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Abstract 

The lower crust forms an important geodynamic control in continental tectonics 

and the communication and coupling of kinematics between surface and deep-Earth 

processes. An understanding of the relationship between seismic properties, finite 

strain and fabric orientation thus provides a useful tool in the remote sensing and 
interpretation of deformation in the lower crust. 

This thesis outlines a work-flow model by which the seismic properties of a single 

and representative lower crustal lithology can be calculated and calibrated against 

finite strain from petrofabric development across a strain gradient. The work-flow 

model constitutes a multi-disciplinary approach, incorporating field mapping and 

sample collection, experimental petrofabric determination, and seismic modelling. 

A review of compositional estimates of the deep crust, including xenoliths, ex- 

posed sections and estimates from wide-angle seismic profiles, indicates the impor- 

tance of mafic lithologies. 

The Laxfordian-age high-grade shear zone at Upper Badcall, NW Scotland, 

exhibits a strain gradient in a deformed doleritic Scourie dyke (Lewisian complex) 

that intersects the zone at a high angle. From an analysis of field data from detailed 

mapping, the shear zone is shown to be characterised by generally simple shear, but 

where the tectonic movement direction varies transversely across the shear zone. 
Calculation of the strain profile across the deformation zone gives shear strains, ry 

up to 57, but with ry < 15 being perhaps more realistic. Cumulative displacements 

total r, 1000m left-laterally, and N600m vertical displacement, north-side up. Nine 

samples were collected across the shear zone in the mafic dyke, representing a 

strain gradient from undeformed protolith to the highest recorded stains. 
The sample suite is characterised as a hornblende-plagioclase-quartz aggregate 
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that develops macroscopic planar and linear fabrics with strain, from an essentially 

isotropic protolith. Quantification of the aggregate lattice preferred orientation 
(LPO) using electron backscatter diffraction (EBSD) showed the dominance of 

fabric development in the hornblende phase, with (100) poles clustering forming 

normal to the foliation plane and [001] axes parallel to the tectonic X direction. 

Plagioclase and quartz retained random fabrics from the wall-rock protolith with 

increasing finite strain. The hornblende LPO fabric, described by the texture 

index, J, shows a positive logarithmic relationship with strain, where LPO intensity 

saturated by y 10. 

The strain-calibrated quantitative petrofabric description of each sample is used 

to calculate their aggregate elasticity tensors (C1) via a Voigt-Reuss-Bill aver- 

age, and from which seismic properties are derived using Christoffel's equation. 

Hence, a framework of petrofabric- and strain-calibrated seismic properties is de- 

scribed for a strain gradient in a representative high-grade mafic lithology. P-wave 

anisotropies up to i10% are-recorded in the most deformed samples with Vpmax 

typically between 6.42-6.63kms-1. S-wave' anisotropies record up to 7.23% AV, 

in the most deformed samples, with V3max ranging between 3.62-3.75kms'1 for 

all samples. The relationship between petrofabric-derived seismic anisotropy and 

finite strain across the sample suite show a positive relationship, approximated by 

a logarithmic function, whereby P- and S-wave anisotropy exhibit a steep positive 

gradient with strain up to ry . ̂r 10. 

The sample-wise framework of petrofabric- and strain-calibrated seismic proper- 

ties is interpolated to estimate the continuum relationship between seismic proper- 

ties, finite strain and petrofabric orientation. In a move to illustrate the application 

of results in seismic and structural modelling, case study models of crustal defor- 

mation are presented for the eastern Basin and Range province, the North Sea rift, 

and Tibet. Models are promising in their ability to differentiate between regions of 

lower crust characterised by a uniform mafic composition but different finite strain 

state and/or petrofabric geometry, although multiple seismic survey methods may 

be needed to fully interpret results in terms of strain and fabric orientation. 

In summary, a multidisciplinary approach combining field mapping and sam- 
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pling, petrofabric characterisation with EBSD, and seismic modelling provides an 

efficient and reproducible work-flow for the determination of petrofabric-derived 

strain-calibrated seismic properties of lower crustal materials. 
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Chapter 1 

Introduction 

Our understanding of ductile flow in the lower continental crust is far from com- 

plete (McKenzie & Jackson, 2002). Furthermore, the need for high resolution 

seismic data that is calibrated against the geometry and intensity of deformation 

for realistic lower crustal lithologies is consistently documented (e. g. Molnar, 1988; 

Mainprice & Nicolas, 1989; Rudnick & Fountain, 1995; Handy et al., 2001). 

In a review of research in rheology and geodynamic modelling, Handy et al. 

(2001) stress the importance for future work in these disciplines in the compilation 

of crustal deformation models developed from integrated geological and geophysical 

studies that are fundamentally based upon, and tested against, field studies and 

experimentation of naturally occurring shear zones and deformed polyphase rocks. 

Presented is a first-step investigation into the calibration of seismic anisotropic 

properties of rock materials against strain, from petrofabric. This contribution 

outlines a practical and reproducible work-flow for future research by relating the 

strain in lower crustal materials to their seismic properties, and demonstrates how 

such results can be easily applied in crustal modelling. 
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1.1 Why study the lower crust? 

Recent decades have seen extensive research in characterising seismic anisotropy in 

the mantle (Hess, 1964; Christensen, 1984; Kendall, 2000; Vauchez et al., 2000) and 

in the upper crust, particularly sedimentary basins associated with hydrocarbon 

exploration and exploitation (Thomsen, 1986; Sayers, 1994,1998; Vernik & Liu, 

1997). Such studies have permitted a certain degree of simplification in their 

inputs. For example, mantle lithology is commonly modelled as a single-phase 

olivine aggregate whose anisotropic characteristics are such that they allow a direct 

correlation to kinematic inferences, such as mantle flow. Moreover, sedimentary 

sequences have generally been studied in terms of individually isotropic layers 

whose anisotropy is controlled by extrinsic properties such as lithological layering. 

Structural complexity and compositional heterogeneity on a variety of scales 
has left the lower crust comparatively less well understood in terms of its seismic 

anisotropic -properties, with research generally being case-study specific on the 

manifold lithologies and the specific physical states observed there (Siegesmund & 

Kern, 1990; Percival et al., 1992; Khazanehdari et al., 2000; Mazzoli et al., 2002; 

Pros et al., 2003; Waters et al., 2003; Smithson & Johnson, 2003; Kitamura, 2006). 

This research aims to go some way in supplementing our knowledge base by 

providing a generalised scheme for calibrating seismic properties against ductile 

strain and petrofabric orientation for lower crustal materials. These data can thus 

be integrated into any model lower crustal section with any structure, strain state, 

and potentially, combination of lithology. 

The main aims of the work are to evaluate the effects on seismic anisotropy of 

changes in microstructure due to strain. Field data and experimentally-derived mi- 

crostructural information are integrated for naturally deformed samples collected 

across a strain gradient in a macro-scale deformation zone and are used to illus- 

trate the continuum change in seismic anisotropy with strain and petrofabric for 

a single, typical. lower crustal lithology. 
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1.2 Defining the lower crust 

Throughout this project, the lower crust is defined as that part of the crust be- 

neath the brittle-ductile transition, and above the Moho, that is rheologically weak 

and capable of deforming by ductile behaviour. That is, strain is accommodated 

by dominantly crystal plastic processes, in contrast to the upper crust which is 

characterised by brittle or frictional behaviour (Byerlee, 1978; Sibson, 1977,1984; 

Scholz, 1988; Snoke & Tullis, 1998). The ductile lower crust is considered aseismic, 

and hence due to the dependence of the position of the brittle-ductile transition 

-on composition and geothermal gradient, it is often practically defined by the base 

of upper crustal seismicity (Chen & Molnar, 1983; Sibson, 1984; Scholz, 1988; 

Cloetingh & Burov, 1996). 

This two-layer scenario corresponds to the long established and accepted ̀ jelly 

sandwich' model of crustal strength or rheology profiles (Brace & Kohlstedt, 1980; 

Chen & Molnar, 1983; Ranalli & Murphy, 1987; Burov & Diament, 1995; Cloetingh 

& Burov, 1996). This model is generally highly simplified, assuming a constant 

composition throughout the whole crust, commonly approximated as the prop- 

erties of quartz, feldspar or a simple quartzo-feldspathic aggregate, and where 

the underlying lithospheric mantle is represented by the properties of olivine (e. g. 

Goetze, 1978; Chen & Molnar, 1983). 

The jelly sandwich model has recently been subject to review based on ob- 

served depth distributions of earthquakes that are not congruent with the ductile 

or aseismic lower crust advocated by this model (Maggi et al., 2000; Jackson, 2002). 

Specifically, they present evidence of deep earthquakes in a selection of cratonic re- 

gions and a generally aseismic lithospheric mantle to support a model (dubbed the 

creme brülee model, Burov & Watts, 2006) comprising a relatively strong, brittle 

lower crust and a weak, ductile upper mantle, where the jelly sandwich scenario 

is only acceptable under conditions where fractional volumes of water or melt are 

present in the lower crust, acting to weaken it. 
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Dillerentlal Stress 

co Upper Crust 

= Lower Crust 

N 
Mantle 

0 

Figure 1.1: Schematic rheology profile of' the lithosphere, corresponding to the 
basic , jelly sandwich, model. A weak lower crust is sandwiched between a relatively 
streut; upper ernst and mantle. From M}tittl)ri(e & Nicolas (1989). 

Furthermore, the Jelly sandwich model has Seen called upon for refinement from 

workers wishing to achieve a more realistic vertical compositional stratification of 

the crust (Ranalli, 2000; Afonso & Ranalli, 2004), although the effect of lithol- 

ogy on idealised rheology profiles has beeis considered to varying degrees in many 

earlier papers (e. g. Smith & Bruhn, 1984; Kirby, 1985; Carter & Tsenn, 1987; 

Meissner & Ktiziiir, 1987; Ranalli & Murphy, 1987; Rutter & Brodie, 1991; Burov 

& Diaineiit, 1995; Cloetingli & Burov, 1996). Those rheology profiles that, include 

a conipositionally stratified crust, particularly with a inafic layer representing the 

lower crust, tend to introduce a step-like increase in ductile strength in the lower 

crust, which, depending on the tectonotherinal setting and stress state, may or 

may not represent a ductilr. zone. Such mafic layers are often approximated by 

anhydrous feldspar-supported lithologies, or have the properties of monoinineralie 

feldspar (Ranalli, 2000; Watts & Burov, 2003). This gross approximation may not 

necessarily he representative, for example, where relatively softer hydrous mafic 

phases inay constitute the dominant phase, or where strain is preferentially parti- 



5 Chapter 1: Introduction 

Figure 1.2: S<1ueuratic lit lrt>til)lrcric rlrcoltrgy (profiles for a coirrfxttiitiu>ua, lly Itryerecl 

ernst. Both relatively weak and strong lit, lrt>logies are depicted for the krwcr crust 
and mantle. The creme brirlce rrrodel corresponds tt> the scenario of a. strong 
lower crust (dry clolerite) and i, weak upper ino-tirrtle (wet, olivine). Note th atý a, 
irrarfit lower crust, need not necessarily result in a 111X1-clllstal strong, brittle zone, 
part ictiltrrv where tlithise Huids are present, or the geothermal gradient is greater 
tImn r('f>resctrtt'cl leere. From Jackson (2002). 

tionecl into tlieiii (tics Chapter 4). As highlighted by Handy et al. (2001) however, 

flow laws describing the plastic behaviour of such mineral phases are notably lack- 

ing. Afotiso k Ranalli (2004) go some way in accounting for variation in lower 

crustal litliologies by including wet and dry dolerite, iii addition to a range of felsic 

and iiiafic granuilite compositions, in their rheological calculations. Their models 

exhibit a generally weak lower crust, where hydrous iuiafic compositions occur, 

relative to time mantle. 

Despite recent and extensive criticism of the jelly sandwich iiiodel, Buirov & 

Watts (2006) continue to promote it as the most widely applicable crustal rheology 

profile for explaining the long-teriii stability of the lithosphere. Their conclusions 

are based oil observations of lithosplieric flexure, and results of thermal and ine- 
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chanical modelling for each of the jelly sandwich and creme brülee models, which, 

interestingly, are founded upon the same rheology profiles described in Jackson 

(2002, Figure 5) to advocate the creme brülee model. 

The presence of fractional volumes of water-rich fluids in contributing to lower 

crustal ductility (Kirby, 1985; Carter & Tsenn, 1987; Maggi et al., 2000; Rutter 

et al., 2001; Jackson, 2002; McKenzie & Jackson, 2002; Klemperer, in press) is 

not ruled out however, particularly in areas of recent tectonism. The observation 

of hydrous amphibolite facies retrogression within deformation zones, from essen- 

tially dry mafic granulite facies protolith assemblages, may further substantiate 

the importance of water-rich fluids in lower crustal deformation (Chapter 4). 

1.3 State of the lower crust 

Commonly employed methods for inferring the composition or characteristic lithol- 

ogy of the lower continental crust include the following (Rudnick & Fountain, 1995; 

Afonso & Ranalli, 2004, and references therein). (1) Seismic velocity analysis from 

controlled-source and teleseismic events (Christensen & Mooney, 1995), where ve- 

locity estimates are compared against those determined experimentally. These are 

generally ultrasonic measurements calibrated against relevant lithologies collected 

from and characteristic of exposed high-grade terranes and xenoliths (Christensen 

& Fountain, 1975; Christensen & Wepfer, 1989; Fountain & Christensen, 1989; 

Jackson et al., 1990; Holbrook et al., 1992; Rudnick & Jackson, 1995). (2) Obser- 

vation and analysis of the frequency distribution or volume fraction of lithologies in 

currently-outcropping high-grade terranes (Weaver & Tarney, 1984; Percival et al., 

1992). (3) Evidence from deep-sourced xenoliths (Jackson et al., 1990; Rudnick, 

1992; Rudnick & Jackson, 1995). 

An accurate description of the bulk composition of the lower continental crust 

remains uncertain however (Holbrook et al., 1992; Rudnick & Fountain, 1995). 

Traditionally, seismic velocity analysis employs wide-angle seismic reflection and 
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refraction profiling (Holbrook et al., 1992) whereby iterative forward modelling of 

travel-times of identified seismic phases are refined to converge on a final velocity 

model. Commonly, this is done via raytracing techniques (Holbrook et al., 1992). 

In order for seismic velocity estimates to be useful in inferring the bulk composition 

of the deep crust, they are correlated against a catalogue of laboratory-determined 

velocities for a plethora of common rock types including those sampled from high- 

grade terranes (Siegesmund & Kern, 1990; Percival et al., 1992; Rudnick, 1992; 

Rutter & Brodie, 1992; Weiss et al., 1999; Khazanehdari et al., 2000; Rutter et al., 

2003), and deep crustal xenoliths (Rudnick, 1992). 

Seismic velocities in the deep crust are controlled by lithology (and intrinsic 

anisotropy), pressure, temperature, and the presence of intergranular fluids (Hol- 

brook et al., 1992). Deep crustal lithostatic pressures can easily be calculated 

and supported with estimates from mineral geobarometers (e. g. Hammarstrom 

& Zen, 1986; Kohn & Spear, 1990). Control on deep crustal temperatures is 

more difficult, but geothermometry using mineral assemblages can give quite reli- 

able estimates (e. g. Graham & Powell, 1984; Blundy & Holland, 1990). Pressure 

increase tends to correlate with velocity increase (Christensen & Wepfer, 1989; 

Holbrook et al., 1992). This effect is most significant at relatively low pressure as- 

sociated with the closure of microcracks (0.5-1. Okm/s/100MPa up to 200MPa), 

beyond which velocity change is less significant with further increase in pressure 

(0.02-0.06km/s/100MPa for most rock types) (Birch, 1961; Christensen, 1965; 

Christensen & Wepfer, 1989; Fountain & Christensen, 1989; Holbrook et al., 1992; 

Barruol & Kern, 1996). In contrast, temperature increase correlates with a veloc- 

ity decrease (2.0-6.0x10-4km/s/°C) (Kern, 1978; Christensen, 1979; Holbrook et 

al., 1992; Barruol & Kern, 1996). For a typical geotherm of 15°C/km and uni- 

form lithology, beneath the depth at which microcracks seal, the competing effects 

of pressure and temperature on velocity tend to cancel, giving a constant veloc- 

ity through mid- to lower crustal depths (Holbrook et al., 1992; Christensen & 
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Mooney, 1995). The pressure and temperature derivatives of seismic velocity have 

been laboratory-determined for most major rock types (e. g. Kern, 1978; Chris- 

tensen, 1979). Hence, velocity measurements at ambient conditions can be places 

in a deep crustal context along with direct velocity measurements on rock spec- 

imens at confining pressure and elevated temperature (Kern, 1978; Christensen, 

1979; Rutter et al., 2003). 

The presence and effect of free pore fluid in the deep crust remains an ongoing 

debate (Yardley, 1986; Hyndman & Shearer, 1989; Holbrook et al., 1992; Percival 

et al., 1992). It is often used to explain observations of relatively low resistivity in 

the lower crust and P-wave reflections in the deep crust (Yardley, 1986; Hyndman 

& Shearer, 1989; Holbrook et al., 1992; Jones, 1992). Observations of exposed 

high-grade terranes do not support the widespread presence of fluids in the deep 

crust although they may be locally important (Percival et al., 1992). Indeed, elec- 

tromagnetic observations of the deep crust can be explained in terms of observed 

graphitic grain boundary films, which at deep crustal conditions would form a con- 

tinuous conductive network (Frost et al., 1989; Percival et al., 1992). Furthermore, 

the details of S-wave reflections corresponding to those if P-waves in the deep 

crust do not support a pore-fluid origin to reflectors (Holbrook et al., 1988,1992). 

Most studies (as reviewed by Holbrook et al., 1992) assume a dry crust, absent of 

intergranular pore-fluid phases, although this statement may not always be true 

in nature. 

Seismic velocity is therefore a function of lithology (i. e. mineralogical composi- 

tion and their modal fractions), adjusted for pressure and temperature conditions 

via appropriate pressure and temperature derivatives of velocity. Seismic velocity 

is therefore a used as an indicator of lithology (Christensen & Fountain, 1975; 

Holbrook et al., 1992; Christensen & Mooney, 1995; Rudnick & Fountain, 1995). 

The correlation between seismic velocity and lithology is non-unique however, 

leading to potential ambiguity in resolving composition from velocity data (Hol- 
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brook et al., 1992; Christensen & Mooney, 1995; Rudnick & Fountain, 1995). 

Furthermore, metamorphic grade can affect the velocity of a given composition 

(Holbrook et al., 1992). For example, considerable P-wave velocity overlap exists 

between high-grade mafic rocks and metapelites (6.8-7.2kms-1) (Holbrook et al., 

1992). Such ambiguity may be reduced by the use of S-wave data (and hence Poi- 

son's ratio) where it is available, in addition to other geological and geophysical 

controls, such as borehole data (Holbrook et al., 1992). 

The wide range of P-wave velocities observed both within and between tec- 

tonic environments suggests that the deep crust is compositionally diverse (Hol- 

brook et al., 1992; Christensen & Mooney, 1995; Rudnick & Fountain, 1995). Ve- 

locities from 6.4-7.5kms'1 with peaks at 6.7-6.8kms-1 and 7.2-7.5kms-1 mean 

that plausible compositions include metapelites, intermediate to mafic granulites, 

anorthosites and amphibolites (Holbrook et al., 1992). Mid-crustal velocity peaks 

at 6.5-6.8kms'1 correlate with velocities measured for metagabbro, amphibolite or 

metapelite (Holbrook et al., 1992). Such velocities represent the bulk average of 

the materials along the raypath. As such, the lithologies that they correlate with 

should be considered a modal average of a potentially compositionally diverse and 

heterogeneous deep crust (Holbrook et al., 1992; Rudnick & Fountain, 1995). Such 

an average is, however, useful in order to place compositional bounds on deep 

crustal material. 

Holbrook et al. (1992) conclude from their compilation of >90 seismic reflection 

and refraction experiments (weighted to account for sampling bias of certain tec- 

tonic environments) with laboratory-derived velocity data for deep crustal litholo- 

gies (corrected for pressure and temperature), that the deep crust is in general 

close to a gabbroic composition. 

One obvious method of estimating the composition of the deep crust is direct 

observation of the widespread high-grade terranes (Fountain & Salisbury, 1981; 

Weaver & Tarney, 1984; Bohlen & Mezger, 1989; Percival et al., 1992; Rutter et 
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al., 2003). Of particular interest however, are where complete, or at least par- 

tial continuous sections of the crust can be identified. Lower crustal sections can 

become exposed via compressional uplifts, extensional complexes, transpressive 

regimes, and more rarely in the vicinity of bolide impact sites (Fountain & Salis- 

bury, 1981; Percival et al., 1992; Rutter et al., 2003). Wide high-grade terranes 

whose uplift mechanism remains spurious are also observed (Percival et al., 1992). 

Compressional uplifts expose perhaps the most dramatic and convincing deep 

crustal sections, which often expose a full section from upper crustal assemblages 

through the deep crust to the Moho (Percival et al., 1992), with associated changes 

in pressure, temperature, metamorphic grade and composition. Compressional up- 

lifts occur where full-crustal over-thrusting has occurred, with up-ending of the 

previously horizontal column and followed by erosion. Where they are available, 

seismic reflection profiles across exposed sections can often trace deep reflectors to 

the exposed section (Geis et al., 1990). Two commonly cited examples of com- 

pressional uplifts are the Kapuskasing uplift, Canada, affecting Precambrian rocks 

(Percival & Card, 1983; Percival & McGrath, 1986; Percival et al., 1992), and the 

Ivrea zone, Italian Alps, of Phanerozoic origin (Fountain, 1976; Percival et al., 

1992; Rutter et al., 2003). Other examples include the Calabrian massif, south- 

ern Italy, and the Kohistan arc, Pakistan (see review in Percival et al., 1992). 

Features common to each include increasing mafic composition with depth asso- 

ciated with an increasing magmatic origin of units relative to supracrustal, and 

increasing metamorphic grade from greenschist to granulite facies (Fountain & 

Salisbury, 1981; Percival et al., 1992; Rutter et al., 2003). Where mineral assem- 

blage geobarometry is available, maximum inferred pressures from basal sections 

are consistently in the range 7-9kbars, although 12-14kbars has been suggested 

for some localities such as the Kohistan arc (Percival et al., 1992). Geothermome- 

ters consistently record metamorphic temperatures between 700-850°C (Percival 

et al., 1992). Compressional uplifts expose crustal sections constructed in a variety 
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of tectonic environments, including accretionary prisms, magmatic arcs and rifts 

(Fountain & Salisbury, 1981; Percival et al., 1992; Handy et al., 1999). 

The third method of inferring deep crustal composition, is from deep-sourced 

xenoliths. Two notable differences are observed between deep-sourced xenoliths 

and exposed high-grade terranes (Rudnick, 1992). Firstly, while high-grade ter- 

ranes have a significant portion of more evolved, felsic to intermediate composi- 

tions, xenolith suits tend to be dominated by. more primitive mafic compositions 

(Rudnick, 1992). Secondly, while many exposed high-grade terranes are of Pre- 

cambrian origin, most xenolith suits are observed in igneous assemblages that have 

traversed through Phanerozoic crust (Rudnick, 1992). Such differences may be a 

function of differences in sampling depth between terranes and xenoliths, composi- 

tional evolution of the crust through time, or an issue of how representative either 

samples are of deep crustal material (Rudnick, 1992). Observation of metamorphic 

textures (Frey & Prinz, 1978), in addition to chemical and isotopic analyses (Rud- 

nick, 1992), indicate that high-grade xenoliths are often distinct from their host 

basalt or kimberlite, and have in fact resided in the deep crust for sufficient time, 

post-crystallisation, to develop metamorphic textures (Rudnick, 1992). Common 

mineral assemblages include pyroxene, plagioclase and garnet, where pargasitic am- 

phibole is the dominant hydrous phase, both primary (Wass & Hollis, 1983) and 

secondary (Okrusch et al., 1979). Geobarometry suggests that most granulite facies 

xenoliths equilibrated at pressures in excess of 8kbars, supporting a deep crustal 

origin (van Calsteren et al., 1986; Downes & Leyreloup, 1986; Rudnick, 1992), al- 

though equilibration pressures of many xenolith suits cannot be determined due to 

the absence of key indicative minerals in the assemblage (Rudnick, 1992). Further- 

more, decompression features, including fracturing and alteration, the coexistence 

of lherzolite, and primitive composition of host magmas suggest that xenoliths 

were plucked from deep structural levels and were transported quickly to the sur- 

face (Rudnick, 1992). In a review of 336 high-grade xenolith samples from 20 suites, 
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Rudnick (1992) concludes an average mafic composition, corresponding to a variety 

of basaltic melts and their cumulates. Laboratory-determined seismic velocities of 

mafic granulite xenoliths at 4kbars of 7.2-8. Okms by Jackson & Arculus (1984) 

are consistent with those from exposed high-grade terranes, e. g. 7.0-7.3kms'1 at 

10kbars (Manghnani et al., 1974) and 7.5kms-' at 10kbars (Christensen & Foun- 

tain, 1975), and of deep crustal velocity estimates from wide-angle seismic profiles 

(6.61-7.25kms'1 for average crust at 35 km depth, Christensen & Mooney, 1995). 

Most simply, it seems likely that xenoliths are samples of the deepest part of the 

crust that represent previous episodes of deep basaltic intrusions and their cumu- 

lates (mafic underplating), and have become entrained by more recent magmatic 

events (Rudnick, 1992). This is supported by the observation of an increase in 

mafic material and magmatic origin of units with increasing depth (increasing 

pressure and temperature) as exposed in crustal sections (Fountain & Salisbury, 

1981; Percival et al., 1992). 

Rudnick & Fountain (1995) present a comprehensive review and study into the 

lithological composition of the lower crust, including a review of the aforementioned 

techniques of its determination. Laboratory-based ultrasonic measurements on a 

plethora of lower crustal materials, including high-grade mafic, felsic, intermediate 

and metapelitic compositions, are combined with continental heat flow observa- 

tions and analyses of the average heat producing elemental composition of the 

aforementioned lithologies, and compared against the pressure and temperature 

calibrated seismic profile velocity measurements. Further to discussion of field ob- 

servations from currently exposed high-grade terranes, the authors conclude the 

importance of mafic material in the deep crust in accounting for its bulk average 

properties, comprising between 40% and 90% of its total volume and approximat- 

ing the composition of amphibolite- to granulite facies metabasalt or metagabbro. 

Rudnick & Fountain (1995) stress, however, that the average seismic properties of 

a lower crustal layer are indicative of the average properties of the constituent rock 



13 Chapter 1: Introduction 

types, and recognise that such an average may be caused by a heterogenous pack- 

age of materials. The results of Rudnick & Fountain (1995) are supported by an 

extensive heritage of seismic velocity observations that suggest mafic composition 

in the lower continental crust (e. g. Fountain & Christensen, 1989; Christensen & 

Mooney, 1995). 

The structure of the lower crust has been shown to be complex in both deep 

seismic reflection profiles (Mooney & Meissner, 1992) and exposed crustal sections 

(Fountain & Salisbury, 1981). 

One of the most significant and consistent structural features to be observed 

on deep seismic reflection profiles globally is that of a reflective and laminated 

lower crust (e. g. Meissner & Rabbel, 1999). Whereas the upper crust and upper 

mantle tend to be seismically transparent in deep wide-angle surveys, the lower 

crust is often characterised by a dense package of strongly reflective subhorizon- 

tal lamellae (Allmendinger et al., 1987; Cheadle et al., 1987; Mooney & Meissner, 

1992; Meissner & Rabbel, 1999). Reflective lower crust is a feature of (albeit 

in varying strength and distribution) almost all tectonic environments including 

compressional belts and ancient shields, although is most prominent in young ex- 

tensional zones characterised by extensional tectonics and thermal events in their 

recent tectonothermal history (Meissner & Rabbel, 1999). 

A widely cited mechanism for the origin of lower crustal reflectivity calls on 

compositional and metamorphic layering coupled with ductile creep (Allmendinger 

et al., 1987; Cheadle et al., 1987; Mooney & Meissner, 1992; Meissner & Rabbel, 

1999). Acoustic impedance contrasts between multi-scale compositional and meta- 

morphic layering, and tabular igneous intrusions provide the primary origin of 

reflections (Meissner & Rabbel, 1999; Smithson & Johnson, 2003). Reflectivity 

may be further enhanced by an ordering process, notably viscous creep under an 

extensional stress field, augmented by heating from mafic intrusions or upwelling 

mantle (Mooney & Meissner, 1992; Meissner & Rabbel, 1999; Waters et al., 2003). 
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This would further enhance subhorizontal fabrics and the development of lattice 

preferred orientations in minerals, and thus enhancing subhorizontal reflectivity 

(Mooney & Meissner, 1992). This mode of genesis supports the observation of 

strong and pervasive lower crustal reflection lamellae in extensional environments, 

e. g. the Basin and Range province (Allmendinger et al., 1983,1987; Hamilton, 

1987) and the U. K. continental shelf (Matthews, 1986; Beach et al., 1987; Chea- 

dle et al., 1987; Blundell, 1990), and rejuvinated mobile lower crust during post- 

orogenic extension (Meissner & Rabbel, 1999). Furthermore, lower crustal re- 

flectivity in cold Archaean cratons can call on the primary causes of reflectivity 

(e. g. compositional layering) without necessarily requiring secondary ordering by 

ductile processes (Mooney & Meissner, 1992). Observations and modelling of bore- 

hole data from deep crustal materials, and from where deep crustal reflectors can 

be traced to the surface outcrop, support this thesis (Allmendinger et al., 1983; 

Mooney & Meissner, 1992; Rabbel & Mooney, 1996). 

Alternatively, deep crustal reflections may be due to mylonitic fault zones (Jones 

& Nur, 1982; Fountain et al., 1984; Ji et al., 1993,1997). Modelling of the seismic 

response to mylonitic lamellae in the deep crust Fountain et al. (1984); Ji et al. 

(1997) have shown that compositional, petrofabric and petrophysical characteris- 

tics of mylonite zones can be responsible for reflectivity observed in the deep crust. 

The often pervasive nature of reflectivity in the deep crust suggests that a multi- 

causal origin is most likely, incorporating compositional and metamorphic layering, 

intrusion, ductile ordering processes and deep mylonitic shear zones (Mooney & 

Meissner, 1992). 

A number of studies have used direct observation of exposed crustal sections 

and high-grade samples collected from them to forward model the expected seismic 

reflection profile that would result from such a crustal assemblage (Fountain & 

Christensen, 1989; Pohl et al., 1999; Khazanehdari et al., 2000; Rutter et al., 2003). 

As mentioned above, the Ivrea crustal section provides an accessible example of 
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a mid- to lower crustal exposed section in the Italian Alps (Rutter & Brodie, 1990; 

Percival et al., 1992; Handy et al., 1999; Khazanehdari et al., 2000; Rutter et al., 

2003). Prior to final uplift and exposure in a compressional uplift, the Ivrea section 

records accretion, metamorphic and magmatic processes, orogeny, magmatic un- 

derplating, and post-orogenic thinning and extension (Handy et al., 1999; Rutter 

et al., 2003) and is considered typical of thinned late Variscan continental crust 

within the Tethyan and Atlantic passive margins (Handy et al., 1999). 

The Ivrea deep crustal section can be broadly considered in terms of two tecton- 

ically juxtaposed blocks, the Ivrea-Verbano zone (IVZ) and the Strona-Ceneri zone 

(including the Scisti dei Laghi)(SCZ), separated by the Cossato-Mergozzo-Brissago 

(CMB) line (Khazanehdari et al., 2000; Rutter et al., 2003). 

The IVZ represents the deepest, higher-grade part of the section, and is char- 

acterised by high-grade paragneiss and metavolcanics (Handy et al., 1999; Khaz- 

anehdari et al., 2000; Rutter et al., 2003). With increasing grade, mafic intrusives 

and associated cumulates become increasingly important such that they dominate 

the deepest parts of the section (Handy et al., 1999; Khazanehdari et al., 2000; 

Rutter et al., 2003). Polyphase folding is widely evident in the IVZ resulting in 

complex structures that can be broadly considered isoclinal with, what would have 

been horizontal limbs prior to uplift (Handy et al., 1999; Khazanehdari et al., 2000; 

Rutter et al., 2003). Gneissic banding and schistosity would have been horizon- 

tal prior to up-ending, and mafic intrusives are roughly concordant with banding 

(Handy et al., 1999; Khazanehdari et al., 2000; Rutter et al., 2003). 

The SCZ is characterised by an assemblage of metasedimentary gneisses and 

schists cut by orthogneiss and undeformed granitic intrusives (Boriani et al., 1990; 

Handy et al., 1999; Khazanehdari et al., 2000; Rutter et al., 2003). Again, units 

are multiply folded but with metamorphic fabrics lying subhorizontal in the crust 

prior to uplift of the section (Handy et al., 1999; Rutter et al., 2003). 

In order to assess the effect of complex and heterogeneous deep crustal structure 
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and composition, Rutter et al. (2003) produced a synthetic seismic reflection profile 

of the Ivrea section by forward modelling from a 2D velocity profile derived from a 

simplified geological map of the Ivrea section (appropriately back-rotated to a pre- 

uplift crustal section) and laboratory determined velocities from 23 rock samples 

across 90 localities covering the range of lithologies included in the model. 
Strong reflections are noted on their migrated synthetic reflection profile that 

can be correlated with both lithological and tectonic contacts across the entire 

section. Of particular interest however is the generation of a package of reflection 

lamellae in the lower crust. These spatial interference composites are the result of 

reflections from a package of structures whose resolution is less than that of the 

seismic wavelength and represent finely layered paragneiss and mafic intrusions in 

recumbent isoclinal folds of the IVZ (Rutter et al., 2003). Hence, the individual 

reflections in this zone cannot be directly correlated with a particular structure 

or interface (Rutter et al., 2003). Furthermore, steep components of recumbent 

isoclinal folds are not imaged, hindering a true interpretation of the structure 

(Rutter et al., 2003). Reflection seismology is successful therefore in identifying 

zones of compositional and metamorphic layering with intrusions, as in the IVZ, 

but may fail to resolve the true detail. 

In most respects, the deterministic forward modelling of Rutter et al. (2003) 

supports the model of a layered lower crust with ductile ordering processes as 
inferred from seismic reflection profiling (Mooney & Meissner, 1992; Meissner & 

Rabbel, 1999). 

The continental lower crust is thus extremely heterogeneous, both composition- 

ally and structurally, and at all scales. It exhibits an assemblage of metamor- 

phic (meta-igneous and metasedimentary) and igneous rocks that span a range of 

compositions from felsic to ultramafic, often multiply reworked, and which rep- 

resent the different stages and different tectonic settings in the crusts complex 

tectonothermal history. This complex history is also reflected structurally, where 
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polyphase deformation and structural overprinting is common. The importance 

of mafic compositions in the deep crust is recognised however, both as observed 

lithologies, and as an average, bulk composition. Ductile structures are also con- 

sidered as an important structural feature of the deep crust, notably multi-scale 

layering whether it be compositional, metamorphic or structural. 

1.4 Material properties and seismic anisotropy 

Seismic anisotropy describes the azimuthal dependance of seismic wave velocity 

(P- and S-wave velocity anisotropy), and the differential velocity of orthogonally 

polarised waves during shear-wave birefringence (shear-wave splitting anisotropy) 

(see Chapter 5). 

Seismic anisotropy can result from a number of micro- and macroscopic rock 

properties, and can be considered in two broad groups (Crampin et al., 1984; 

Kendall, 2000). 

Intrinsic anisotropy is independent of seismic wavelength and is a function of 

the physical properties inherent to the transmitting material. The most important 

of these is preferred orientation of crystal lattices of constituent mineral phases in a 

rock aggregate deforming by ductile deformation. This is termed lattice preferred 

orientation, or LPO. Some of the first observations of seismic anisotropy due to 

LPO were for the oceanic upper mantle, where anisotropy is attributed to olivine 

crystals aligned with plate spreading directions or upwelling in the proximity of 

spreading centres (e. g. Hess, 1964; Blackman et äl., 1993; Kendall, 2000). Subse- 

quently, intrinsic anisotropy has been shown to be important in crustal materials 

where the development of LPO is due to crystal-plastic processes under ductile 

deformation (Nicolas & Poirier, 1976; Mainprice & Nicolas, 1989; Khazanehdari et 

al., 1998; Lloyd & Kendall, 2005). Lithological anisotropy occurs where inequidi- 

mensional grains of anisotropic minerals are deposited with a preferred orientation, 

thus generating a strong intrinsic anisotropy in that material (Sayers, 1994; Vernik 



18 Chapter 1: Introduction 

& Liu, 1997). 

In contrast, extrinsic anisotropy refers to that resulting from a periodicity in ma- 

terial heterogeneity, and is dependant on seismic wavelength. It has been shown 

that compositional layering (that is, a stack of periodically varying isotropic or 

anisotropic layers) can be modelled as a homogeneous anisotropic unit where 

the seismic wavelength is longer than that of the periodicity of the heterogene- 

ity (Backus, 1962; Crampin, 1984a). The anisotropic expression is a function of 

the physical properties of the layered material and the nature of the layering itself. 

Media containing cracks, fractures or inclusions with a preferred orientation 

have also been shown possess effective anisotropy (Crampin, 1978,1984b; Leary 

et al., 1990). The magnitude and symmetry Of such anisotropy is a function of 

crack geometry, density, and the material properties of inclusions, whether they 

be vapour- or fluid-filled (Crampin, 1978; Leary et al., 1990; Knight & Nolen- 

Hoeksema, 1990). Fractures are often shown to be related to local or regional 

stresses (Crampin et al., 1990; Shih & Meyer, 1990; Shepherd, 1990). The depen- 

dance of fracture dilatancy on confining pressure means that their contribution to 

anisotropy is commonly considered negligible beneath a few kilometers depth in the 

Earth (Crampin et al., 1984; Christensen & Wepfer, 1989; Fountain & Christensen, 

1989; Leary et al., 1990; Siegesmund & Kern, 1990). 

The effect of pressure and temperature on seismic velocity is outlined in Sec- 

tion 1.3. As concluded there, the competing effects can be thought to cancel for 

moderate thermal gradients 

1.5 Model of the lower crust 

For the purpose of providing a compositional and structural framework for this 

project, a practically applicable crustal model is constructed which integrates both 

generalisations and specific intricacies from the above discussions. 

The importance of mafic compositions in the lower crust is addressed by con- 
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Figure 1.3: Schematic r11c(>logy profile corresponding to the crustal model employed 
in this project. The crust, is apt>r()xiII1ate(l ms two-layer systetll with a brittle, 

granitic upper crust., passing toi a ductile, iiiafic lower (r01st beneath the brittle- 

ductile transition. 

sidering it in terms of a inacroscopicailly homogeneous niafic lithology. The upper 

crust is represented as an isotropic and homogeneous iinit of grimitic composi- 

tion. This is combined with the rheologictil atil)proxiiiiatioui described by the jelly 

sandwich moclc'l, whereby the lower crust is defined as that I)art, charac". teriseci 

by solid-state ductile deformation, practically identified as the region beneath the 

base of seismicity (characteristic of the krittle-frictional upper crust) and above the 

Moho. The transition to the lower crust is hence marked by a composition l mid 

rheological boundary in this model. Complexities such as a mid-crustal strain; -Zolle 

at the transition from quartzo-fel(lsp athic upper crustal lithologv and rheology to 

relatively stronger inafic lithologies of the lower crust, are ignored in this simplifi- 

cation. 

The principal aim of this research project is to outline a reproducible work- 

flow for the calibration of seismic properties against material strain, rather than 

attempting to provide a unifying answer to complex structural and petrological 

observations in zones of' continental deformation. Hence, provided that the lim- 

itations and fundamental generalisations in the rheological modelling and deter- 

mination of average lower crustal composition are considered (Rutter & Brodie, 

1991) the proposed two-layer approximation of crustal structure and properties is 
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considered acceptable. 

Modelling the lower crust as a homogeneous aggregate deforming by crystal plas- 

tic processes, and existing beneath the threshold at which cracks or fractures are 

prevalent, means that it can be considered in terms of its intrinsic anisotropic prop- 

erties alone, namely LPO (Christensen, 1984; Mainprice & Nicolas, 1989; Sieges- 

mund & Kern, 1990; Meissner et al., 2006). 

1.6 Thesis outline 

The aims of this project are to illustrate a practical and reproducible procedure for 

determining the seismic properties of a typical lower crustal lithology, calibrated 

to strain via calculation from petrofabric (LPO). 

Research objectives include: 

1. To identify and sample a strain gradient in a representative high-grade mafic 

lithology. 

2. To characterise the collected sample suite in terms of its finite strain and 

petrofabric. 

3. To illustrate the dependence of seismic velocity and anisotropy with strain 

intensity and petrofabric orientation. 

4. To show how such information can be included in simple structural models 

of the crust. 

