close approximation to the 'true' sample average grain size, discounting island grains, is

determined. Avoiding these problersland grains completely is, howeveften difficult.
2.9Conclsions

Harkless quartzites in the aureole of the Papoose Flat pluton have been dynamically
recrystallized by grain boundary migration. Quartz gs&iom sample locations along the
plastically deformed western margin of the pluton, range in size fromte 826 um. For
paleostress analyses, samples that exhibited SGR microstructures and smaller grain sizes were
excluded from the data sets used because we interpret these SGR microstructures to be related

to postdeformational overprinting of the sydeformational GBM microstructures.

49



Recrystallized grain size in the aureole quartzites showed no direct relationship with distance
from pluton margin. This is thought to be due to rapid emplacement of the pluton resulting in a
relatively narrow thermal aureolen which all of the aureole rocks were subjected to similar

deformation temperatures.

When combined with the Hirth et al. (2001) wetartz flow law, he theoretical
piezometers offwiss (1977&nd Shimizu (2008) estimate strain rates betweert?hd 10'°s
! Thesestrain rateestimates are in agreement with the thermal cooling model of Nyman et al.
(1995) for deformation of the aureole rocks surrounding the western marginedPapoose

Flat pluton

A comparison wittstrain rateestimates obtained bysing the Stipp and Tullis (2003)
piezometer and the Rutter and Brodie (2004) flow law demonstrates the need to develop a
piezometer/flow combination that is specific to the dynamic recrystallization microstructure
and geologic setting in which the roclasvdeformed. Thismaybe accomplished through

continued experimental work and by increasing the GBM data from natural settings.
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Abstract

Beginning in the late f0century, extensive research throughout the Moine thrust zone
(MTZ) in the Highlands of NW Scotland has resulted in the production of detailed geologic maps
with excellent control on the location of the Moine thrust (MT). Mucle likher thrust belts,
the MTZ displays map pattern curves (salients and recesses) that vary in amplitude and
sinuosity when traced along orogenic strike. Structure contour maps constructed along these
salients and recesses allow us to interpret subsurfar@tions in 3D geometry and lateral

continuity of the thrust planes.

A structure contour map of the MT, extending from the North Coast southwards for
~100 km to the Dundonnel area, was constructed from 1:50,000 scale British Geological Survey
(BGS) mapby correlatingnap positions of the Mbetween elevation control points,
constrained by the intersection of the fault trace with topographic contours. The structure
contour map indicates significant lateral variation in subsurface 3D geometry of thie faul
surface. Salients along the MT are characterized by either relatively planar geometries or broad
synformal corrugations on the fault surface, re@ssare associated with antiformal

corrugations and relatively linear segments of the fault are charaeesiby planar geometries.

A structure contour map constructed on the Glencoul thrust as depicted on original BGS
maps for the Assynt regioronfirms that themappedthrust segments to the NE and SW of
Loch Glencoul are part of the same structure, rattiemn different structures separated by a

lateral ramp as the result of lateral ramp truncation as shown on more recent BGS maps.
3.1 Introduction

A structure contour map is a powerful visual tool that can be used to analyze the three
dimensional geometrand lateral continuity of thrust planes (Sebring, 1958; Elliot and Johnson,
1980; Bird, 1988; Groshong, 2006). Structure contour maps constructed on regional scale faults
facilitate insight into lateral and dowdip changes in 3D geometry of the fault swé and
linkages with structures in the adjacent hanging wall and footwall. Lateral variations in 3D fault

geometry are common in most thrust terranes and may be either original features of the fault
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surface (frontal, oblique and lateral ramps etc.) or dodater deformation of the fault surface
(e.g. subsequent folding over underlying imbricates associated with foreland propagating
thrusts). Lateral and dowdip irregularities in the 3D shape of the fault are often linked to
changes in footwall rock typand/or basement control, including the influence of pegisting
basement faults, and sytirusting footwall deformation. The most pronounced variations in
geometry are often associated with curves in the map traces of thrusts and associated folds,

referred to as salients and recesses (Elliot and Johnson, 1980; Marshak, 2004).

Salients and recesses are rdpw curves observed in thrust terranes/orogenic belts (see
Thomas, 1977; Elliot and Johnson, 1980; Thomas, 1983, Marshak, 2004). A recess is a map
pattern curve of an orogenic belt that is convex toward the hinterland, while a salient is
concave toward the hinterland (FiguBel) (Billings, 1954). These map patterns are indicative of
non-planar geometries, formed as the result of a number of varialbbsch include pre
existing basin geometry, basement obstacles, rheologic changes in footwall lithology, and
continental margin irregularities that were present, prior to orogenesis (Thomas, 1983;

Marshak, 2004).