A thesis work-flow is shown in Figure 1.4. 

Chapter 2 opens by introducing the Lewisian complex high-grade terrane of 

northwest Scotland as a suitable analogue for the lower crust in terms of its lithol- 

ogy, structure and inferred deformation processes. The specific field area at Upper 

Badcall, comprising an amphibolite-facies ductile shear zone cutting amphibolite- 

to granulite-facies mafic protolith is then described, including a discussion of its 
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Chapter 2 

Identify, characterise and sample a strain gradient in a representative mafic 
lower crustal lithology, across a high-grade deformation zone. 

The Lewisian high-grade terrane, NW Scotland, Is introduced with the high- 
grade shear zone at Upper Badcall. The structural reference frame Is describes 
and strain is quantified. 

Chapter 

The analytical techniques used in the quantification of petrofabric, namely LPO, 
are introduced and described. 

Chapter 

Characterise the sample suite In terms of petrofabric. 

The sample suite from Upper Badcall is described petrographically and is 
quantified in terms of its LPO. 

Chapter 

Calculation of seismic properties, and their relationship with LPO/strain. 

The seismic velocity and anisotropy distribution Is calculated for the sample 
suite from the quantified petrofabric data (LPO) presented in Chapter 4. 

Chapter 6 

Modelling a continuum relationship between seismic properties and strain, and 
their application in crustal models. 

The seismic properties of the sample suite, together with a knowledge of their 
strain state and petrofabric, are used to model the relationship between the 
three. These results are applied to crustal models. 

Chapter 

Conclusions. 

Figure 1.4: Thesis work-flow. 
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strain history. A suite of nine samples collected across the deformation zone at 

Upper Badcall are correlated to its finite strain profile. 

The analytical and experimental techniques used in the microgeochemical and 

microstructural characterisation and quantification of collected samples (Section 4) 

are summarised in Chapter 3. 

Chapter 4 examines the results of such analyses of the sample suite, describing 

its petrology, microstructure and and petrofabric. A further, microstructurally- 

based method of calculating the finite strain profile is presented here and critically 

discussed. 

An introduction to seismic anisotropy and its calculation from material proper- 

ties is recounted in Chapter 5. In addition, seismic velocity and anisotropy results 

for the strain-calibrated sample suite are presented, together with an analysis of 

the dependance of seismic properties on aggregate modal composition. 

Strain-calibrated, sample-wise seismic properties are interpolated across a con- 

tinuum of finite strain and petrofabric orientations in Chapter 6. In a move to 

illustrate the application of petrofabric- and strain-calibrated seismic properties in 

integrated geological and geophysical studies of crustal deformation, results are in- 

corporated into a selection of simplified crustal models representative of competing 

theories in zones of contemporary or recent continental deformation. 

Chapter 7 summarises the pertinent conclusions to this study. 

J 
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Chapter 2 

The Lewisian high-grade terrane: 

A deep crust analogue 

The primary step in the work-flow model outlined in this project is to identify and 

sample rock materials representative of mafic lower crust. Numerous exposures 

of deep crustal material exist worldwide including high-grade terranes (Weaver & 

Tarney, 1984; Newton & Hansen, 1986; Park & Tarney, 1987) and crustal sections 

(Fountain & Salisbury, 1981; Percival et al., 1992), and provide an opportunity 

to sample rocks that were once stable in, and representative of the deep crust. 

Examples include the Kapuskasing uplift, Canada, the Kohistan are, Pakistan, 

the Calabrian massif, southern Italy, and the Ivrea section, Italy (as described in 

Section 1.3) (see review of deep crustal sections in Percival et al., 1992). This 

chapter presents the Lewisian high-grade terrane of northwest Scotland with a 

summary of its structure, composition and tectonic history. The latter part of 

the chapter concerns the specific field locality studied at Upper Badcall. Here, a 

high-grade ductile shear zone cutting initially isotropic mafic protolith is observed. 

In view of the discussion of lower crustal bulk composition in Section 1.3 and 

the crustal model of Section 1.5 used herein, this lithology is taken as a suitable 

lower crustal analogue material, and a suite of samples were collected across this 

deformation zone representative of a strain gradient in that lithology. Sampling 
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a strain gradient in a mafic lower crustal lithology forms the foundation to the 

work-flow model presented in this project, and constitutes the core materials for 

petrofabric and petrophysical characterisation in succeeding chapters. 

2.1 The Lewisian complex, NW Scotland 

The Lewisian gneiss complex of northwest Scotland forms a relatively narrow and 

well exposed strip of Precambrian basement to the Caledonian foreland (Fig- 

ure 2.1). The Archaean to Proterozoic Lewisian gneiss complex shows evidence 

of a protracted and complex history including multiple phases of deformation and 

intrusion (e. g. Sutton '& Watson, 1951). Moreover, the length of the Lewisian 

outcrop crosses the strike of the major tectonic features, permitting a variety of 

structures and lithologies from different crustal levels to be observed. These fea- 

tures make the Lewisian a particularly useful resource for identifying and studying 

strain in the mid- to lower crust. 

The tectonic and metamorphic history of the Lewisian is complex and has been 

the subject of debate for over a century (e. g. Peach et al., 1907; Sutton & Watson, 

1951; Friend & Kinny, 2001). Advancements in the understanding of structural 

geology, particularly in the context of global tectonics, together with increased 

accuracy of isotopic dating techniques have constrained the argument to a more 

universally accepted model. 

A range of lithologies can be identified in the Lewisian complex (e. g. Sutton 

& Watson, 1951). Mafic and ultramafic material form metre- to kilometre-scale 

enclaves and masses hosted in lithologically diverse acid to intermediate gneisses. 

The distribution and relative proportion of each lithology represented in a par- 

ticular locality is a function of its structural position in the complex, as is the 

intensity of metamorphic or tectonic fabric observed. It should also be noted that 

some supracrustal and metasedimentary material is observed within the complex 
(Sutton & Watson, 1951; Cartwright et al., 1985). Although these represent a 
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minor component of the lithologies of the complex, they are often observed in 

association with mafic or ultramafic masses -a feature that may be important 

in understanding the petrogenesis of the complex, and indeed, the evolution of 

high-grade terranes and the lower crust globally. 

On a gross scale, the Lewisian complex can be considered in terms of four major 

tectonothermal events. Being unique in their lithlogical, metamorphic and struc- 

tural expression, the outcrop manifestation of these episodes permit the Lewisian 

terrane to be broadly divided into three distinct regions: the northern, central and 

southern blocks (Figure 2.1). 

The earliest identifiable tectonothermal episode to affect the region is the Bad- 

callian metamorphism (originally termed the Scourian sense stricto, Sutton & 

Watson, 1951; Park, 1970). Today, evidence of Badcallian metamorphism is gen- 

erally restricted to the granulites of the central block. This zone is characterised 

by a high proportion of mafic and ultramafic masses and smaller enclaves. Host 

gneisses are acid to intermediate in composition (Sheraton et al., 1973). Badcallian 

deformation can be recognised structurally by broad open folds (Sutton & Watson, 

1951; Beach et al., 1974). 

The dating of Badcallian rocks continues to be a subject of great controversy. 

Longstanding debates prevail over issues ranging from proper nomenclature and 

terminology, to representative lithologies for dating particular events (see discus- 

sion in Friend & Kinny, 2001). Moreover, problems of element mobility with 

respect to grain size within gneisses at high-grade conditions, and heterogeneous 

metamorphism, retrogression and deformation within the Lewisian complex as a 

whole cause countless problems for workers and often result in an over-complication 

of a potentially much simpler tectonothermal history. Nevertheless, a relatively 

firm and widely accepted geochronological framework does exist for the Lewisian. 

Radioisotope systematics have been widely and intensively used over the past few 

decades in dating Lewisian rocks, and have proved invaluable in understanding the 
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evolution of the complex (see review in Rollinson, 1996). Genesis of Lewisian crust 

occurred c. 2950Ma (Hamilton et al., 1979; Friend & Kinny, 1995) and appears to 

have been proceeded in continuous succession by over 300Myrs of granulite facies 

metamorphism to c. 2650Ma (e. g. Pidgeon & Bowes, 1972; Holland & Lambert, 

1975; Chapman & Moorbath, 1977; Weaver & Tarney, 1980; Corfu et al., 1998) - 

the Badcallian event. 

Estimates of the P-T conditions of Badcallian metamorphism record high-grade 

conditions, although absolute values vary. It is generally accepted that peak meta- 

morphism exceded 700-800°C and 7-8kb (Sills & Rollinson, 1987). 

The Badcallian event was followed by a further high-grade episode identified in 

the central zone of the complex (Tarney, 1963) and named the Inverian by Evans 

(1965). Inverian movements led to the development of steep NW-SE striking shear 

belts several kilometers wide (Attfield, 1987; Coward & Park, 1987). During this 

episode, central zone granulites were cut by three major shear belts with asso- 

ciated and locally restricted retrogressive high-grade amphibolite-facies hydrous 

metamorphism (Attfield, 1987; Coward & Park, 1987; Park et al., 1987; Wheeler 

et al., 1987). The Tarbet and Gairloch-Diabaig shear zones border the central 

zone to the north and south respectively, both dipping towards it, and form wide 

belts in excess of 2-4km (Beach et al., 1974; Coward & Park, 1987; Park et al., 

1987; Wheeler et al., 1987) (Figure 2.1). The third major Inverian structure is the 

2km wide, WNW-ESE trending Canisp shear zone (Attfield, 1987), bisecting the 

central zone just north of its centre, near Lochinver (Figure 2.1). Fabric elements 

indicate a thrust sense in Inverian structures (Coward & Park, 1987). That is, 

right-lateral and south-side up on the Tarbet and Canisp zones, and right-lateral 

north-side up across the Gairloch-Diabaig system. 

Geochronologicälly, the Inverian was noted during early isotopic studies (Giletti 

et al., 1961; Evans & Lambert, 1974; Humphries & Cliff, 1982), although the in- 

terpretation of the event of that age has been debated. Continued study and 
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reinterpretation marked it as a high-grade event in its own right with peak con- 

ditions at c. 249OMa (Corfu et al., 1994; Friend & Kinny, 1995) of 550-650°C and 

3-7 kbars (e. g. Sills & Rollinson, 1987; Cartwright & Barnicoat, 1989). 

_.. _.... __.. Ts16aoa 

? ý4yý 
s soooo q 

Rhkankh 

"'. 1- N 
.. 

Ladord Front 

Tarbet 

40 

Lu lord 
Sr go 65 

N 
Scourle ýý 

\. \ 

Loch 
SB Stack 

Wr 

' 
Upper call r SS 01ý 

Scoude dyke 

Gneissic foliation 

Ben Invedan fold trace 
Auskalyd 

2km 

h` 

4 

i 
C. /J 1 

Lineation 

- Lafordian shear 

Zone of granite sheets 
1 

Figure 2.2: Simplified map of the region between Upper Badcall and Rhiconich, 
highlighting the main relationships between Scourian, Inverian and Laxfordian 

structures, in addition to the Scourie dyke suite. The broad open folds typical of 
the Scourian near Scourie and Upper Badcall can be seen to rotate into the steep, 
parallel fabric of the Inverian shear zone near Tarbet. This region is also marked 
by an increase in Laxfordian deformation, with left-laterally offset Scourie dykes. 
North of the granite sheets of Laxford Bridge, marking the Laxford front, intense 
Laxfordian deformation is pervasive. The insert highlights the location of the map 
within Scotland. Modified from Coward & Park (1987). 

The demise of the Inverian event saw the onset of a period of dyke intrusion. The 

Scourie dykes form a suite of steep (dipping approximately 50°-60°NE), NW-SE 

trending, laterally extensive, tabular intrusions that can be observed and inferred 

throughout the Lewisian complex (Teall, 1885; Sutton & Watson, 1951,1962; Beach 

et al., 1974; Park & Tarney, 1987; Waters et al., 1990). They represent an impor- 

tant unit given their emplacement between major regional deformation episodes, 

providing workers with a marker and hence some control over the protracted de- 
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formation and metamorphic history of the complex. Dykes vary from a few cen- 

timetres in width (e. g. Cleit Mhor, U. K. grid reference NC14124418) to tens of 

metres (e. g. at Poll Eorna, Scourie, U. K. grid reference NC14954560). Radiomet- 

ric dating has now confirmed that the dykes were intruded over a period of time 

between 2400Ma and 2000Ma (Chapman, 1979; Heaman & Tarney, 1989; Waters 

et al., 1990; Cohen et al., 1991). Structural relationships with country rock and 

inferences from metamorphic assemblages in certain areas of the complex clarify 

that the onset of intrusion began prior to the termination of Inverian deforma- 

tion and metamorphism (Tarney, 1973; Park & Cresswell, 1973). Although up to 

four distinct lithologies have been identified within the Scourie dyke suite (quartz- 

dolerite, bronzite-picrite, olivine-gabbro, tholeiite-norite, Weaver & Tarney, 1981a; 

Tarney & Weaver, 1987b), the quartz-dolerite dykes dominate, accounting for 95% 

of the total. O'Hara (1961) described this lithology as one- or two-pyroxene quartz- 

dolerite, variably amphibolitised. A garnetiferous chilled margin to the dykes is 

sometimes observed and taken as evidence for intrusion into country rock gneisses 

at amphibolite facies P-T conditions of 5-7 kbars and 450-500°C (O'Hara, 1961). 

This is supported by Tarney (1963) who used mineral associations in picrite dykes 

to estimate dyke intrusion into rocks at 500°C at pressures in excess of 5-6 kbars 

(15-20 km depth). 

The final major tectonothermal event to affect the Lewisian crust was the Lax- 

fordian, c. 1750Ma (Moorbath et al., 1969; Corfu et al., 1994; Kinny & Friend, 

1997). Laxfordian deformation is heterogeneous and is characterised by ductile 

shears with associated amphibolite facies retrogression. In the north, the south- 

ern limit of intense and pervasive Laxfordian deformation is termed the Laxford 

front (Sutton & Watson, 1951; Beach et al., 1974) and marks the boundary be- 

tween the central and the northern zones (Figure 2.1). Structural observations 

including southwest-plunging linear fabrics and left-lateral dyke offsets suggest 

that south-side down oblique extension prevailed during the Laxfordian (Beach 
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et al., 1974). Although an early period of south-side up and right-lateral oblique 

trusting has been suggested (Coward, 1990), it is not clear whether or not this 

is independent of late Inverian movements. The Laxford front represents a wide 

ductile shear zone with intense fabric development. Beach et al. (1974) and Davies 

(1978) described the zone as 8km wide, trending NW-SE and dipping 50-60° to 

the southwest. South of the Laxford front, to Tarbet (Figure 2.2), Laxfordian de- 

formation affects are manifest in an anastamosing network of ductile shears that 

enclose unaffected Scourian and, nearer the front, Inverian gneiss (Beach et al., 

1974; Coward, 1990). South of Tarbet, Laxfordian deformation is represented by 

discrete ENE to ESE-trending shear zones with localised retrogression (Figure 2.2). 

A similar structure is mirrored further to the south at the boundary of the cen- 

tral and southern blocks, the Gruinard front (Park et al., 1987) (Figure 2.1). The 

difficulty to workers arises in the fact that the trend and intensity of Laxfordian 

fabrics are very similar to those developed during Inverian metamorphism: steep 

zones of intense fabric development trending NW-SE and lineations plunging to 

the SE. This is further complicated in view of the fact that Inverian structures are 

commonly reactivated during Laxfordian deformation. For example, the Laxford 

front reactivates the Tarbet shear zone, and similarly the Guinard front overprints 

the Gairloch-Diabaig system. Deconvolution of the two events is possible where 

Scourie dykes cross-cut the assemblage and delimit the deformation history. 

There are few P-T estimates of Laxfordian deformation. From metapelites of 

the Loch Maree Group, Droop et al. (1999) calculate a peak of metamorphism at 

630±30°C and 6.5±1.5 kbars, and 530±20°C from other metasedimentary litholo- 

gies (24±5 km depth). Fettes et al. (1992) use mineral associations in a metado- 

lerite in the Outer Hebrides to calculate 620-640°C at 4-7 kbars. 

It is worth noting here that a significant geochemical dichotomy also exists 
between the granulite facies gneisses of the central block, and the amphibolite 

facies material to the north and south. This dichotomy is marked by a pervasive 
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depletion of mobile large ion lithophile elements (LIL's) relative to the global 

crustal average (e. g. Sheraton et al., 1973; Tarney & Weaver, 1987a), and is a 

common feature of many high grade terranes (Heier, 1973). A detailed description 

of the complex bulk and trace element geochemical relationships exhibited by the 

Lewisian is beyond the scope of this study, and the interested reader is referred 

to thorough accounts in e. g. Weaver & Tarney (1980,1981a, b); Park & Tarney 

(1987); Tarney & Weaver (1987a); Rollinson (1996). 

A wealth of structural and petrological observations in the Lewisian complex 

allows us to draw inferences on the petrogenesis and tectonic assembly of the 

Lewisian crust. A valid tectonic model for the assembly of, and movements within, 

the Lewisian crust was developed by Park & Tarney (1987), although in part pos- 

tulated by Weaver & Tarney (1980). In their model, the Scourian crust is the result 

of protracted and extreme tectonic reworking in the deep crust of an essentially 

Andean-style active margin. Geochemical characteristics, such as REE patterns 

and Fe/Mg ratios (Weaver & Tarney, 1980), are cited as support for mafic gneisses 

being the product of tholeittic low-pressure fractionation. Moreover, their com- 

mon association in the complex with metasedimentary units suggests that they 

represent tectonically obducted and intercalated subducting ocean crust at an ac- 

tive margin. This melange of accreted and stacked ocean crust and ocean floor 

sediment was then intruded at deep structural levels by tonalitic gneisses, derived 

from partially melted, shallowly subducting ocean crust, which augmented and 

became involved in prevailing intense ductile deformation and reworking. Origi- 

nating and residing within the deep crust for hundreds of millions of years, this 

assemblage underwent granulite facies metamorphism by equilibration on a cool- 

ing path from magmatic temperatures at its genesis and the crystallisation of the 

tonalitic gneisses (Weaver & Tarney, 1980,1981a). 

Uplift and cooling is associated with the Inverian event, whereby the central 

block became up-thrust between major through-crustal fore- and back-thrusts 
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marked by the relatively steep oblique slip shear zones of Tarbet, Canisp and 

Gairloch-Diabaig. This event segmented the Scourian crust along discrete zones 

and led to the juxtaposition of granulite facies material of the deepest crust with 

rocks residing and def6rmed at higher structural levels, in the mid-crust. The na- 

ture of Inverian structures suggest a less intense geotherm than that characteristic 

of Archaean crustal genesis (Tarney & Weaver, 1987a). 

As mentioned earlier, the close of the Inverian event is associated with the onset 

of Scourie dyke intrusion. Notably, they appear to be emplaced under a dilational 

regime, indicating crustal extension. Of interest are the inferences of Weaver & 

Tarney (1981b) who note a relative LIL enrichment in the Scourie dykes which 

are attributed to mantle source. They propose this LIL enriched upper mantle 

is the byproduct of Archaean subduction processes, notably those that led to the 

production of the LIL-depleted Scourian tonalites. This suggests that during, 

or immediately after, crustal generation c. 3000Ma, the lithospheric mantle was 

sufficiently isolated from the convecting upper mantle to maintain trace element 

heterogeneities produced by enrichment processes. Supporting a model of crustal 

extension at this time is the Loch Maree Group (Park & Tarney, 1987). These 

comprise a supracrustal sequence of dominantly metavolcanics and metasediments 

in excess of 3km thick, deposited towards the end of dyke emplacement, c. 2000Ma 

(O'Nions et al., 1983). Park & Tarney (1987) postulate that a period of slow 

crustal extension led to the intrusion of the early Scourie dykes c. 2400Ma, which 

was proceeded by a more localised and accelerated period of extension in the Loch 

Maree region where greater lower crustal thinning was accomplished by upper 

crustal rifting and basin development. 

The stress and strain fields prevalent during Laxfordian times were complex 

and varied temporally (Park & Tarney, 1987; Park et al., 1987; Wheeler et al., 

1987), where interactions of structural blocks were important locally and may 

have contradicted predictions based on the regional stress field. The dominant 
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mechanism for crustal restructuring during this time, however, appears to have 

involved an extensional regime that incorporated significant strike-slip motion, 

whereby the central block subsided relative to those to the north and south, and 

moved to the southeast along serially reactivated Inverian ramp and mid-crustal 

flat structures (Coward & Park, 1987). Although this strain field is similar to that 

suggested for the Inverian, it does not necessarily represent a temporal continuation 

of it. 

Kinny & Friend (1997); Friend & Kinny (2001) and Love et al. (2004) propose an 

alternative model for the structural history of the Lewisian crust. Recently devel- 

oped isotopic dating techniques, such as SHRIMP (sensistive high-mass resolution 

ion microprobe), image micron-scale zoned complexities in metamorphic zircons 

and have provided a plethora of dates for tectonothermal events that were previ- 

ously not seen or resolved. Their evidence support a model whereby the Lewisian 

crust is composed of at least four disparate terranes that each show a unique Ar- 

chaean history of crustal genesis and metamorphism prior to the Laxfordian. At 

this time, separate blocks accreted along the major Laxfordian shear zones (or 

rather, sutures) and after which, tectonothermal histories are shared. Although 

this model seems attractive and suitably supported based on modern understand- 

ing of accreted terranes at active margins, a number of field relationships question 

its integrity. Firstly, the Scourie dyke suite predates the proposed terrane ac- 

cretion, yet is common to both the northern and central blocks (Rhiconich and 

Assynt terranes, respectively, Friend & Kinny, 2001). From evidence of sheared 

dykes in the central block, and in particular the Tarbet shear zone immediately 

south of the Laxford front, the NW-SE trend of the dykes upon intrusion was 

also common to both zones. If the northern and southern zones represented dis- 

parate terranes at the time of dyke intrusion, then one would have to assume a 

stress-strain field constant over a wide area and covering multiple crustal blocks 

and plate boundaries, in addition to negligible block rotation upon docking along 
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the suture. Furthermore, the model suggests that the granite sheets that mark 

the Laxford front are associated with the northern block (Rhiconich terrane) in 

'terms of pre-Laxfordian provenance. However, immediately south of the Laxford 

front, the granite sheets make a sharp boundary and slightly cross-cut the fabric 

of deformed and amphibolitised gneisses of the central block (Assynt terrane): an 

observation not expected at a major crustal suture. Finally, as mentioned earlier, 

Laxfordian deformation is generally associated with crustal extension, contrary to 

a model of terrane accretion. 

2.2 The Laxfordian shear zone at Upper Badcall 

Section 1.3 described how the deep crust is characterised by compositional and 

structural heterogeneity, showing evidence of polyphase deformation and rework- 

ing of material through time. Access to examples of discrete high-grade shear 

zones affecting undeformed protolith (igneous, or undeformed meta-igneous) thus 

provides a unique opportunity to study the effects of strain on petrofabric. Such 

studies are available in the literature based a variety of localities, for example the 

Lower Pennine Nappes of Switzerland (Ramsay & Graham, 1970) where the ef- 

fects of Alpine deformation are manifest in shear zones with fabric development in 

pre-Triassic igneous intrusives and xenoliths. 

Of particular interest here however, are studies of Laxfordian-age high-grade 

shears cutting doleritic Scourie dykes of the Lewisian complex (Teall, 1885; Ram- 

say & Graham, 1970; Beach, 1974; Coward, 1976; Ramsay, 1980). These studies 

give insight into the effects of strain in otherwise isotropic mafic material, as is 

being envisioned to represent the bulk composition of the deep continental crust 

(Section 1.5). These studies will be referred to appropriately in the proceeding 

sections. 

The following discussion describes such a Laxfordian shear zone affecting a 

Scourie dyke near Upper Badcall, NW Scotland, and is abstracted from Tatham 
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& Casey (2007) (see Appendix A). The work presented in Section 2.2.2 is the 

product of collaborative discussion with Dr. Martin Casey. 

Upper Badcall is situated in the central block of the Lewisian complex and 

is the type area for the Badcallian event (Park 1970). Farhead Point is a small 

promentory located on the northern coast of Badcall Bay (U. K. grid reference 

NC153413) (Figure 2.2). As illustrated in Figure 2.3, the area is characterised 

by an assemblage of banded granulite-facies Badcallian gneisses intruded by a 

Scourie dyke which retains original mineral associations and igneous textures. This 

assemblage is dissected by a discrete ENE-WSW trending Laxfordian-age shear 

zone with an apparent sinistral offset as suggested by the deflection of the dyke 

and gneissic fabric (Figure 2.3). A detailed map from Upper Badcall is available 

in Appendix B. 

To fully resolve the contribution of Laxfordian deformation to the observed mi- 

crostructure and petrofabric of the multiply deformed country-rock gneisses would 

prove difficult and unreliable. The Scourie dyke, however, shows a deformation 

gradient, from an isotropic protolith to highly sheared material, that is the prod- 

uct of one deformation' event only. It is hence the simplest and most sensible unit 

for studying the petrophysical properties across a strain gradient. The shear zone 

at Farhead Point was mapped in detail and studied with an emphasis on fabric 

development across a high strain zone. For the purpose of petrophysical experi- 

mentation, a total of nine samples were collected, numbered serially from north to 

south, representing the strain gradient. evident in the dyke across the deformation 

zone (Figure 2.3). A full lithological description of the sample suite is given in 

Section 4.1. 

2.2.1 Field data 

The NW-SE trending, steeply dipping Scourie dyke intersects the northern bound- 

ary of the shear zone at a high angle (Figure 2.3). From this point southwards, 
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Figure 2.3: Simplified structural map of Farhead Point, Upper Badcall, NW Scot- 
land. The Scourie dyke and the orientation and formed-surface gneissic band- 
ing are shown. Scourie dyke is shaded. Numbers in parentheses refer to sample 
numbers and the locations from where they were collected. Both the shear zone 
(xez, y,,,, ze, z) and undeformed dyke (xdyke) ydyke, zdyke) reference frames are illus- 
trated. A detailed fair copy map is available in Appendix B. Field data is available 
in Appendix C. 

the dyke is deflected left-laterally through the high strain zone, in which it is offset 

by approximately 190m in map view, before returning to an undeformed state at 

its most southeastern outcrop in Badcall Bay. Note that the apparently antithetic 

kink in the deflection of the dyke at the northern boundary of the shear zone is a 

real feature and not an artifact of topographic interference. 

The poles to gneissic banding, plotted in Figure 2.4(a), show a steady migra- 

tion from the undeformed wall rock orientation at the southern coast of Farhead 

Point (e. g. 145/27W, Figure 2.4(b)) to a zone of intense and sub-vertical fabric 

development (e. g. 075/84S, Figure 2.4(c)) (Figure 2.3). 

Figure 2.4(d) illustrates the orientation of mineral lineations measured within 

the dyke material. In order to increase spatial accuracy, fabric elements presented 

here from within the dyke were measured not in situ, where apparent orientations 
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may have mistakenly been measured, but from collected and dissected oriented 

samples. Dyke lineations are shown for samples collected between the northern 

boundary of the shear zone and the central band of intense shear fabric develop- 

ment (Figure 2.3). North of the shear zone, the dyke material is undeformed and 

hence shows no tectonic fabric. Poor exposure of the dyke towards the southern 

boundary of the shear zone prevented sample collection there. Note that all lin- 

eation orientations can be approximately contained within the average orientation 

of the shear zone (Figure 2.4(d)). Thus, lineation data indicate the absence of a 

broad zone of fabric development with a strain trajectory from 45° to parallelism 

with the shear zone, as predicted by conventional simple shear models (Ramsay 

& Huber, 1983). Instead, the strain fabric appears to saturate over a narrow zone 

at the boundary of the shear zone (a feature also observed in a Laxfordian shear 

zone at Castell O'Dair by Coward, 1976). 

Figure 2.4(e) is a plot of mineral lineations measured in the quartzo-feldspathic 

country rock gneiss between the central band of intense shear fabric development 

and the southern coast of Farhead Point (Figure 2.3). 

It can be seen from Figure 2.4(d) and (e) that quartzofeldspathic gneiss and 

dyke mineral lineations can be broadly contained within a girdle that, intuitively, 

approximates the shear zone (Figure 2.4(b))., This is most clearly developed in 

the dyke lineations, Figure 2.4(d), where the undeformed dyke material outside 

the shear zone is isotropic. Therefore, all mineral lineations plotted from within 

the dyke are the result of the Laxfordian deformation associated with the mapped 

shear zone. This is in contrast to mineral lineations from the quartzo-feldspathic 

country rock gneiss where a pre-existing mineral lineation is observed outside 

the shear zone, a remnant from some earlier tectonothermal event, most likely 

Scourian. Hence, mineral lineations representative of the Laxfordian shear within 

the quartzo-feldspathic gneiss may have some memory of an earlier orientation and 

progressively rotate to the orientation of the new deformation field. These data, 
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Figure 2.4: Field data. (a) Stereogram illustrating the parallelism of the line of 
intersection between the average shear zone orientation (b) and the average wall- 
rock gneissic banding orientation (c), and the pole to the girdle of sheared gneissic 
banding. The trace of the arrow indicates the migration of poles to gneissic banding 

with increasing deformation towards the centre of the deformation zone. (b) Av- 
erage orientation of the deformation zone, 075/84S, from measurements of gneissic 
banding (shown as poles) in the central band of intense fabric development. (c) 
Average orientation of the wall-rock planar fabric, 145/27W, from measurements 
of gneissic banding (shown as poles) north and south of the deformation zone. (d) 
Lineations in the Scourie dyke. Numerical annotations refer to the sample number 
from which they were derived. Sample 1 is not included due to its undeformed state 
and therefore no linear tectonic fabric. (e) Lineations in the quartzo-feldspathic 
gneiss. The average orientation of the shear zone ((b), 075/84S) is shown in (d) 
and (e) for reference. Lower hemisphere, equal-area projections. 
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therefore, have significantly more scatter, especially away from the band of greatest 

shear fabric development. Most of the west-plunging lineations in the gneiss (Fig- 

ure 2.4(e)) refer to locations south of the zone of intense shear fabric development 

and include pre-existing linear fabrics and those from the low-strain shear zone 

margin. Eastward plunges (Figure 2.4(e)) mark mineral lineations from within 

the zone of intense fabric development, although there is no ordered correlation 

between the individual orientation of east-plunging lineations and the location of 

that data transversely across the zone. In contrast, dyke mineral lineations mi- 

grate from a sub-vertical plunge near the northern boundary of the shear zone to 

a sub-horizontal plunge in the zone of intense fabric development (Figure 2.4(d)). 

2.2.2 Discussion of field data 

Though the heterogeneous strain field of a shear zone undisputedly is the result of 

mechanical effects, we can study the reorientation of linear and planar features in 

shear zones as a consequence of the heterogeneous deformation field alone. Thus 

the distinction of the active or passive nature of linear or planar fabric elements is 

not relevant. The left-lateral sense of shear, inferred from the deflection of the dyke, 

is supported by the apparent deflection of gneissic banding as shown in Figure 2.3. 

According to the method of determining true shear sense from the deflection of 

passive markers, described by Wheeler (1987), this inference of left-lateral shear 

from the gneissic fabric is a correct one. 

As described by Ramsay (1967), hinge lines and fold axes in a simple shear zone 

are always parallel to the line of intersection of the shear plane with the surface 

being folded. Hence, the line of intersection between the undeformed gneissic 

banding in the wall rock and the simple shear zone itself should remain constant 

in spatial orientation during deformation. As shown in Figure 2.4(a) the pole to 

the girdle containing poles to gneissic banding lies parallel to the line of intersection 

between the representative undeformed gneissic banding orientation and the shear 
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Figure 2.5: Isogons of strike of gneissic banding. Isogons are parallel and laterally 
continuous. Given that the profile plane (XZ) to the deformation zone is not 
transversely constant, this isogon pattern is only an approximation based on the 
surface expression of reoriented marker planes at that transverse level in the de- 
formation zone. However, it is the lateral, or longitudinal, continuity of reoriented 
planes that is important here, for which the kinematic X-direction is constant. 

zone. Note also that during simple shear, poles to planes are deformed along a 

great circle that contains the pole to the shear plane (kinematic Z-direction), and 

they eventually approach that pole (Figure 2.4(a)). The field data support both 

of these tests for simple shear. 

It has also been shown that the behaviour of linear fabrics can be used to 

infer the kinematics of deformation prevalent in a shear zone. Wheeler (1987) 

suggests that passive linear markers, when deformed under simple shear, deform 

along great circles that contain the movement direction and ultimately approach 

parallelism with that direction. Figure 2.4(d) and (e) show that to some degree 

of accuracy, this rule is upheld. Scatter in the data may be due to a number of 

factors. For example, the varying mineral lineation directions from the dyke, within 

a fixed foliation orientation (Figure 2.4(d)), suggest that the tectonic movement 

direction across the shear zone varies. Undeformed dyke material in the wall-rock 



41 Chapter 2: The Lewisian Terrane 

is isotropic and shows no fabric development; however dyke mineral lineations 

migrate from sub-vertical at the northern boundary of the shear zone to sub- 

horizontal in the zone of intense shear fabric development. This may indicate 

either spatial partitioning of the strain field or temporal variations in the movement 

direction and magnitude of strain. 

Parallelism of gneissic banding strike isogons (as measured in the field) supports 

the quality of the approximation of a concentrated zone deforming by simple shear 

(Figure 2.5). This satisfies the condition that deformation is laterally constant at 

each level transversely across the dyke, normal to the shear zone boundary. 

The inference of a variable tectonic movement direction is supported by the 

apparently antithetic `kink' in the deflection of the dyke at the northern boundary 

of the shear zone (by the location of Sample 5, Figure 2.3). This can be explained 

by a number of mechanisms. The most simple explanation is that the entire shear 

zone is deforming under simple shear with the tectonic movement direction spa- 

tially partitioned, or temporal variation in the strain field, transversely across the 

shear zone. This concept is cartooned in Figure 2.6. The exact three-dimensional 

orientation of the undeformed dyke could not be measured directly although it 

was clear that it dipped steeply (50°-60°) to the northeast. The dyke could hence 

assume the geometry depicted in Figure 2.6 under the condition that it dipped 

more shallowly than the mineral lineations/movement directions measured in, for 

example, Sample 5 (Figures 2.3 and 2.4(d)). Note that the anomalously shallower 

lineation plunge measured in Sample 4 (Figure 2.4(d)) amongst the steep plunges 

of Samples 3 and 5 close to its location in the shear zone (Figure 2.3) suggest that 

the sample may not be representative. 

It could also be suggested that this outcrop geometry could have developed 

under pure shear. Escher et al. (1975) depict a selection of outcrop geometries that 

can prevail when a unit of rock, cross-cut by a sub-vertical marker, is deformed 

by a pure shear zone with different boundary conditions (Figure 2.7). Upon initial 



12 ('li, iI)tcr 2: ri'i I. cwiSmn r1'crr1u(' 

- -- ` Northern boundary of 
shoar zone with vertical 
tectonic movement 
direction & displaying 

\'kink' in dyke (taco 

l ul into sc sho. u 
lobn 

onoc 
devot pmonl ýb) 

with sub-hot zontal 
Ii'clonic mo moral 
directions 

Figure 2.6: (a) As 1iein tie iIIIist, i.; IIiurn Iiuw a steeply dil>piun dyke c, u. i betiIn fired 
to geiiei gate (i kink in its, outcrop trace. Al v(1t is . i1 sIw; u. Z()11(, wit li ;I vc'rt ieiil 

Shear direct lull (an Civa he Diu nl)lmr('utly right, -Ilit, cr, il oiitel ul, I liu e. (h) N1udel for 

t IIc She; Ir Zone iIt [Tl>1>e I. Iiml("lill. Vert i("; II shear mI ii vo'rI R.; i Slie, ir i00nc It t he 

Ito rtlicrii I)mIIIclii. r, y of tlie (lc f(oriuat, 1011 run( I)rovi(i('S the SIII)-vcýitic", II lill('lI faI)Ii( 

and kink ill the (IVkc trace observed. Simple 51i('air wit It aI liurir�iit, il disf)lli("eui('ut 

vector Iii Hic sullt, lhei-u block gives ai, left-llit, crlll ufl'tiet geuiuet rV of I he dyke : 111d 
Sul)-liurir(nlllll linear fabric. 



43 Chapter 2: The Lewisian Terrane 

inspection there is an almost convincing similarity between the unusual geometry 

mapped at the northern boundary of the shear zone at Upper Badcall and the 

patterns depicted in Figure 2.7(b) and (c). However, there are a number of factors 

that invalidate this theory. The variation in lineation directions across the shear 

zone from sub-horizontal to sub-vertical (Figure 2.4(d)) suggests that a single pure 

shear plane strain field does not exist. In order to generate the observed map-view 

outcrop pattern from such a spatially consistent pure shear strain field, all mineral 

lineations would have to be horizontal; a condition that is clearly not observed. 

Alternatively, to a first approximation, the observed outcrop and mineral lineation 

data can be satisfied with a model of combined and spatially partitioned pure and 

simple shear (Figure 2.8). This model provides the sub-vertical finite movement 

directions and the apparently antithetic kink in the dyke outcrop trace in the 

block of pure shear towards the northern boundary of the shear zone, and sub- 

horizontal kinematic movement directions in the southern region of simple shear. 

This necessitates that the block of pure shear at the northern boundary of the 

shear zone is `extruding' material downwards, a concept difficult to imagine at the 

amphibolite-facies conditions of Laxfordian deformation. Moreover, any pure shear 

would change the orientation of the line of intersection between the undeformed 

gneissic banding in the wall-rock and the shear zone. This is not observed, and 

hence suggests that pure shear deformation does not occur in this shear zone. 

Furthermore, pure shear necessitates that the displacement and strain in the 

shear zone varies along its length. That is, about some centre point of the shear 

zone, strain and displacement increase cumulatively longitudinally outwards. Fig- 

ure 2.9 illustrates transverse material lines deforming in a pure shear zone. This 

prediction is not supported by field observations (Figure 2.5). In addition, Fig- 

ure 2.7(b) and (c) suggest, respectively, an equivalent and opposite kink in the 

outcrop geometry or a discrete discontinuity on the southern boundary of the 

shear zone. Again, these are not observed. 
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displacement (8cm and 140cm). A relatively simple analysis of the strain profiles 

from the orientation of the shear fabric with respect to the shear plane across the 

zone led to Ramsay & Graham (1970) to suggest the shear zones had deformed by 

heterogeneous simple shear. 

This result contrasts with Coward (1976) who investigated a 20m long Lax- 

fordian shear in a Scourie Dyke body from Castell O'Dair. Coward (1976) used 

analysis of mineral fabric distributions to compare against those expected for ideal 

simple shear, including the analysis of shape fabrics of mineral clusters, and their 

orientation with respect to the shear zone, together with fabric development and 

orientation analysis of hornblende grains using magnetic susceptibility. Coward 

(1976) concluded that deformation was not by simple shear alone, but included 

a pure shear component. Evidence from the length of the Y component of ellip- 

soidal mineral clusters (orthogonal to the shear direction and shear plane normal) 

indicated that any non-plane strain is minimal (Coward, 1976). The result is at- 

tributed to complex flow patterns induced by boundary effects at the end of a 

shorter, incipient shear zone (Coward, 1976), rather than resulting from a regional 

transpressive stress field. As such, it is not considered significant for the larger 

shear zone at Upper Badcall, where incipient fabrics have like been destroyed and 

any boundary effects (Coward & Potts, 1983) are remote from the main body of 

the shear zone. 

A larger scale study by Beach (1974) provides estimates of offset along Laxfor- 

dian shears over the northern Central block of the Lewisian terrane. Beach (1974) 

adopts the simple shear model of Ramsay & Graham (1970) in his strain and 

displacement calculations, although pursues a simpler method of calculating dis- 

placement from the offset of marker dykes, given their orientation, the orientation 

of the shear zone and the movement direction within the shear zone. Beach (1974) 

recognises that shear zones in the Badcall area often have a transversely varying 

movement direction, as is concluded in this study, but uses an average movement 
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direction for simplicity. It is noted that such an approximation may give erroneous 

results (Beach, 1974). 

Existing literature is therefore non-conclusive for the existence of a pure shear 

component in Laxfordian shear zones, but observations by Beach (1974) do support 

the proposed model for a generally simple shear zone with transversely varying 

shear direction at Upper Badcall. 

2.3 Strain analysis 

A number of methods . are available to determine the finite shear strain, ry, of a 

deformed rock sample in a shear zone, e. g. Ramsay (1967), Ramsay & Huber 

(1983). Techniques include macro-scale analyses relating field data to the finite 

strain across a transect of a deformation zone, such as the reorientation of passive 

lines or planes within a shear zone (Ramsay, 1967; Ramberg & Ghosh, 1977; Ram- 

say & Huber, 1983). Alternatively, microstructural techniques have been proven 

to provide quantitative estimates of finite strain in deformed materials. Such an 

analysis will be presented in Section 4.2.1 subsequent to a description of the pet- 

rography and microstructure of the sample suite. 

Methods of determining strain from the reorientation of fabrics can be broadly 

divided into those that assume reorientation of an existing fabric or marker inter- 

secting the shear zone at some angle (Ramsay, 1967,1980; Ramsay & Huber, 1983), 

and those that trace the reorientation of incipient fabrics from an isotropic pro- 

tolith (Ramsay, 1967; Coward, 1976; Ramsay, 1980; Ramsay & Huber, 1983). The 

approximate parallelism of all the measured dyke lineation data with the average 

shear zone orientation (Figure 2.4(d)) makes analyses involving reorientation of in- 

cipient fabrics undesirable here. Reorientation of gneissic banding which intersects 

the shear zone at a high angle presents a more suitable solution to approximating 

the shear strain profile in this example. 

This section outlines a method of calculating the finite shear strain profile across 
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the deformation zone at Upper Badcall using macro-structural field data. Further- 

more, restoration of displacements across the shear zone, based on the calculated 

strain profile, provides a test of the methods validity. 

2.3.1 Stereographic determination of 'y 

Following the method outlined in Ramsay (1967), the reorientation of passive 

planes from the country rock into the highest strain portion of the shear zone 

is used to calculate the finite shear strain profile in three dimensions. Thus, the 

transversely varying finite movement direction, X, and hence the non-constant 

profile plane, XZ, is considered and accounted for. 

A coordinate system is established, the shear zone reference frame, in which 

the -xe, z-axis is parallel to the strike of the average orientation of the shear zone 

(positive to the east), the y,,, -axis is positive up, and the z8, z-axis is oriented trans- 

versely across the shear zone, normal to the average orientation of the shear plane 

(positive to the south). The origin lies at the intersection of the northern shear 

zone boundary with the western margin of the dyke. 

A transect of arbitrary width was chosen transversely across the shear zone and 

in the vicinity of the coordinate system origin (Figure 2.10). The length of the 

transect was defined by the northern and southern boundaries of the deformation 

zone. A series of 13 data points were chosen across the transect (Table 2.1), 

where data points consist of lineation and gneissic banding pairs, derived from 

the dyke and quartzo-feldspathic gneiss respectively. Sufficient data points were 

used to account for the non-constant tectonic movement direction and to give a 

representative approximation of the integrated shear strain across the deformation 

zone. The finite shear. strain was then calculated for each data point across the 

shear zone stereographically, as follows (Figure 2.11; Ramsay, 1967): 

1. Plot the shear zone boundary orientation as a plane and a pole (here 075/84S). 

2. Plot a representative orientation of the gneissic banding outside the shear 
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zone (e. g. 145/27W in Figure 2.11). 

3. For each data point (lineation-banding pair): 

(a) Plot the lineation direction, X. 

(b) Plot the great circle containing the lineation/shear direction, X, and 

the pole to the shear zone, Z. 

(c) Plot the gneissic banding representative for this level across the shear 

zone. 

(d) Read a and a' as the respective angles between the unsheared and 

sheared gneissic banding orientations and the average orientation the 

shear zone along the great circle containing the lineation/shear direc- 

tion, X, and the pole to the shear zone, Z (as constructed in Step (b)). 

Also, 0 is the angle between positive x8, z of the reference frame and the 

lineation, X, measured along the great circle of the average shear zone 

orientation (the x,, zyg, z plane). 

The results of the stereograph are related to the strain by the equation (Ramsay, 

1967, Equation 3-71, p 88) (Table 2.1, Figure 2.12): 

ry=cota' - cotes (2.1) 

And hence the x8, z- and y,,, -parallel components of the resultant shear strain are 

(Table 2.1): 

y. "� = ry cos 0 (2.2) 

ryy, s = ry sin 0 (2.3) 

where 0 is the angle of pitch from positive xg, z to the lineation, X, measured in the 

x8zY8z plane. 
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Figure 2.11: Example of the stereographic determination of a and a'. Values for 

structural data are included as an example. The angle X-a is a and the angle 
X-a' is a'. The angle x8, z-X is 0, and in this case is negative in reference to the 
lower hemisphere plot. 

is considered constant over that finite width of shear zone. Hence, the relative 

displacements (AU-, 
s, 

DUU, 
s) across each transverse segment of the deformation 

zone (Az9z) is calculated from: 

DU.,. = -y,.. Azaz (2.5) 

DUvas = -y""Az, z (2.6) 

The cumulative displacements can be obtained by summing the contributions 

of each segment across the shear zone from north to south, totalling 999m left- 

laterally in x8x and 594m north-side up in y9z (Table 2.1). The resolution of Az 

used in the integration of y and U across the shear zone influences the associated 

computational error (Ramsay & Huber, 1983). That is, reducing the size of Oz 

(increasing the resolution), will give a more spatially and numerically accurate 

result of the integrated shear strain across the deformation zone. However, this 

may also include shear zone heterogeneities, such as isolated high- or low-strain 
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Figure 2.12: Strain profile for the deformation zone at Upper lindcall, calculated 
frone field data. Shear strain (y) is blotted against the position, transversely m rocs 
the shear zone, at which that value was calculated. See Section 2.3.1 for details of 
its derivation. 
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zones that may not necessarily be representative of the shear zone as a whole, 

and may not be included in a lower resolution and more generalised model of the 

shear zone strain profile. The resolution chosen here was primarily controlled by 

the spatial resolution of the field mapping data and dyke sampling, and appears 

to have provided a good compromise between accuracy and smoothing localised 

heterogeneities in shear strain. 

The strain profile of Figure 2.12 is typical of heterogeneous simple shear (Ram- 

say & Huber, 1983). Although the maximum shear strain ('y = 57) is notably high, 

and may reflect the tendency for ry -º oo as reoriented planar markers approach the 

shear plane orientation, high strains of y> 20 have been documented for natural 

shear zones (e. g. Ramsay & Graham, 1970). 

The total displacement recorded here (999m left-laterally in x,,, and 594m north- 

side up in ye, z) are much larger than those calculated previously for the Badcall 

shear zone by Beach (1974). His horizontal and vertical components of displace- 

ment (250m and 91m respectively) were based based on an average displacement 

direction plunging 20° to the east, despite noting that the movement direction 

is variable transverely across the shear zone. Hence, the displacements of Beach 

(1974) should be considered and estimate at best, and are, unsurprisingly, different 

from those calculated with a much higher resolution and increased accuracy here. 

2.3.2 Restoration of the dyke 

To test the stereographic method of determining finite shear strain, coordinates 

from within the sheared portion of the dyke were restored to their pre-deformation 

geometry. 

This procedure has two purposes. Firstly, it tests the method of y and displace- 

ment calculation through a simple observation of the continuity between the un- 

sheared wall-rock dyke and the restored dyke coordinates. Secondly, it estimates 

the spatial orientation of the undeformed dyke where direct field measurements 
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were sparse and approximate. 

A series of coordinates were documented along the western dyke margin that, 

parallel to the average strike of the shear zone, were representative of a particular 

ry, AU-. 
� and AUy, 

s calculated for successive data points described in Section 2.3.1. 

Coordinates were restored by removing the cumulative displacement, as calcu- 

lated in Table 2.1, from the coordinate values, in metres, at that point in the shear 

zone reference frame, x8, r, yez, zez (Table 2.2). Coordinates were rotated into the 

shear zone reference frame from their observed map-view points (i. e. xmnp and 

Zmap horizontal, and ymap vertical) by a rotation about the xmap axis as given in 

Equation 2.4, again, where 0= -6° is the angle of clockwise rotation between 

vertical and maximum. dip of the shear zone, 84°. 

In general, points moved to the west and upwards upon restoration. To deter- 

mine the geometry of the undeformed dyke, the restored coordinates were viewed 

in a new reference frame, relative to the wall-rock dyke, with the xdyke-axis hor- 

izontal and perpendicular to the strike of the dyke, the zdyke-axis parallel to the 

strike of the dyke, and. the ydyke axis vertically up (Table 2.2). Coordinate points 

were transformed from the shear zone reference frame (x,, r, y,,, zg, z) to the wall- 

rock dyke reference frame (xdyke, ydyke) zdyke) by sequential anticlockwise rotations 

about x,, z and the ydyke-axis produced by that rotation, of 0= 6° and ¢= 32° 

respectively. 

Xdyke xaz 1 0 0 COS 0 0 Sin 0 

Ydyke = Y3z 0 COS 0 Seri 0 0 1 0 (2.7) 

Zdyke zsz 0 - sin 0 cos 0 sin 0 0 COS 0 

The angles 0= 6° and ¢= 32° transform Zdyke parallel to, and Xdyke perpendic- 

ular to the strike of the wall-rock dyke respectively. Figure 2.13 shows restored 

coordinates projected onto the plane Xdyke, ydyke. The best-fit line of Figure 2.13 

represents the trace of the planar dyke in the section plane which has the strike 



56 Chapter 2: The Lewisian Terrane 

direction of the wall-rock dyke as its pole. It suggests an original dip close to 50° 

to the northeast. This value compares well with field data of the wall-rock dyke 

orientation, although sparse. The relatively minor deviations of restored points 

from the best-fit line shows that the model of bulk simple shear with a varying 

shear direction (Figure 2.6) is a reasonable one, considering the irregularity of the 

shear zone (see Figures 2.4 and 2.5). Furthermore it gives support to inferences 

made in Section 2.2.2 on the simple shear origin of the kink in the trace of the 

dyke, near the northern boundary of the shear zone. Any deviations from a perfect 

linear fit may also be attributed to the fact that dyke wall coordinates were often 

projected some distance (up to 130m) from the data points (Section 2.3.1) where 

the kinematics for that transverse level in the deformation zone were calculated. 

Across such distances, minor variations in the shear zone width are observed (Fig- 

ure 2.5), leading to a more condensed or expanded strain profile parallel to z,:. 

Hence the strain profile along the transect of Section 2.3.1 may not be precisely 

congruent along the shear zone. 

2.3.3 Error analysis 

An investigation into the potential error in the calculation of finite strain is pre- 

sented in Section 4.2.2, subsequent to the discussion of a further method of calcu- 

lating strain. This alternative calculation is based on microstructural parameters, 

and requires a knowledge of the petrology and microstructure of the sample suite. 

This method and a combined error analysis are thus presented in Chapter 4. 

2.4 Conclusions 

1. The Lewisian gneiss complex introduced herein represents a currently ex- 

posed high-grade- terrane. Although the Lewisian terrane in itself is compo- 

sitionally heterogeneous and shows evidence of a protracted period of com- 
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Figure 2.13: Coordinates from the western margin of the deformed portion of the 
Scourie dyke at Upper Badcall after U., and UU have been subtracted in the shear 
zone reference frame, xe, z, y8z, z8, x (Section 2.3.1). Data are plotted in the dyke 
reference frame, whereby coordinates are projected onto xdyke, ydyke, the plane 
normal to the strike of the dyke. The best-fit line through the origin suggests an 
original, undeformed dyke dip of close to 50°. 
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plex polyphase deformation, one unit in particular is useful in providing a 

representative analogue material for this study. Being intruded prior to the 

finial major tectonothermal event interpreted in the Lewisian complex, the 

Scourie dyke suite is present as both an undeformed igneous protolith of do- 

leritic composition, equilibrated to amphibolite facies conditions, and also in 

strain gradients where dykes are cross-cut by discrete, ductile, amphibolite- 

facies shear zones of Laxfordian age. 

2. The deformation zone at Upper Badcall is shown to provide an accessible and 

useful example of where a Scourie dyke is deformed by a Laxfordian shear 

zone. From it, a suite of nine rock samples were collected across a strain 

gradient from undeformed protolith to highly strained material. 

3. Detailed structural mapping is shown to be an important resource in estab- 

lishing a structural reference frame, in characterising a deformation history, 

and in providing a means of calculating a quantitative strain profile of the 

deformation zone and sample suite. Analysis of field data shows that the 

deformation zone at Upper Badcall is complex, and is best described as 

an overall simple shear zone, with a transversely varying shear direction. 

Nevertheless, calculation of a three-dimensional strain profile for the defor- 

mation zone, based on the reorientation of planar gneissic fabrics, shows a 

relatively simple and typical transverse strain profile, from undeformed wall 

rock, through a broad and increasingly deformed flanking zone (y < 13) to a 

narrow and highly deformed central zone ('y < 57). A successful restoration 

of displacements across the shear zone, resulting in a pre-deformation geom- 

etry of the sheared Scourie dyke, suggests that the outlined stereographic 

method of strain calculation is valid. 

Thus, the result of field work in the work-flow model is to obtain a sample 

suite representing a strain gradient in a typical high-grade lithology. Moreover, 
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that sample suite is calibrated against finite strain, and can be considered in a 

structural reference frame. 
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Chapter 3 

Experimental & analytical techniques 

As discussed in Chapter 1, the main contributor to the anisotropic properties of 

the lower crust is the intrinsic rock property, LPO. Hence, a series of analytical 

and experimental techniques are employed for the purpose of petrofabric charac- 

terisation and quantification. Subsequent to a note on sample preparation and 

declaration of a reference frame convention, the fundamental concepts of scanning 

electron microscopy (SEM, Section 3.2) are introduced, forming the basis for elec- 

tron microprobe analysis (EMPA, Section 3.3) and electron backscatter diffraction 

techniques (EBSD, Section 3.4), which permit the accurate quantitative descrip- 

tion of rock composition and microstructure, respectively. These data, presented 

in Chapter 4, are key to the determination of the petrophysical, and particulary 

seismic properties of the strain-calibrated rock aggregates (Chapter 5 and 6). 

3.1 Sample preparation 

Much of the experimental procedures employed in petrofabric determination are 

based on electron microscopic techniques. Such methods necessitate specialised 

sample preparation, and so are worth noting here. The foremost requirement for 

maximising results in the electron microprobe and electron diffraction techniques, 

described in Sections 3.3 and 3.4, is a flat and highly polished surface. 
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Rock samples of approximately 10x10mm square (Figure 3.1(a)) are mounted 

in a 30mm diameter cylindrical polyester resin block (Figure 3.1(b)) and polished 

with increasingly fine suspended abrasives from GOpm silicon carbide grit to 1µm 

diamond paste. These lapping and polishing procedures, however, introduce crystal 

lattice damage and distortion to the sample near-surface, giving lattice orientation 

data that are not. representative of the original unpolished grains, or no data at 

all. Therefore, a further polishing procedure is used that provides a damage-free 

and highly polished sample surface. This chemo-mechanical polish uses a 0.05µm 

colloidal silica abrasive suspended in an alkaline (pH 8-9) fluid (Lloyd, 1987). 

Electrical conductivity of the sample surface is provided by 10-20nm of vacuum 

evaporated carbon. This coating prevents the buildup of charge on the sample 

surface under an electron beam, which may distort the sample image. 

In order to maintain consistency throughout experimental samples and results, 

a convention of reference frame is declared. A sample reference frame coincident 

with the local kinematic reference frame, as illustrated in Figure 3.1(a), is adopted. 

This makes the direct comparison of experimental results, field data and strain 

information possible and straight-forward. Furthermore, it is much simpler to 

translate a data series presented in this reference frame to a geographic, or shear 

zone spatial reference frame, using lineation and foliation field data, than vice 

versa. In general, the XZ plane was chosen as the study surface as it is commonly 

considered to contain the most quantitative kinematic features (Passchier & Trouw, 

1998). 

3.2 Scanning electron microscopy 

The scanning electron microscope (SEM) forms the central apparatus upon which 

the analytical and experimental techniques used herein are based, and so is briefly 

described here. This summary is derived from more exhaustive accounts in e. g. 

Lloyd (1985,1987); Reed (1996); Goldstein et al. (2003). 
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cess energy is released as light. Inelastic collisions between beam electrons and 

target atoms result in *electrons of significantly reduced energy in an altered tra- 

jectory, and the associated release of phase-characteristic X-radiation. These are 

secondary electrons (SE), and owing to their low energy, only those generated near 

the surface of the interaction volume are able to escape the sample free surface. 

Such signals are recorded in the SEM column by the BSE, SE and X-ray detectors 

respectively (see Figure 3.2). Most SEM's are equipped with an energy dispersive 

spectrometer (EDS) X-ray detector (Figure 3.2). EDS detectors employ a solid- 

state semiconductor medium which produces a series of electrical pulses that are 

proportional in size to the X-ray energy (Reed, 1996). X-ray energy is proportional 

to the elemental composition of target sample. Thus, pulses are sorted according 

to their energy and flux to give a spectrum of peaks which provides an essentially 

qualitative indication of elemental abundance. The use of X-ray data are discussed 

further in Section 3.3. 

3.3 Quantitative microgeochemistry by EMPA 

Quantitative characterisation of aggregate LPO by EBSD (Section 3.4), requires 

the input of data pertaining to the crystal structure and elemental composition of 

constitutive mineral phases of the sample aggregate. Increased accuracy in EBSD 

can thus be attained where these phases are tightly constrained such that the most 

representative crystallographic data can be used. Electron microprobe analysis 

(EMPA) forms an accurate and efficient means of microgeochemical analysis for 

this purpose, and is thus summarised here, sourced from a thorough account in 

Reed (1996) and discussions with Dr. Eric Condliffe, University of Leeds. 

The electron microprobe is similar to the SEM but is designed specifically for 

compositional analysis. 

As the incident electron beam strikes the sample surface, it penetrates the in- 

teraction volume. Within the this volume, the combination of electron interactions 
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with target atoms generate a range of X-ray radiation. Two main groups of X-rays 

are produced: background or continuous X-rays, and characteristic X-rays. The 

former group are non-specific and pose a hinderance to the accuracy of EMPA 

by masking the signature and intensity of characteristic X-rays. They are pro- 

duced by the quantum jump of an incident electron to a lower energy state, during 

elastic scattering, which is associated with the release of an X-ray photon. As 

unbound electrons occupy a continuum of energy levels, the released photon may 

also possess any energy in a continuum, up to the energy of the initial electron, 

E0. Characteristic X-rays are produced during the inelastic interaction of incident 

electrons with target atom electrons. Most important in EMPA are those involv- 

ing the innermost, or K-shell electrons. Where the energy of an incident electron 

is greater than that of the critical excitation energy of the K-shell, EK, then the 

bombarding electrons have the potential to ionise an atom. The critical excitation 

energy is a function of the atomic mass of an atom, and represents the energy 

required to overcome the attractive force between an atomic nucleus and its shell 

electrons. Where a K-electron is removed, the net positive charge is balanced by 

the jump of an electron from a lower energy shell: a process associated with the 

release of an X-ray photon whose energy is equivalent to the energy difference be- 

tween the two electron shells involved, for example K and L, and is characteristic 

of that elemental atom. The jump of electrons between energy shells continues be- 

tween increasingly lower energy levels, until the charge is balanced by a captured 

free electron. Hence, quantification of characteristic X-rays has the potential for 

quantifying elemental composition of the target material. 

Quantitative EPMA thus records mineral phase composition from the measure- 

ment of the abundance of its fractional elemental components, as recorded by the 

characteristic X-ray distribution. This is most accurately and efficiently achieved 

through wavelength dispersive spectrometry (WDS). The EPMA column is fitted 

with at least three WDS detectors that each record the X-ray emissions from the 
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target sample with high spectral resolution over a specific wavelength range. Each 

WDS detector comprises a crystal mirror and X-ray detector which are geometri- 

cally coupled to the X-ray source, i. e. the sample. 

X-rays will be reflected by the crystallographic planes of the crystal mirrors, 

where the angle of incidence of the radiation (0) and the interplanar spacing of the 

reflecting crystal (d) are such that the Bragg condition is satisfied: 

nA = 2dsinO (3.1) 

where n is an integer, the so-called order of diffraction, and A is the wavelength 

of the incident electron beam energy, an inverse function of the SEM accelerating 

voltage. That is, the difference in wavepath length between two rays reflected off 

adjacent crystallographic planes must be an integer multiple of the wavelength for 

Bragg reflection (Figure 3.3). Reflections of the first order, where n=1 are most 

intense and therefore important in WDS analysis. 

B 

Figure 3.3: Diagrammatic representation of Bragg's condition. Highest intensity 
reflection on crystallographic planes of interplanar spacing d will occur at an angle 
of incidence 0, where the distance ABC is an integral number of X-ray wavelength 
nA. From Goldstein et al. (2003) 

It can be seen from Equation 3.1 that for a given value of n and d, there is a 

limited range of wavelengths that can be analysed. That is, limiting (sin 0) to a 
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LiF 

PET 

TAP 

13S 10 30 
Wavelength (X) 

Crystal d(A) 

LiF 2.013 
PET 4.371 
TAP 12.95 

Figure 3.4: A graphical presentation of Table 3.1: Crystal mirrors and their 
the wavelength coverage of crystal mir- associated interplanar d-spacings 

rors used for Bragg reflection in wave- commonly used in wavelength dis- 
length dispersive spectrometers. From persive spectrometry. From Reed 
Reed (1996). (1996). 

maximum of 1 restricts the longest diffracted wavelength to 2d. Hence, a number 

of different WDS reflecting crystals of pure and specific composition are used, 

each with a unique and known d-spacing (Table 3.1), which collectively permit 

a range of X-ray wavelengths to be measured. These are shown in Figure 3.4, 

illustrating the full spectrum of wavelength coverage. Within each of the three 

WDS detectors, the reflecting crystal and detector are coupled and able to move 

along a motorised linear track whilst satisfying the condition that the sample, 

crystal reflector, and detector lie on the circumference of a so-called focussing 

circle, or Rowland circle, providing a constant Bragg angle. This effectively varies 

the incident angle, increasing the range of wavelengths detected with that crystal 

(Figure 3.5). Furthermore, spectrometer crystal surfaces are ground to a radius 

of curvature of the focussing circle, r, with crystal planes bent to a raduis of 

curvature 2r. This geometry permits X-rays to have the same angle of incidence 

over the entire surface of the crystal, and focussing on a single point at the detector. 

Clearly, this increases detector efficiency and signal detection. The intensity of the 

reflected signals are recorded by a proportional counter and processed to provide 

quantitative compositional data. 
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Crystal 

rI 

Source Detector 
1. 

Rowland 1ý 

"ý Citclc 

Figure 3.5: The principle of the focussing, or Rowland, circle in WDS detectors 
(see text). 0 is the Bragg angle and r is the radius of the focussing circle. From 
Reed (1996). 

3.4 Petrofabric determination by EBSD 

Electron backscatter diffraction (EBSD) in the SEM provides a time-efficient method 

of retrieving high-resolution and accurate crystallographic orientation data for the 

constituent mineral phases of rock aggregates. Prior et al. (1999); Lloyd (2000); 

Randle (2003); Wendt et al. (2003) provide exhaustive accounts of EBSD proce- 

dure and application, and form the resource from which the following overview is 

sourced. 

The experimental setup for EBSD is very different from that of more routine 

imaging modes in the. SEM, and is illustrated in Figure 3.6. Within the inter- 

action volume a percentage of electrons interact with target atoms in elastic and 

inelastic scattering events to generate, essentially, point sources of divergent elec- 

trons. Scattered electrons that interact with lattice planes at an angle such that 

the Bragg condition is satisfied will be diffracted by those planes (Equation 3.1). 

In three dimensions,. the trajectories of scattered electrons that satisfy the Bragg 

condition, i. e. those that are diffracted along lattice planes, form paired large an- 

gle cones (Figure 3.7). Bragg angles of diffraction are typically small (N0.5°) and 

so cone opening angles approach 180° and can hence be approximated as planes. 

The manifestation of this phenomenon upon interception with the phosphor screen 
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orientation. Indexing is therefore phase-sensitive, providing coupled data of min- 

eral phase identification and its crystal lattice orientation. In its most simplest, 

indexing relies on a system of pattern recognition. Recorded EBSP's are compared 

against a database of simulated ideal patterns calculated from atomic and lattice 

information for each component phase. The elemental composition and atomic 

structure of the unit cell of a mineral phase are input into software (e. g. Twist, 

HKL Technologies) which generate the simulated or synthetic EBSP's for the full 

three-dimensional range of possible orientations of that phase in space. By charac- 

terising the precise elemental composition of component mineral phases in a rock 

sample using EMPA, a database of simulated EBSP's can be created and uploaded 

into the EBSD indexing software prior to experimentation. This provides a more 

constrained, accurate and sample-specific database of Kikuchi band patterns for 

the indexing software to compare experimental EBSP's against, further increasing 

the efficiency, accuracy and speed of EBSD analysis. Thus, subsequent to EMPA 

analysis of the sample suite, a set of new theoretical EBSP files were generated 

via Twist for each of the major component phases of the aggregates, specific to 

the mineral composition and structure in their respective solid solution series (see 

Section 4.1). References to crystal structures and compositions used in generat- 

ing EBSP database files for this research are given in Table 3.2. Petrological and 

microgeochemical support is provided in Chapter 4. 

Mineral phase Reference to unit cell parameters 
Hornblende (ferropargasite) Oberti et al. (1993) 
Plagioclase (An38, andesine) Steurer & Jagodzinski (1988) 
Plagioclase (An25, oligoclase) Phillips et al. (1971) 
Quartz (a-phase) Sands (1969) 
Clinopyroxene (diopside) HKL Technologies 

Table 3.2: References to unit cell structures and elemental compositions used in 
EBSP database (Twist) files for EBSD. 

The crystal lattice orientation is described by three Euler angles (Bunge, 1982): 
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three sequential angular rotations that describe the spatial transformation from the 

fixed sample reference frame and the unfixed lattice reference frame. The three 

rotations are order specific: (1) cpl about ze (< 360°), (2) 4) about x, (< 180°) 

and (3) V2 about z, (< 360°), where the subscript s refers to axes in the sample 

reference frame, and sequential axial rotations must be considered in terms of the 

previous rotation(s). All rotations are clockwise when viewed towards the origin 

from positive x, or z8, in a left-handed coordinate system with x, at `north' and 

y, `east. 

Modern EBSD analysis is fully automated. Limiting coordinates defining the 

sample area of interest are input by the user, in addition to the step size between 

indexing points, depending on the desired relsolution. The indexing software then 

controls the mechanised sample-mounting stage in the SEM, analysing points at 

defined intervals within the desired sample coordinates. Although rock samples 

used in EBSD are relatively small in area at 10x 10mm, they are considered large 

enough with respect to grain size (where grain size is « 1mm, Section 4.1) for 

compositionally homogeneous samples such that the mineral phase and lattice 

orientation distribution is sufficiently quantified. An automated-EBSD experiment 

can result in the acquisition of hundreds of thousands of lattice orientation data 

across a single 10 x 10mm sample, depending on step size. 

The output of an automated-EBSD experiment using the Channel indexing 

software is a Channel-version text file (*. ctf ). This file contains data on phase 

identification (from a user-defined list) and lattice orientation (as Euler angles) 

at each coordinate point in the grid defined by the sample area and analysis step 

size. A selection of statistical data is also provided, such as the band contrast - 

a grey-scale value pertaining to the physical quality of the EBSP image, where 

increasingly white shades represent better quality captured EBSP images. This 

test allows apparently erroneous data to be assessed against the quality of the 

captured EBSP image from which it is derived. Where the EBSP image quality 
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is very poor, the indexing software may be unable to match that EBSP with a 

theoretical one, and the coordinate is either not indexed or more problematically 

is `mis-indexed'. A further statistic, the mean angular deviation (MAD) indicates 

the angular difference between the experimentally observed EBSP and the best- 

fit theoretical pattern for that phase and lattice orientation. MAD's >1 are 

considered erroneous. Mis-indexed patterns tend to have relatively high MAD's 

(> 1) and can hence be removed from the data set. 

EBSD analysis at the University of Leeds employs a CamScan Series 4 vertical 

column SEM, where the sample stage is tilted to 75° to optimise electron diffrac- 

tion. Experiments are conducted with a 20keV accelerating voltage and a sample 

current of 20nA (note that beam current cannot be measured directly in the SEM 

at Leeds). EBSD experiments are conducted with a indexing step size of 25µm 

over the sample area, which provides a significant data set with which to accurately 

assess the bulk LPO of constituent mineral phases of the rock aggregates. 

Combining EMPA and EBSD thus provides an efficient and accurate means 

of collecting statistical data sets of petrofabric information, or more specifically, 

characterising the crystal lattice orientation distribution of constituent mineral 

phases of aggregates. Chapter 4 continues the work-flow model by presenting 

observations and results of petrofabric for the sample suite, including those derived 

from techniques described here. 
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Chapter 4 

Analysis of petrofabric 

A comprehensive qualitative and quantitative description of the petrology and 

petrofabric for the suite of study samples is presented herein. Section 4.1 provides 

a petrographic description of the sample suite. This is not a detailed account of the 

igneous and metamorphic history of the unit, but rather a qualitative indication of 

the compositional and petrofabric development across the sampled strain gradient 

in order to provide the reader with context for the quantitative LPO data of 

Section 4.4. It is also considered appropriate here to present and discuss a further 

method of calculating a strain profile across the deformation zone and sample suite 

at Upper Badcall, from microstructural data. This method, and the approach 

outlined in Section 2.3, are discussed critically. In addition, an error analysis in 

the calculation of strain is investigated. The chapter closes with a discussion of 

deformation and strain partitioning in polyphase and polycrystalline aggregates in 

the context of petrofabric results presented herein. Chapters 5 and 6 follow with 

the application of the quantitative evaluation of petrofabric acquired here in the 

calculation of seismic properties for the sample suite, and hence the calibration of 

seismic properties against finite strain. 
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4.1 Petrology &- microgeochemistry 

4.1.1 Undeformed 'material 

Sample numbers refer to those of Figure 2.3. The undeformed wall-rock Sample 1 

is characterised by an original igneous granular texture of subhedral 1-3mm grains 

(Figure 4.1). The rock is dominated by hornblendic (s. l. ) amphibole (Figure 4.2) 

and andesinic plagioclase feldspar (Figure 4.3), with a lesser percentage of quartz 

and remnant salitic clinopyroxene (Figure 4.4). Accessory phases include ilmenite, 

titanite, apatite, and chlorite, which together constitute a fractional contribution 

of the total modal distribution and can be ignored for the purpose of this work, 

whereby their contribution to the bulk physical and seismic properties of the rock 

will be insignificant. Relative modal fractions for the major mineral phases, de- 

termined by phase-sensitive EBSD indexing (Section 3.4) are shown in Table 4.1. 

The aggregate is best described as a quartz-dolerite and can be approximated as 

a hornblende-plagioclase-quartz±clinopyroxene aggregate (consistent with Sutton 

& Watson, 1951; O'Hara, 1961). 

A texture is often observed in amphibole phase grains whereby a core of par- 

tially recrystallised amphibole with anhedral and very fined grained (10 - 50µm) 

quartz is mantled by a more pristine amphibole phase (Figure 4.1(b)). The rim 

phase appears to have a different composition to that of the core, as suggested 

by a deeper green colour and more extreme pleochroism in plane polarised light. 

Electron microprobe analysis of amphibole grains for this sample (Figure 4.2) pro- 

vides support to this observation, indicating magnesiohornblendic grain cores that 

are relatively deficient in Al and Fe2+, and relatively enriched in Mg, compared 

to ferropargasitic grain mantles and rims. This texture and elemental distribution 

is likely a manifestation of disequilibrium during the retrogressive P-T history 

of the dyke since intrusion. That is, initial breakdown of clinopyroxene to horn- 

blende proceeds with uninhibited elemental exchange between grain and matrix, 



77 Chapter 4: Analysis of petrofabric 

Nw \t+ uý` 

Cl) 

LLI 
Cl) 

LLJL 
"' 

./-. 
4 .`. 

l ref 
. . - a 

C15 fir,. 
_ 

<. 
" 

Q r" ýr 
i 

jý 

'fir \ 't' e 
> 

+ý 

CL 

0 0) 
Z 

U) 

EL xr° 

Tel 
$0, 

vnc 

or 4e 

AL -A, 

fýN 
1rsa.. 

e. "+ý Q/)ý C7% 
y 

Qi 
,jý 

^ 
ýf VJ cÜ M 

ý7 "ýr+ 
ý. co 

^ 

*jýt 

tý ý U 

0-4 
.. f Uýy^. 
sW 
1-1 P-4 -0 

N 

cý v 

XUÖ 

cd 
C /; JU 

biC t 
º- 

bi0 

. 

-4 rß4 N 

1 

C. i 
. 
may -q 4-= 

r 

CUf 

"~ UU 

ý II 

b 

OO 

cý O 
Ö býC' IN 

N 

4 
bi 

t It 

II 

bZ - 0-1 C 
ö0 °z 

4-4 



78 Chapter 4: Analysis of petrofabric 

with silica released as quartz. The balance of calcium aa11d1 aluiininiuun during this 

complex reaction cannot be fully accounted for by eleineºital excluailge with plagio- 

clase, whereby excess calcium from clinopyroxene, and the requirement, for extra 

ali_nniniiun necessary in reaction frone climopyroxene to liorul>lencfe is not, suIl)st; aü- 

tinted in the core to rim chemical variation in the plýigioclase phase (Figure 4.5). 

An open system must therefore have prevýiiled with elcillenhil with ;I 

fluid phase. 

At some point, the boundary between clinopyroxene and hornl>leu(Ic stability 

fields must have been sufficiently overstepped such that, remaiueng (Iin(, pyroxene 

reacted to hornblende relatively rapidly, with the length scale of (Iiffhisioam beco1u- 

ing limited, giving a grain core texture of innicli finer grain size relative t<, the 

rim, with in situ crystallisation of quartz and comparatively Al-deficient, lnagne- 

siohornblendic amphibole. Occasionally, relict clinol)yroxeue rail be observed ill 

grain cores. EMPA analysis indicates a composition in tlic saute field (Figure 4.4). 

Whether the driving force for this clinolpyruxeue bre, ikcluwn to liorul)lencle is 

due to post-crystallisation auto-metiunorphitim, or more regional L ixfordiýan ret- 

rogression (Sutton & Watson, 1951; O'Hara, 1961), is not clear. Indeed, it may be 

some combination of the two. 

Core-to-rim compositional variation in plagioclase is commonly observed (Uig- 

ure 4.5) although the magnitude and direction betweemi inure soclic and calcic 

varieties is not consistent. This may be a reflection of the influence of fluid plla. ses 

in an open system during or after metamorphism, selectively altering aan origi- 

nal igneous normal zoning. Alternatively, it may reflect, localised cation exchange 

between clinopyroxene and plagioclase in its breakdown to horublencle. Discrimi- 

nation between the two hypotheses cannot, be fully substantiated without further 

detailed analysis, which is beyond the scope of the objectives here. Rcpeaated albite 

twinning is also observed. 

Sericitisation of plagioclase cores is a common feature (IF iguire f. l (c)) where 
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Figure 4.2: A plot of EMPA data for Sample 1 arnplºiboles. Red mid blue paints 
represent analyses from grain cores and rinis respectively. Data point,,,, in black 

are 2D projections of the data. Amphibole chemistry is expressed ººti ýº function 

of (Na+N) in A sites, Mg/(Mg+Fe2+), and Si atouºs per formula. init. In ac- 
cordance with IMA nomenclature of calcic amphiboles (Lenke et a!., I )97), grain 
core chemistry is that of magnesiohornblende, whilst rim compositions indicates 
ferropargasite. Tabulated EMPA data is available in Appendix C. 

Sample % Hbl % Plag % Qtz %Cpx 

1 52.47 26.56 6.92 14.05 
2 71.55 17.73 10.72 - 
3 61.13 28.90 9.98 - 
4 66.72 21.66 11.62 - 
5 77.77 15.54 6.69 - 
6 42 38 41.83 15.80 - 
7 54.70 24.72 20.57 - 
8 62.42 24.78 12.80 - 
9 50.64 26.05 23.30 - 

Table 4.1: Modal fractions of constituent major mineral phases for Samples 1-9. 
Values are those determined from phase-sensitive EBSD indexing (see Section 3.4). 

8.0 5% 
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more anorthitic cores may be preferentially susceptible. 

As addressed in Section 2.1, metamorphism of the undeformed dykes is likely 

related to intrusion of the dykes at depth with associated post-crystallisation meta- 

morphism. Estimates of the P-T conditions at which dykes were intruded and 

crystallised range from"300-500°C and in >5-6 kbars (O'Hara, 1961; Tarney, 1963). 

Existing descriptions of the undeformed doleritic Scourie dyke material in this 

area are in close correlation with the observations described above (Teall, 1885; 

O'Hara, 1961; Tarney, 1963,1973). 

Teall (1885) describes a fresh sample of dolerite dyke from Scourie, document- 

ing andesinic feldspar, clinopyroxene and secondary minerals including amphibole, 

with a coarsely crystalline texture, up to 2mm diameter. He notes, however, that at 

the same locality samples show a range of alteration states between clinopyroxenc- 

plagioclase-quartz and hornblende-plagioclase-quartz, where hornblende first man- 

tles and ultimately replaces clinopyroxene. 

O'Hara (1961) groups the dolerites in this region into fresh and altered vari- 

eties, where the former retain clinopyroxene as the dominant mafic phase, and the 

latter have significant amphibole at the expense and alteration of clinopyroxene. 

An altered dyke sample collected close to the Teall (1885) locality bears strik- 

ing similarity to the dyke at Badcall, dominated by hornblende, plagioclase, and 

clinopyroxene. The mafic fraction of the sample described in O'Hara (1961) is 

still richer in remnant clinopyroxene (24.7%) than observed at Badcall (14.1%, 

Table 4.1). This is attributed to different degrees of alteration and metamorphism 

across the region (O'Hara, 1961). Observed structures are similar to those seen at 

Badeall however, including hornblende mantling remnant clinopyroxene. 

Tarney (1963,1973) support the observations of O'Hara (1961) with the addi- 

tional description of the quartz sieve texture in amphibole cores, where amphibole- 

quartz pseudomorph original igneous clinopyroxene, as noted for Sample 1. Vari- 

ation in alteration of dykes across the region, between "fresh" clinopyroxene- 
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plagioclase assemblages and "altered" amphibole-plagioclase±clinopyroxene as- 

semblages (where plagioclase is typically An20-60, Tarney, 1973) is a function of 

the metamorphic conditions into which the dykes were intruded and cooled, and 

the length of time that they remained at those conditions, rather than a later re- 

gional metamorphism (O'Hara, 1961; Tarney, 1963,1973). Details and arguments 

on the topic of relative dyke alteration are complex and beyond the scope of this 

thesis, which considers the Badcall rock suite as a deep crustal material in its 

rawest sense. The finer complexities of Lewisian intrusive and metamorphic his- 

tory, and detailed regional geochemical comparisons of the Scourie dykes are are 

generally not required. 

Deformed material 

Observation of the deformed quartz-dolerite material of the dyke shows a number 

of textural changes with increasing deformation, towards the high-strain part of 

the shear zone. 

The major and accessory mineral assemblage is as that for the undeformed 

Sample 1, with the exception of clinopyroxene which is no longer observed. Again, 

phase-sensitive EBSD indexing (Section 3.4) is considered to be a sufficiently ac- 

curate determination of modal distribution, and results for Samples 2-9 are given 

in Table 4.1. The modal composition is close to that for the wall-rock protolith, 

Sample 1. EMPA analysis of Samples 2-9 indicates a marginally more sodic com- 

position (oligoclase) for the plagioclase phase in most of the deformed material 

than that of Sample 1 (Figure 4.3). Amphibole compositions, although clustered, 

are borderline to each of the subclassifications of hornblende (s. l. ) (Figure 4.6), 

where the chemical dichotomy between core and rim presented for Sample 1 is no 

longer apparent (Figure 4.2 and 4.7). Furthermore, the texture of quartz-rich fine 

grained cores to amphibole grains (pseudomorphing clinopyroxene) disappears. 

Marginal samples at the northern boundary of the shear zone, such as Sample 2, 
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show transitional characteristics. Felsic clots clearly define a weak shape fabric (el- 

lipticity of felsic clots is documented in Table 4.2) (Figure 4.8(a)). Clots comprise 

a reduced grain size aggregate (100-250µm) of plagioclase (± quartz) and inter- 

nally show an equant, polygonal texture with characteristic 120° interfacial angles 

(Figure 4.8(a)). The size and ellipticity of such felsic aggregates corresponds to an 

original circular grain size of 3mm (given constant volume plane strain deforma- 

tion) suggesting that they represent recrystalliscd aggregates of original igneous 

single plagioclase crystals. Full and partial sericitisation of individual recrystallised 

grains is documented (Figure 4.8). Repeated albite twinning in plagioclase is not 

uncommon, although twin orientations appear random with no unique relation- 

ship with the kinematic axes. Moreover, twins are generally straight rather than 

tapered and may therefore represent growth twins, perhaps inherited from the 

parent igneous grain, or developed during static recrystallisation, rather than a 

deformation feature. 