A structure contour map was constructed agpthe Moine thrust from topographic contour
control points identified on 1:50,000 scale British Geological Survey sheets, in order to
characterize subsurface lateral variation in the three dimensional geometry of the Moine
thrust. This structure contour ap extends from the North Coast southwards for ~100 km to
the Dundonnel area (Figu®2).The structure contour map was then used to determine
structural geometries associated with magttern recesses, salients, and linear segments of
the Moine thrust. D variation was daulated from structure contouspacingand compared to
structural data recorded on British Geological Survey maps. The structure contour map was
also used to constrain thredimensional hanging wall geometries adjacent to the salients a
recesses on the underlying Moine thrust. Previously published structure contour maps
constructed by Elliott and Johnson (1980) around these mapped curves for a ~50 km long
section of the Moine thrust (Assynt region), demonstrate the 4ptemar nature othe thrust

surface. Structure contour maps created for the Assynt and Dundonnel Culminations
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Recess

Thrust
Transport Direction

Salient

Fig3.1. Schematic representation of salient and recess on map trace of a thrust fault. A recess is convex
toward the hinterland (right hand side of diagrambile a salient is concave toward the hinterland.
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(i.e. recesses) during their analysis of the structural evolution of the Moine thrust zone

indicated the presence of hanging wall antiforms associated with these recesses.

A structure contour map wass constructed on the Glencoul thrust as depicted on the
original Geological Survey maps for the northern part of the Assynt Culmination (Peach et al.,
1907; British Geological Survey, 1923) in order to test later reinterpretation of this structure
proposa by the Geological Survey (Krabbendam and Leslie, 2004; British Geological Survey,
2007).

3.2 Geologic Setting

The Highlands of NW Scotland are considered one of the type localities that guide our
understanding of middle and upper crustal tectoprocesses operating in orogenic belts.
Extensive mapping and research in this region began in the |§ted@ury (see reviews by
Butler, 2010a, b; Law and Johnson, 2010) with geologic maps (1:63,360) from the region first
published in the late 19 certury (Peach et al., 1888). Arguably, the most important work that
emerged from this early research was the 1¥B&ological Survey Memoir entitle@he
Geological Structure of the NoriWest Highlands of ScotlariBeach et. al., 1907). This work
establishedhe structural framework for the Moine Thrust zone, outlining concepts related to
the structural evolution of the NW Highlands which continue to guide research today. More
recent mapping in the Moine thrust zone has been completed by titesBiGeologial Survey
and associated universiyased researchers from the mi®50s to mieR000s waseleased in
a series of 1:50,000 scale sheets. (British Geological Survey, 1997, 2002, 2007, 2008, 2009,
2011, 2012).

The Moine thrust zone is composed of a Wiikécted series of thrust sheets, which form
the NW margin of the Caledonian orogenic belt in Scotland (FB)@jgsee review by Strachan,
2002). Debate has continued for over a hundred years on the relative timing of motion on the
individual thrustsurfacé Ay (G KS GKNHz (G o0Sftdd ! R2LIGAZ2Y 2F WY
Nbzt S&aQ Ay GKS SIFENI& mpyna ftSR G2 | oNRIR O2ya
propagating piggypack sequence (e.g. Elliot and Johnson, 1980; Coward, 1985), butthis
has more recently been questioned by Butler (2004b, 2010b).
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highest fault in the Moine thrust zone and is positioned at the easteast margin of the

thrust zone Blackbox indicates study area. Figure from Thigpen et al. (2010b).
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The Moine thrust zone developed during the Scangihase(~430 Ma) of the Caledonian
Orogeny, as a result of the collision of Laurentia and Batticeng closure of the lapetus Ocean
(see review by Strachan, 2002) Timing of motion on the Moine thrust zone is constrained by
syntectonic magmatism and is estimatedca#30-415 Ma (Kinny et al., 2003; Alsop, 2010;
Goodenough et al., 2011). The Moineuht is the easterrmost, and structurally highest thrust
while the Glencoul thrust ia structurally lower thrust exposed further to the wesithin the

Moine thrust zone.

The Moine thrust has a mapped length of ~ 200 km, with various salients andesdess
map-view pattern. The thrust juxtaposes Proterozoic Moine Supergroup metasedimentary
rocks and their sheared Lewisian basement over Cambrian or Torridonian sedimentary rocks
and their basement (Figur@3). First described in detail by Peactakt(1888, 1907), foliation
in the Moine thrust sheet has a gentle sheet dip to the SE, with down dip mineral stretching
lineation trending perpendicular to the map trace of the underlying Moine thrust. The
structural placement of the Moine thrust in relah to the various lithotectonic units
recognized in the NW Highlands has at times been controversial (see review by Law and
Johnson, 2010, pp. 474%75). In producing our structure contour map we have followed the
general practice adopted by the GeologiSairvey in placing the Moine thrust at the base of
the Moine Supergroup metasedimentary rocks anahere present; their underlying

mylonitic Lewisian basement rocks.