Some undulatory extinction in quartz suggests the activity of intracrystalline 

deformation and recovery processes. Its restriction to the quartz phase, however, 

indicates that it may be a late feature, representing, say regional uplift, at lower- 

grade conditions where the quartz phase is particularly susceptible to intracrys- 

talline deformation with respect to the plagioclase and hornblende phases which 

remain internally undeformed. 

The shape fabric noted in felsic clots is also manifest to some degree by the 

development of a shape fabric and preferred orientation in elongate hornblende 

prisms, between 100µm-1mm parallel to the grain long axis (Figure 4.8(b)). A 

polygonal texture is also manifest in the hornblende phase (Figure 4.8(b)). 

Between Samples 3 and 6, a strengthening of the tectonic fabric is documented, 

again defined by the shape ellipticity and preferred orientation of both the horn- 

blende prisms and felsic aggregate clots (see Section 4.2, Table 4.2) (Figure 4.9(a) (b)). 

Grain size remains relatively constant from Sample 2, with individual recrystallised 
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and refined plagioclase grains between 100-250µm (Figure 4.9(a)(c)), and horn- 

blende long axes between 1001im and 1.5mm (Figure 4.9(b)). Plagioclase serici- 

tisation is patchy and grain-localised within the aggregates (Figure 4.9(c)). The 

equant, polygonal texture within felsic clots is consistently observed through to 

Sample 9, retaining the same range of grain size as seen in Sample 2 (Figure 4.9(c)). 

Again, a polygonal texture is observed in the hornblende phase, although better 

developed than in Sample 2 (Figure 4.9(b)). 

A transition to higher strain conditions is recorded in Samples 7-9 with a satura- 

tion of the shape fabric in terms of the ellipticity and preferred orientation of felsic 

aggregate clots (Table 4.2) and hornblende prisms (Figure 4.10(a)(b)). Hornblende 

prisms develop axial ratios between 2 and 6, with long axes typically up to 1.5mm, 

but 500µm being more typical (Figure. 4.10(b)). Some hornblende porphyroblasts 

(<5 per thin section) of approximately 1mm persist. Felsic clots are strained such 

that the term ribbon is probably more appropriate (Figure 4.10(a)). In these high 

strain samples, they become stretched to a degree such that they become dissected 

and incorporated into the matrix, so shape fabric analysis of felsic clots to approx- 

imate finite shear strain may yield underestimated, erroneous values (as tested in 

Section 4.2.1). 

Grain size reduction mechanisms and the development of grain-shape fabrics 

accommodated by crystal-plasticity have no doubt prevailed during deformation. 

However, much of the microstructural evidence indicative of the deformation mech- 

anisms by which this -occurred appear to have been lost to subsequent static 

recrystallisation. An equant to prismatic polygonal texture (in plagioclase and 

hornblende phases respectively) is observed throughout each of the deformed sam- 

ples with straight to gently curved grain boundaries and 120° interfacial angles, 

generally encompassing internally unstrained grains. Furthermore, the reduced 

grain size established by Sample 2 persists, particularly in the plagioclase phase, 

until sample 9. This suggests that the observed texture represents some sort of 
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minimum-energy equilibrium grain size and texture developed during static recrys- 

tallisation, rather than a `frozen-in' deformation texture, although the bulk LPO 

characteristic of the crystal-plastic deformation will still be retained (Section 4.4). 

The common occurrence of sericitised plagioclase across the entire suite, includ- 

ing the undeformed material, suggests that sericitisation is a late, post-deformational 

feature here. 

Teall (1885) first noted the deformation of originally isotropic Scourio dyke 

material in a Laxfordian shear zone in his description of a hornblende schist at 

Scourie. He noted alternating lenticular bands of hornblende and quartz+fcldspar 

with a shape preferred orientation in the plane of the schistosity, and hornblende 

long axes 150-400µm. Teall (1885) observes that the hornblende schist is associated 

with grain size reduction with respect to the undeformed protolith. Interestingly 

he details an increase in the quartz fraction relative to the undeformed material 

which he associates with the conversion of remnant clinopyroxene to hornblende 

(see Table 4.1). These observations are in close agreement with those documented 

above for Upper Badcall. 

O'Hara (1961) describes a foliated and lineated rock from the same locality 

as Teall (1885) in a Scourie dyke. Modal fractions (hbl 70.4%, plag 22.7% + 

accessories) is similar to those observed at Badcall (Table 4.1), although quartz 

is not represented by O'Hara (1961). Despite this, O'Hara (1961) describes this 

material as a hornblende-plagioclase-quartz schist, characterised by strong grain 

shape preferred orientation parallel to schistosity. Plagioclase compositions (An3G) 

are marginally higher than than observed in Samples 2-9 (see Figure 4.3) and may 

reflect slightly different deformation conditions. Hornblende compositions are in 

agreement with those at Badcall, and a lattice preferred orientation (LPO) with 

(100) parallel to schistosity and [001] parallel to the elongation direction os noted. 

In the more general overview of deformed Scourie dolerite dykes by Sutton & 

Watson (1951), some key features which are observed in the undeformed and de- 
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formed dolerite at Badcall are described. Notably, hornblende rims around clinopy- 

roxene, hornblende-quartz entirely replacing and pseudomorphing clinopyroxene. 

Within shear zone, they describe the development of schistosity and shape pre- 

ferred orientation, and the replacement of original igneous feldspar grains with 

granular aggregates - each of which are described above for the Badcall sample 

suite. 

As summarised in Section 2.1, the sparse estimates of Laxfordian P-T estimates, 

range from 530-640°C and 4-7 kbars (Fettes et al., 1992; Droop et al., 1999). These 

estimates are in agreement with the amphibolite facies assemblage described at 

Upper Badcall. 

Thus, the Scourie dyke at Upper Badcall was likely intruded into gneisses at 

amphibolite facies conditions, where subsequent to crystallisation of an igneous 

assemblage that included clinopyroxene with plagioclase, equilibration to ambient 

conditions was associated with alteration of clinopyroxene to amphibole. Laxfor- 

dian shearing appears to be a later event that affected the hornblende-plagioclase- 

quartz±clinopyroxene assemblage and is associated with the development of planar 

and linear shear fabrics, grain size reduction, recrystallisation, and minor changes 

in mineral chemistry. 

The whole rock aggregate can be considered as a three-phase system with iso- 

lated felsic clots in an interconnected matrix of hornblende, plus isolated and dis- 

tributed 100-200µm grains of quartz and plagioclase. 

4.2 Further strain analysis 

A method of strain analysis based on macro-scale structural data was presented 

in Section 2.3. As indicated there however, microstructural techniques have also 

been proven to provide quantitative estimates of finite strain in deformed materials. 

Methods include the analysis of shape fabric parameters (such as the aspect ratio 
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of the best-fit ellipse and its orientation relative to some reference plane) as a proxy 

for the finite strain ellipse (Coward, 1976; Ramsay & Huber, 1983). Correlation 

of strain with the distribution and intensity of a lattice preferred orientation in 

constituent minerals of rock aggregates has also been attempted (e. g. Lister & 

Paterson, 1979; Lister & Hobbs, 1980; Schmid & Casey, 1986; Law, 1990; Law 

et al., 1990; Passchier & Trouw, 1998). Such attempts on a limited range of 

mineralogies have proved, at best, qualitative, due to the recognition of multiple 

possible crystallographic slip systems which can be variably active depending on 

the conditions of deformation, or act together or sequentially to unpredictably alter 

any pre-developed fabric. 

Based on the petrography and microstructure described in Section 4.1, this 

section presents an alternative, microstructural method for determining the finite 

shear strain across the deformation zone at Upper Badcall, and highlights its va- 

lidity with respect to that determined from field data (Section 2.3). 

4.2.1 Approximating 7 from shape fabric parameters 

The microstructural method presented here uses the shape fabric of originally 

circular constituent mineral grains as a proxy for the finite strain ellipse. 

As outlined in Section 4.1, the quartz-dolerites of the Scourie dyke at Upper 

Badeall chiefly comprise an aggregate of hornblende, plagioclase and quartz (± 

remnant clinopyroxene). Although the hornblende phase defines a strong grain 

shape fabric, the interplay of dynamic and static recrystallisation on the inherently 

prismatic crystal form is not clear, and may therefore not provide a representative 

proxy for the bulk shear strain ellipse. 

It was decided, therefore, to use the felsic aggregates or clots (see Section 4.1) as 

microstructural strain markers. Such aggregates present as single igneous parent 

grains in the wall-rock protolith, and deform as a reduced grain size aggregate, 

developing shape fabric within the deformation zone. 
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Optical photomicrographs for each of the specimens were imported into the 

image analysis software, Scion Image (©Scion Corporation). Images were then 

processed according to the following procedure: 

1. Photomicrographs are cropped to 512 x 1024 pixels and greyscaled - requisites 

in Scion Image software for this image processing. Figure 4.11(a). 

2. Define upper and lower thresholds within the greyscale representative of fel- 

sic aggregates, and make the new image binary in black and white. Fig- 

ure 4.11(b). 

3. Process the binary image with a closure function. This action performs 

a dilation operation followed by an erosion - essentially smoothing object 

outlines, filling holes, and removing wildspikcs. Figure 4.11(c). 

4. Load and run the macro Averagepore, developed by Dr. Martin Casey. This 

macro analyses particles of a user-defined minimum and maximum area, via 

a tensor average' method, similar to that outlined in Wheeler (1984). A 

particle area range of 500-oo pixels was used here as a compromise between 

reducing noise from very small non-representative grain and maintaining a 

statistically significant data set. Particles arc assigned a best-fit ellipse, the 

spatial properties of which give a moment of inertia equal to that of the real 

particle. Figure 4.11(d). 

For each sample, the best-fit ellipse is related to the finite shear strain by (Ram- 

say, 1967): 

R_ Al _ 
2+'Y2 +'Y�(72+4) (4.1) 

2 

where R refers to the ellipticity of the finite strain ellipse: 

R= 
(L1)4 

1+e3 -1 
(4.2) 
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and A1,2 are the square of the ellipse long and short axes, respectively; and e� is 

the axial extension. 

The results of the shape fabric determination of finite shear strain, ry, are shown 

in Table 4.2. Given that samples are cut in a kinematic reference frame where 

X is parallel to the mineral stretching lineation defined by felsic clots, best-fit 

ellipse long-axes are generally parallel to the kinematic X-direction. Potential 

errors regarding the measurement of mineral lineations are discussed further in 

Section 4.2.2. 

A comparison of Table 2.1 and Table 4.2, and illustrated in Figure 4.12, high- 

lights a clear discrepancy in the magnitude of the values of ry in the finite shear 

strain profile. At its most extreme, the difference between the value of y calculated 

between the two methods exceeds 55, although, more realistically, the maximum 

discrepancy is around 12 for most of the more highly strained samples. 

Clearly, either the shape fabric of felsic clots in the deformed dyke aggregate, 

or the re-orientation of the macro-scale fabric as measured in the field in the 

country-rock quartzo-feldspathic gneiss, does not deform in a predictable way such 

that it can be used to provide representative values of the finite shear strain. 

For example, it may be that strain in the shear zone is partitioned between the 

country-rock gneiss and the dyke, such that more strain is accommodated in the 

gneiss, accounting for greater values of strain. This would, however, necessitate 

some sort of strain concentration at the country rock-dyke interface, such as an 

accommodating boundary shear -a feature which is not observed in the field. 

Alternatively, felsic clots may not deform like a single particle by internal plastic 

processes. Deformation as a polycrystalline aggregate by, for example, a granular 

flow mechanism, may give erroneous estimates of the strain ellipse, calculations of 

which traditionally assume homogeneous internal deformation of a single particle 

with a viscosity contrast of unity with the enveloping matrix (Ramsay & Huber, 

1983; Freeman, 1987). The mechanical complexity of many polyphase aggregates, 
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although supported to some degree in the literature (e. g. Lister & Price, 1978; 

Passchier & Trouw, 1998; Siegesmund et al., 1994; Stünitz & FitzGerald, 1993; 

Bruhn & Casey, 1997; Ji & Xia, 2002) remains relatively poorly constrained for 

many lithologies. Strain partitioning in polyphase aggregates is further discussed in 

Section 4.5. What is important to understand here, however, is that the aggregate 

clots of dominantly plagioclase (± quartz) do not deform in such a way as to 

realistically estimate the strain ellipse. 

For completeness, and as a check before discarding fl-derived values of finite 

shear strain as erroneous, coordinates of points on the western margin of the de- 

formed section of the dyke at Upper Badcall are restored to their original geometry 

before shear deformation, as in Section 2.3.2. Again, dyke margin coordinates were 

chosen parallel to the strike of the average orientation of the shear zone (175/84S, 

Figure 2.4(b)) from data points at which y is calculated, in this case, sample 16- 

cations 2-9. The procedure of dyke coordinate restoration is the same as that 

outlined in Section 2.3,2 and according to the data as displayed in Table 4.3. As 

illustrated in Figure 4.13, the dyke coordinates do not restore to a geometry that 

approximates the undeformed wall-rock dyke, providing support to the conclusion 

that the calculation of finite shear strain from an analysis of the ellipticity of fel- 

sic aggregates in a volumetrically hornblende-dominated doleritic material is not 

representative of the bulk deformation in the shear zone. 

4.2.2 Discussion of errors 

In order to gain an appreciation of the errors in the calculation of strain, investi- 

gation into the confidence of both lineation and foliation measurements are shown. 

This error analysis refers to the methods of both Sections 2.3.1 and 4.2.1. 
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Figure 4.13: Coordinates from the western margin of the deformed portion of the 
Scourie dyke at Upper Badcall after U. and Uy, determined from shape fabric 

parameters, have been subtracted in the shear zone reference frame, xos, �ez, Zes 
(Section 4.2.1). Data are plotted in the dyke reference frame, whereby coordinates 
are projected onto Xdyke, ydyke, the plane normal to the strike of the dyke. 

Accuracy of lineation observation 

The lineation measurements used in the calculation of strain from the reorienta- 

tion of planar fabrics (Section 2.3.1) was defined by the shape preferred orientation 

(SPO) of plagioclase or felsic clots (Section 4.1). Although the utmost effort was 

taken to ensure the accuracy of measurement, and that a representative lineation 

direction was chosen, natural variation of the lineation direction about the mea- 

sured value is inevitable. 

As described in Section 4.2.1, image analysis of photomicrographs using macros 

such as Averagepore in image processing packages such as Scion Image can pro- 

vide a statistical data set of rock fabric parameters. An additional output of the 

Averagepore macro is a full list of ellipse long axis and short axis lengths, and the 

angle made between the long axis and the reference horizontal (kinematic X-axis), 
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for each of the particles digitised between the user-defined particle area bounds 

(e. g. 500-oo pixels), and from which the average or best-fit ellipse (as used as a 

proxy for the strain ellipse in Section 4.2.1) was calculated. Hence, a data set of 

the spread in lineation orientation about the chosen and measured value (reference 

horizontal, X) is available. 

To quantify an upper bound on this natural variation, one of the most unde- 

formed (lowest 'y-value) samples was chosen for analysis - Sample 3. Exhibiting 

only fractional strain (ry = 0.46, Table 2.1), this sample would be expected to 

have the most poorly defined SPO and hence a relatively large angular error in its 

estimation. 

Processing indicates a standard deviation a= ±12° in the foliation plane (XY) 

about the measured lineation (X) where deviations > 2a (often pertaining to 

small, non-representative grains) were considered erroneous. This is without doubt 

an upper bound estimate of the angular discrepancy in the observation of the 

true lineation and measurement error was consistently much less. Table 4.4 and 

Figure 4.14 show the effect of such a potential angular variation in lineation on 

the calculated strain for Sample 3, via the stereographic method (Section 2.3.1). 

Sensitivity analysis of reoriented fabric 

In addition to the lineation direction, the calculation of -y is a function of the 

reoriented planar fabric elements of the shear zone (Section 2.3.1, Equation 2.1). 

For simplicity, these will be considered here in terms of a and a' (Equation 2.1), the 

angular relationships between the undeformed country-rock fabric and the sheared 

fabric respectively, relative to the shear zone orientation, projected onto the girdle 

containing the lineation, X, at that position transversely across the shear zone, 

and the shear zone normal (i. e. the kinematic XZ plane). 

Given that the sheared planar fabric elements should be recorded parallel to 

the kinematic Y-direction, or perpendicular to the lineation, X, the orientation 
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(Xsz, yaz) Zaz) Ups: U1 xaz, yaz, Zaz "" Uxu, 
yu (Xdyke) Ydyke 

(0.00,0.00,0.00) 1.18 -7.48 (-1.18,7.48,0.00) -1.42,7.43) 
(7.50,1.21,7.67) " 1.99 -18.96 (4.32,27.64,7.67) (6.18,22.29) 

(5.00, -1.15,30.04) 10.05 -16.09 (-8.23,41.37,30.04) (6.56,44.29) 
(0.00, -4.44,42.27) 0.72 -4.56 (-13.95,42.63,42.27) (8.08,46.82) 
(2.50, -4.70,44.75) 1.95 -4.00 (-13.40,46.37,44.75) (9.65,50.79) 

(15.00, -15.43,51.17) 6.97 -5.45 (-7.87,41.09,51.17) (18.01,46.21) 
(40.00, -17.94,55.93) 10.37 -8.10 (6.76,46.68,55.93) (32.62,52.27) 
(110.00, -13.02,66.50) 213.56 -45.39 (-136.80,96.99,66.50) (-86.34,103.41) 

Table 4.3: Coordinates and displacements used in the restoration of part of the 
western margin of the deformed dyke at Upper Badcall. Displacements, U, cal- 
culated from 'y values determined from shape fabric parameters (Section 4.2.1, 
Table 4.2). Notice that in the rotated coordinate scheme, data is projected onto 
the xdykeydyke plane, and so the Zdyke coordinate is not necessary. 

Figure 4.14: Stereogram based on the data of Sample 3 (Table 2.1) and illustrating 
the effects of 1o angular deviation in the observation and measurement of the 
lineation direction for the calculation of strain via the parameters a and a'. The 
calculated strain of y=0.46 is shown to vary by ±< 18.5% in y duo to a standard 
deviation in the lineation measurement of ±12° in the shear plane XY (Table 4.4). 
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of the outcrop with respect to the kinematic axes (Y in-and-out of the outcrop 

surface) means that in the construction of a strain profile across the shear zone it 

is necessary to use fabric orientations that are located in close proximity to the 

taken lineation (for this exercise, sample locations). 

It is therefore not a representative approximation of the error in the measure- 

ment of planar fabric elements to observe the angular deviation in fabric orienta- 

tions parallel to the strike of the shear zone at successive levels along the z,, -parallel 

strain profile. 

Presented, therefore, is a sensitivity analysis providing an indication of the 

potential error in the calculation of ry across the range of values of a' between 

shear zone-parallel and wall-rock fabric-parallel, and for a selection of assumed 

errors in orientation measurement readings. Such errors will be small, but account 

for inaccuracies in the compass-clinometer or unevenness of measured surfaces. 

Differentiation of Equation 2.1 with respect to a' gives the gradient of change 

in ry with a': 

ary_ 1 
Da' sine at 

(4.3) 

The error in y for an individual measurement of a' and a given angular error in 

observation or measurement, ia', is therefore, 

ay oy = a« ,. o« (4.4) 

Plotting a' against (A2.100) hence shows the sensitivity of the shear strain as 

a percentage, over the range of orientations of shear fabric, a', from that in the 

country-rock gneiss (a' = a) to sub-parallelism with the shear zone (a' -º 0°) 

(Figure 4.15). 

For an assumed measurement inaccuracy of ±4° in a' and a wall-rock planar 

fabric orientation such that a= 70° (see Table 2.1 for corresponding gneissic 
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std. dev. or(') lineation a'(°) a(°) ry 'A error in ry 
+12 74/100 56 75 0.41 11.3 

0 86/135 54 75 0.46 - 
-12 78/255 49 72 0.54 18.5 

Table 4.4: Estimating percentage error in strain due to potential inaccuracies in 

the observation and measurement of true lineation direction for Sample 3. 

10 

9 

8 

7 

o6 0 
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1 

a1 

Figure 4.15: Sensitivity analysis of the potential error in the calculated shear strain, 
y, expressed as a percent, with respect to a' shown for assumed angular errors in 

measurement, Da', of 2° and 4°. a is constant at 70°. See text for definitions. 
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banding orientation), the relative error in y is seen to be approximately 20% over 

the broad range of shear fabric orientations, a' = 20°-50°. Relative percentage 

error is much greater at extreme values of a', as ry approaches 0 and oo, and where 

fractional changes in the fabric orientation have disproportionately large effects on 

the calculated shear strain. Large error in these regions can be accepted however, 

given that the width of the highest strain zone tends to be narrow, minimising 

the potential effect of error on the overall inferred displacement, and low shear 

strain values are such that relatively large percentage error would have a negligible 

effect on the absolute value of shear strain, and one that would be very difficult to 

observe. 

Combined error 

An estimate of the potential error in observing and measuring the sheared gneis- 

sic banding within the shear zone (where Da' < ±4°) combined with an upper 

estimate of the standard deviation in lineation orientations from that measured 

(< ±12°) gives an upper bound estimate of the combined errorI in ry of ±28%. 

This is considered an acceptable error given the basis of the strain calculation 

upon field data, and the conditions under which such data is collected. Further- 

more, this is indeed an upper bound estimate. In reality, the accuracy of field data 

measurements and the observation and measurement of a representative lineation 

direction from collected samples, especially in more highly strained samples, were 

likely no more than a few degrees in angular error. Nevertheless, ±28% is adopted 

hereon as the error in the calculation of finite shear strain, ry. 

4.3 The texture index, J 

It is worth noting here the texture index, J, such that elements of the ensuing 

presentation of LPO and quantitative petrofabric data can be fully utilised and 

considered in context. 
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In order to quantify the sharpness of clustering of a petrofabric without consid- 

eration of the complexities of its distribution, Bunge (1969) described the texture 

index, J, 

J= 
f[f(g)]2dg (4.5) 

where f (g) is the orientation distribution function (ODF), 

AV 
V_ 

f 
f(9)d9 (4.6) 

describing the volume fraction of data yV in Euler space with orientations in the 

interval g+ dg in a space containing all possible orientations. 

The orientation distribution function f (g) is evaluated via a spherical harmonic 

series expansion plus a smoothing function representing the distribution density. 

As more terms, L, of the series expansion are considered, the ODF is described 

with increasing perfection. In order to attain a compromise between reproducing 

the main features of the orientation distribution, whilst reducing computational 

time and allowing a sufficiently smoothed distribution density function, the se- 

ries expansion must be truncated at an arbitrary finite degree, Lmax, for which a 

value of 22 is commonly used and has been shown to give representative results 

(Mainprice & Silver, 1993; Skemer et al., 2005). This value is hence used here. 

Furthermore, a smoothing function Gaussian half-width of 10° was chosen to pro- 

vide representative results with suitable smoothing of the ODF where the series 

expansion is truncated. at L= 22 (Skemer et al., 2005). 

Bunge (1969) further describes a measure of the LPO intensity associated with 

specific crystallographic poles, as may be required to quantify the strength of fabric 

in individual pole figures (see Section 4.4.1). Thus, 

Pf J= Jhj = 
f[Ph(y)]2dy 

(4.7) 
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where Ph, is the distribution function giving the volume fraction of the sample for 

which a fixed crystallographic direction h{ = (hkl) coincides with sample directions 

y, and integrated over the region dy. Note that, by definition pfJ <J (Bunge, 

1969). 

J and pfJ are normalised in multiples of uniform distribution such that a ran- 

dom fabric has texture index J=1, and as fabrics become increasingly clustered, 

approximating a single crystal scenario in monomincralic aggregates or for pole 

figures, J -º oo (Bunge, 1969). 

The detailed derivation of J is shown to be dependent on crystal symmetry 

(Bunge, 1969,1981). Furthermore, highly clustered fabrics for individual mineral 

phases in a polyphase aggregate may not necessarily share the same position in 

the aggregate orientation space, and may therefore act to weaken the sharpness of 

clustering, giving an underestimate of the fabric strength of the bulk aggregate. 

Hence, practical calculation of J is conducted separately for each constituent phase 

in an aggregate. 

A convenient Fortran program, SuperJ, written by Prof. David Mainprice, exists 

for the efficient calculation of J from automated-EBSD orientation measurements 

in the form of a *. ctf file database of phase-correlated Euler angle triplets (Sec- 

tion 3.4, Appendix C). In addition to the declaration of the crystal symmetry for 

the particular mineral phase, user-defined values are input for Lmax, the smoothing 

function Gaussian half-width and a data binning option in the form of the integer 

size of weighted Euler angle cells, for which the values 22,10 and 1, respectively, 

are used throughout. Calculation of pfJ is incorporated in the pole figure plotting 

program PFch5 mentioned in Section 4.4.1. 

4.4 Petrofabric 

Section 3.4 introduced an automated method of quantifying LPO in a polycrys- 

talline, polyphase aggregate in a SEM, using EBSD. Here, the results of analyses 



107 Chapter 4: Analysis of petrofabric 

of Samples 1-9 are presented and discussed in terms of petrofabric development 

and its relationship with finite strain. 

4.4.1 LPO development 

Crystal lattice orientation data are clearly and efficiently presented by means of 

crystallographic pole figures (Mainprice et al., 1986; Ji & Mainprice, 1988; Main- 

price & Nicolas, 1989; Mainprice & Silver, 1993). Such stereographic plots present 

the orientation distribution, in a sample reference frame, of a single crystal lat- 

tice pole (hkl) or axis [UVWVJ for a specified mineral throughout a rock aggre- 

gate. Given that samples are oriented parallel to the kinematic axes, pole figures 

are by default presented in a kinematic reference frame. A range of pole figures 

are commonly presented together, permitting the distribution, partitioning, and 

development of lattice-scale microstructure and deformation to be observed and 

characterised. 

For undeformed and isotropic aggregates, pole figures tend to show a uniform 

orientation distribution of crystallographic poles and axes. With increasing duc- 

tile deformation by internal crystal-plasticity, such as dislocation slip mechanisms, 

crystal aggregates tends to create order and symmetry in their LPO distributions. 

Where one crystal slip system dominates, that is, slip parallel to a crystallographic 

direction on a crystallographic plane, pole and axis distributions tend to approach 

those of a single crystal of that mineral (Mainprice & Nicolas, 1989) (Figure 4.16). 

Slip planes tend to rotate into parallelism with the shear plane, XY, of the im- 

posed macroscopic deformation field, and slip directions tend to form point maxima 

parallel with the shear direction, X (Mainprice & Nicolas, 1989). 

Pole figures are plotted using the Fortran program PFch5 developed by Prof. 

David Mainprice. This convenient program permits manifold user-defined plotting 

options, in addition to control over the specific crystallographic poles and axes to 

be generated from EBSD *. ctf output data files (Appendix C). 
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Figures 4.17-4.21 present pole figures of representative crystallographic poles 

and axes for each of the constituent mineral phases indexed with EBSD for each 

of Samples 1-9. Figures 4.17 and 4.18 show lower hemisphere plots of non-polar 

EBSD-derived orientation data for hornblende and quartz respectively. Figure 4.19 

presents polar data in both upper and lower hemisphere plots for plagioclase. The 

plane of projection represents the kinematic XZ plane for that sample, with XY 

parallel to the equator. All pole figures present orientation data that record a 

mean angular deviation (MAD) <1 (see Section 3.4), and are contoured with an 

Euler angle cell size of 1° and contour interval of 1 MUD (multiples of uniform 

distribution). Unfortunately the correlation of absolute values of MUD with the 

colour-scale of contouring cannot be user-defined, and so care must be taken in 

comparing plots based'upon that colour-scale alone, and in its tendency to exag- 

gerate maxima and minima in LPO distributions. 

f 

Hornblende 

Figure 4.16 shows the relationship of crystallographic poles and axes for single 

crystal monoclinic hornblende. 

Figure 4.17 shows crystallographic directions [100], [010] and [001]; and poles 

(100) and (001) for hornblende. Note that for the monoclinic symmetry of horn- 

blende, the lattice direction [010] and pole (010) are parallel and therefore share 

an identical pole figure. The most striking observation from Figure 4.17 is the de- 

velopment of strong LPO in [001] and (100), parallel to the kinemtatic X-direction 

and XY-plane respectively. For Sample 9, for example, axes cluster with MUD's 

of 9.24 [001] and 7.86 (100) - roughly double those recorded for the other crystal- 

lographic axes, and more than three times that of the wall-rock protolith, Sample 

1. This LPO pattern suggests that (100)[001] is the dominant slip system in horn- 

blende in this deformation zone. Furthermore, it supports existing observations of 

(100)[001] as a dominant slip system in naturally deforming hornblende (Sieges- 
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mend et al., 1994; Berger & Stiinitz, 1996; Azpiroz & Lloyd, in Dress). 

Monoclinic: Hornblende, Clinopyroxene 

[UVW] (hkl) 

Triclinic: Plagioclase 

[UVW (hkl) 

Trigonal: Quartz 

Figure 4.16: Representative single crystal pole figures for t 1iee Crystal sy111111 1 rig'", 
encountered in the hornblende, plagioclase, (Imirtz (fcliiuopyroxen(c) ý1 lerit iý aig- 
gregate in the Upper Badcall Scourie dyke. The three principle directions JUVIl 

and poles to lattice planes (hkl) are shown for monoclinic and triclinic syiiiniet ries, 
and the commonly published c(()O1), a(2-1O). m(100), r(101) and --(011) axes for 
the trigonal system. Red colours mark pole maxima, blue marks nºiuiiiia, with 
arbitrary contours. Lower hemisphere plots of non-polar data. 

Section 4.3 introduces the parameter pf, I for describing the L1'O intensity is- 

sociated with specific crystallographic poles, or quantifying the strength of fabric 

in individual pole figures. Thus, in addition to the clear development of' an ordered 

pattern in the LPO distribution in Figure 4.17, quantification of the ! al)ric devel- 

opment with respect to individual crystallographic poles and axes is illustrated in 

Figure 4.22. An increase in pole figure clustering is clearly exhibited for a! 1 poles 

and axes, with particular order developed in [0011 and (100). 
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Figure 4.22: The pole figure texture index, pf J (Section 4.3), versus strain for Hic 

crystallographic poles and axes of hornblende. 28% error bars are shown for strain 
values. Notice the split strain-axis to clarify low-value trends. 
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Quartz 

Figure 4.16 shows the relationship of crystallographic poles and axes for single crys- 

tal trigonal quartz. Figure 4.18 displays the commonly presented crystallographic 

poles for quartz: c(001), a(2-10), m(100), r(101) and z(011) (Schmid et al., 1981; 

Law et al., 1986; Lloyd et al., 1992), although c and a are perhaps the most im- 

portant in the interpretation of commonly observed and documented quartz LPO 

patterns and slip systems (e. g. Law et al., 1990). Examples include the crossed 

c-axis girdle (Lister & Hobbs, 1980; Schmid & Casey, 1986) at low grade condi- 

tions (300-400°C) due to the activity of (c) < a, >, which grade with increasing 

temperature (400-700°C) to a single c-axis maxima parallel to the kinematic Y- 

axis, and ultimately a c-axis point maxima parallel to the stretching lineation X 

(at 700-800°C plus a hydrous phase) (Mainprice et al., 1986) due to the increasing 

dominance of {m} <a> (Bouchez, 1977; Lister & Dornsiepen, 1982; Law, 1990) 

and {m} <c> (Lister & Dornsiepen, 1982; Mainprice et al,, 1986) respectively. 

No such patterns are convincingly defined in Figure 4.18, nor is any consistent re- 

lationship to the kinematic axes, suggesting that the quartz phase did not deform 

internally to any significant degree by crystal-plastic processes. Furthermore, the 

pole figure texture index (Figure 4.23) indicates a close to random LPO distribu- 

tion throughout the sample suite (p fJ 1). 

Plagioclase 

Figure 4.16 shows the relationship of crystallographic poles and axes for a single 

triclinic plagioclase crystal. As highlighted by Jiang et al. (2000) and Prior & 

Wheeler (1999), triclinic plagioclase orientation data is best represented as polar 

data in both lower and upper hemisphere pole figures. Figure 4.19 show both lower 

and upper hemisphere pole figure plots for polar crystallographic direction [UV IV] 

orientation data for the plagioclase phase throughout the sample suite, and Fig- 

ure 4.20 shows lower hemisphere pole figure plots for non-polar plagioclase lattice 
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Figure 4.23: The pole figure texture index, pf J (Section 4.3), versus straits for 

selected crystallographic poles and axes of quartz. 28% error bars are shown for 

strain values. Notice the split strain-axis to clarify low-value trends. 

planes, (hkl). It can be seen that apparently non-random LPO distributions are 

prevalent in each sample from the shear zone, including wall-rock protolith Sample 

1, characterised by a complex pattern of combined clusters and girdles. Dislocation 

slip in plagioclase on (010)[100] and (010)[001] is most commonly identified in the 

literature in ductile deformation of greenschist to arnphibolite facies rocks (e. g. 

Olsen & Kohlstedt, 1985; Kruhl, 1987b; Ji & Mainprice, 1988), although Kruhl 

(1987b) and Siegesmund et al. (1994) also note the importance of (001) as a slip 

plane, perhaps at higher grade conditions. They show that their (hkl) align with 

the foliation plane, and [UVW] cluster around the lineation, or shear direction. It 

can be seen from Figure 4.19 that maxima and girdles in [100], [010] and [001] can 
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be tenuously ascribed to a triclinic symmetry with angular relationships appropri- 

ate to plagioclase. However, there appears to be only very weak congruence of the 

LPO pattern between samples, and no direct coincidence between the symmetry 

of LPO distribution and the kinematic reference frame - conditions normally in- 

dicative of crystal plastic deformation (Paterson & Weiss, 1961; Jiang et al., 2000). 

It can be suggested that Figure 4.19 pole figures indicate a rotation about a fixed 

[010] axis plunging moderately between Z and Y, tracing girdles in [100] and [001]. 

Given the parallelism of [010] and [001], a separate mechanism must also be con- 

sidered. Hence, a similar scenario may be suggested with rotation about a fixed 

[001], with consequential small and great circles in [100] 'and [010] respectively, 

although this mechanism is more tenuously manifest in the pole figure patterns. 

Of interest however, is the clustering of axes in the wall-rock protolith, Sample 

1, with a pattern coincident with the average pattern in the shear zone samples, 

2-9. Furthermore, it can be seen from Figure 4.24 that there is no significant 

change in the degree of clustering, in terms of pattern pf J, between the protolith 

sample with y=0, and the deformed examples. The higher values of pfJ for 

crystallographic axes [UVW] than poles (hkl) is a previously unappreciated arte- 

fact of the calculation of pfJ from polar data. Where axes are plotted in terms 

of non-polar data, pfJ values approach 1, as with those for (hkl). Such comnputa- 

tional artefacts formed to impetus that drove Skemer et al. (2005) to develop an 

alternative measure of fabric strength, the Al-index, although it remains for this 

method to recieve widespread application. What is important is that there is little 

variation in aggregate pfJ in plagioclase axes from protolith (y = 0) to higher 

strains. Hence, under deformation of the whole rock aggregate, the plagioclase 

phase appears to deform such that the pattern and intensity of LPO, defined by 

axis clustering, does not develop beyond that observed in the protolith material, 

Sample 1. If the wall-rock protolith is considered to possess a random LPO, then 

the LPO distribution and pf J indicate that this persists throughout the sample 
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suite and hence the deformation zone. 
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Figure 4.24: The pole figure texture index, pf J (Section 4.3), versus strain for 

crystallographic poles and lower hemisphere polar axes of plagioclase. 28% error 
bars are shown for strain values. Notice the split strain-axis to clarify low-value 

trends. 

A similar pattern of LPO fabric inheritance is was also observed in calcite 

for experimentally deformed calcite-anhydrite aggregates (Bruhn & Casey, 1997). 

Furthermore, Prior & Wheeler (1999) and Jiang et al. (2000) present a discussion of 

plagioclase pole figure patterns following EBSD LP() analysis of a greenschist facies 

sheared metagabbro from the Combin Zone of the Western Italian Alps. They 

describe domainal variation in non-random plagioclase pole figures with triclinic 

symmetry absent of a unique relationship between LPO patterns and the kinematic 

axes. It is highlighted from spatially subset data that domains of reduced grain 

size plagioclase which share a similar pole pattern reflect not the symmetry of 
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the deformation, but the symmetry of the original single parent grain, from which 

that domain was derived under reduced grain size granular flow. The variation in 

the LPO pattern across the analysed zone was a function of the differences in the 

orientation of the original igneous parent grains. Hence, none of the LPO were 

ascribed to deformation by dislocation creep mechanisms. A similar mechanism 

was originally proposed by Lloyd et al. (1992) for quartz-rich mylonites of Torridon, 

NW Scotland, although that particular model was used to explain the operation 

of manifold crystal slip systems in intragranular deformation for a single kinematic 

reference frame. The model suggested that the lattice orientation of the original 

protolith grains dictated the local operative slip system to sub-grain regions derived 

from that parent grain. " Hence, different slip systems operated in different sub-grain 

regions, yet individual regions deformed as a single crystal with a single slip system 

dominating. 

The observed complex, apparently multiply superimposed LPO patterns pre- 

sented in Figure 4.19 may therefore represent the operation of a granular flow 

mechanism on distributed and initially random plagioclase grains in the doleritic 

aggregate, rather than a LPO formed under internal and homogeneous crystal- 

plastic deformation and one directly related to the symmetry of the kinematic 

system (e. g. Olsen & Kohlstedt, 1984; Ji & Mainprice, 1988; Terry & Heidelbach, 

2006). 

In order to test the' theory of Jiang et al. (2000), three subsets of plagioclase 

orientation data were defined from each of Samples 1,5 and 9 representing ini- 

tial, intermediate and extreme positions in the strain gradient of the sample suite. 

Subsets were chosen based on a visual inspection of the sample and grain rela- 

tionships. Each individual subset spatially isolates a single felsic clot. If the felsic 

clots are deforming by a granular flow mechanism of refined, uniformly distrib- 

uted and randomly oriented original igneous plagioclase grains, then each subset 

should display a different and unique pole figure pattern that reflects some sort 
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Figure 4.25: EBSD phase neap of Sample 1, highlighting the three pLagioclase 
subsets investigated. In this example, subsets represent single grains. Phase datais 

mounted on a band contrast image (see Section 3.4). Raw EBSD (1a0,; H is processed 
to remove wildspikes. Non-indexed points are marked by regions of no solid colwir. 
Mis-indexed points are minimised by the different symmetries of the phases here 
(see Section 3.4), and are generally removed by processing of wildspikes. (; reell 
hornblende, blue = plagioclase, red = quartz, and yellow = clinopyroxene. 
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Figure 4.26: Plagioclase phase upper and lower hemisphere [UVW] and (hkl) pole 
figures, Sample 1 subsets. See text for details and discussion. 



123 Chapter 4: Analysis of' f)(, t, rofa1)ric 

Figure 4.27: EBSD p1iase iliap of Simple 5, highlighting the three plagiochise 
subsets investigated. Subsets represent plagiocla e aggregates of originally single 
grains. Phase data is mounted on a band contrast image (see Section 3.1). Raw 
EBSD data is processed to remove wildspikes. Non-indexed points are iuarked 
by regions of no solid colour. Mis-indexed points are iiiiiºiiuised by the different, 

symmetries of the phases here (see Section 3.4), and are generally removed by 

processing of wildspikes. Green = hornblende, blue = pla. gioc lase, Owl red 
quartz. 
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Figure 4.28: Plagioclase phase upper and lower hemisphere ýUVWJ and (hkl) pole 
figures, Sample 5 subsets. See text for details and discussion. 
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Figure 4.29: EBSD phase imp of' Saiiiple J, highlighting the three plaglochise 
subsets investigated. Subsets represent plagioclase aggregates of originally single 
grains. Phase data is mounted on a band contrast image (see Section 3.4). Raw 
EBSD data is processed to remove wildspikes. Non-indexed points are marked 
by regions of no solid colour. Mis-indexed points are minimised by the different 

symmetries of the phases here (see Section 3.4), and are generally removed by 

processing of wildspikes. Green = hornblende, blue = plagioclase, and red -- 
quartz. 
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Figure 4.30: Plagioclase phase upper and lower hemisphere [UVW] and (hkl) pole 
figures, Sample 9 subsets. See text for details and discussion. 
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Figure 4.31: The pole figure texture index, pfJ (Section 4.3), versus strain for 
the crystallographic pole (010) of subset plagioclase. Subset areas are thought to 

represent originally single grains in the igneous protolith. Subsets 1-3 are non- 
correlatable between samples. Samples 1,5 and 9 correspond to finite strains of 0, 
5.40 and 13.88 respectively (Table 2.1). Originally single plagioclase grains (high 

pfJ, low -y) are seen to develop a random LPO with strain (low pf J, high y). 28% 

error bars are shown for strain values. 
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of crystallographic symmetry in each original parent grain, rather than a unifying 

LPO symmetry related to the kinematic axes. Moreover, LPO distributions should 

become increasingly random, from the single crystal symmetry, with increasing de- 

formation. 

EBSD-derived phase maps defining subset areas, and their associated polo figure 

plots are illustrated in Figures 4.25,4.27 and 4.29, and Figures 4.26,4.28 and 

4.30 respectively. Phase maps show the distribution of constituent mineral phases 

in the sample reference frame, as determined by phase-sensitive EBSP indexing 

(Section 3.4). Non-indexed points are marked by regions of no solid colour. Mis- 

indexed points are minimised by the different symmetries of the phases here (see 

Section 3.4), although any mis-indexed points are generally removed by processing 

wildspikes. Although >50% of the points of the points in Figure 4.25 are not 

indexed, the remaining data set over the 480mm2 sample is considered suitably 

representative. Although the clusters of axes for individual subset plots can be 

characterised by a triclinic symmetry (with reference to Figure 4.16), there is 

no common pattern orrelationship between subsets, or relative to the kinematic 

axes. Furthermore, an analysis of the degree of clustering of crystallographic poles 

in terms of pfJ, highlights a randomising of the LPO fabric in subset felsic clots 

from the wall-rock protolith, Sample 1 (ry = 0), through the increasingly deformed 

bulk material, Samples 5 (7 = 5.40) and 9 (ry = 13.88) (Figure 4.31). For simplicity, 

only (010) is shown in Figure 4.31, which is a commonly observed slip plane in 

plagioclase (references cites) and exhibits a relationship between finite strain and 

pfJ that is suitably representative of the other crystallographic poles and axes. 

Thus, as highlighted in Jiang et al. (2000) it appears that bulk internal crystal- 

plastic deformation (by e. g. dislocation slip) has not prevailed in the felsic clots 

of the doleritic material. Instead, LPO pattern symmetries for individual felsic 

clots reflect the randomised products of refined original single parent grains in 

an initially isotropic aggregate, rather than being related to and indicative of the 
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kinematic axes of the deformation system. Increasing strain thus tends to an 

increasingly diffuse LPO fabric in the reduced grain size felsic clots from that of 

the initial single parent crystal, as the clot deforms by granular flow. 

Clinopyroxene 

Figure 4.16 shows the relationship of crystallographic poles and axes for a sin- 

gle monoclinic clinopyroxene crystal. The LPO distribution for clinopyroxene in 

Sample 1 is close to random (Figure 4.21), supported by the values of pfJ<1.1 

for each of the crystallographic poles and axes (Figure 4.21). This is an intuitive 

result given its occurrence in the protolith material. The LPO pattern cannot 

be ascribed to commonly documented crystal slip systems, for example (100)[001) 

(Mainprice & Nicolas, 1989; Passchier & Trouw, 1998; Terry & Heidelbach, 2006). 

For monoclinic clinopyroxene, the pole figures for [010 and (010) arc identical, and 

so only one is shown. 

4.4.2 Texture index analysis 

Section 4.3 introduced the texture index J as a means of quantifying the sharpness 

of clustering of a petrofabric without the complication of considering its orientation 

distribution. To supplement the results of the LPO analysis (Section 4.4), the 

texture index for constituent mineral phases of the sample suite are presented 

here. 

Given that the development of LPO is a function of finite strain in rock ag- 

gregates, a positive correlation should be observed between the two (Pera et al., 

2003; Skemer et al., 2005). Figure 4.32 shows the relationship between the shear 

strain ry and texture index J for each of the three major constituent mineral phases 

considered throughout the sample suite. Table 4.5 provides values of the texture 

index for the sample suite and includes the calculated finite strain for each sample 

for reference, and to facilitate easier reference with Figure 4.32. A positive rela- 
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tionship is exhibited in the hornblende phase, and can be approximated with a 

logarithmic function, whereby the LPO fabric development is very rapid to J<5 

with relatively low strain (y < 10), at which point it saturates and continues to 

develop only fractionally (up to J . ̂s 6) with large increase in strain (in excess 

of ry = 50). Data remains too dispersed to fully substantiate this relationship, 

although a similar trend is observed in the relationship between pfJ and strain 

for hornblende (Figure 4.22). Clearly, more data from a larger sample base is re- 

quired to better constrain the relationship. As predicted from observations of the 

patterns of LPO development, the texture index for the plagioclase and quartz 

phases appears independent of strain, maintaining a random or uniform distribu- 

tion (J -- 1.5) for all values of bulk strain. These results support the inference of 

strain partitioning into the hornblende phase suggested in Sections 4.2.1 and 4.4.1, 

and discussed further in Section 4.5. 

Thus, a positive correlation does not always exists between increasing aggregate 

finite strain and the development of an LPO fabric. It depends on mineralogy 

and the mode of deformation exhibited by that phase, whether that be crystal- 

plastic or a non-crystal-plastic mechanism, such as granular flow. This is described 

quantitatively by J and pfJ, and illustrated graphically by the development of 

order and symmetry in pole figures. 

4.5 Discussion of petrofabric results: 

Deformation in a polyphase aggregate 

The topic of deformation and rheology in polyphase aggregates is not a trivial one 

(Ramsay & Huber, 1983, p120), and the following discussion is by no means an 

exhaustive review of the subject, nor does it account for all of the chemical, physical 

and mechanical properties and forces that may affect it during deformation in a 

natural shear zone. 
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Sample Finite strain ry 
Texture index 

JIM JPta9 JQtz Jepx 

1 0.00 1.57 2.10 1.52 1.61 
2 0.18 2.16 2.06 1. G0 - 
3 0.46 2.00 1.63 1.43 - 
4 6.05 2.27 1.72 1.39 - 
5 5.40 2.44 1.81 1.41 - 
6 6.85 2.26 1.44 1.55 - 

7 11.16 5.18 1.77 1.57 - 
8 57.00 5.45 1.58 1.55 - 
9 13.88 6.51 1.74 1.46 - 

Table 4.5: Texture index, J, for the major mineral phases of the sample 
suite. The calculated finite strain, ry, for each sample is included for reference. 
Hbl=hornblende, Plag=plagioclase, Qtz=quartz, and Cpx=clinopyroxene. 

The following discussion aims merely to highlight a few of the problems in 

assuming homogeneous deformation in polyphase aggregates, and to go some- 

way in providing a very simple, intuitive model of strain partitioning within the 

hornblende-plagioclase-quartz system observed here. 

Contrary to the fundamental mechanical assumptions of many descriptions and 

estimates of shear strain (e. g. I1 =f(, y), Section 4.2.1; Rj/o', Coward, 1976; 

Ramsay & Huber, 1983), it is unrealistic to consider natural rock materials in 

terms of homogeneous aggregates of inclusions and matrix with uniform strength or 

rheology, and only notional grain boundaries lacking physical properties (Freeman, 

1987). More accurately, the deformation of a rock aggregate is heterogenous and 

is a function of a number of physical components including the relative modal 

fractions of component phases and the competency or viscosity contrast between 

those phases (Price, 1978; Ramsay & Huber, 1983; Bruhn & Casey, 1997; Kruse 

& Stünitz, 1999). 

Initially postulated by Olsen & Kohlstedt (1984) to explain deformation par- 

titioning in a quartz-feldspar aggregate as a function of relative modal fraction, 

Handy (1990,1992) presents end-member microstructures for hypothetical two- 

phase aggregates with varying viscous strength contrasts between isolated, homo- 
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competent inclusion phase with respect to the matrix, the particle changes shape 

more slowly than the strain ellipse representative of the bulk deformation. Hence, 

using the ellipticity, or aspect ratio, of more competent inclusions as a proxy for 

the finite strain ellipse with, for example, Equation 4.1, will give an underestimate 

of the total finite shear strain. By this logic the hornblende-plagioclase-quartz 

aggregate studied here, the isolated plagioclase-rich felsic clots must represent the 

more competent phase, where deformation may be preferentially accommodated in 

the network of hornblende. This result goes someway in explaining the erroneous 

underestimates of the finite shear strain calculated from shape fabric parameters 

in Section 4.2.1 with respect to those inferred from field data and perhaps more 

representative of the bulk deformation (Section 2.3.1). 

In reality, however, polyphase systems are much more complicated than simple 

Newtonian inclusion-matrix model systems. In natural shear zones a constantly 

evolving microstructure can have significant affects on the style and expression of 

deformation. Kenkmann & Dresen (2002) present a 3-stage deformation process in 

the development of an ultramylonite from an amphibolite facies mafic (amphibole- 

plagioclase) shear zone in the Ivrea zone, Italy. From an essentially isotropic 

protolith, a banded mylonite evolves by bulk crystal plasticity at moderate strain 

where strain becomes concentrated into monomineralic layers of dynamically re- 

crystallised plagioclase, although dynamic recrystallisation in amphibole layers 

continues also. Amphibole exhibits strong LPO indicating crystal plastic defor- 

mation. At larger strains, compositional banding is replaced by phase mixtures, 

with 10-30µm grains. In this condition, deformation proceeds via heterogeneous 

nucleation of phases and granular flow (a grain size sensitive process in aggregates 

with grains <30µm, Stünitz & FitzGerald, 1993), which dominates over contempo- 

raneous crystal plasticity with dynamic recrystallisation (Kruse & Stiinitz, 1999; 

Kenkmann & Dresen, 2002). Granular flow tends to destroy of randomise any orig- 

inal LPO, either from earlier crystal plastic plasticity or from an original single 
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crystal (Wenk & Christie, 1991). Small grain sizes are maintained in the mixed 

zones by non-similar phase boundaries (Kenkmann & Dresen, 2002). Thus, in this 

example, different phases and deformation mechanisms are important at differ- 

ent times in the evolution of the deforming aggregate. Support for the model of 

Kenkmann & Dresen (2002) is found in similar studies of high-grade mafic shear 

zones by Kruse & Stünitz (1999) and Baratoux et al. (2005). 

The scheme of Kenkmann & Dresen (2002) can be tentatively related to the 

observations of the sample suite of this study. Although the most deformed sam- 

ples, e. g. Sample 8 (Figure 4.10), do not show total phase mixing as described 

for the ultramylonite of Kenkmann & Dresen (2002), all the deformed rocks of 

the suite do show some degree of phase banding Figures 4.8-4.10). By this stage, 

Kenkmann & Dresen (2002) predicts that evidence of crystal plasticity by dynamic 

recrystallisation should be observed in the amphibole bands (especially if it initially 

formed an interconnected network, Brodie & Rutter, 1985; Kenkmann & Dresen, 

2002; Baratoux et al., 2005), and strain should become concentrated in plagioclase 

bands, where crystal plasticity by dynamic recrystallisation and granular flow may 

compete depending of the amount of grain size refinement and development of 

nucleation processes. Although we observe random plagioclase LPO's with strong 

amphibole fabrics in the deformed samples from the Badcall suite (Figures 4.19- 

4.20) the post-deformation textural' equilibration (with grain sizes 100-250j1rn) 

make it difficult to assess the original grain sizes prevalent during deformation. 

Nevertheless the scheme of Kenkmann & Dresen (2002) provides an interesting 

hypothesis for the strain accommodation history of Badcall shear zone. 

Rigid-body rotation of grains has been proposed as a mechanism for developing 

LPO in amphibole under deformation, (e. g. Berger & Stünitz, 1996; Azpiroz & 

Lloyd, in press), where the grain long-axis and the crystallographic [0011 axis are 

generally parallel. Berger & Stünitz (1996) stress that it is difficult to interpret 

amphibole LPO in terms of either crystal plasticity or passive rigid grain rotation 
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without e. g. TEM data. A number of observations from the sample suite, however, 

suggest that passive rotation is not an important mechanism here. (1) Initially 

equidimensional grains in the protolith do not appear to represent the precursor 

to rotated elongate grains in the deformed state, without invoking grain fracture 

(Berger & Stünitz, 1996). (2) Eradication of evidence of the disequilibrium texture 

characteristic of the protolith hornblende grains, and (3) compositional homogeni- 

sation suggests that intragranular processes, rather than, say, grain fracture and 

rotation, are important in this deformation zone. Furthermore, (4) compatibility 

issues are raised for rotating laths where hornblende forms the modally dominant 

phase in the aggregate, rather than being a relatively subordinate phase in a matrix 

of, say, plagioclase (Berger & Stünitz, 1996). Berger & Stünitz (1996) suggest that 

passive rotation may be a more important process in rocks with modally subordi- 

nate amphibole with respect to plagioclase, and where fluid activity is important. 

The relative deformation mechanisms between amphibole and plagioclase is dif- 

ficult to fully assess without additional analytical techniques, such as TEM (Berger 

& Stünitz, 1996; Kenkmann & Dresen, 2002), which are beyond the facilities avail- 

able to this project and the objectives of this work. Furthermore, what appears 

to be significant textural equilibration has occurred post-deformation, such that 

original grain boundary geometries, phase relationships and grain size distribu- 

tions cannot be accurately assessed with respect to deformation. What is clear 

is that both plagioclase and amphibole underwent grain size refinement related 

to deformation (Section 4.1). The strong LPO observed in amphibole also sug- 

gests that this phase accommodated strain by crystal plastic processes. Strain 

in the plagioclase fraction is further evident by LPO randomisation of original 

single crystal symmetries, which may indicate granular flow subsequent to suffi- 
cient grain refinement by dynamic recrystallisation such that grain size sensitive 

processes could prevail. 
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4.6 Conclusions 

In order to provide a means of calculating the seismic properties of the sample 

suite, and to provide a reference frame relating their seismic properties and finite 

strain, it is necessary to characterise the petrofabric and petrophyisical properties 

of the rock aggregates. 

1. In Section 4.1, optical microscopy and EMPA shows that the rock sample 

suite from Upper Badcall can be broadly regarded as an aggregate of horn- 

blende, plagioclase and quartz (± clinopyroxene in the protolith material). 

Furthermore it illustrates the development of a strong tectonic fabric with 

increasing strain, with associated grain refinement. 

2. Using the ellipticity of deformed felsic aggregates as a proxy for the finite 

strain ellipse, Section 4.2.1 presents an alternative method for calculating 

the finite strain profile for the deformation zone and sample suite. Val- 

ues of strain are significantly underestimated with respect to those calcu- 

lated from macro-scale structural data (Section 2.3). Restoration of dis- 

placements across the shear zone, calculated from the microstructurally- 

determined strain profile, does not provide a pre-deformation geometry of 

the Scourie dyke-as observed in the wall-rock. Hence, this method of strain 

calculation is considered erroneous, in this example. 

3. A sensitivity analysis of strain calculation to error in measuring linear and 

planar petrofabric elements suggests an error in presented strain values of 

±28%. 

4. Section 4.4 highlights electron backscatter diffraction (EBSD) as an efficient 

and accurate means of characterising the lattice preferred orientation (LPO) 

distribution in the constituent mineral phases of a rock aggregate. In the 

dominantly hornblende-plagioclase-quartz aggregate of the sample suite for 
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Upper Badcall, it is shown that a strong LPO fabric developed with increes- 

ing strain in the hornblende phase, whilst the plagioclase and quartz phases 

showed a consistently random LPO distribution across the strain gradient. 

5. The symmetry of the LPO distribution in the hornblende phase is congruent 

with the kinematic axes, and suggests deformation accommodated by crystal- 

plasticity with a [100](001) slip system. 

6. The random LPO fabrics of plagioclase and quartz cannot be correlated with 

the kinematic axes of the deformation. Analysis of refined clots of originally 

single plagioclase crystals from samples across the strain gradient exhibit 

a randomising of the LPO fabric with increasing strain, from an original 

single crystal configuration. This suggests deformation by a granular flow 

mechanism which acted to diffuse the original LPO of the protolith. 

7. As quantified by the texture index, J (Section 4.3), LPO development in the 

hornblende phase becomes saturated by a finite shear strain of approximately 

ry = 10 (Section 4.4.2). This trend is reflected in a similar texture index for 

individual crystallographic poles or directions, pfJ, where the intensity of 

clustering of individual hornblende crystallographic axes and poles becomes 

saturated by y= 10 (Section 4.4.1). 

Chapter 5 continues the work-flow model with an additional step, describing 

how petrophysical properties, including the quantified aggregate LPO presented 

here, are used to calculate seismic properties for the sample suite. 
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Chapter 5 

Seismic properties 

This chapter presents a further step in the work-flow model to calculate strain- 

calibrated seismic properties in a representative lower crustal lithology from its 

petrofabric. Petrophysical and seismic properties arc calculated from the quanti- 

fied and strain-calibrated petrofabric data of Chapter 4, and an investigation is 

conducted into the relationship between seismic properties, finite strain and modal 

composition. Results presented herein comprise the foundations of a potentially 

valuable geophysical tool in remotely sensing finite strain and petrofabric intensity 

and orientation in the lower crust, as shown in Chapter 6. 

5.1 Elastic and seismic anisotropy 

Seismic anisotropy describes the azimuthal dependance of seismic wave velocity 

(P- and S-wave velocity anisotropy), and the differential velocity of orthogonally 

polarised waves during shear-wave birefringence (shear-wave splitting anisotropy) 

(Babuska & Cara, 1991; Kendall, 2000; Mainprice et al., 2000). 

Sections 1.3- 1.4 describe the properties that have been shown to control or con- 

tribute to seismic velocity and anisotropy. As highlighted there, and in Section 1.5, 

it is the intrinsic material properties of a homogeneous aggregate, namely LPO, 

that are central in generating seismic anisotropy in the lower crust (e. g. Mainprice 
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& Nicolas, 1989), and hence in its calculation and prediction, and the competing 

effects of temperature and pressure on seismic properties are assumed to cancel 

(e. g. Holbrook et al., 1992; Christensen & Mooney, 1995). These assumptions form 

a platform upon which the following work-flow and calculations are based. 

The seismic properties of a material are a function of the physical properties 

of that material. For example, it can be shown that the compressional and shear- 

wave velocities, Vp and V� are a function of the bulk (n) and shear moduli (p) 

of the host material, in addition to its bulk density (p) (Shearer, 1999; Sheriff & 

Geldart, 1999): 

A 

=+ 
/L (5.1) VP 

Va = (5.2) 

Such generalised equations hold true for homogeneous and elastically isotropic 

materials. However, most geological materials do not satisfy this condition. In na- 

ture, geological materials are polyphase and polycrystalline aggregates, where con- 

stitutive mineral phases themselves show an inherent elastic anisotropy as a func- 

tion of their crystal structure and chemical composition. Hence, elastic anisotropy 

can exist in geological units on a micro- or crystal-scale, which is then manifest 

in meso- and macro-scales in, for example, aggregate LPO, compositional layering 

and hence tectonic structures (Mainprice & Nicolas, 1989; Mainprice, 2000). 

Thus, for the determination of seismic properties, the bulk physical properties of 

geological materials are better described in terms of their elastic properties by the 

fourth-order elastic stiffness tensor, c; jAj, relating the stress (a) and infinitesimal 

strain (e) tensors for that material or aggregate (Crampin, 1984b; Babuska & Cara, 
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1991; Kendall, 2000). 

cs1 _ CijklCkl (5.3) 

For infinitesimal strain, 

Ek(_ 
1 Ouk 

+ 
Du( 

5.4) 
2 cox( Oxk; 

wliere u� are material displacements and x,, refers to the defined Cartesian coor- 

dinate system (Crampin, 1984b; Babuska & Cara, 1991; Kendall, 2000). 

For an arbitrary anisotropic medium, the elastic stiffness tensor possesses symn- 

metry such that permutation of indices permits a reduction in the number of 

independent elastic coefficients. Thus 81 terms are reduced to 21 and represented 

in a6x6 matrix, where only 21 independent terms are required to populate the 

36 term matrix due to symmetry about the diagonal (Crampin, 1984b; Thomsen, 

1986; Babuska & Cara, 1991; Kendall, 2000). The matrix C{1 thus forms a practi- 

cal representation of the full ctjkl tensor, and is more simply denoted according to 

Voigt (1928) where, 

ij kl and 11 22 33 32=23 31=13 12=21 
1 1 1 1 1 1 1 1 
a ,Q 1 2 3 4 5 6 

such that: 

X11 C12 C13 C14 X15 C16 

C12 C22 C23 C24 C25 C26 

= co 
C13 C23 C33 C34 C35 C36 

(5.5) 
C14 C24 C34 C44 X45 X46 

X15 C25 C35 C45 X55 X56 

C16 C26 C36 C46 C56 C66 
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The number of independent elastic coefficients required to characterise the elas- 

ticity matrix can be further reduced in materials with higher symmetry. For ex- 

ample, C, j can be represented by 9 independent elastic coefficents for a material 

possessing orthorhomic symmetry, and 3 for a cubic one (Crampin, 1984b; Thom- 

sen, 1986; Babuska & Cara, 1991). 

Given a full description of the three-dimensional bulk elastic properties of a 

material, one can compute the phase velocity of a plane wave passing'through that 

medium via a consideration of the equation of particle motion for elastic waves in 

terms of C. jkl, with Equations 5.3 and 5.4 (Babuska & Cara, 1991; Shearer, 1999; 

Kendall, 2000), 

02U, Do', 
'. 1 02 Ul 

P ate = Oxj - ý, ýº OX1OXk 

where un refers to the displacement, p is density, t is time and x� are the Carte- 

sian coordinate components in a wave reference frame. Solution of this equation 

with the displacement field relationship (Babuska & Cara, 1991, p. 15) gives the 

Christoffel equation (Babuska & Cara, 1991; Kendall, 2000), 

det IC jktninf - Pvri2ött 1_ 0 (5.7) 

relating the wave velocity v to the elasticity tensor ci jk1, bulk material density p 

and the Kronecker delta 8tit (ait =1 for i=1, J; l =0 for i4 1) in a wave-front 

normal coordinate system with direction cosines n{nj. The Christoffel equation 

provides three solutions to the velocity for a given wave-front normal, nj: one quasi- 

compressional wave and two orthogonally polarised quasi-shear waves - `quasi' in 

recognition of the fact that in anisotropic materials, the seismic wave-front normal 

is not necessarily parallel to the wave path, nor are S-wave polarisations necessarily 

exactly orthogonal to it. 

When velocities are calculated for all azimuths across a notional sphere repre- 
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senting the full three-dimensional distribution of velocities, the respective velocity 

anisotropies can be determined. Velocity anisotropics for Vp, and the relatively 

fast and slow orthogonally polarised shear-waves, Val and Vat respectively, can be 

found by (Mainprice & Humbert, 1994), 

AV 
(Vp, 

el, e2max - Vp,, l, a2mi7t1 x 100 (5.8) 
p, sl, s2 =`J Vp, 

el, a2 

where Vnmax and Vnmin are not necessarily parallel. V� is the average velocity, 

(Vnmax + Vnmin). 

The shear-wave splitting anisotropy for a given azimuthal direction can be de- 

fined as the percentage velocity difference between Vet and Vs2 relative to the fast 

S-wave phase (Babuska & Cara, 1991; Mainprice & Silver, 1993): 

V81 AVa = 
(Vai_Vs2\ 

x 100 (5.9) 

Alternatively, shear wave splitting anisotropy can be simply defined as the dif- 

ference in fast and slow shear-wave velocities in any given azimuthal direction 

(Babuska & Cara, 1991; Mainprice & Silver, 1993), 

6Va=Val -Vs2 (5.10) 

or the time lag, in seconds, between split shear waves propagating through an 

anisotropic medium over a distance d (Babuska & Cara, 1991; Mainprice & Silver, 

1993): 

(ýta = ävs (5.11) 

The orientation of the fast polarised shear-wave, Vs1, is commonly presented 

with the aforementioned seismic attributes, and can be diagnostic in determining 

the spatial orientation of petrofabric in aggregate materials, where the polarisation 
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orientation is parallel to the plane of fastest (e. g. (e. g. Babuska & Cara, 1991; Sapin 

& Hirn, 1997; Huang et al., 2000). 

A more detailed and mathematically complete description of the elastic stiffness 

tensor and Christoffel's equation for phase velocity can be found in e. g. Babuska 

& Cara (1991); Kendall (2000); Mainprice et al. (2000). 

A great deal of data is available in the literature defining the single crystal elastic 

constants for a plethora of rock-forming minerals and across their structurally and 

chemically defined bounds of variability and solid solution (e. g. Aleksandrov & 

Ryzhova, 1961b, a; Aleksandrov et al., 1974; Collins & Brown, 1998). Such data 

is generally experimentally derived, using resonance, ultrasonic pulse and X-ray 

scattering methods to name a few (see review in Aleksandrov & Ryzhova, 19G1a). A 

data set of single crystal Cj j's for rock-forming minerals thus allows us to calculate 

the the bulk Cep's for a polyphase and polycrystalline aggregate, given. that the 

constituent phases, their relative modal fractions, densities and microstructural 

information, such as LPO, are known. 

A number of averaging schemes for calculating the bulk or effective elastic prop- 

erties of polyphase aggregates from single crystals have been proposed in the Earth 

and materials science literature. A far from exhaustive list of examples include 

Eshelby (1957); Hashin & Shtrikman (1962,1963); Walpole (1969); Willis (1977); 

Hamilton & Kohn (1988); Castaneda & Willis (1995); Zlieng & Du (2001), with re- 

views in Castaneda & Willis (1995); Mainprice (2000); Zheng & Du (2001); Wendt 

et al. (2003). Averaging principles vary in mathematical approach and complexity, 

and in terms of their fundamental assumptions and inclusion of microstructural 

elements such as grain size, grain shape, phase distribution, relative phase connec- 

tivity, and grain boundary conditions. Many of the more complex techniques are 

computationally intensive and impractical for everyday application. 

One of the most popular and widely applied schemes however is the Voigt- 

Reuss-Hill average (Voigt, 1928; Reuss, 1929; Hill, 1952; Mainprice & Humbert, 
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1994; Mainprice, 2000; Mainprice et al., 2000), especially where LPO is the prime 

microstructure investigated. The VRIH average is an arithmetic mean of the up- 

per bound Voigt and lower bound Reuss estimates, which assume a macroscopi- 

cally uniform material with no terms for grain shape, phase distribution, or grain- 

neighbour interactions. Although the VRFH scheme is notably simplistic, and given 

that the Hill average lacks theoretical justification, it has consistently been shown 

to lie close to experimentally determined values and those of higher order averag- 

ing schemes (Hill, 1952; Mainprice & Humbert, 1994; Mainprice, 2000). The Voigt 

scheme is essentially an average of relationships expressing the stress in a single 

crystal in terms of a constant strain, and vice versa, the Reuss scheme averages 

relations expressing strains in terms of a given stress. That is, the Voigt and Reuss 

averages assume, respectively, that strain and stress across the sample is indepen- 

dent of position and is equal to the macroscopic value for the whole sample under 

a given stress and strain. The Voigt and Reuss elasticity bounds for a polyphase 

and polycrystalline aggregate of m mineral phases with volume fraction v are thus 

defined as (Mainprice & Humbert, 1994; Mainprice et al., 2000), 

Voigt 
Cliki = EC =,,, 

jkl. Vr� (5.12 

Csjkies = E31jnii. Vm 

where s is the compliance which is related to the elastic stiffness according to 

s= c'1, and the over-line refers to an aggregate average. c{jý., is calculated from 

the orientation distribution of each phase by volume fraction weighted summation 

(Mainprice & Humbert, 1994; Mainprice et al., 2000), 

c; ýAý = Ecmk. t(9)"V(9) 5.14) 
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where v(g) is the volume fraction of grains of phase m in orientation g, and c{Jk 

is the single crystal elastic stiffness tensor for that orientation of that phase. The 

Hill average is then the arithmetic mean of the Voigt upper bound and the Reuss 

lower bound (Hill, 1952): 

Hill 
- 

1/ Voigt Reuse` /r 5) Cifkl - 2'Cijkl + Cijkl / \J. 
1J/ 

Practically, the VRH elastic averaging algorithm is combined with the Christof- 

fel equation (Babuska & Cara, 1991) for the calculation of seismic velocities and 

anisotropies across all possible azimuthal directions in the Fortran programs ANISch5 

and VpG - current generations of those presented in Mainprice (1990). 

As described in Section 3.4, the output of petrofabric analysis via EBSD is a 

Channel text file, *. ctf (Appendix C), containing a full description of the lattice 

orientation distibution; expressed as Euler angle triplets, for all user-defined min- 

eral phases over the prescribed area of sample. The Mainprice (1990) programs 

are customised to accept *. ctf files from automated-EBSD, and combine the LPO 

data, via its orientation distribution function, with relevant constitutive mineral 

phase data including density and single crystal C{ j's according to Equations 5.7 

to 5.15, to generate a bulk aggregate Cij and a series of V,, and AV,, stercographic 

projections and data. 

This method of calculating petrophysical and seismic properties from single 

crystal data and a description of the aggregate lattice orientation distribution is 

a well established one, and has been shown to provide representative results (e. g. 

Mainprice & Nicolas, 1989; Mainprice & Humbert, 1994; Kendall, 2000; Mainprice, 

2000) 
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5.1.1 Single crystal seismic properties 

As an example of the aforementioned procedure of seismic property calculation, 

and for reference in the subsequent sections, Figure 5.1 shows plots of VV and AV, 

for the single crystals of the major modal phases of Samples 1-9 (hornblende, pla- 

gioclase, quartz, ± clinopyroxene). Seismic properties for each mineral phase are 

presented in a reference frame such that the crystallographic axis of the commonly 

observed dominant crystal slip system in that phase (references cited, Section 4.4.1) 

is parallel to the kinematic X-direction, and the associated slip plane is normal 

to Z. This is only an approximation, and in some phases (e. g. quartz) the mani- 

festation of crystal slip systems with respect to the kinematic axes is much more 

complex (see Section 4.4.1) (Passchier & Trouw, 1998). 

It should be noted here that plots are contoured according to the inverse colour 

scheme typical in the presentation of seismic velocity and anisotropy data, whereby 

warm colours mark relatively slow values, or minima, and cold colours represent 

relatively fast values, or maxima. 

For reference, the single crystal elastic stiffness matrices, c, and their asso- 

ciated densities used in the calculation of seismic properties, here and in Sec- 

tion 5.2.1, are presented in Equations 5.1G-5.19 below. Elastic matrices are pre- 

sented in the reference. frames as illustrated in Figure 5.1 and looking parallel to 

Y. 

Hornblende, p=3.305gcm3, Aleksandrov & Ryzhova (1961b): 

1.1600 0.6140 0.4990 0.0000 0.0000 -0.0.130 
0.6140 1.9160 0.6550 0.0000 0.0000 -0.1000 
0.4990 0.6550 1.5970 0.0000 0.0000 0.0250 

CsýHb! (5.16) 
0.0000 0.0000 0.0000 0.5740 0.0620 0.0000 

0.0000 0.0000 0.0000 0.0620 0.3680 0.0000 

-0.0430 -0.1000 0.0250 0.0000 0.0000 0.3180 
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Figure 5.1: Lower hemisphere, equal area stereographic plots ººf 1/, and 11/-, for 

single crystals of the major constituent nºineral phases of' the sample suite. Also 

shown are the crystallographic reference frames in which the seismic properties 
are presented, and the kinematic reference frame to which such single crystal ori- 
entations are commonly correlated in deformed rocks. Note the inverse colour 
scheme for contouring, where cold colours represent nºaxiºna and wiºrnº colours 
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Plagioclase, p=2.620gcm3, Aleksandrov et al. (1974): 

1.3740 0.2890 0.2150 -0.3070 0.0000 0.0000 

0.2890 0.7480 0.4100 -0.0910 0.0000 0.0000 

0.2150 0.4100 1.2880 -0.1920 0.0000 0.0000 
CýýPlag (5.17) 

-0.3070 -0.0910 -0.1920 0.3020 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.1740 -0.0210 

0.0000 0.0000 0.0000 0.0000 -0.0210 0.3180 

Quartz, p=2.650gcm3, McSkimin et al. (1965): 

0.8680 0.0704 0.1191 0.0000 -0.1804 0.0000 

0.0704 0.8680 ' 0.1191 0.0000 0.1804 0.0000 

0.1191 0.1191 1.0575 0.0000 0.0000 0.0000 
C, iQýs (5.18) 

0.0000 0.0000 0.0000 0.5820 0.0000 0.1804 

-0.1804 0.1804 0.0000 0.0000 0.5820 0.0000 

0.0000 0.0000 0.0000 0.1804 0.0000 0.3988 

Clinopyroxene, p=3.390gcm3, Collins & Brown (1998): 

2.7380 '0.8000 0.8350 0.0000 0.0000 -0.0900 
0.8000 2.2950 0.5990 0.0000 0.0000 -0.4810 
0.8350 0.5990 1.8360 0.0000 0.0000 -0.0950 C{ýC 

x 
(5.19) 

p 0.0000 0.0000 0.0000 0.7650 -0.0840 0.0000 

0.0000 0.0000 0.0000 -0.0840 0.8160 0.0000 

-0.0900 -0.4810 -0.0950 0.0000 0.0000 0.7300 

The seismic property distribution for hornblende exhibits an orthorhombic sym- 

metry (Figure 5.1), with three orthogonal two-fold axes of symmetry (Winter- 

stein, 1990). Both Vp and AV, maxima (7.67kms-1 and 30.56% respectively) are 

sub-parallel to X and. [001] with a `crown' of velocity and anisotropy minima 
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(5.84kms-1 and 0.79% respectively) sub-parallel with Z and (100). 

The plagioclase single crystal shows a much more complicated seismic distrib- 

ution (Figure 5.1), with a single plane of symmetry in (010) (XY). Vp maxima 

(7.46kms-1) exist close to both (010) (Z) and [001] (Y) with a minima (4.9Gkms-1) 

around (100) (X). The AV, distribution has minima (0.03%) broadly in a girdle 

parallel to the plane (010) (XY) and maxima (45.58%) between the pole (010) 

and [001]. 

The trigonal symmetry (one three-fold axis) of the seismic distribution for the 

quartz single crystal is directly related to that of its crystallographic symmetry 

(Figure 5.1). Vp minima (5.32kms-1) occur between in and r, with maxima 

(7.03kms-1) parallel to z. A similar distribution of minima is observed in AV, 

although with a c-parallel minima also (as low as 0%). AV, maxima are a-parallel 

(43.19%). 

In the crystallographic orientation depicted in (Figure 5.1), the seismic dis- 

tribution of the clinopyroxene single crystal lacks symmetry with respect to the 

kinematic axes. Nevertheless, with respect to' arbitrary axes, an orthorhombic 

symmetry can be seen in Vp with a minima (6. O7kms-1) between [001) and the 

pole (100) and a maxima (9.39kms-1) again between (001 and the pole (100), in 

the adjacent quadrant. AV, maxima (24.21%) lies off the girdle containing [010] 

and [001]. 

The seismic properties of constituent single crystals, described by their petro- 

physical parameters (e. g. C2, p) are hence combined according to the proceedure 

outlined above (Equations 5.7 to 5.15, incorporated into the Mainprice programs) 

to investigate the seismic properties of the rock aggregates of the sample suite, 1-9 

(Section 5.2.1). 
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5.2 Seismic property results 

5.2.1 Seismic properties of samples and correlation to strain 

Figure 5.2 shows lower hemisphere, equal area stereographic plots of the VP and 

AV, distribution for Samples 1-9. Plots of Vp and AV, are shown as these constitute 

the most informative and applied velocity and anisotropy attributes in seismic ex- 

periments of lithospheric characterisation (Blackman et al., 1993; Owens & Zandt, 

1997; Huang et al., 2000; Kendall, 2000; Schulte-Pelkum et al., 2005). Single crystal 

elastic constants and petrophysical properties for use in the VRII average to de- 

termine the bulk aggregate C{ f are given in Equations 5.1G-5.19, Section 5.1. Raw 

EBSD data is only prQcessed to exclude lattice orientations indexed by Channel 

with an EBSP MAD>1 (see Section 3.4). Plots are contoured according to the 

inverse colour scheme, where warm colours mark minima, and cold colours repre- 

sent maxima. A complete account of seismic velocity and anisotropy data for the 

sample suite is listed in Tables 5.1 and 5.2. 

The most striking trend seen in Figure 5.2 is the development of a strong and 

ordered pattern of orthorhombic symmetry (Winterstein, 1990) from Sample 2, 

through to Samples 7 to 9. Sample 1 exhibits an essentially isotropic cnse for ve- 

locities and anisotropies, where maxima and minima lie within tight and negligible 

Sample Strain, y Vpmax V inin %AVp 
1' 0.00 6.55 6.43 1.90 
2 0.18 6.55 6.16 6.00 
3 0.46 6.42 6.13 4.50 
4 6.05 6.56 6.16 6.30 
5 5.40 6. G2 6.17 7.10 
6 6.85 6.27 6.00 4.40 
7 11.16 6.45 5.97 7.80 
8 57.00 6.63 5.97 10.50 
9. 13.88 6.47 5.97 8.00 

Table 5.1: The complete description of P-wave seismic properties for the sample 
suite. 
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bounds of 0.12kms-1 in Vp (1.9% AVp), and 1.77% in AV,. In contrast, Sample 

8, correlated with the highest strain part of the shear zone (Section 2.3.1; Ta- 

ble 2.1), is characterised by clearly defined orthorhombic symmetry in its seismic 

properties, with a strong VP maxima (6.63kms-1) parallel to the kinematic X- 

direction, and a minima parallel to the foliation-normal, or kinematic Z-direction 

(5.97kms-1,10.5% AVp). Similarly, the AV, pattern is characterised by a foliation- 

parallel (XY) band of relatively high anisotropy, with the AV, maxima (7.23%) 

approximately bisecting X-Y, and a foliation-normal `crown' of relatively lower 

anisotropy, with a Z-parallel minima of 0.06%. Velocity and anisotropy plots for 

Samples 2-7, and 9, track the intermediate steps in the development of this order. 

Juxtaposition of Figure 5.2 with Figure 5.1 highlights the dominance of horn- 

blende in controlling the magnitude and distribution of seismic velocity and anisotropy 

in the aggregates of the sample suite. The orthorhombic symmetry in both VP and 

AV, of the hornblende single crystal is well represented in the aggregate, as is the 

X-parallel VV maxima and the low velocity, low anisotropy Z-parallel `crown'. This 

is particularly well developed in samples of a higher finite strain state, although 

the characteristic orthorhombic symmetry in hornblende seismic attributes can be 

identified very early in the stain gradient, in Sample 2 for example where ry = 0.18. 

This suggests that hornblende petrofabric, and particularly LPO becomes suffi- 

ciently ordered by ry < 0.2 as to establish a gross control on the seismic properties 

of the aggregate. The reduced velocity and anisotropy maxima of highly strained 

samples (e. g. Sample 8, AV, = 7.23%) compared to the single crystal values (e. g. 

hornblende, AV, = 30.56%) is likely due to dilution and weakening of the strong 

hornblende fabric by randomly oriented plagioclase and quartz. The characteristic 

orthorhombic symmetry remains, however. 

Despite the development of order and symmetry in the spatial distributions 

of seismic velocity and anisotropy with increasing finite strain (as indicated by 

Samples 1-9, Figure 5.2), the absolute values of P- and S-wave velocities are no- 
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ticeably insensitive to strain (Figure 5.3). Fractional divergence of velocity max- 

ima and minima however, necessitates the development of significant anisotropy 

with increasing finite strain. Figure 5.4 shows the relationship of P- and S-wave 

anisotropy with finite strain. Both show a relationship such that anisotropy in- 

creases rapidly with strain up to y 10 (correlating to AVp ý-- 8% and AV, max 

6%), past which point further increase in strain leads to increasingly smaller 

changes in AV,,. Given the assumption here that seismic anisotropy is a function 

of LPO only (Section 1.5), this relationship suggests that aggregate petrofabric, 

or at least that of the phase most influencing the observed velocity and anisotropy 

distribution, must also show a steep positive relationship with strain, saturating 

at -y -- 10. Figures 4.22 and 4.32 substantiate this claim for LPO fabric develop- 

ment in hornblende, shown above to be the major influence on seismic velocity and 

anisotropy distributions. In an attempt to relate trends in both seismic and petro- 

fabric properties, Figure 5.4 depicts the relationship of seismic anisotropy with 

petrofabric, parameterised by the texture index for hornblende, JIM (Section 4.3). 

Predicably, in view of the positive correlation between finite strain and Jilb1 (Fig- 

ure 4.32), an increasingly ordered petrofabric is correlated with an increase in 

anisotropy (Figure 5.5). A logarithmic function can be tenuously ascribed to the 

relationship, whereby anisotropy tends to saturate by Juub: < 3-4 (-y < 5-10) as 

petrofabric development itself saturates (Figure 4.32). The relationship of J with 

anisotropy is probably more linear at lower values of J (Skemer et al., 2005). 