In the Assynt region, stacking of thrust sheets has bulged up the overlying Moineg, thrust
producing the Assynt Culmination (British Geological Survey, 1923). Despite the extensive and
detailed mapping of faults within the culmination, interpretation of some structures remains
controversial, especially the relationships between lateral rampbtae termination of thrust

sheets.

In the northern part of the Assynt Culmination, two large thrusts are present; the Glencoul
thrust, located in a more foreland position, and the Ben More thrust, located in a more
hinterland position to the est. Bothsheets carry Lewisian gneiss, Cambrian basaitgite and

Pipe Rock (Krabbendam and Leslie, 2004). To the north of Loch Glencoul only one of these
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basementFigure from Butler (2010).
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thrust sheets is present (Figug4); thereforeone thrust must terminate at or to the south of

Loch Glencoul.

Since its initial recognition by Callaway (1883) , the Glencoul thrust has been mapped as
continuing along strike from the SW side of Loch Glencoul to the NE across Loch Glencoul and
the easten end of Loch Glendhu, while the Ben More thrust terminates somewhere to the
south. North of Na Tuadhan, the precise location for termination of the Ben More thrust has
been debated (see FiguB4; Clough irPeach et al., 190Bailey, 1935Elliot and dhnson,

1980). More recent mapping by Krabbendam and Leslie (2004) led to the conclusion that the
Glencoul thrust terminateto the NEagainst a lateral branch line at Loch Glencoul and that the
Ben More thrust continues to the north across Loch Glenahadnging the over 100 year old
structural interpretation for this part of the Assynt Culmination (FigdiEg. This interpretation
greatly reduces the size of the Glencoul thrust sheet, increases the size of the Ben More thrust

sheet, and has implicatiorier the structural propagation style in the region.

The last piece of field evidence for the Ben More thrust is located at Glen Beag,
approximately 4 km to the SE of the proposed lateral truncatiéigure 3.5)The neWy
proposed map trace of the Ben Mmthrust strikes to the WNW across Glen Beag, cutting
across topographic contours in this ar@adimplying a nearly vertical thrust fault. The
Krabbendam and Leslie (2004) interpretation for the lateral truncation of the Glencoul thrust
alsoimplies tha within the Assynt Culmination, the structural style is that of a hinterland
propagating sequence, as opposed to the foreland propagating style for the region proposed by
Elliot and Johnson (1980) (Figw&:é). If the Glencoul thrust is in fact laterafiyncated by the
Ben More thrust, this implies that the Ben More thrust is a younger structure within the Assynt

culmination.
3.3 Analytical Methods

Structure contours on the Moine thrust were constructed using 1:50,000 scale British
Geological Survey (BGSgsts (Figures.7). (British Geological Survey, 1997, 2002, 2007, 2008,
2009, 2011, 2012) Structural control points were constrained by locating intersection points
between the map trace of the Moine thrust and topographic contours shown on the BGS maps.
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Fig.3.4. SimplifiedGeologic map of the Assynt Culmination showing the relative locations of the
Glencoul and Ben More thrust. The original interpretation for the location of the Glencoul

thrust (Peach et al., 1907; British Geological Survey, 1923nhcamgi to the north across Loch
Glencoul is shown. To the south of Na Tuadhan the location of the Ben More thrust is well
constrained, but the location to the north is uncertain. Dashed lines for the Ben More thrust,
north of Na Tuadhan are previous integbations for its location. E & J: Elliot and Johnson

(1980); C & B: Clough (in Peach et al., 1907) and Bailey (1935); P & H: Peach and Horne (1907).
Figure modified from Krabbendam and Leslie (2004).
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line, with the Ben More thust continuing across Loch Glencoul to the north. The last piece of
field evidence (interpreted to be the Ben More thrust), is indicated by the orange circle in Glen

Beag. Figure modified from Krabbendam and Leslie (2004).
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Fig.3.6. Diagram showing thend member models for thrust propagation in the Assynt
Culmination The diagram has transport direction toward the viewer. In the top diagram, the
Glencoul thrust terminates at a lateral ramp and the Ben More thimshs out of sequene
(hinterland propagatingas proposed bKrabbendanand Leslie (2004)n thisinterpretation

the Ben More thrust is younger than the Glencoul thrust. The lower diagram is after previous
interpretations (Elliot and Johnson, 1980) and displays a forelappgbgating style. In this case,

the younger thrust is the Glencoul thrust. Figure modified from Krabbendam and Leslie (2004).
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Fig.3.7. Location map of British Geological Survey sheets (1:50 000. Inset box on the lower right
includes all sheets thateve used to construct our structure contour map. Figure daddgrom

Thigpen et al. (2010b) and Law and Johnson (2010).
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