Many early seismic velocity measurements were based on the assumption that 

deep crustal materials are isotropic (Christensen, 1965; Christensen & Fountain, 

1975; Holbrook et al., 1992; Weiss et al., 1999). Although the consideration of 

seismic anisotropy in lower crustal materials that exhibit textural ordering will 

have the apparent scatter effect on `isotropic' velocities (Weiss et al., 1999), inca- 

surements based on isotropic assumptions can still give useful support to seismic 

velocities determined from microstructure (LPO). Data'compiled from multiple 
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sources (refer to Weiss et al., 1999, for a full description) show Vp between 6.5- 

7.2kms-1 and Ve between 3.8-4.2kms-1 for amphibolite and granulite facies mafic 

gneiss. These figures are in close correlation to those presented above for the 

Badeall sample suite (Tables 5.1-5.2). 

Weiss et al. (1999) also present velocity and anisotropy measurements for an 

amphibolite sample from the Spessart Mountains, Germany, comprising 58% horn- 

blende, 40% plagioclase and 2% accessories, similar to Table 4.1 in terms of 

mafic: felsic components. Although they do not quantify the sample strain, Weiss 

et al. (1999) note a macroscopic shear fabric and LPO development in hornblendo 

((100) pole normal to foliation, [001] parallel to lineation, as observed in Sec- 

tion 4.4), and plagioclase ((100) poles normal to foliation). Laboratory-derived 

ultrasonic pulse transmission velocities at 4001t1Pa (such that crack and grain 

boundary effects are minimised) are presented with those calculated from textural 

data (as outlined in Section 5.1) give complementary results. Each show Vptnax 

parallel to the tectonic lineation X between 7.3-7.38kms-1, with the same Vp dis- 

tribution as observed in Samples 2-9 (Figure 5.2). P-wave velocities are higher 

than those of Samples 2-9 (6.4240kms'1, Table 5.1) although are still in rel- 

atively close agreement. Weiss et al. (1999) do not calculate anisotropy for this 

sample, but from their data it can be approximated to 10%AVp, similar to Sample 

10 (Table 5.1). Weiss et al. (1999) do, however, compare this data with previously 

published laboratory-derived and calculated velocities of a range of high-grade ma- 

terials (see Weiss et al., 1999, for references). These arc incorporated in a struc- 

tural reference frame into layered models of the Ivrea crustal section, Italy (see 

Section 1.3), and the Calabria crustal section, Italy (Weiss et al., 1999). Average 

P-wave velocities across the sections of 6.8-7.0kins'1 (where Vprnax is parallel to 

lineation X and Vpmin is normal to foliation) and P-wave anisotropy <7.3% are 

correlatable with those of the Badcall suite, particularly higher strained samples, 

Samples 4-9 (ry > 6, AVp 6.3-10.5%, Table 5.1). Weiss et al. (1999) also calculate 
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maximum 5V, of 0.2kms-1 and AV, 5% from their crustal models. Again, this 

supports velocity and anisotropy calculations from the Badcall suite of samples 

(Table 5.2) 5V, 0.19-0.26kms-' for deformed Samples 5-9 (, y > 5.4). This close 

agreement between average velocity and anisotropy for a multi-lithology layered 

crustal model and those derived from the variably deformed dolerite studied hero 

lends support to the approximation of the deep crust with the single homogeneous 

mafic composition (see Section 1.5). 

Siegesmund et al. (1989) present a combined study of laboratory-derived velocity 

measurements at pressure and temperature, and those calculated from textural 

data (as outlined in Section 5.1), for a deformed amphibolite from the Ivrea section, 

Italy (41% hornblende, 36% plagioclase, 11% pyroxene, + accessories). The rock 

has strong linear and planar tectonic fabrics defined by felsic and mafic bands, 

and aligned hornblende prisms. Hornblende shows a strong LPO (poles to (100) 

normal to the foliation and [001] parallel to X). Plagioclase shows weak LPO. 

Direct velocity experiments at 600°C and GO0MPa show a Vpinax parallel to X 

(7.18kms-1) and V, max in the XY plane (4.09kins'1) (Siegesmutid et al., 1989). 

Calculated velocities were marginally different to those measured directly, and is 

attributed to the fact that accessory phases were not considered in the calculations 

(Siegesmund et al., 1989). Calculated Vpmax 7.23kms'1 parallel to X (AV;, 6.56%) 

and VBmax 3.95kms-' in the XY plane (AV, 6.56%, 5V, 0.2kms-1). A comparison 

with the velocity distribution of component phase aggregates indicated that the 

velocity distribution was dominantly affected by the hornblende fraction. Again, 

the values and distribution of velocity and anisotropy presented by Siegesmund et 

al. (1989) are broadly consistent with those exhibited by the Badcall sample suite 

(Tables 5.1-5.2, Figure 5.2). Any inconsistencies are likely due to difference modal 

fractions of component minerals between the two studies. 
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5.2.2 The effect of varying modal composition 

It is clear from Figures 4.32,5.1 and 5.2 that the increase in strength and the 

development of symmetry in the patterns of anisotropy can be correlated with the 

development of LPO in the hornblende phase. 

The dependance of velocity and anisotropy values on modal proportion in the 

three-phase aggregate of hornblende-plagioclase-quartz, is thus tested. 

A series of Fortran programs and Unix shell scripts were written and combined 

(together with Dr. Martin Casey) to automate this procedure that would otherwise 

be manually laborious and time-intensive. A simplified overview of the procedure 

is outlined below. 

Necessary inputs for the calculations are the elastic stiffness matrices, CC j, rep- 

resenting each constituent phase for each sample. This can be thought of as the 

elastic stiffness properties that would result if each phase in turn were extrapolated 

to represent 100% of the volume of that sample. This therefore gives a description 

of the aggregate physical properties of a monomineralic rock in each independent 

mineral phase at the strain state represented by each sample. The Fortran program 

ANISch5 (Mainprice, 1990) (Section 5.1) provides the platform for the calculation 

of such data. For the four-phase aggregate of Sample 1 (i. e. with clinopyroxene), 

a C, j for a combined mafic phase is used, whereby hornblende and clinopyroxene 

orientation data for Sample 1 are mixed according to their relative modal fraction 

with respect to each other, that is 4: 1 hornblende: clinopyroxene. 

Two controlling Unix shell scripts, Tern and Cpl, were written for the purpose 

of collating seismic velocity and anisotropy data, and presenting that data, respec- 

tively. Programs were run for each sample in turn. The pertinent steps in each 

sample-wise run are described here. 

1. Firsly, Tern outlines all the possible permutations of hornblende, quartz and 

plagioclase relative modal fractions at intervals of 0.1, and together summing 

to 1. 
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(a) For each run, or combination of the volume fractions, the Fortran pro- 

gram Ematrix5 inputs the monomineralic aggregate elastic constants for 

that sämple (derived as above) and combines them in the Tern-defined 

volume fractions to generate, via a VRH average (see Section 5.1), a 

bulk elastic tensor. 

(b) This tensor forms the input for Velcalc, calculating seismic velocity and 

anisotropy data (similar to ANISch5, but from aggregate C{ f rather 

than *. ctf ). 

(c) The procedure is repeated for all modal fraction permutations 

2. (a) Velocity and anisotropy data is serially captured from the output file of 

Velcalc via the script *pl. 

(b) This also has the function of arranging seismic data into a ternary 

plot coordinate system pertaining to the relative modal fractions of the 

hornblende-plagioclase-quartz system defined in Step (1). 

(c) Data is plotted and contoured via GMT (Generic flapping Tools, Wes- 

sel & Smith, 1998). 

Ternary plots showing the sensitivity of Vp, AVp and AV, to modal composition 

are illustrated in Figures 5.6 to 5.8. 

Besides showing a general trend towards higher maximum P-wave velocities 

with increased sample strain, Figure 5.6 illustrates the strong dependence of seismic 

properties on the volume fraction of hornblende in this three-phase system. For 

example, up to lkms-1 increase in Vp can result between end-member aggregates 

of monomineralic plagioclase and hornblende. 

This sensitivity of seismic properties to the modal fraction of hornblende is 

further highlighted in Figures 5.7 and 5.8 for AVp and AV, respectively. These plots 

show, especially for the more highly strained samples (Figures 5.7 and 5.8, plots 7- 

9), that the greatest rate of change in anisotropy with respect to modal composition 
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occurs with changes in the hornblende fraction, where changes in composition 

move approximately perpendicular to contours in anisotropy. At its most extreme, 

compositional variation between 100% plagioclase and 100% hornblende can be 

equated with up to 5% increase in maximum Vp anisotropy and up to 8% increase 

in maximum Ve anisotropy. 

In general, the effect of changes in the volume fraction of the quartz component 

are minimal. From a starting aggregate of 50% hornblende and 50% plagioclase, 

the contribution of a quartz fraction up to 100% yields only a 2% increase in AVp 

in the most highly strained Sample 8 (Figure 5.7, plot 8), and an increase of 2% in 

AV, at 50% quartz returning to zero change at 100% quartz (Figure 5.8, plot 8). 

Previous investigations into the relative effects of component phases on seismic 

properties also highlight the dominant role of mafic components (e. g. pyroxenc, 

amphibole and garnet) compared to felsic components (plagioclase and quartz) in 

influencing the seismic properties of mafic aggregates (e. g. Christensen & Fountain, 

1975; Fountain & Christensen, 1989; Tatham et al., 2008). 

Note that the range of relative modal fractions for which these plots can be ap- 

plied is likely limited. As outlined above, each plot is based on the interpolation of 

monomineralic aggregate elastic properties in that sample, over all permutations 

of modal fractions, including monomincralic in each mineral phase. The elastic 

properties of each mineral phase are, however, representative of their deforma- 

tion in a polyphase aggregate with the specific relative modal volume fractions 

of the original sample (Table 4.1). The strain distribution in the original sample 

and its partitioning into specific mineral phases is likely to be such that the mi- 

crostructure and petrofabric (and hence elastic properties) of constituent mineral 

phase fractions are not representative of how that phase would behave in, say, a 

monomineralic rock of that composition at the strain observed in the bulk sample. 

For example, deformation of an aggregate of 60% hornblende, 30% plagioclase, 

and 10% quartz (similar to that of Samples 1-9) seems to preferentially partition 
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strain into the hornblende phase, leaving the plagioclase and quartz phases with 

poorly developed LPO (see Section 4.4). Deformation of a monomineralic aggre- 

gate of quartz or plagioclase to the same bulk strain, however, would probably sec 

the development of a strong LPO (Marshall & McLaren, 1977a, b; Lister & Dorn- 

siepen, 1982; Olsen & Kohlstedt, 1984,1985; Mainprice et al., 1986; Kruhl, 1987b). 

Hence, Figures 5.6-5.8 should be used only for obviously polymineralic assemblages. 

From results of flow-law calculations in a selection of two-phase aggregates, Handy 

(1994) postulates that the presence of >10% of a weak phase is necessary for that 

phase to govern the bulk strength of the aggregate, although this depends upon 

a number of factors including temperature, strain rate and the strength contrast 

between phases. Thus, it is suggested that the results of Figures 5.6-5.8 are ac- 

curate between 10% and 90% in each phase for each possible two-phase system of 

the three-phase aggregate. That is, a central triangle of each ternary plot holds 

true, bordered by a potentially erroneous border of 0-10% volume fraction in each 

phase. 

5.3 Conclusions 

This chapter describes a key stage in the work-flow model in combining quantitative 

petrofabric (LPO) data from Chapter 4 with the petrophysical properties of single 

crystals of constituent mineral phases to calculate seismic properties of the sample 

suite. 

1. The Voigt-Reuss-Hill average is used herein for the calculation of bulk aggre- 

gate elastic properties from those representative of single crystals of the con- 

stituent mineral phases. This elastic property averaging scheme is considered 

appropriate for scenarios where aggregate properties are largely controlled by 

the intrinsic material properties of the constituent mineral phases and their 

LPO. This relatively simple calculation forms the bridge in relating quantified 
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petrofabric information (LPO) to their petrophysical properties (aggregate 

elasticity), of which seismic properties are a direct function. 

2. The Christoffel equation is introduced as a means of deriving seismic proper- 

ties from petrophysical information described by the aggregate elastic stiff- 

ness tensor. 

3. Given that petrofabric and petrophysical properties of each rock sample are 

directly correlated with the finite strain calculated for that sample, seismic 

attributes calculated from those parameters can also be calibrated to finite 

strain. Moreover, given that petrofabric properties are described and quanti- 

fied in a known kinematic reference frame (based upon the linear and planar 

fabrics of the original rock samples), the directional dependence of seismic 

attributes can be correlated also to the geometry of petrofabrics or kinemat- 

ics. 

4. P- and S-wave seismic velocity maxima and minima show little variation with 

strain, although their anisotropies exhibit a strong positive relationship, ap- 

proximated by a logarithmic function. That is, the gradient in change of AVP 

and AV, with strain is most rapid up to a finite strain of 'y sze 10, with values 

attaining 8% and 6% respectively, beyond which the change in anisotropy 

with continued increase in strain is reduced. This saturation of anisotropy 

by y< 10 is compatible with the relationship of the texture index of horn- 

blende petrofabric with strain. Indeed, the symmetry of the distribution 

of seismic attributes is congruent with those of single crystal hornblende, 

although the absolute values are somewhat reduced due to `dilution' from 

randomly oriented plagioclase and quartz fractions. 

5. The dominance of the hornblende phase in controlling seismic properties is 

further illustrated in an investigation into the sensitivity of seismic properties 

to the modal composition of a three phase hornblende-plagioclaso-quartz-(± 
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clinopyroxene) aggregate, for each rock sample of the suite.. Petrophysical 

properties of monomineralic compositions are representative of the monomin- 

eralic aggregate petrofabric for that sample, rather than single crystal prop- 

erties. For the sample suite studied here, where plagioclase and quartz LPO 

remains random from the protolith material through the strain gradient (Sec- 

tion 4.4), a relationship showing a strong dependance of seismic properties 

to the relative modal fraction of hornblende is illustrated. 

This chapter thus provides a sample-wise description of the relationship be- 

tween seismic properties and finite strain, correlated with a known petrofabric and 

kinematic reference frame. It therefore represents an important framework for fur- 

ther study and application. Chapter 6 builds upon this framework, and presents 

continuum relationships between seismic properties, finite strain and petrofabric 

orientation. Furthermore, it provides examples of the application of these relation- 

ships in geodynamic models. 
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Chapter 6 

Seismo-structural modelling 

In this chapter, the relationship between petrofabric and seismic properties will 

be addressed, towards satisfying the objectives of interpreting ductile deformation 

in a mafic lower crustal assemblage using seismic anisotropy. Sample-wiso seismic 

attributes of Chapter 5 are normalised to consistent modal compositions, repre- 

senting the average of the sample suite, and combined to present the continuum 

relationship between strain, petrofabric orientation (XYZ) and seismic velocity 

and anisotropy. Furthermore, a series of case studies are presented in order to pro- 

vide an example of the final stage in the work-flow model described in this project, 

and how its results can be used to provide increased resolution, or make first order 

predictions, in the interpretation of crustal strain and structure. Moreover, their 

aid in the discrimination between competing theories of strain localisation within 

the ductile lower crust is illustrated. 

6.1 Reaffirmation of some physical assumptions 

The physical assumptions and simplified crustal model described in Section 1.5 are 

of particular relevance and application in the ensuing models. Most noteworthy 

is the approximation of the entire lower crust as a homogeneous mafic lithology 

that is free from fractixres, and the seismic anisotropy of which is a function of 
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its intrinsic properties alone. For this study, that lithology is represented by the 

hornblende-plagioclase-quartz aggregate of Samples 1-9 described in Chapter 4, 

from the quartz-dolerite Scourie dyke at Upper Badcall, NW Scotland. The sam- 

ple area analysed with EBSD, from which subsequent calculations and inferences 

are based, is considered suitably large with respect to grain size and the phase 

distribution that its material properties are representative of the bulk rock sam- 

ple and are hence scale-insensitive. This assumption permits simple up-scaling of 

physical properties from sample- to crustal-scales. 

Section 5.2.2 showed how seismic properties are dependant upon aggregate coin- 

position. In order to apply each of Samples 1-9 as a single lithology, varying only in 

its petrofabric and petrophysical properties, sample compositions are normalised 

in terms of their modal composition. That is, slight and natural variation in modal 

fractions between samples, amounting to only a few percent (see Table 4.1), are 

removed by applying a constant modal distribution. A composition of 60% horn- 

blende, 30% plagioclase and 10% quartz, close to the average of the sample suite, 

is considered appropriate and realistic. This is supported by observations from 

published compositions of deep-crustal lithologies (e. g. Christensen & Fountain, 

1975; Siegesmund & Kern, 1990; Percival et al., 1992; Khazanehdari et al., 2000; 

Arbaret & Burg, 2003; Azpiroz & Lloyd, in press). 

Normalisation of modal compositions is practically achieved using the Fortran 

programs ANISch5 and Ematrix5 to characterise the elastic stiffness matrix of the 

monomineralic aggregate components of each sample, and to combine them in the 

desired quantities to calculate the bulk aggregate elastic properties, respectively. 

This is the procedure, outlined in Section 5.2.2 up to and including Step 1(a). 

The suite of aggregate CC 's output from Ernaitrix5 for each sample, normalised 

to the given modal composition, and calibrated against sample finite strain (e. g. 

Table 5.1), form the basis for the ensuing seismic modelling, and indeed, the crux 

of the work-flow model described by this thesis. 
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6.2 Seismic signature of strain intensity 

& petrofabric orientation 

In order to make valid predictions on the state of strain and crustal structure in 

areas of ductilely deforming mafic lower crust, seismic and petrofabric attributes 

must be considered together in a co-related continuum. Relevant seismic velocity 

and anisotropy results must therefore be presented with respect to quantitative 

and qualitative petrofabric elements such that data can be easily referenced and 

transferred into seismo-structural models. 

Figures 6.1-6.4 depict the variation in Vp with respect to strain intensity and 

petrofabric orientation for a vertically propagating seismic ray-path travelling 

through a notional 10km thick section of material. Figures 6.5-6.8 and Figures 6.0- 

6.12 show the relationship of 5t, and the fast shear-wave polarisation orientation 

(see Section 5 for definitions), respectively, to the same variables and for the same 

physical scenario. A vertical seismic ray-path is envisaged to approximate a tele- 

seismic signal received at a surface seismometer array, shown schematically in 

Figure 6.13. A 10km thick section is used to provide practical values of 6t,. Most 

simplistically, plots can be envisaged as looking down onto a surface above 10km 

of lower crustal material of the aforementioned modal composition. Beneath that 

surface, material properties vary in both finite strain and petrofabric orientation. 

At each point on the plot with respect to the variables of the coordinate axes, 

the values of seismic properties shown are those of a seismic ray travelling verti- 

cally through that material and out of the surface (or page). This is illustrated 

schematically in Figure 6.14. 

In each plot, fabric' orientation is considered in the range -901 <0 <_ +90°, 

where 0 refers to the angle that the planar petrofabric (the sample and kinematic 

XY-plane, or the foliation) makes with horizontal. Positive rotations are clockwise 

when looking from a positive position towards the origin along the axis of rotation. 
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Rotations of the planar fabric are considered about two axes (Figure 6.15(a)-(c)). 

Figure 6.15(b) shows the planar fabric rotated about the X-axis, or a horizontal 

lineation, such that the lineation itself remains spatially unchanged. In contrast, 

the planar fabric in Figure 6.15(c) is rotated about the Y-axis, or the axis orthog- 

onal to the lineation, X, and in the foliation plane, XY. In the latter scenario the 

lineation orientation varies between horizontal (0 = 0°) and vertical (0 = ±90°) 

with the planar fabric. 

For each axial rotation of the deformation petrofabric, strain is paramcterised 

as both the finite shear strain, y, and the length of the major axis of the plane 

strain ellipse, Si pertaining to that shear strain (equivalent to ß/A1, Equation 4.1) 

where the unity value of Sl represents an undeformed marker circle. Portraying 

the variation of seismic properties with respect to both ry and Sl maintains the 

utility of the plots where strain data may be described for a simple shear zone, 

or by the manifold parameters pertaining to bulk pure shear. For example, the 

ß-factor for extension directly correlates to Sl (where 0= Si), or alternatively, 

the ellipticity of the strain ellipse, either measured directly from micro- or meso- 

structural proxies, or inferred from crustal thickness changes, can be used where 

Si = -, /R (from Equation 4.2). 

The processes and calculations involved in the generation of Figures G. 1-G. 12 

can be summarised according to the following steps. Computational elements of 

the modelling are the product of collaborative research with Dr. James `'Vookey, 

University of Bristol. 

1. Sample-wise bulk elastic stiffness matrices, Cj j, are interpolated between 

their predetermined finite shear strains (ry) or the associated strain ellipse 

long axis (Si) to describe the variation of elastic stiffness with strain. The 

interpolated grid is discrete but of high resolution, with interpolations at 

increments of 0.1 for both ry and S1. 

2. All figures of sample petrofabric and seismic attributes are hitherto presented 
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as viewed parallel to the kinematic Y-axis onto the XZ-plane, where X and 

XY are envisaged to have a horizontal attitude spatially (as in Figure 3.1(a) 

and Figure 6.15(a)). Consequently, in order to highlight the variation of 

seismic properties with fabric orientation, the interpolated strain scale of C{ j 

is incrementally rotated with respect to either X or Y. Again, the inter- 

polated scale of petrofabric rotation is discrete but of high resolution, with 

increments of 5°. 

3. Vp, 5t8 are calculated for each node of the interpolated grid, and the fast 

shear-wave polarisation orientation for a more sparsely populated grid nec- 

essary for display purposes. Values are those for a vertical ray-path through 

a 10km thick section, and thus plots are displayed such that the reader is 

looking vertically down, parallel to Z for the unrotated case (Figure G. 14, 

6.15(a)). Seismic velocity and anisotropy calculations are processed via a 

series of customised programs developed by Dr. James Wookey, and derived 
from the code Ematrix5 (introduced in Section 5.2.2). 

4. Values of V. and 5t3 are plotted and contoured with an appropriate colour 

scale in GMT. 

Each of Figures 6.1-6.12 are crudely symmetric about the line of zero rotation, 

where deviation from a perfect symmetry is due to slight non-orthorhombicity of 

the aggregate G. This may reflect the complex interaction between constituent 

phases with different seismic attribute symmetries (as illustrated graphically in 

Figure 5.1), natural variation in the microstructure from ideal and symmetric 

about the kinematic axes, error in cutting specimens in the kinematic reference 

frame (see Section 4.2.2), or some combination of each. This suggests that in an 

ideal case, at least, the direction of fabric rotation, whether positive or negative 

about the kinematic X- or Y-axis, does not affect the pattern or magnitude of 

seismic velocity or anisotropy to any significant degree. 
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Apparently anomalous steps or jumps in the distribution of seismic properties 

are an amplified effect of sample variation. Discontinuities in the smoothly varying 

distribution (e. g. between Sl = 6-8, Figure 6.6) mark points of sample control, 

and smoothly varying regions (e. g. between Sl = 2-G, Figure 6. G) are regions 

of interpolation of physical properties between samples. Likewise, the complex 

pattern of peaks and cusps within the central band of low shear-wave splitting 

time lag in Figures 6.5-6.8 are due to local effects around sample control points. 

Such peaks and cusps are comparatively low in relief having very little value, and 

are considered anomalous to the overall trends outlined below. Clearly, this point 

highlights the need for the repetition of experimental procedures as outlined in this 

thesis for a plethora of natural shear zones exhibiting a strain gradient in rocks of 

similar lithology such that sample control in the data can be maximised, and the 

range over which interpolation is necessary can be reduced. This is a long-terra 

goal however, and one beyond the scope of this project, that will ultimately provide 

a better characterised relationship between seismic properties and strain. 

Despite the aforementioned potential anomalies that may be introduced into 

modelling from the results of analyses of a suite of natural samples, a number of 

important trends and relationships can be observed in Figures 6.1-6.8. Most note- 

worthy is the similarity in both the velocity and anisotropy distributions between 

those models in which the fabric is rotated about the X-axis, and those with a 

rotation about Y. This is exemplified in plots of Vp distribution (Figures 6.1-G. 4) 

where the pattern of the distribution between those plots with a rotation about X 

and those with a rotation about Y are closely congruent, and the main difference is 

the magnitude of values. This similarity in seismic property distribution between 

plots with rotations about X and Y is also seen in the shear-wave splitting analysis 

(Figures 6.5-6.8). 

A key trend exhibited in the plots is a general decrease in the magnitude of seis- 

mic velocity and anisotropy with increasing strain for sub-horizontal petrofabric 
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orientations. This contrasts with a trend of velocity and anisotropy values increas- 

ing with strain at high, sub-vertical, fabric orientations. The greatest rate of change 

is observed between 0<'< 10 equating to 1< Sl < 10, beyond which further 

increases in strain result in negligible change in velocity or anisotropy. This sup- 

ports the suggestion of a logarithmic relationship between seismic attributes and 

strain presented in Section 5.2.1 and illustrated in Figures 5.4 and 5.5 whereby 

petrofabric and hence petrophysical properties become saturated by y 10. Note 

that the P-wave velocities of Figures 6.1-6.4 refer specifically to vertically propa- 

gating waves. Thus, their relationship with strain is different to that inferred from 

Figure 5.3 which plots the maximum P-wave velocity calculated across the entire 

three-dimensional distribution, irrespective of its azimuthal direction. 

A somewhat steeper gradient in the change in Vp and 6t, with strain can be 

observed in detail between 1< Si < 1.2 or 0< -y < 0.4 (e. g. Figures 6.1 and 

6.2). For example, for sub-horizontal petrofabrics, this corresponds to a drop in V, 

from 6. G0kms-1 typical of the isotropic petrofabric of the undeformed protolith to 

6.25kms-1 at ry = 0.4 or Sl = 1.2 (shown most clearly in Figure 6.2). Similar large 

changes with fractional increase in strain are seen in plots of 5t, (e. g. Figure 6.5), 

and suggests that a very small amount of initial strain imposed upon an initially 

isotropic protolith can have dramatic effects upon its seismic response. This infer- 

ence is again supported by the observation of a symmetry developed in the seismic 

velocity and anisotropy distribution of Sample 2 at its low strain ('y = 0.18) (Fig- 

ure 5.2) that is congruent with those representative of very high finite shear strain 

(e. g. Sample 8, ry = 57); and the steep initial gradient in the relationship between 

anisotropy and strain (Figure 5.4). 

The change from a dominantly decreasing trend to one of increasing values of 

seismic attributes with strain occurs around fabric a orientation of 20°-40° for Vp 

and 8t8 with fabric rotation about X (e. g. Figures 6.1 and G. 5). This switch oc- 

curs closer to 60° for bt, with fabric rotation about Y (Figures 6.7 and 6.8), and 
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is a reflection of the details of the distribution in the AV, pole figure (Figure 5.2). 

That is, the `crown' of low anisotropy in Figure 5.2 (e. g. Sample 7, AV, ) occupies a 

greater portion of the XZ-plane (the pole figure circumference) than the YZ-planc 

(the plane vertically `north-south' through the pole figure). This leads to a com- 

paratively wider central band of low 6t, values about sub-horizontal petrofabrics 

in Figures 6.7-6.8 than Figures 6.5-6.6. 

It follows that for a given strain, a move from sub-Horizontal to sub-vertical 

petrofabrics is associated with an increase in values of Vp and St,. 

Analysis of V81 polarisation orientations (Figures 6.9-G. 12) shows a distribution 

similar to those of Vp and St, whereby the vertical expression of shear-wave po- 

larisation becomes more acute with increasing strain and an increasingly vertical 

tectonic foliation, XY. This is an intuitive result and reflects the development of 

an increasingly defined planar fabric with strain, and the increasing parallelism of 

that petrofabric with the seismic ray-path. The Val polarisation plane is consis- 

tently parallel to the plane of petrofabric foliation (Figures 6.9-6.12 inserts), which 

is in turn parallel with the girdle of greatest shear-wave anisotropy (Figure 5.2). 

Interpolation of the petrophysical properties of a discrete, strain calibrated, 

microstructurally characterised and compositionally normalised sample suite thus 

permits the evaluation of seismic properties against finite strain and petrofabric 

orientation in that material, across a continuum. The proceeding sections show 

how such generic results can be utilised and incorporated into structural models 

of continental deformation. 

6.3 Application. in crustal modelling 

Results presented hitherto describing the dependance of seismic properties on ag- 

gregate modal composition, petrofabric orientation, and bulk strain, together com- 

prise a useful tool for manifold geological and geophysical applications. For ex- 

ample, strain-calibrated seismic velocities and anisotropy could prove invaluable 
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in increasing the accuracy and authenticity in both forward and reverse modelling 

between lower crustal anisotropy and strain in regions of recent or contemporary 

continental deformation, and in making inferences on the mechanical communica- 

tion between the upper and lower crust with respect to strain distribution. 

In order to provide an example of the application of strain-calibrated physical 

and seismic properties in structural models, three case studies are presented. 

6.3.1 Model assembly 

The models presented here are simplified and length-averaged block models for 

regions of crustal extension and compression where two or more competing theo- 

ries have been proposed in order to explain their spatially and temporally complex 

structure and histories. They are, therefore, not a unifying model of the crustal 

structure in each of the regions discussed, nor are they intended to account for 

the spatially and temporally finer scale complexities and heterogeneities. Their 

purpose is to show how the use of simple, broadly representative crustal nnod- 

els that incorporate logical and intuitive predictions of tectonic strain state, and 

hence the petrofabric and seismic attribute development and orientation, can be 

used to highlight structure within an iso-compositional lower crust. This approach 

may therefore help to differentiate, to a first approximation, between end-member 

modes of crustal deformation. These simplistic but representative models provide 

a foundation for augmentation in further studies with spatially and temporally 

more complex structures and petrophysical profiles. 

Each model can be considered in terms of an assemblage of seismo-structural 

building blocks or domains (e. g. Figure 6.18). Each domain is associated with 

a material property that is representative of the finite strain and petrofabric ori- 

entation for that position in the structural framework. This dictates that each 

domain is associated with specific seismic properties, of which the P-wave veloc- 

ity of a vertically propagating ray is of interest here (as presented in Figures 6.1 
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to 6.8). Seismo-structural domains are colour-coded according to their vertical 

P-wave velocity. Velocity contrasts between domains are often subtle. 

For the purpose of generating realistic crustal cross-sections, an approximation 

of the seismic properties of upper crustal and lithospheric mantle material is nec- 

essary. For the upper crust, this is realised by a synthetic isotropic aggregate of 

50% quartz, 25% plagioclase, and 25% orthoclase to approximate granitic compo- 

sition. The aggregate 'material properties are generated from randomised single 

crystal elastic stiffness matrices, C{ j's, via Ernatrix5 (see Section 5.2.2), mixed to 

the appropriate ratio. Its isotropy means that is has velocity but no anisotropy, 

and therefore should not mask the effect of anisotropy in the lower crust. For 

those models necessitating the incorporation of a sediment package (North Sea 

example), the same procedure is followed for an aggregate of 50% quartz, 15% 

plagioclase, 15% orthoclase, 10% calcite and 10% muscovite -- one thought to 

be representative of the bulk composition of a North Sea sediment package (J. S. 

Maddock, pers. comm. 2006). Mantle properties are approximated from material 

and seismic parameters incorporated in the global velocity model aklS5 (Kennett 

et al., 1995). Also shown are the synthetic zero-offset reflection profiles for each 

model. Such profiles approximate a series of reflection seismograms from collocated 

seismic source and receivers in an array, where a vertically downward propagating 

seismic ray is reflected upwards to the surface/receiver by consecutive interfaces, or 

discrete seismic impedance contrasts (Shearer, 1999). Synthetic zero-offset profiles 

are considered a suitable analogue, at much reduced computational expense, for 

wide-angle reflection profiles commonly employed in deep crustal seismic studies 

(e. g. Allmendinger et al., 1983; Klemperer, 1988; Meissner et al., 2004, ; J. Wookey, 

pers. comm. 2006). 

The pertinent steps in the calculation of synthetic zero-offset reflection profiles 

are summarised as follows: 

1. From the seismo-structural block models (e. g. Figure 6.18), a series of vertical 
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depth profiles of elastic properties (Ci j) are compiled at a range of `stations' 

across the model. 

2. Depth profiles of elastic constants are converted to two-way travel time pro- 

files using vertical P-wave velocities calculated from elastic constants using 

Equation 5.7, or approximated by (Babuska & Cara, 1991, ; J. Wookey, pers. 

comm. 2006): 

Vpvert 
FL3.3 (6.1) 

3. Across each velocity interface in the model, the reflectivity of a vertically 

propagating reflected P-wave is calculated from the impedance contrast across 

that boundary, according to the reflection coefficient, R. (Sheriff & Geldart, 

1999; Shearer, 1999): 

R,, = 
Vn3P2 - VriPi 

_ 
Z2 - Zl 

- 
Al (G. 2) 

Vp2P2+VpIP1 Z2+Zi r Ao 

where the product Vp,,. p between vertical P-wave velocity and density is the 

impedance, Z,,. Note that IZc is related to the amplitude of the reflected 

ray, Ali relative to that of the incident ray, A0. Reflection amplitude, being 

related to the reflection coefficient, can therefore be used as a proxy for lateral 

changes in material properties along a reflector, such as variations in material 

finite strain state. 

Practically, this step is computed using the program IZlllatrix for modelling 

the reflection response of a stack of generally anisotropic layers (Martin R; 

Thomson, 1997). 

4. The reflectivity profile or trace of Step 3, being a function of reflection 

strength with trävel time, is convoluted with a simple source wavelet (a 

2 second dominant period Kuepper wavelet). 
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5. Finally, white noise is added with a signal to noise ration of 20: 1 to make the 

seismograms appear more realistic. The resulting trace is broadly comparable 

with a processed deep seismic reflection survey (J. Wookey, pers. comm. 

2006). 

This simple method of producing synthetic seismograms is chosen because more 

detailed modelling would require much more input as in the typo of survey trying 

to be reproduced, such as wide-angle or receiver function. Those synthetic seis- 

mograms would require processing like real data, and the conclusions that might 

be drawn would be dependant on that processing. This level of modelling is be- 

yond the scope of this research. It does, however, present avenues for subsequent 

research projects, where, for example, wide-angle reflection profiles, may prove to 

be more adept in highlighting and distinguishing contrasts in deformation in deep 

crustal materials with sub-horizontal petrofabrics. 

Three case studies are presented: the eastern Basin and Range Province, the 

northern North Sea, and the Tibetan Plateau. The reasons for choosing these 

examples are manifold. Primarily, they collectively span a range of important 

examples of continental deformation including continental rifting, observed both 

subaerially and submarine, and continental collision. Of equal importance, each 

area is represented in the literature by at least two competing models regarding 

their crustal structure and strain localisation. Furthermore, each area is partic- 

ularly well studied, both geologically and by geophysical techniques, and so key 

structural information, such as depth to Moho, fault offsets and the base of seis- 

micity (marking the brittle-ductile transition), are relatively well constrained. 

6.3.2 Eastern Basin and Range Province 

The eastern Basin and Range Province of the southwestern United States provides 

a classic example of a region of complex continental extensional deformation to 

which two broad end-member models have been applied. 
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Structural models of the Basin and Range Province must satisfy a number of 

key geological and geophysical observations. These include: 

1. A uniform, relatively shallow Moho depth of approximately 30km, esti- 

mated from seismic reflection profiling (Gans, 1987; Brady et al., 2000). 

Pre-extensional crustal thickness is predicted from observations of the neigh- 

bouring and relatively undeformed Colorado Plateau region, where the Who 

depth is estimated around 45km (Gans, 1987; Brady et al., 2000). 

2. A depth to the brittle-ductile transition of approximately 10kmn is based on 

compatible estimates of the base of seismicity (Smith & Bruhn, 1084) and 

projections from structural and petrological observations in exhumed sections 

exhibiting the interface between distributed brittle faulting in the hanging- 

wall and pervasive ductile deformation of the footwall (Rehrig & Reynolds, 

1980; Snoke, 1980; Miller et al., 1983). 

3. Surface observations of widespread extensional deformation. These include 

zones of low-angle normal faulting, fragmented extensional allochthons and 

metamorphic core complexes (Wernicke, 1985). Such structures expose mid- 

to lower crustal rocks exhibiting pervasive ductile deformation, beneath, or 

at least in a zone at the brittle-ductile transition (Rehrig & Reynolds, 1980; 

Snoke, 1980; Miller et al., 1983). 

Wernicke (1981,1985) proposed a model of uniform-sense normal simple shear 

of the lithosphere to explain the observed spatial discrepancy between areas of 

maximum surface extension and the position of maximum crustal thinning inferred 

from unmigrated seismic profiles (Figure 6.16). His model shows a distributed zone 

of upper crustal faulting detaching at the brittle-ductile transition in the mid-crust 

onto single zone of ductile simple shear, which continues through the lower crust 

and beyond as a discrete zone, offsetting both the Who and the base of the 

lithosphere. 
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In contrast, a number of workers have contended the concept of a crustal- 

penetrating shear zone, suggesting that evidence better fits a model of pervasive 

pure shear throughout the lower crust (Miller et al., 1983; Smith & Bruhn, 1984; 

Gans, 1987) (Figure 6.17). Such models cite the lack of Moho relief observed on 

migrated seismic reflection profiles as evidence for uniform ductile stretching in 

the lower crust, acting to smooth out spatially heterogeneous strain in the upper 

crust (Smith & Bruhn, 1984; Gans, 1987). 

Furthermore, evidence for through-crustal reflectors in seismic reflection profiles 

from the Basin and Range Province, representing discrete shear zones, is sparse, 

with continuous dipping reflectors rarely penetrating deeper than 10km (Smith & 

Bruhn, 1984; Allmendinger et al., 1987; Brady et al., 2000). This suggests that 

normal faults detaching at mid-crustal levels beneath which ductile pure shear 

prevails is the dominant deformation style. 

Two crustal structure models are presented, together with their associated syn- 

thetic zero-offset reflection profiles, corresponding to each of the WVernicke (1985) 

and Smith & Bruhn (1984) type scenarios (Figures 6.18 and 6.19). Lower crustal 

domains are annotated with reference to their strain state by either Sl or y de- 

pending of whether the zone is modelled by pure or simple shear respectively. The 

finite strain ellipse is also shown where possible. 

The lower crust of Figure 6.18 is dominated by undeformed material, with the 

model being dissected by a gently dipping shear zone. Based oil constraints from 

field and seismic observations, a 10° dip (Allmendinger et al., 1983; \Vernicke, 1985) 

is imposed on the 2km wide shear zone (Miller et al., 1983; Davis, 1987), with a 

total dip-slip displacement of 86km (in accord with estimates of extension in e. g. 

Allmendinger et al., 1983; Wernicke, 1985; Gans, 1987), necessitating a shear strain 

in the deformation zone of y= 43. This geometry thins a 45kmn crustal section 

to 30km. Based on evidence of rapid increase in strain over a narrow distance 

relative to the width of the shear zone (Section 2.3), it is considered unnecessary 
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and an over-complication to include a strain gradient bordering the high strain 

simple shear zone of Figure 6.18. The internal structure of the upper crust and 

mantle are not considered. 

The lower crust of Figure 6.19 comprises a central zone of homogeneous pure 

shear strain, flanked by undeformed material. Marking the base of the upper crust 

at 10km throughout, the aforementioned crustal thinning from 45km to 30km (e. g. 

Gans, 1987) necessitates necking in the lower crust from 35kmn to 20k7n. Strain 

corresponding to a horizontal strain ellipse long axis of Sl = 1.75 is thus applied 

to this zone. 

Initial observation of Figures 6.18 and 6.19 synthetic seismograms shows only 

subtle differences between them. For example, the reflectivity of the interface 

between the upper crust and undeformed lower crustal material (Figure 6.18) is 

indistinguishable from that with strained material (Figure 6.19). 

Perhaps the most important feature is the dipping reflector through the lower 

crust representing a shallow dipping crustal-penetrating shear zone (Figure 6.18). 

This suggests at least partial success of the models such that resolvable lower 

crustal reflectivity can result from zones of strain contrast, without the necessity 

for a change in bulk composition. This lends support to work by Jones & Nur 

(1982); Fountain et al: (1984) and Ji et al. (1993,1997) who have shown that 

although lithological contacts arc important in generating seismic reflectivity, mi- 

crostructural and petrofabric characteristics of high-grade and retrogressed ductile 

shear zones can lead to significant reflectivity of the zone. In particular, strongly 

developed LPO's in constituent mineral phases, particularly phyllosilicates and 

hornblende (which show a significant velocity low parallel to Y in their ordered 

states compared to their isotropic velocities), can give low to moderate reflection 

coefficients against an isotropic protolith of the same composition. This effect is 

enhanced when it coincides with a lithological interface. Geometrical character- 

istics of the shear zones can have the effect of increasing their reflectivity due to 
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complex constructive interference of multiple reflections across a narrow, finely 

layered 'or anastomosing network of shears or compositional layering within the 

shear due to mechanical or metamorphic differentiation (Fountain et al., 1084; Ji 

et al., 1997). 

Shear wave splitting analysis (Figures G. 6-6.7 and 6.18-6.19) indicates only mi- 

nor time delay, 8t� in vertical S-wave arrivals. The shallow dip of the relatively 

narrow simple shear zone of Figure 6.18, in spite of its high strain, and the dis- 

tributed low strain of the stretched lower crust in Figure 6.19, predict 6t, around 

0.003-0.03 seconds. In reality, this small anisotropy may be difficult to resolve, 

especially in teleseismic signals where mantle anisotropy for SKS signals may gen- 

erate time delays of <2 seconds (Kind et al., 1985; I{endall, 2000; Park & Levin, 

2002, ; J. Wookey, pers. comm., 2006). It may, however, be detectable in shallow, 

local events where the splitting is not overprinted by mantle anisotropy (e. g. Heir 

et al., 2005). Sub-horizontal petrofabrics in both models dictates that Vil polar- 

isation orientation cannot be used as a diagnostic seismic attribute in this case 

(Figures 6.11-6.12). 

The incorporation of strain-calibrated seismic properties into crustal models, 

as outlined, may prove invaluable in current deep seismic profiling experiments 

such as the Stanford University Seismic Experiment in the northwest margin of 

the Basin and Range Province (Lerch et al., 2005), and especially in their efforts 

to image lower crustal flow and detect lower crustal anisotropy. 

6.3.3 North Sea 

Like the Basin and Range Province, the northern North Sea is a region of extended 

continental crust to which end-member pure and simple shear models have been 

applied. 

McKenzie (1978) proposed a uniform stretching model of extensional basins 

whereby an initial and rapid uniform stretching and thinning of the crust is followed 
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by a slow thermal subsidence with associated sediment accumulation. McKenzie 

(1978) used estimates of the thickness of the Tertiary sedimentary pile in the North 

Sea Rift to infer stretch by a factor of 1.5 (ß = 1.5) there. 

McKenzie's mathematical model has since received consistent support (Christie 

& Sclater, 1980; Klemperer, 1988; Badley et al., 1988; Fichler & IIospers, 1990). 

Klemperer (1988) presents a series of depth-migrated deep reflection profiles from 

which a number of key features can be observed (Figure 6.20): 

1. Discrete and continuous dipping reflectors through the lower crust linking 

extensional structures in the upper crust to isolated dipping reflectors in the 

upper mantle, are notably lacking. 

2. Extensional structures in the upper crust typically have an asymmetric ex- 

pression. 

3. The Moho depth shallows from approximately 30k7n beneath the Shetland 

and Norwegian margins (considered to be representative of the pre-rift crustal 

thickness for northwest Europe, Meissner et al., 1986,1987) to roughly 20kmn 

beneath the centre of the Viking Graben. A crustal thickness of 25kmn is, 

however, more typical of the bulk of the rifted zone, flanking the axial Viking 

Graben. 

4. The variation in thickness of the syn- and post-rift sediment packages reflects 

the patten of crustal thickness change. That is, the thickest sediment package 

of approximately 8km is observed in the Viking Graben with a Skin veneer 

being more typical of the flanking areas within the bounds of the rift. 

5. The northern North Sea rift is thus characterised by an axis of crustal thin- 

ning that is spatially coincident with the axes of syn- and post-rift sedimenta- 

tion, representative of the rift- and thermal subsidence phases of its tectonic 

evolution. 
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Crustal thinning associated with extension is here considered in terms of changes 

in the pre-rift basement. That is, not inclusive of the syn- and post-rift sedimentary 

pile. The symmetry of basement thickness is concordant with that of crustal and 

sediment thickness however, amounting to approximately 15krn beneath the Viking 

Graben, and 20km across the remaining rifted zone. 

Klemperer (1988) incorporated these observations and relationships to propose 

a model of decoupled symmetric stretching with asymmetric brittle faulting in the 

upper crust passing to pervasive ductile pure shear extension in the lower crust 

(Figure 6.20). 

As highlighted by Brun & Tron (1993), although Klemperer's model incorpo- 

rates pervasive ductile thinning in the lower crust, it does not necessitate that 

it is uniform. Indeed, his model indicates proportionally greater ductile thinning 

beneath the Viking Graben than it does beneath the adjoining rifted portions 

(Figure 6.20). Brun & Tron (1993) propose a further model of northern North 

Sea rifting from the results of Pinet (1989), whereby ductile pure shear in the 

lower crust is uniform (Figure 6.20). This model is supported by their picking 

of Moho reflectors beneath the Viking Graben somewhat deeper than Klemperer 

(1988), such that the Moho is uniformly flat at approximately 25k7n within the rift 

(Figure 6.20). In addition, they apply results of analogue modelling to attribute 

the asymmetric upper crustal expression of extension in the norther North Sea to 

asymmetric boundary conditions during the incipient stages of its development. 

Beach (1986) adopted the crustal-penetrating simple shear zone model of Wer- 

nicke (1985) in order to explain observations from non-migrated reflection profiles 

(Figure 6.21). In particular, he highlights a broad and tenuous zone of concen- 

trated lower crustal reflectors in addition to a generally asymmetric disposition of 

inferred structural features and dipping upper mantle reflectors coincident with 

the down-dip continuation of his shear zone (Figure 6.21). Upon depth-migration 

however, the concentrated zone of lower crustal reflectors disappear. Furthermore, 
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the age and origin of upper mantle reflectors remain enigmatic (Klemperer, 1988). 

Three crustal models are presented, based on those of Klemperer (1988); Brun 

& Tron (1993) and Beach (1986), with their associated synthetic zero-offset seismic 

reflection profiles (Figures 6.22-6.24). Lower crustal domains are annotated with 

reference to their strain state by either Si or y depending of whether the zone 

is modelled by pure or simple shear, respectively. The finite strain ellipse is also 

shown where possible. For the purpose of completeness and to add realism to the 

synthetic reflection profiles, a supra-crustal sediment layer of appropriate thickness 

is included in each model to represent the syn- and post-rift package. 

Figure 6.22 approximates the model and observations of Klempcrcr (1988). A 

uniform base to the upper crust is set at 15km as indicated by the lower cut-off of 

brittle faulting on reflection profiles (e. g. Klemperer, 1988) and the upper limit to 

the lower crustal simple shear zone envisaged by Beach (1986). Strain values for 

each domain, and hence the material and seismic properties there, are determined 

from lower crustal thickness estimates relative to that of the original, pre-rift crust 

(Meissner et al., 1986,1987; Klemperer, 1088). Domain widths are determined 

directly from reflection profiles of Klemperer (1988). 

Figure 6.23 corresponds to the model of Brun & Tron (1993). Both the sediment 

and basement thickness satisfy observations from reflection profiles documented by 

Brun & Tron (1993), in addition to being in cross-sectional area balance with the 

model of Figure 6.22 for Klemperer (1988). In this model, the stretched lower 

crust is represented by a single domain, whose strain state (S1 = 1.6) is again 

a reflection of the lower crustal thickness relative to that of the original, pre-rift 

crust (Meissner et al., 1986,1987; Klemperer, 1988; Brun & 'Ion, 1993). 

Beach's simple shear model is realised in that of Figure 6.24. Crustal thickness 

and domain widths are determined directly from the reflection profiles and data 

of e. g. Beach (1986); Meissner et al. (1986); Klemperer (1988). In order to thin 

originally 30km crust to 20km (basement thickness) via a shallow dipping (< 
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10°), 2km wide crustal-penetrating shear zone, 100km of displacement must be 

accommodated on that shear zone with a shear strain -y = 50. 

As with the eastern Basin and Range, the synthetic seismic reflection profiles 

for the three models illustrated for the northern North Sea, are very similar. The 

main distinguishing features are where reflections highlight geometrical differences, 

such as the depth to Moho, being uniformly flat over the entire rifted portion in 

Figure 6.23 or exhibiting a more stepwise appearance of Figure 6.22. Unfortu- 

nately the manifestation of horizontal gradients in strain in terms of reflectivity, 

for example between the central and flanking zones within the stretched portion of 

Figure 6.22, is not resolvable, at least without specialised and sensitive computer 

software. Such strain gradients are small however (e. g. S1 =1.5 to 1.875), and the 

orthorhombicity of the seismic velocity and anisotropy distribution with its rela- 

tively consistent and vertical crown of slow values (Figures 5.2,6.2 and 6.6) greatly 

hinders the potential of such observations, particulary with small-offset reflection 

profiles. Figure 6.24 does, however, give some hope in highlighting a narrow and 

gently dipping zone of strained material, albeit of high strain, yet compositionally 

constant with the surrounding protolith. As with the Basin and Range, this is 

concordant with the results of Jones & Nur (1982); Fountain et al. (1084) and Ji 

et al. (1993,1997). 

Incorporation of the results of Figure 6.6 into the models of Figure 6.22 and 6.23 

indicate that shear wave splitting anisotropy may be detected across the rift zone, 

amounting to 5t3 = 0.01-0.015 seconds. Similarly, the shallow dip of the relatively 

narrow simple shear zone of Figure 6.24 dictates small time delays in vertical rays 

around <0.006 seconds (Figure 6.7). As with the eastern Basin and Range models, 

such small values of 6t3 may be difficult to resolve in nature, especially where 

masked by mantle anisotropy in telescismic signals. Again, shallow, local events 

may be necessary to detect shear-wave splitting (ICeir et al., 2005). The fast shear- 

wave polarisation orientation would not be manifest at surface seismic stations in 
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any of the three models, due to their sub-horizontal petrofabrics (Figures 6.11- 

6.12). 

The dispute between pure and simple shear models is generally considered to 

be resolved for the North Sea in favour of the pure shear model and on the basis of 

axially symmetric and vertically stacked zones of basement thinning, and syn- and 

post-rift subsidence (reviews in White, 1990; Klemperer & White, 1989). Never- 

theless, this procedure -provides a neat and useful test. For example, the lack of a 

continuous reflector representing a through-going ductile shear zone (Klemperer, 

1988) as predicted by Figure 6.24, lends support to a pure shear model. How- 

ever, noise from natural lower crustal heterogeneities may, unfortunately, mask 

this low-amplitude signal in real data. 

6.3.4 Tibet 

The Tibetan Plateau is one the most expansive regions of elevated continental 

crust on Earth, covering some 7x 105km2 and with an average elevation of 5knt 

(Dewey et al., 1988; Clark & R, oyden, 2000). Although topographically high, the 

Plateau surface is notably low-relief (Fielding et al., 1994; Clark & R. oyden, 2000). 

A product of the collision between the Indian continental crust and that of Eurasia 

since 45Ma (Molnar & Tapponnier, 1975; Dewey ct al., 1988), and indeed their 

continued convergence (Wang et al., 2001; Jouanne et al., 200.1; Zhang et al., 2004), 

the apparently paradoxical geological and geophysical observations of the Tibetan 

Plateau have made it subject to the application of a plethora of crustal structure 

models (Powell & Conaghan, 1975; Zhao & Morgan, 1987; England & Houseman, 

1986). 

Constrained by seismic studies, the unusually thick crust beneath the Tibetan 

Plateau, around 70km, is well documented (Dewey et al., 1988; Zhao et al., 2001; 

Meissner et al., 2004). Assuming an original crustal thickness of 35km, typical 

of the shield areas globally (Mooney et al., 1998), this suggests a doubling of the 
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crustal thickness. This would intuitively lead to the inference that the region has 

undergone horizontal shortening by a factor of two. Palaeomagnetic data does 

indicate significant shortening across the Plateau, with quotes typically close to 

2000km (Molnar & Chen, 1978; Achache et al., 1984). The paradox arises however, 

in the observation of relatively little surface strain across Tibet. Restoration of 

folds and thrusts across the Tibetan Plateau give integrated shortening on the 

order of a few hundred kilometres -a value significantly less than that expected 

from palaeomagnetic estimates of convergence (Tapponnier et al., 1981; Coward et 

al., 1988). 

Three major models have been important in the development of our understand- 

ing of Tibet (Figure 6.25). (1) Underplating of the Tibetan crust by flat northward 

subduction of buoyant Indian lithosphere, progressively doubling the crustal thick- 

ness behind its leading edge (Figure 6.25(b)). This model was first proposed by 

Argand (1924) and later advocated by Powell & Conagllan (1973,1975). (2) A 

model of diffuse crustal thickening, or vertical stretching pure shear, was speculated 

by Dewey & Burke (1973) and significantly developed in the numerical models of 

England & Houseman (1985); Houseman & England (1986); England & Houseman 

(1986); England & Searle (1986) (Figure 6.25(c)). Such models approximate the 

Tibetan crust to behave as a thin viscous sheet deforming under the influence of 

a northward moving, non-subducting rigid indentor (the Indian crust) and have 

been extremely successful in recreating the observed bulk geometries of the Ti- 

betan Plateau and its spatial distribution of deformation. (3) Zhao & Morgan 

(1985,1987) and Zhao-& Yuen (1987), and more recently supported by Westaway 

(1995) and Kola-Ojo & Meissner (2001), developed a model that appears some- 

what of an intermediate between the prior two end-member configurations. Their 

model, dubbed the `hydraulic pump', describes underplating Indian crust injecting 

into weak Tibetan lower crust, and advancing northward to a point at which it 

becomes assimilated into the Tibetan lower crust (Figure 6.25(d)). The action of 
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the injecting `ram' of Indian crust in conjunction with its assimilation (and hence 

volumetrically increasing ductile Tibetan lower crust) acts to raise the `hydraulic' 

pressure within the lower crustal layer, generating uniform and contemporaneous 

uplift over the Plateau. 

Models (1) and (2) are inconsistent with a number of observations however. 

For example, whole crustal pure shear thickening of (2) would require 2000km of 

shortening to be accommodated in upper crustal structures, while a northward 

migrating `double-thickness front' and 1000km of post-collisional northward mi- 

gration of India relative to southern Tibet (with no convergence within Tibet) 

are inherent to model (1). Rather, upper crustal structures tend to fall short in 

accounting for the total convergence within Tibet since collision (Coward et al., 

1988). In addition, uplift tends to be spatially and temporally uniform (Harrison 

et al., 1992; Lal et al., 2003), and the post-collisional northward movement of In- 

dia relative to southern Tibet is small, on the order of a few hundred kilometres 

(Molnar & Tapponnier, 1975; Besse et al., 1984; Dewey et al., 1988; Johnson, 2002) 

with approximately 2000km of convergence taken up within the Eurasian plate, 

north of the suture (Molnar & Tapponnier, 1975; Achache et al., 198.1; Dewey et 

al., 1988). Thus, none of the requisites for models (1) and (2) are observed, and 

hence invalidating those models, at least in their simplest forms. 

Dewey et al. (1988), however, claim to be able to account for the shortening 

across Tibet in their observations and restoration of near-surface structures. In 

view of this, and the fact that a thin viscous sheet model is still widely used as 

an approximation for Tibetan crust in numerical simulations of Tibetan deforma- 

tion (Royden et al., 1997; Shen et al., 2001), a pervasive, vertical stretch pure 

shear model, in addition to the hydraulic pump of Zhao & Morgan (1987) will be 

modelled and investigated here. 

Figures 6.26 and 6.27 show crustal models and their associated zero-offset syn- 

thetic seismic reflection profiles for uniform pure shear thickening (e. g. Dewey & 
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Burke, 1973; England & Houseman, 1986) and hydraulic pumping (e. g. Zhao & 

Morgan, 1987) respectively. Both models are consistent in their crustal thicknesses, 

that is 70km beneath the Plateau, and 35km for original, undeformed crust of the 

Indian craton to the south and the Tarim Basin to the north. The base of the 

upper crust is marked at 15km depth for the undeformed crust, and 20km for 

the Plateau region. This is consistent with observations of the base of seismicity 

and from interpretations of controlled source and local, shallow event seismic data 

(Molnar & Chen, 1983; Seeber & Armbruster, 1984; Kind et al., 1996; Nelson et 

al., 1996; Chen & Yang, 2004; Klemperer, in press). Tibetan upper crust is thick- 

ened relative to that of the undeformed crust in the models in view of some upper 

crustal shortening structures documented there (Tapponnier et al., 1981; Coward 

et al., 1988; Dewey et al., 1988). The injector or ram of Indian crust is envisaged 

to extend 300km into Tibetan lower crust north of the India-Tibet suture (Indus- 

Tsangpo suture) at the 400km profile marker (Figure 6.27). This is based on a 

variety of mutually supportive teleseismic and controlled source seismic data (e. g. 

Zhao et al., 1993; Owens & Zandt, 1997). A reduced thickness of Indian crust is 

shown intruding Tibetan lower crust (Figure 6.27) based on estimates that a few 

tens of percent of the thickness of Indian crust is removed during underthrust- 

ing and incorporated into the Himalayan system (Zhao & Morgan, 1987; Owens 

& Zandt, 1997). Here, it is shown that only Indian lower crust survives under- 

thrusting (Owens & Zandt, 1997). The width of the transition between thickened 

crust and that of undeformed craton is fixed as the average width of the Himalaya 

(Molnar & Tapponnier, 1975). 

The models of Figures 6.26 and 6.27 are broadly similar in their lower crustal 

strain distribution. They vary only in the presence of an injector of Indian crust. 

The central domain of lower crust, thickened by vertical stretch pure shear is 

represented by the material and seismic properties calibrated to a strain where 

Sl = 2.5, or a vertical stretch in the lower crust to 2.5 times its original thickness 
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(50km/20km). The petrofabric there is modelled such that the planar fabric, XY, 

is vertical, with the lineation, X, vertical and Y in-and-out of the plane of viewing. 

This geometry is consistent with rotation of the planar petrofabric about Y as in 

Figure 6.15(c). 

Contrary to many examples in the literature that show lower crustal flow in 

collisional settings generating horizontal lamination due to shear stresses in channel 

flow (Clark & Royden, 2000; Shen et al., 2001; Klemperer, in press), convergence 

is here intuitively modelled to result in vertical planar petrofabrics normal to the 

direction of maximum compression (al horizontal, north-south) with a vertical 

lineation (parallel to the direction on maximum extension, 03) (Boyden et al., 

1997; Cagnard et al., 2006). 

Although there is increasing evidence of cast-west extensional collapse of the 

orogen accommodated by lower crustal flow into the flanking regions cost of the 

Plateau (e. g. Clark & Royden, 2000; Wang et al., 2001; Meissner et al., 200.1,2006; 

Klemperer, in press) it is as yet difficult to quantify the finite amount of this spread- 

ing in terms of resetting the original vertical stretching petrofabric from purely 

north-south compression, not to mention it being beyond the scope of this exer- 

cise. Moreover, strain calculations and petrofabric geometries are here considered 

for plane strain. Hence, vertical thinning or thickening cannot be accommodated 

for a vertical planar fabric where the lineation is horizontal (as in Figure 6.15(c)). 

Thus, only the strain and petrofabric associated with north-south compression is 

considered (vertical planar fabric, vertical lineation), and is assumed to be directly 

related to the change in crustal thickness. This may be representative of longitu- 

dinal transects that are central to the the plateau, say 85°E, where the effects of 

eastward extrusion of material are expected to be minimised (Wang et al., 2001). 

As with models incorporating pervasive and uniform pure shear in the lower 

crust for the Basin and Range Province and the northern North Sea, the effect 

of domains of strained lower crust on reflection coefficients across an interface are 
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unresolvable, at least by eye. This fractional effect of relatively small contrasts in 

the magnitude of material finite strain across an interface is exhibited in Figure 6.27 

by the tenuous reflectors near 12 and 18 seconds two-way time and between the 

400km and 700km markers across the profile, demarcating the upper and lower 

boundaries, respectively, of the injecting Indian crust. 

The vertical petrofabric inherent to these models may make the shear-wave 

splitting time delay, cte, and Vel polarisation orientation more useful indicators of 

lower crustal strain. As shown in Figure 6.8, the effect of a vertical foliation with 

a vertical lineation can give shear-wave time delays that are an order of magnitude 

greater than those for settings with horizontally foliated petrofabrics (e. g. Basin 

and Range Province). For Sl = 2.5 beneath the Plateau, Figures 6.8 and 6.26-6.27 

indicate 5t8 = 0.4 seconds for a 50km thick lower crust compared to öt, = 0.2.1-0.4 

seconds for rays that have travelled vertically through that part of the Plateau into 

which the Indian crust has penetrated. This would be associated with all east-west 

fast shear-wave polarisation orientation (Figure 6.12). 

Shear-wave splitting anisotropies have been observed on a small number of tele- 

seismic arrays across Tibet. Hirn et al. (1995) document up to 1 second shear-wave 

splitting in SKS phases across 400km of southernmost Tibet, with the fast phase 

polarised roughly east-west. They attribute this splitting to partial melt pockets 

in the crust and upper mantle, and to eastward flow of mantle material. In a 

reappraisal of this data however, Sapin & Hirn (1997) stress that although the 

shear-wave splitting anisotropy is characteristic of cast-flowing mantle, the exact 

radial level in the Earth at which the splitting is generated is not known. More- 

over, they cite a lack of decisive evidence of the magnitude of shear-wave splitting 

anisotropy due to crustal deformation as a reason for their preference to attribute 

the observed shear-wave time delays to oriented mantle olivine. It is shown here 

however, that up to half of their observed 1 second öt, can be accounted for solely 

by pervasive crustal deformation, or up to one third where injecting, isotropic 
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Indian crust is present in the Tibetan lower crust. 

This is supported by Huang et al. (2000) who report between 1 and 2 seconds 

shear-wave splitting anisotropy with east-west polarisation in stations of a tcleseis- 

mic array covering southern and central Tibet. They also note that zero splitting 

is recorded at seismometer stations south of the I3anggong-Nujiang Suture in Ti- 

bet - approximately the northern limit to which Indian crust penetrates Tibetan 

lower crust, and close to the 700km horizontal marker of Figure 6.27. Indeed, 

they attribute the lack of observed anisotropy there to the presence of seismically 

isotropic injecting Indian crust, although their observations are limited to splitting 

delays of bt, > 0.8 seconds, and hence don't necessarily invalidate the results of 

Hirn et al. (1995) and Sapin & Hirn (1997). Using a novel technique based on 

the analysis of overlapping Fresnel zones for observations at adjacent seismometer 

stations within the array, Huang et al. (2000) estimate the depth of the anisotropic 

layer beneath south-central Tibet, where over 2 seconds St, is observed, to less than 

80km. This suggests that the bulk of the observed splitting there occurs within 

the crust, although they maintain that due to the inaccuracy in their limited split- 

ting measurements, a mantle component of up to 1 second cannot be excluded. 

Nevertheless, up to 1 second of shear-wave splitting time delay can be assigned to 

crustal anisotropy, for which Huang et al. (2000) propose a model of a thick lower 

crust exhibiting a vertical and east-west trending foliation north of the penetration 

front of Indian crust. The remaining time delay is explained by cast-west oriented 

mantle LPO. Their model remains qualitative however, and the suggested crustal 

fabric responsible for the reported splitting data is not strain-calibrated. 

A more quantitative understanding of how the mantle anisotropy develops as a 

function of strain, and, how it can be can be calibrated against that finite strain, 

may allow the mantle and crustal contributions of such observed shear-wave split- 

ting time delays to be deconvoluted. 
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6.4 Conclusions 

The main product of Chapter 5 was a quantitative description of the petrophysical 

and seismic properties of the sample suite from Upper Badcall. These properties 

were inherently correlated to sample finite strain and petrofabric elements (e. g. 

lineation, foliation). In addition, it highlighted the sensitivity of seismic properties 

to modal composition.. 

This chapter built upon the framework of discrete data of Chapter 5 by illus- 

trating how, subsequent to normalisation to a constant composition, sample-wise 

data can be interpolated to illustrate the continuum relationship between seismic 

attributes, finite strain and petrofabric orientation. A series of such relationships 

were illustrated graphically for P-wave velocity, Vp, shear-wave splitting time delay, 

8t8, and the fast shear wave (Va1) polarisation orientation. For horizontal petro- 

fabric elements, Vp shows a trend of decreasing velocity with increasing strain, 

whereas for vertical fabric elements, the overall trend is one of increasing veloc- 

ity with finite strain (although an initial decrease in velocity is observed between 

isotropic protolith and very low strain material). A similar relationship is observed 

for 5t8, except for horizontal petrofabrics where little bulk variation in values is 

observed with respect to finite strain. The greatest change in the values of seismic 

properties with strain tends to occur where 0: 5 ry < 10, beyond which values vary 

only fractionally with further increase in finite strain. 

The latter part of the chapter provides a set of simplified case-study examples 

of how generic petrofabric- and strain-calibrated seismic data can be incorporated 

into structural models in regions of continental deformation. Preliminary models 

are promising in their ability to resolve, in seismic reflection profiles and shear- 

wave splitting analyses, strain contrasts in an iso-compositional mafic lower crust. 

Synthetic seismic reflection profiles show that high-strain crustal through-going 

shear zones can exhibit sufficient seismic anisotropy due to petrofabric develop- 

ment such that the reflection coefficient with respect to its isotropic protolith is 
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resolvable by vertical incidence reflection surveys (e. g. Figure 6.18). Strain vari- 

ations superimposed on lithological contacts are, however, masked by the high 

reflectance associated with the compositional interface (e. g. Figure 6.19). Strain 

variations are impossible to resolve in such cases. These observations support those 

of Jones & Nur (1982); Fountain et al. (1984) and Ji et al. (1993,1997). Shear- 

wave splitting analysis is successful in differentiating between the simplistic models 

tested here (e. g. Figure 6.18-6.19), whereby measured time lags are a function of 

the thickness of anisotropic crust in addition to the magnitude and orientation of 

the anisotropy. Detecting small shear-wave splitting time delays in more heteroge- 

neous and complex natural examples may be more testing, however. These models 

indicate that supplementary analyses that can detect anisotropic properties paral- 

lel to the horizontal plane of the models, such as wide angle reflection/refraction 

surveys, would be necessary to fully resolve the structure and strain state (e. g. 

Rabbel & Luschen, 1996; Rabbel & Mooney, 1996). 

Such models are potentially useful in both forward and reverse modelling in 

regions of continental deformation. That is, in predicting the seismic expression of 

a region, where its crustal structure and deformation is well characterised, and in 

the interpretation of seismic data with respect to lower crustal strain and structure 

in comparatively less well studied areas. It also presents a useful resource for testing 

and subsequent feedback into geodynamic models of continental deformation. 
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Chapter 7 

Conclusions 

The principal aim of this study was to develop and prove an efficient and repro- 

ducible work-flow model for the calibration of seismic attributes of a representative 

lower crustal lithology in terms of finite strain. 

Major steps in the work-flow, and specific objectives included: 

1. Identify and sample a strain gradient in a representative high-grade inaGC 

lithology. 

2. Characterise the collected sample suite in terms of its finite strain and petro- 

fabric. 

3. Illustrate the dependence of seismic velocity and anisotropy with strain in- 

tensity and petrofabric orientation. 

4. Show examples of how such strain-calibrated seismic properties can be in- 

cluded into geodynamic models. 

This chapter summarises the principal results and conclusions of this study, and 

indicates areas for the continuation and diversification of the study. 
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7.1 Approximations in studying the lower continental crust 

Chapter 1 set the scene for this study and summarised the bulk rheological and 

compositional models of the lower crust. Numerous observations from wide-angle 

seismic profiles, deep-sources xenoliths and exposed high-grade sections point to a 

compositionally and rheologically heterogeneous lower crust, on both a local and 

global scale (Fountain & Salisbury, 1981; Blundell, 1990; Holbrook et al., 1992; 

Percival et al., 1992; Rudnick, 1992; Weiss et al., 1999; Rutter et al., 2003; Waters 

et al., 2003). It was shown, however, that over geological time-scales, the physical 

properties of the lower crust can be approximated as a uniform ductile zone of mafic 

composition, between relatively more competent upper crust above and upper 

mantle beneath (Holbrook et al., 1992; Rudnick & Fountain, 1995; I3urov & Watts, 

2006). A simplified model was proposed therefore, for application throughout the 

rest of this study whereby the lower crust is defined as that region below the 

brittle-ductile transition and above the Moho, characterised by ductile processes 

and represented by a macroscopically homogeneous mafic composition. In studies 

of the lower crust, and where a homogeneous composition is assumed, extrinsic 

rock properties such as cracks, fractures and compositional layering can largely be 

ignored in contributing to the bulk physical, and hence seismic properties of the 

material. Thus, under these circumstances seismic properties are here studied as 

being a function of intrinsic properties alone, namely the properties of constituent 

mineral phases and their orientation distribution (e. g. Mainprice & Nicolas, 1989). 

7.2 Strain gradient in a mafic lower crustal analogue 

The Lewisian gneiss complex was introduced in Chapter 2 as a currently exposed 

high-grade terrane. Although the Lewisian terrane in itself is compositionally 

heterogeneous and shows evidence of a protracted period of complex polyphase 

deformation, one unit in particular is useful in providing a representative analogue 
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material for this study. Being intruded prior to the final major tectonothermal 

event interpreted in the Lewisian complex, the Scourie dyke suite is present as 

both an undeformed igneous protolith of doleritic composition, equilibrated to 

amphibolite facies conditions, and also in strain gradients where dykes are cross- 

cut by discrete, ductile, amphibolite-facies shear zones of Laxfordian age. 

The deformation zone at Upper Badcall was shown to provide an accessible and 

useful example of where a Scourie dyke is deformed by a Laxfordian shear zone, 

and permitted the collection of a suite of nine rock samples across a strain gradient 

from undeformed protolith (ry = 0) to highly strained material (y < 57). Detailed 

structural mapping was shown to be an important resource in establishing a struc- 

tural reference frame, in characterising a deformation history, and in providing 

a means of calculating a quantitative strain profile of the deformation zone and 

sample suite. Analysis of field data showed that the deformation zone at Upper 

Badcall is complex, and is best described as an overall simple shear zone, with a 

transversely varying shear direction. Nevertheless, calculation of a strain profile 

for the deformation zone shows a relatively simple, positive strain gradient from 

undeformed wall-rock to a high strain shear zone core. 

7.3 Characterising petrofabric 

In order to provide a means of calculating the seismic properties of the sample suite, 

and to provide a reference frame relating their seismic properties and finite strain, 

it is necessary to characterise the petrofabric and petrophysical properties of the 

rock aggregates. In Chapter 4, optical microscopy and electron microprobe analysis 

(EMPA) showed that the rock sample suite from Upper Badcall could be broadly 

regarded as an aggregate of hornblende, plagioclase and quartz (± clinopyroxene 

in the protolith material). Furthermore it illustrated the development of a strong 

tectonic fabric with increasing strain through the sample suite, with associated 

grain refinement. 
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Chapter 4 continued by highlighting electron backscatter diffraction (EBSD) 

techniques as providing an eMcient and accurate means of characterising the lat- 

tice preferred orientation (LPO) distribution in the constituent mineral phases of a 

rock aggregate. In the dominantly hornblende-plagioclase-quartz aggregate of the 

sample suite for Upper Badcall, it was shown that a strong LPO fabric developed 

with increasing strain in the hornblende phase, whilst the plagioclase and quartz 

phases showed a consistently random LPO distribution across the strain gradient. 

The symmetry of the LPO distribution in the hornblende phase is congruent with 

the kinematic axes, and suggests deformation accommodated by crystal-plasticity 

with a (100](001) slip system. The random fabrics of plagioclase and quartz can- 

not be correlated with. the kinematic axes of the deformation. Analysis of refined 

clots of originally single plagioclase crystals from samples across the strain gradient 

exhibit a randomising of the LPO fabric with increasing strain, from an original 

single crystal configuration. This suggests deformation by a granular flow mecha- 

nism which acted to diffuse the original LPO of the protolith. The rock material 

of the sample suite from Upper Badcall was considered therefore as a three-phase 

aggregate consisting of an interconnected weak phase of hornblende, with more 

competent inclusions of plagioclase with quartz. Deformation was partitioned into 

the relatively weak hornblende network, which deformed by homogeneous internal 

crystal-plasticity to develop a strong LPO with increasing strain. Felsic phases 

formed relatively more-competent inclusions that deformed by granular flow. The 

shape fabric of these felsic aggregates was shown to provide an underestimate of 

the finite strain ellipse compared to that inferred from macroscopic field data. 

" As quantified by the texture index, J, LPO development in the hornblende 

phase becomes saturated by a finite shear strain of approximately y =. 10. This 

trend is reflected in a similar texture index for individual crystallographic poles or 

directions, pfJ, where the intensity of clustering of individual hornblende crystal- 

lographic axes and poles becomes saturated by y= 10. 
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7.4 Calibration of seismic attributes with strain 

Chapter 5 outlined a procedure by which quantified LPO data from EBSD analysis 

of rock aggregates (Chapters 3 and 4) can be combined with the single crystal 

physical properties of their constituent mineral phases to give an estimate of the 

bulk physical properties of the rock aggregate, quantified in terms of the elastic 

stiffness tensor. The averaging technique highlighted herein as being suitable for 

aggregates whose properties are largely controlled by intrinsic material properties, 

is the Voigt-Reuss-Hill scheme. This relatively simple calculation forms the bridge 

in relating quantified petrofabric information, such as LPO, to their petrophysical 

properties, namely aggregate elasticity, of which seismic properties are a direct 

function. Hence, via the Christoffel equation, seismic velocities and anisotropies 

were calculated from the petrophysical properties of each component of the sample 

suite. Given that petrofrabric and petrophysical properties of each rock sample 

are a function of finite strain, seismic attributes calculated from those parameters 

can also be calibrated to finite strain. Moreover, given that petrofabric properties 

are quantified in a known kinematic reference frame based upon the linear and 

planar fabrics of the original rock samples, the directional dependence of seismic 

attributes can be correlated also to the geometry of petrofabrics or kinematics. 

P- and S-wave seismic velocity maxima and minima showed little variation 

with strain, although their anisotropies exhibited a strong positive relationship, 

approximated by a logarithmic function. That is, the gradient in change of AVp and 

AV, with strain is most rapid up to a finite strain of y= 10, with values attaining 

8% and 6% respectively, beyond which the change in anisotropy with continued 

increase in strain reduced. This saturation of anisotropy by ry < 10 is compatible 

with the relationship of the texture index of hornblende petrofabric with strain. 

Indeed, the orthorhombic symmetry of the distribution of seismic properties is 

congruent with those of single crystal hornblende, although the absolute values 

are somewhat reduced due to `dilution' from randomly oriented plagioclase and 
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quartz fractions. 

7.5 Seismic and- structural modelling 

Chapter 6 presented the final stage of the work-flow model by in terms of the 

manipulation and application of results. 

Interpolation of petrophysical, petrofabric and seismic properties between the 

discrete, sample-wise data of the sample suite (Chapter 5) permited the relation- 

ship between seismic properties, finite strain and petrofabric orientation to be 

considered in a continuum. Velocity and anisotropy modelling of a vertically prop- 

agating seismic ray through a 10km block of material, approximating a teleseismic 

signal, show strong relationships with both finite strain and the orientation of 

petrofabric or kinematic elements. For a horizontally oriented lineation, X, and 

foliation, XY, increasing strain was correlated with a reduction in vertical P-wave 

velocity from 6.6kms-' in undeformed material to 6.0kins-1 where ry > 15. The 

gradient of change levels around ry = 10. At steeper petrofabire orientations, that 

is, vertical foliation, XY, a trend of increasing Vp with strain was observed. P- 

wave velocities of 6.35-6.40kms'1 at low strains (ry < 5) increased to velocities of 

6.50-6.60kms-1 with increasing strain and fabric intensity. This trend occurred 

irrespective of whether the tectonic lineation, X, is vertical or horizontally ori- 

ented in that foliation. Shear-wave splitting anisotropy, parameterised in terms of 

the time delay between fast and slow split shear-waves, 8t� showed little change 

with strain for, horizontal petrofabric elements, with values remaining low around 

St8 < 0.02 seconds. Where petrofabric elements assumed a vertical orientation, 

shear-wave splitting of a vertical ray showed a clear trend of increasing values with 

finite strain. Low to zero shear-wave splitting at low strain (ry < 1) increased to 

bte > 0.18 seconds where y> 10. 

The latter part of Chapter 6 presented the application of strain-calibrated seis- 

mic properties by incorporation into a series of crustal models. Three case studies 
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were presented, representing regions of contemporary or recent continental defor- 

mation: the eastern Basin and Range Province, northern North Sea Basin, and 

the Tibetan Plateau. These models were promising in their ability to differentiate 

between regions of lower crust characterised by a uniform mafic composition, but 

different finite strain state and/or petrofabric geometry, using a combination of 

seismic velocity and anisotropy attributes. 

7.6 Work-flow model 

The major steps in the work-flow model described and tested by this thesis are 

outlined in Figure 7.1. 

A reproducible work-flow model has therefore been developed and proven as 

an efficient means of calibrating the petrofabric-derived seismic properties of a 

representative lower crustal lithology in terms of finite strain. 

This project has thus satisfied the aims outlined in Chapter 1 and above. 

7.7 The contribution of this research to science 

Previous research into the seismic properties of the lower crust has been somewhat 

dominated by analyses of discrete, representative samples of the range of lithologies 

observed in exposed lower crustal terranes and sections, or in exhumed xenoliths 

(e. g. Rudnick, 1992; Weiss et al., 1999; Rutter et al., 2003). Less of an emphasis 

has been on the relationship between the seismic properties of representative lower 

crustal lithologies with strain. A study into the seismic properties of a single, 

typical lower crustal lithology calibrated against a strain gradient typical of a 

high-grade deformation zone has thus been presented. In describing and testing a 

productive, efficient and reproducible work-flow model for the calculation of seismic 

attributes from petrofabric data, and their calibration against finite strain state in 

the representative lower crustal material from which they are derived, this thesis 
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Work-flow model: 
Strain-calibrated seismic properties in lower crustal material 

Major Steps Main objectives Additional investigations 

(1) Establish assumptions Depending upon the nature and detail of the study, a series of physical assumption Physical assumptions may include: 

and simplifications. may need to be set. These should be presented at the onset. 
(a) Homogeneous or heterogenous lower crustal 

[Chapter 1] composition. 

(b) The nature of that composition. 

(c) Homogeneous/uniform or spatially heterogenous 
lower crustal structure. 

(d) Material properties upon which seismic 
properties are considered dependant e. g. LPO, 
cracks/fractures, compositional layering. 

(2) Identify, characterise and (i) Identify a high-grade terrane. 

sample a strain gradient 
in a representative lower 

(ii) Identify a high-grade lithology representative of lower crustal material within that 
terrane. 

crustal lithology across a 
high-grade deformation (iii) Identify a high-grade deforamtion zone across which the representative 
zone. lithology is deformed in a strain gradient. 

[Chapter 2] (iv) Map and characterise that deformation zone in terms of its deformation style 
(simple/pure shear) and strain history. 

(v) Collect a sample suite across that strain gradient, with sufficient resolution as to 
characterise the major features or trends in the deformation zone. 

(vi) Calculate a finite strain profile across that deformation zone from, say, field data 
and test, where possible. 

(vii) Calibrate that sample suite against the strain profile. 

(3) Characterise the sample [At this stage, a finite strain-calibrated sample suite exists. ] (a) Consider strain partitioning in polyphase 
suite in terms of aggregates and its effect on bulk deformation and 

petrofabric. 
Combining analytical techniques including optical microscopy, electron microprobe petrophysical properties. 

[Chapter 3& 4] 
analysis (EMPA) and electron backscatter diffraction (EBSD): 

(b) Where strain partitioning in a polyphase 
Note: Samples must be described and analysed in a kinematic reference frame, i. e. deduuced 

te ded is 
from 

inferred, test 
microstructural 

the 
obs 

e obervry satipanss profiles 
d. 

with respect to lineation X and foliation XY, which is directly related to the kinematics 
of the deformation zone from which they are collected. 

(i) Describe and characterise the sample suite in terms of its petrography, 
microstructure and petrofabric. 

(ii) Quantify the petrofabric development in the sample suite in terms of the bulk 
aggregate lattice preferred orientation (LPO). 

[Note that microstructural analysis may permit the detrmination of an additional finite 
strain profile for the deformation zone (mentioned in Step (1. vi)) from e. g. petrofabric 
or microstructural parameters. Again, this should be tested. ] 

(4) Calculation of seismic (At this stage, a database of strain-calibratedpetrofabric properties exists. ) 

properties and calibration 
against strain 

(i) Calculate material/petrophysical properties for samples, from their quantified 
petrofabric data (Step (2)), in terms of their bulk aggregate elastic propeties (Cij). 

[Chapter 5) Sample-wise data remains inherently calibrated against finite strain (Step (2. vii)). 

(ii) Calculate sample-wise seismic properties from their petrophysical properties 
(using e. g. Christoffel's equation). Again, these seismic preoperties remain 
inherently calibrated against sample finite strain. 

[At this point, a discrete, sample-wise set of seismic data exists that is directly 
corelated to sample finite strain and petrofabric orientation in the kinematic 
reference frame. ] 

(5) Modelling (i) Petrofabric- and strain-calibrated seismic data (Step (4)) can be interpolated 
[Chapter 6] between sample control points to illustrate the continuum relationship between 

seismic properties, material finite strain, and petrofabric orientation. 

(ii) Such generic data can hence be incorporated into various geodynamic, structural 
and seismic models where a tight constraint on the relationship between seismic 
properties, finite strain and petrofabric may increase model resolution or provide 
tests for feedback in both forward and reverse modelling. 

Figure 7.1: Conclusive work-flow model for the calibration of seismic properties 
against finite strain and petrofabric orientation. 
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therefore provides an original and significant contribution to science. 

7.8 Future work 

This project has been multidisciplinary in its approach, combining previously dis- 

parate techniques. Furthermore, it is the first study of its type, and so continued 

and focussed research in individual techniques and in the integration of techniques 

according to the outlined work-flow model will provide an increasingly large and 

better constrained database of results. 

The application of seismic properties that are calibrated against petrofabrie 

and petrophysical properties is exciting and potentially vast. A number of specific 

areas have, however, been highlighted as potential for further study. 

1. This project concentrated on a specific mafic lithology thought to be repre- 

sentative of the bulk composition of the lower continental crust, namely a 

quartz-dolerite equilibrated to amphibolite facies conditions. However, field 

studies of exposed lower crustal sections, and indeed high-grade xenoliths, of- 

ten show very different compositions, from quartzo-feldspathic to ultramafie. 

Thus in order to fully characterise the strain-calibrated seismic properties 

of lower crust globally, this work-flow model should be repeated for strain 

gradients in the plethora of other lower crustal materials observed. With 

this, more complex seismo-structural models can be used that include both 

compositional and strain heterogeneities. 

2. The steep strain gradient in the deformation zone at Upper Badcall meant 

that the sample suite was relatively under-represented with respect to high 

finite strains. The effect of this sampling became evident with the contouring 

of interpolated properties in Chapter 6. Repetitions of this work-flow with 

lithologies of similar modal composition (modal fractions can be normalised 

within certain bounds, Chapter 6) and over a broad range of finite strain 
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states will better characterise the relationship between seismic attributes 

and strain, presented herein. 

3. Further experimental rock deformation research is necessary to support data. 

Specifically, in situ seismic experiments on natural high-grade rock samples 

at realistic strains and P-T conditions, and under a range of different defor- 

mation styles will provide rigorous tests to both petrofabric-derived seismic 

properties, and natural seismic data. 

4. Most importantly, collaborative and multi-disciplinary research between struc- 

tural geologists and seismologists is required to provide more natural seismic 

data to compare results against and to mutually refine both seismic and go- 

ological models. Furthermore, collaborative research is necessary to ensure 

that seismic attributes recorded and computed from field experiments are 

useful and pertinent to applications in structural geology. 
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Appendix A 

Publications 

See integral folder. 

Tatham, D. J. & Casey, M. (2007), Inferences from shear zone geometry: An 

example from the Laxfordian shear zone at Upper Badcall, Lewisian Complex, 

NW Scotland, in A. Reis and R. W. H. Butler and R. Graham, eds, `Deformation 

of the Continental Crust', Geological Society of London, Special Publication, 272, 

pp. 47-57. 

Tatham, D. J., Lloyd, G. E., Butler, R. W. H. & Casey, M. (2008), `Amphibole 

and lower crustal seismic properties', Earth and Planetary Science Letters 267, 

118-128. 
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Appendix B 

Detailed fair copy map, Upper Badcall 

See integral folder. 
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Appendix C 

Data 

The attached CD contains the following supporting data: 

1. Field data. 

2. EMPA data. 

3. LPO data (in *. ctf format). 
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Appendix D 

Sample Numbers 

The sample numbers used in this thesis relate to those of the Department of Earth 

Science, University of Leeds, sample catalogue as follows. 

Sample Leeds University Catalogue Number 
1 62485 
2 62483 
3 62484 
4 62482 
5- 62481 
6 62480 
7 62479 
8 62486 
9 62478 
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Inferences from shear zone geometry: an example from the Laxfordian 
shear zone at Upper Badcall, Lewisian Complex, NW Scotland 

DANIEL J. TATIHAM & MARTIN CASEY 
Earth Sciences, School of Earth and Environment, Leeds University, Leeds LS2 9JT, UK 

(e-mail. - Latham@earth. lee(Is. ac. uk) 

Abstract: This contribution presents a Laxfordian age shear zone near Upper Badeall, NW 
Scotland, as an example of using field data and theory to assess the kinematics and nature of 
deformation in a shear zone. The deformation zone includes quartzofeldspathic background 
gneiss and a dolcrite dyke that cuts the gneissic banding at a high angle. A detailed field 
description of the deformation zone, which is critically discussed in terms of pure and simple 
shear, is presented. Analysis of gneissic banding and mineral lineation data, together with a 
consideration of the outcrop pattern, shows that the deformation zone is best described in 
terms of a simple shear zone with varying finite stretching direction. To analyse this deforma- 
tion we introduce the concept of local plane strain. Although the deformation of the zone as 
a whole is 3D, at each point there is a direction in which it does not change its length. This 
direction is perpendicular to the local shear direction and so varies in orientation across the 
shear zone. In a reference frame defined at a point, the deformation can thus be understood in 
terms of conventional simple shear. Details of strain are hence determined according to this 
conclusion. A stereographic method for the determination of the reorientation of lines is used 
to calculate shear strain. The shear strain values across the shear zone are then used to restore 
the sheared dolerite dyke to its undeformed geometry, The success of the restoration provides 
supports for the strain calculation and also the conclusion of simple shear deformation. 

To evaluate tests of kinematic inferences requires 
a field area that has undergone an extended 
period of successive phases of deformation 
separated by marker intrusions. This allows the 
worker to assess the nature of deformation 
through time in terms of its magnitude, orienta- 
tion and coaxiality. 

The Archaean to Proterozoic Lewisian gneiss 
complex of NW Scotland shows evidence of a 
protracted and complex history including mul- 
tiple phases of deformation and intrusion (e. g. 
Sutton & Watson 1951). This makes it a particu- 
larly useful resource for identifying and studying 
the relative importance of deformation styles 
(pure or simple shear) in the mid- to lower crust. 
The Lewisian gneiss is broadly divided into the 
Scourian granulites (c. 2800 Ma, Chapman & 
Moorbath 1977; Hamilton et a!. 1979) and the 
Laxfordian amphibolites (c. 1750 Ma, Moorbath 
et a!. 1969; Kinny & Friend 1997), two tectono- 
thermal events separated by a period of intrusion 
(2400-2000 Ma, Chapman 1979; Waters et a!. 
1990) of an approximately east-west- to NW- 
SE-trending suite of tabular and laterally exten- 
sive, dominantly dolerite dykes (Scourie dyke 
suite, Sutton & Watson 1951; Park & Tarney 
1987). The Scourie dykes are locally undeformed 
and unaltered in the Scourian granulites and are 
then cut and deformed by discrete local- and 

regional-scale Laxfordian shear zones. The 
Laxfordian shear zone at Farhead Point near 
Upper Badcall, NW Scotland (Fig. 1), has been 
described by previous workers (e. g. Beach 1974) 
and is one that has been used to demonstrate the 
style or nature of shear in Laxfordian shear zones 
(Coward & Potts 1983) owing to interesting 
geometries of well-exposed deformed Scourie 
dykes. This contribution reassesses these early 
thoughts with the advantage of new and detailed 
field data collected by the authors. Field data 
analyses (including gneissic banding, lineations 
and outcrop geometry), together with tectonic 
movement directions measured from collected 
samples, arc used in the discussion of the nature 
of deformation across the shear zone. The shear 
zone is then qualitatively and quantitatively 
described, based on this revised understanding of 
the shear. 

The compatibility argument of Ramsay & 
Graham (1970) is reinforced with a mathematical 
proof of the allowable states of strain in a gen. 
eralized deformation zone that permits a varying 
shear direction across the zone, presented in 
Appendix 2. Mathematical proof that the line of 
intersection of a plane and a generalized shear 
zone remains unchanged, whatever the orienta- 
tion of the movement direction in the shear zone 
is also presented. 

Front: RIES, A. C., BUTLER, R. W. H. & GRAHAM, R. I I. (eds) 2007. Deformation of the Continental Crust: The 
Legacy of Mike Coward. Geological Society, London, Special Publications, 272,47-57. 
0305-8719/07/$15 0 The Geological Society of London 2007. 
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Fig. 1. Simplified structural map of Farhead Point, Upper Badcall, NW Scotland. The Scourie dyke and the 
orientation and formed surface gneissic banding are shown. Numbers in parentheses refer to sample locations. 
Both the shear zone (xyz) and undeformed dyke (xy: ) reference frames are illustrated. This inset map of 
Scotland shows the location of Upper Badcall. 

Field data 

Gneissic banding 

The poles to gneissic banding, plotted in Figure 
2a, show a steady migration from the undefor- 
med wall rock orientation at the southern coast 
of Farhead Point (e. g. 145/27W) to a zone of 
intense and subvertical fabric development (e. g. 
075/84S) shown in Figure 1. 

Mineral lineations 

Figure 2c shows a plot of mineral lineations mea- 
sured in the quartzofeldspathic gneiss between 
the central band of intense shear fabric develop- 
ment and the southern coast of Farhead Point 
(Fig. 1). Dyke lineations, defined by the shape 
fabric of plagioclase clots, are shown only for 
samples collected between the northern bound- 
ary of the shear zone and the band of intense 
shear fabric development (Fig. 2b). Poor expo- 
sure of the dyke towards the southern boundary 
of the shear zone prevented sample collection 
there. 

It can be seen from Figure 2b and c that quart- 
zofeldspathic gneiss and dyke mineral lineations 
can be broadly contained within a girdle that 
intuitively approximates the shear zone. This is 
most clearly developed in the dyke lineations 
(Fig. 2b), where the undeformed dyke material 
outside the shear zone is isotropic. Therefore, all 
mineral lineations plotted from within the dyke 
are the result of Laxfordian deformation. This 
is in contrast to mineral lineations from the 
quartzofeldspathic gneiss country rock, where a 

pre-existing mineral lineation is observed outside 
the shear zone; a remnant from some earlier 
tectonothermal event. Mineral lineations caused 
by the shear zone strain within the quart- 
zofeldspathic gneiss may have some memory of 
an earlier orientation and progressively rotate 
to the orientation of the new deformation field. 
Hence, these data have significantly more scatter, 
especially away from the band of highest shear 
fabric development. Most of the west-plunging 
lineations in the gneiss refer to locations south 
of the zone of intense shear fabric development, 
including pre-existing linear fabrics and the early 
stages of those rotating into the shear zone 
orientation. East-dipping plunges mark mineral 
lineations from within the zone of intense fabric 
development, although there is scant correlation 
between the plunge of east-dipping lineations 
and the location of those data transversely across 
the zone. In contrast, dyke mineral lineations 
migrate from a subvertical plunge near the 
northern boundary of the shear zone to a 
subhorizontal plunge in the zone of intense fabric 
development. 

Outcrop geometry 

The NW-SE-trending steeply dipping dyke inter- 
sects the northern boundary of the shear zone 
at a high angle (Fig. 1). From this point south- 
wards, the dyke is deflected left-laterally through 
the high-strain zone, in which it is offset by 
c. 190 m, before returning to an undeformed 
state at its most southeastern outcrop in Badeall 
Bay. The 'kink' in the deflection of the dyke at 
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Fig. 2. Gneissic banding and lineation data. (a) 
Stereogram illustrating the parallelism of the point of 
intersection between the average shear zone orienta- 
tion and the average wall rock gneissic banding 
orientation, and the pole to the girdle of sheared 
gneissic banding. This is used to indicate deformation 
under simple shear. The trace of the arrow indicates 
the migration of poles to gneissic banding with 
increasing deformation. (b) Lineations in the Scourie 
dyke. Numerical annotations refer to the sample 
number from which they were derived. Sample 1 is not 
included because of its undeformed state and therefore 
lack of tectonic lineation. (c) Lineations in the 
quartzofeldspathic gneiss. 

49 

the northern boundary of the shear zone should 
be noted. This is a real feature and not an artefact 
of topographic interference. 

Discussion offleld data 

Although the heterogeneous strain field of a 
shear zone undisputedly is the result of mech- 
anical effects, the reorientation of linear and 
planar features in shear zones can be studied as a 
consequence of the heterogeneous deformation 
field alone. Thus the distinction of the active or 
passive nature of linear or planar fabric elements 
is not relevant. The left-lateral sense of shear, 
inferred from the deflection of the dyke, is sup- 
ported by the apparent deflection of gneissic 
banding as shown in Figure 1. According to the 
method of determining true shear sense from 
the deflection of passive markers, described by 
Wheeler (1987), this inference of left-lateral shear 
from the gneissic fabric is a correct one. 

According to Ramsay (1967), hinge lines and 
fold axes in a simple shear zone are always paral- 
lel to the line of intersection of the shear plane 
with the surface being folded. Hence, the line of 
intersection between the undeformed gneissic 
banding in the wall rock and the simple shear 
zone itself should remain constant in spatial 
orientation during deformation. As shown in 
Figure 2a, the pole to the girdle containing poles 
to gneissic banding lies parallel to the line of 
intersection between the undeformed gneissic 
banding orientation and the shear zone. It should 
be noted also that during simple shear, poles to 
marker planes are deformed along a great circle 
that contains the pole to the shear plane (z), and 
they eventually approach that pole, as illustrated 
in Figure 2a. The field data thus support both of 
these tests for simple shear. 

It has been shown that the behaviour of linear 
fabrics, such as mineral lineations, can be used to 
infer the kinematics of deformation prevalent in 
a shear zone. Wheeler (1987) suggested that pas- 
sive linear markers, when deformed under simple 
shear, deform along great circles that contain the 
movement direction and ultimately approach a 
trend parallel to that direction. Figure 2b and c 
shows that to some degree of accuracy this rule 
can be upheld. Scatter in the data may be due to 
a number of factors. For example, the varying 
mineral lineation directions from the dyke, 
within a fixed foliation orientation, suggest that 
the tectonic movement direction across the shear 
zone is not constant. Undeformed dyke material 
in the wall rock is isotropic and shows no fabric 
development; however, dyke mineral lineations 
migrate from subvertical at the northern 
boundary of the shear zone to subhorizontal in 
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et al. (1978) and the original survey field maps of 
the area (Geological Survey of Scotland 1892) 
linked the zone to one or two shears with less 
apparent offset to the east of Badcall Bay. At 
neither end of the mapped zone is there sufficient 
evidence to suggest that this lateral extrusion 
of filling has occurred. Although this feature 
would not be observed in outcrop for the verti- 
cally extruding pure shear zone of Figure 6, it is 
difficult to conceive how this space problem is 
overcome at deep tectonic levels, such as the 
amphibolite-facics conditions of Laxfordian 
deformation, without the presence of a free 
surface such as the Earth's surface (Escher et al. 
1975). 

These limitations support the inference that 
pure shear deformation is not prevalent in the 
deformation zone at Upper Badcall, which is 
best approximated as a simple shear zone with 
a transversely varying tectonic movement 
direction. 

Shear zone with varying finite stretching 
direction 

Ramsay & Graham (1970) demonstrated that a 
band of high deformation between wall rocks 
with no deformation can only have a hetero- 
geneous simple shear or heterogeneous uniaxial 
volume change. It is simple to show with a deck 
of cards that this can be generalized to com- 
binations of spatially partitioned simple shear 
in orthogonal directions (e. g. Treagus & Lisle 
1997). Further, the finite displacement direction 
of the shear may vary across the shear zone. A 
mathematical proof of this is given in Appendix 
2. The card deck thought-experiment also shows 
clearly that there is no deformation in the shear 
plane, so that the orientation of any line in this 
plane does not change (see also Appendix 2). 
An example of such a direction relevant to the 
current analysis is the intersection line of the 
gneissic banding and the plane of the shear zone. 
The constant orientation of this line means that it 
is a generator of the folded surface of gneissic 
banding across the shear zone and is the explana- 
tion of the observation that the poles to gneissic 
banding (Fig. 2a) lie on a great circle, normal to 
this direction. 

Any general pure shear strain in the high- 
strain band would change the orientation of the 
intersection lineation and the pole to banding 
would no longer lie on a great circle. 

Determining shear strain 

A coordinate system is established with the x-axis 
parallel to the strike of the average orientation of 

the shear zone (positive to the east), y-axis posi- 
tive up, and z-axis transversely across the shear 
zone (positive to the south). The origin lies at the 
northern shear zone boundary, on the western 
margin of the dyke. 

Data points, where the finite stretching direc- 
tion and the orientation of the pole to gneissic 
banding are known, can be used to determine 
the magnitude of the finite shear strain, y, using 
the method of the reorientation of marker lines, 
as described by Ramsay (1967). The procedure is 
as follows: 

(1) Plot shear zone boundary orientation as a 
plane and pole. 

(2) Plot gneissic banding outside the shear 
zone. 

(3) For each lineation (shear) direction: 
(a) plot the direction; 
(b) plot the great circle containing shear 

direction and shear zone pole; 
(c) plot the gneissic banding inside the 

shear zone for this level; 
(d) read off a and a' as the intersections 

of the gneissic banding and the plane con- 
structed in (b) (see Ramsay 1967, fig. 3.23 for 
definition). 

(e) Calculate y. 
An example is shown in Figure 8 and the 

results are shown in Table 1. The equation (from 
Ramsay 1967, equation (3-71), p. 88) is 

N 

ýy 

lineation ` 

, 
ý, shea zone 

1 
.b 
' ý120140S 

banding side al 
shear zone 
Fig. 8. Example of the stereonet determination of a 
and a', Angle a-1 measured in the great circle is at and 
angle b-! is a'. Also marked on the plot are the 
coordinate directions x and y. The angle x-1 is 0, in 
this case negative because on this lower hemisphere 
plot the lineation is pointing downwards and +0 is 
defined as the anticlockwise angle from positive x to 
the lineation. 
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Table 1. Kinematic Plata from points distributed across a transect transversely from north to south over the 
Laxfordian shear zone at Upper Badeall 
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Lineation Gneissic at a, y0 Az Cumulative Cumulative 
(azimuth/plunge banding (deg) (deg) (deg) (m) displacement displacement 

and corresponding (diptstrike) in x in y 
sample number) (m, W to E) (m, vertically 

downwards) 

135/86(3) 120/40S 73 54 0.42 -88 23.75 0.3 10.0 
080/64(6) 100/86S 74 9 6.03 -64.1 16.25 43.1 98.1 
087/38(7) 082/84S 76 5 11.18 -39.2 11.25 140.6 177.6 
087/38 (7) 078/90 76 0 15.0 -39.2 15 315.0 319.8 
077/12 (8) 078/76S 65 4 13.83 -12.1 25 653.1 392.3 
077/12(8) 098/52S 65 28 1.41 -12.1 20 680.8 398.2 
077/12(8) 098/44S 65 30 1.27 -12.1 21.25 707.1 403.9 
077/12(8) 108/32S 65 38 0.81 -12.1 22.5 725.0 407.7 
077/12(8) 110/32S 65 40 0.73 -12.1 20 739.2 410.8 

Each data line refers to a location transversely across the shear zone. Table lines include lineation data taken 
from the dyke sample closest to the shear fabric measured in the quartzofeldspathic gneiss country rock at that 
location, a, a', y, Az, and the resolved cumulative displacements in x and y. The average orientation of the 
gneissic banding outside the shear zone is 145/27W and the average orientation of the shear zone is 075/84SW. 

7 =cot a'-cot a. (1) 

The x and y components of y can be calculated 
from 

r, =r cos e t2) 

Y, - Y cos o (3) 

where 0 is the angle from positive x to the 
lineation measured in the x, y plane (Figure 8). 

A series of points, each including a mea- 
surement of gneissic banding and an associated 
lineation direction related to a sample point, 
were taken across a transverse section of the 
shear zone. At each of these points y, and y,, were 
determined according to equations (1)-(3) and 
considered constant across a finite width of the 
shear zone. The relative displacements (AU� 
AUy) across each segment of shear zone (Az) are 
calculated from 

AU, _y, TAz 
(4) 

nvy=ryez. (5) 
The cumulative displacements are then obtained 
by summing the contributions of each segment 
across the shear zone from north to south 
(Table 1). 

Restoration of the dyke 

To test the method of determining shear strain, 
sheared dyke coordinates as seen in outcrop are 

restored to their pre-deformation geometry. This 
procedure has two purposes. First, it tests the 
method of y and offset calculation via simple 
observation of continuity with the unshcared 
wall rock dyke and the restored dyke coordi- 
nates. Second, it estimates the orientation of the 
undeformcd dyke where direct field measure- 
ments were unreliable. 

Coordinates of points selected along the dyke 
within the shear zone were restored by removing 
the cumulative displacement, as calculated 
above, from the coordinate values at the point 
under consideration. In general, points moved 
to the west and upwards on restoration. The 
cumulative displacements across the shear zone 
totalled 739.2 m left-lateral in x and 410.8 m 
north-side upwards in y (Table 1). To determine 
the geometry of the undeformed dyke the 
restored coordinates were viewed in a new refer- 
ence frame with the x'-axis perpendicular to the 
trace of the undeformed dyke outside the shear 
zone, the z'-axis parallel to the strike of the 
undeformed dyke, and y-axis up. Coordinate 
points were found by simple trigonometry: 

x'=x cos O+z sin 4 (6) 

where ý is the angle of rotation of the x- and 
z-axes about the y-axis between the old (shear 
zone, xyz) and the new (undeformed dyke, x'yz) 
reference frames. Restored coordinates projected 
onto the undeformed dyke profile plane (xy) 
suggest a dip of c. 56° to the NE for the un- 
deformed dyke outside of the shear zone (see 
Fig. 9). This value compares well with field data 
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Fig. 9. Restored points on the west margin of the dyke 
in the section containing its dip direction. The 
coordinate x' is horizontal and trending perpendicular 
to the trace of the dyke (increasing to 044). The 
coordinate y is vertical, increasing upwards. The 
symbols are restored coordinates of points on the 
dyke, and the line is the best fit to these points. 

of the undeformed dyke orientation, although 
sparse. The best-fit line of Figure 9 represents the 
trace of the planar dyke in the section plane that 
has the strike direction of the undeformed dyke 
as its pole. The minor deviations of the points 
from the lines shows that the hypothesis of simple 
shear with a varying shear direction is reason- 
able, considering the irregularity of the shear 
zone (see Figs 2a and 3). Furthermore, it gives 
support to inferences made above on the origin 
of the kink in the trace of the dyke, near the 
northern boundary of the shear zone. 

Discussion and conclusions 

The model of simple shear with a varying shear 
direction within a constant shear plane is capable 
of explaining the complex geometry and field 
data of the Badcall shear zone without recourse 
to varying amounts of heterogeneous pure shear. 
In particular, the apparently antithetic kink or 
fold in the dyke near the northern margin of the 
shear zone is seen to be an artefact of the inter- 
action of subvertical movement direction of the 
shear zone in that region, as recorded in the finite 
stretching lineation, and the shallower dip of the 
dyke. Although a model of spatially partitioned 
pure and simple shear across the shear zone can 

superficially explain the observed field data and 
outcrop geometries, further thought regarding 
the geometry of pure shear and interactions of 
planar fabrics shows that this scenario is not 
possible here. 

Hence, the kinematics of the Laxfordian shear 
zone at Upper Badcall, NW Scotland, is best 
modelled as a zone of local plane strain simple 
shear through which the finite movement direc- 
tion varies from subhorizontal near its southern 
boundary to subvertical near its northern bound- 
ary. The temporal variation in the magnitude and 
direction of strain is not clear and may present an 
issue for future study. 

The cumulative displacements across the 
shear zone can be compared with those calcu- 
lated by Beach (1974). Parallel to x (left-lateral) 
and y (north-side up), respectively, the displace. 
ments of 739.2 in and 410.8 m, calculated here, 
are noticeably larger than the values of 250 m 
and 91 m, calculated by Beach (1974), in a simple 
geometrical problem based on a single movement 
direction within the shear zone, the orientation of 
the shear zone and a marker, and the horizontal 
offset of that marker. Clearly, and as discussed 
by Beach (1974), significant errors are introduced 
where shear zones have a varying movement 
direction. 

In its simplest sense, this study supports 
decades of research in the Lewisian complex (e. g. 
Beach et al. 1974; Coward 1990), which suggests 
that the Laxfordian deformation in some part 
proceeded by north-block up and left-lateral 
shear deformation. To place this research in the 
wider context of regional Laxfordian deforma- 
tion, a full description and re-evaluation of the 
tectonics and kinematics of the tectonothermal 
event would be necessary. Moreover, it would 
undoubtedly require significant fieldwork to 
interpret the plethora of Laxfordian shears in the 
Lewisian complex in accordance with the routine 
outlined here. This is beyond the scope of this 
paper, although is a very interesting project for 
future research. 
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NER/S/A/2002/10477. The authors thank J. Balfour 
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ing field data or calculations included herein can be 
obtained from the corresponding author. 

Appendix 1: Sample numbers 

Scourie Dyke samples 1-8 described herein refer to the 
following University of Leeds, School of Earth Sciences 
sample catalogue numbers. 
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Reorientation of planes 

D. J. TATFHAM & M. CASEY 

Flinn (1979) gave the following equation for the reori- 

entation of normals to planes under the deformation 

described by the deformation gradient matrix: 

D� D, = D� 
ýn: nyn; ýýýn flynjý D21 Dü Dj (A10) 

D;; D� D� 

where (n, n;. n; ) are the direction cosines of the plane 
normal in the deformed state, (n, n,, nj are the direction 

cosines of the plane normal in the undeformed state 
and the matrix in a' is the inverse of the deformation 

gradient matrix. 
For a constant-volume shear zone the deformation 

gradient matrix is 

10y, (z) 
01 yr(z) (Al1) 
001 

which has the inverse 

10 -y. (Z) 
01 -Y, (r) . (A12) 
001 

Thus, equation (A6) becomes 

10 -y' (Z)' 
01 -y, (z) (A13) 
001 

or 

(n, ' n, n: ) =[n. n, (-n, y, -n,, y, +n)j. (Al4) 

At any point in the shear zone the movement direction 
will be oriented at an angle 0 to the x axis. If the amount 
of finite shear strain is given the symbol y, components 
of shear in the x and y directions will be 

y, =y cos 0 (A15) 

y, -y sin 0. (A16) 

I fence we may write 

(n; n,: n, ')=(n, n,. n, -y(n. cos0+n1sin0)], (A17) 

The fact that the x and y components of the unit vector 
in the direction of the plane normal do not change is a 
consequence of there being no strain on the shear plane. 
If there were a varying pure shear component in the 

shear zone, then x and y components would vary with 
position in the shear zone and the intersection line of 
gneissic banding and the zone boundary would vary. 

Normalizing equation (A 13) gives the following for 

n,. 

n, -7(n, cos6+n,, sin0) 
i (A18) 

rn; 
+nr+[n, -y(n, cosO+n,, sinO)]2} 

This equation can be rearranged to give an expression 
for y, but the stereonet and the use of equation 1 is more 
practical. 
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Abstract 

Measurements of seismic anisotropy frequently offer insights of the deformation kinematics in-situ within the Earth. In the continental crust, 
seismic anisotropy is commonly ascribed to regionally aligned lattice preferred orientation (LPO) of mica crystals. However, determinations of 
composition suggest that the deep continental crust contains rather little mica. In this contribution, the role of amphibole, a far more plausible 
constituent, especially for deep continental crust of basic composition, is assessed. A field analogue approach is adopted, where the LPO are 
measured, correlated with the strain state of the rocks, and used to calculate the seismic properties. The seismic properties may be tip-scaled 
through the specimen using the modal proportions of the constituent mineral phases. To examine the role of composition in controlling the 
intensity of seismic anisotropy, seismic properties are computed using an array of modal compositions (so-called 'rock recipes'). The case history 

comes from the Central Block of the Lewisian of NW Scotland, where a regional basic dyke swarm (the Scourie dykes) is locally deformed within 
amphibolite facics shear zones, conditions that are representative of the deep crust. Shear strain (y) profiles across a 100 m wide shear zone, using 
deflected banding in the host gneisses, yield values of O <y< 15 or greater. A Scourie dyke deflected into the shear zone exhibits hornblende with 
distinct preferred dimensional orientations representative of such strains. In contrast, plagioclase (and quartz) clots are almost totally insensitive to 
deformation (due to grain-size sensitive creep deformation) and yield approximately constant apparent strains of y-1-2. Ilornblende- 
plagioclase-quartz LPOs, combined in their modal proportions and modulated by their individual single-crystal elastic properties, define the 
seismic properties of the shear zone. Rock recipe modelling demonstrates that it is the hornblende that dominates the seismic response and that 
plagioclase and quartz serve simply to dilute the intensity of anisotropy. The values calculated indicate significant (up to -13%) seismic 
anisotropy for strongly sheared amphibolites. Thus amphibole, aligned through deformation, is likely be a major contributor to the seismic 
anisotropy of the deep continental crust. 
0 2007 Elsevier B. V. All rights reserved. 

Keywords: amphibole; LPO; seismic properties; lower crust 

1. Introduction 

Seismic anisotropy is becoming the investigative method 
of choice for mapping ductile strain patterns in-situ within 
the continental crust (e. g. Christensen and Mooney, 1995; 
Mainprice and Nicolas, 1989). For example, in Tibet and the 
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Himalayas, seismological experiments have detected seismic 
anisotropy within the crust not only using telcseismic receiver 
functions (e. g. Ozacar and Zandt, 2004) but also from local intra- 
crustal earthquakes (e. g. Schulte-Pclkum ct al., 2005). There is a 
general assumption that much of the observed anisotropy is 
caused by aligned mica within the crust (e. g. Shapiro et al., 2004; 
Malian, 2006; Meissner et al., 2006). Acoustic measurements of 
rock samples (e. g. Meltzer and Christensen, 2001) indicate that 
foliated micaceous rocks can indeed generate the levels of 
seismic anisotropy observed. However, whilst foliated micac- 
eous rocks may offer plausible explanations for some seismic 
anisotropy, global compilations of the composition and structure 
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of the continental crust suggest other options (e. g. Rudnick and 
Fountain, 1995; Rudnick and Gao, 2003). Global averages of 
crustal controlled-source and teleseismic travel times (e. g. 
Christensen and Mooney, 1995), volume fraction of lithologies 
in currently out-cropping high-grade terranes (e. g. Weaver and 
Tarney, 1980; Percival et al., 1992), and evidence from deep 
sourced xenoliths (e. g. Jackson, 1991; Rudnick, 1992; Rudnick 
and Jackson, 1995) indicate the importance of mafic material 
in accounting for the bulk properties of the lower crust. The 
composition therefore of much of the lower and lower-mid- 
dle continental crust approximates to that of amphibolite-to- 
granulite facies metabasites, with amphibole and pyroxene as the 
dominant crystal phases and which contain little mica (e. g. 
Rudnick and Fountain, 1995). The question arises: what is the 
role of these non-micaceous minerals in generating seismic 
anisotropy? 

Modelling the lower crust as a homogeneous mafic aggregate 
(Rudnick and Fountain, 1995) deforming by ductile processes 
and existing beneath the threshold at which cracks or fractures 
are prevalent (Crampin et al., 1984; Rasolofosaon et al., 2000) 
means that it can be considered in terms of its intrinsic properties 
alone (Kendall, 2000). Such petrophysical properties are 
independent of the seismic wavelength and are inherent to the 
transmitting material. The most important of these properties is 
the crystal lattice preferred orientation (or LPO) of the con- 
stitucnt mineral phases in a rock aggregate (Christensen, 1984; 
Mainprice and Nicolas, 1989; Siegesmund and Kern, 1990). 
Calibration of the seismic response of continental crust in-situ 
can be achieved using samples naturally occurring in rock out- 
crops. One approach is to make direct measurements of seismic 
velocity on samples (e. g. Burlini and Kern, 1994; Takanashi 
et al., 2001). Whilst it is well-established that micro-fracturing, 
especially in the upper continental crust, can dominate the 
seismic anisotropy (e. g. Crampin, 1981), open fractures are far 
less significant at depths greater than a few tens of MPa (e. g. 
Rasolofosaon et al., 2000). Outcrop samples that have passed 
through the upper crust since they developed their ductile 
deformation fabrics must be reloaded therefore during acoustic 
experiments to close up any micro-fractures. Such experimental 
results can yield seismic velocities comparable with those mea- 
sured for the deep crust (e. g. Barruol and Mainprice, 1993; 
Barruol and Kern, 1996). An alternative approach is to model 
seismic properties using measurements of LPO. This petrofabric 
method has advantages because structural elements within the 
sample that are not believed to have formed at depth can be 
excluded explicitly from the model. Thus, retrogression and 
fracturing are not a source of uncertainty. Furthermore, the 
contribution of different mineral phases, domains and micro- 
structures can be isolated and investigated. It is possible there- 
fore to relate the petrophysical response to rock texture and 
deformation processes. 

The aim of this paper is to model the seismic anisotropy of 
amphibole-dominated deformed rocks of basic composition that 
are representative of the deeper continental crust. The approach 
adopted follows that used to calibrate seismic properties of the 
upper mantle (e. g. Kern et al., 1996; Ben Ismail and Mainprice, 
1998) by reconstructing seismic properties from measured LPO 
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of rocks believed to be appropriate analogues for in-situ Earth 
materials. Compared with the continental crust, the mantle is 
considered to be structurally simple and xenolith samples have 
been used therefore to calculate its seismic response (e. g. Kern 
et al., 1996). Such studies have shown that the bulk seismic 
properties of a sample are the integrated response of the LPO for 
each mineral phase present (e. g. Babuska and Cara, 1991). 
However, xenoliths are unconstrained in terms of their original 
location and geological relationships from which they derive. 
Given the complexity of continental geology, and in contrast to 
the xenolith-based approach, samples from outcrop analogues 
of deep crustal geology are required. 

There are many outcrop examples of amphibole-dominated 
continental crustal materials that have been exhumed as part 
of large, continuous terranes and hence have known struc- 
tural context (e. g. Percival et al., 1992). In such cases, the 
amphibolitic rock LPO can be related directly to strain state as 
defined by variations in linear and planar fabrics over the 
outcrop and combined with the relevant single-crystal elastic 
constants to predict the whole'rock seismic properties. Fur- 
thermore, because the constituent minerals are considered indi- 
vidually, their impact in varying modal compositions with 
changing finite strain can be investigated. This approach, using 
appropriate outcrops as proxies for in-situ deep crust, informs a 
discussion of the role of strain state and composition in deter- 
mining seismic anisotropy in general. The key role of amphibole 
is examined. 

2. Geological setting and sample descriptions 

The choice of outcrop analogue for estimating seismic 
properties of the deep crust requires appropriate material de- 
formed by a measurable amount under appropriate pressure and 
temperature conditions. Thus, the field setting for this study 
comes from the Lewisian of NW Scotland, a classic tonalitic- 
trondjhemite-granodioritic (TTG) gneiss complex of late 
Archaean to Paleoproterozoic age (e. g. Kinny et al., 2005; 
Fig. la, b). The complex is an amalgam of tracts with distinct 
TTG protolith ages but all parts are cross-cut by a suite of meta- 
igneous mafic sheets (the Scourie dyke swarm), emplaced 
between 2400-2000 Ma (e. g. Cohen et al., 1991). The most 
recent regional reworking of the Lewisian complex occurred at 
c. 1750 Ma (Kinny et al., 2005) during the so-called Laxfordian 
event. At this time, the TTG gneiss and the Scourie dykes were 
deformed in broad tracts and, more usefully for the current 
study, in discrete shear zones within which strain can be mea- 
sured. The mafic dykes represent excellent lithological ana- 
logues for deep crust of basic composition. They were emplaced 
under conditions of 450-500 °C and 5-7 kb (e. g. Tarncy, 1963), 
prior to the amphibolite facies deformation considered here. The 
specific site for this study comes from part of the 'Assynt 
terrane' of Kinny et al. (2005), where host granulite facies TTG 
gneisses are transected by amphibolite facies (Laxfordian) shear 
zones that deform both the gneisses and the Scourie dykes. 

The study here uses the Upper Badcall Shear Zone 
(e. g. Coward and Potts, 1983, and references therein), an ap- 
proximately 100 in wide ENE-WSW-trending structure with a 
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rounding *1"1'( i gnrisscs records the strain State of both the host 

rock and dyke (lath: nn indt (2007) and indicates that, in 

file present orientation, the Upper ltadcall Shear Zone acted as a 
ductile rune of oblique Ictl-lateral strike slip. Shear strains (,,, ) 
increase generally to at least y 15 and in sonic narrow tracts in 

the centre of the shear lone may exceed this value (I ig. Ic). 
Ilo ever, as there are well-known problems in calibration as 
shear strain increases towards these higher values (e. g. Raiusay, 

; und I hoer I')S ), only sailiples from the range O. , =- 15 have 
been considered in this SILRIV, the geological set-tip für the 
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Eller 13adcall shear zone coatstitutes titeiehorc a natural dc- 
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and samples collected directly. 
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A suite of oriented samples was collected from along, 11W 
dyke, from the undelorined shear zone wall into Ihr shear taue 
proper, front domains Of dilicrenl strain ; tute (I ii-,, I; i: I; illi, ini 

Badcall 
Bay 

Xsz 
Ysz shear zone 

coordinates 
Zsz 



V 

I). l T, ih mr ei ul. /F art/r and l'funrian' Seien, c Letters 267 (2008) /18 128 

I i;!. 2 Micruauuctures 0 fs: mihlcs u., rd tu drri\c se i. ntic prul cIIIcs (Criss-pooh, 

) hutonucrographs; X% section will, k hurii mtal and / vertical; 11, hornhicndc: 

11, plagioclase; Q, yutulr). Sec I ig. I for sample locations. (a) Low sti tin 

(simple 2). (b) Intemie liar " strtin (simple 4). (co 11igh sIrain (sample 7). The low 

str; iin ..; iei le I ms a ntallei grtin siic (or all three minerals than the other two 

simples. whilst there is a noticeable increase in the degree o shape preferred 

o icnl: dion, particularly of hurnhlru le. 1'10m the leer to the high 
. strain ample,. 

: tied ('. r, L'v. 2(X)7). 'I'hr nwdal prol-Itiuns of the principal 

minclak in these samples, determined during I. PO analysis (see 

below), are: hornhlendc, bl)IIplagioclase, 25 1 8'!, 'O: and 

(juartl, I? L 6"/, ). I)ctürnicd samples show the progressive dcvcl- 

opmrnt with increasing strain of a shape preferred orientation 
(SPO) in hornblende grains (hg. 2). Millimctric scale clots of' 
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hlagiocl, tsc arureLatrs with a ieduccd grain siic, iepic rntinu 
gild Ily un(lrlOrmr(l in(tivitIual grains, Show' alsn thr )lL LI- 

uhmcnt (11' Si'O, ultht)U il within Ihr CIuts a gMlhlhi Ie. xturc ul' 
cquiaxed IUII 2c(I µm grains prevails. Quart, nIainti remain 
uhhn)\ün, itrly ryuant ; in&I inainIain a constant süc S mlC \'hat 
sillahler than the plagioclase range. 

3. N1rihodoIog 

Rocks ; irr iiiade uh iii ttitt icnt minerals, cacti oI which iiriy 
have ;iI. PO. [very mineral has single-crystal elastic properties 

represented by ;1(, - (, symmetric elastic stil'ihcs` matrix. ()rirn- 

t, itiom dependent selocities of seismic waves are a consequence 

ut, the nun- isotropic nature of the elastic stiffness m; itrices uI 
minerals (c, '. HahtI U and ('; uci, I`)01 ). tirisinie sctucitics; mudl 
lumlariiatimmns liar , ill orientalt ms are Obtained In m the still- 
ness matrices (c. ý-'.. Ii ct ; ml., 2(102). AS the 511 .. 

lc-crystal elastic 

properties vary ýNith pressure and teiu eraturr but the 1' 1 

dIcrivatives Qre often unknown, we follow convention (r e. 
M; ummprice cl ; al.. 2111111) and assume the elastic parameters dc- 

tennined wide', imhicut conditions (i. e. (Juart/, \1eSkiinin rl ; il.. 
I0)o'; hla_. iuciise, : ýIrl.,; inýlrr rl al.. N,, 1; : 111d hornblende, 

\ieks mmm lru and Rvilu s, i, I'/(, I ). lime seismic properties 
(I in. i) are given as contoured steieo), ryphir Iprujrrti ns (C.! 2. 
\t; iimiprice. IVO(1; Malnhricc ; mid 1111111 hert. 1')')"1) of the P-\\, tve 

\elucity (V1p), the velocities mm I' the Last (Vs1) and sluýý (Vs, ) 

shear waves, and the percentage shear , ise anisi, tmhy l, r 

splitting (/CVs), as det-mcd conventionally by \I; iinl euer ; und 
silscr (I')')-t). In ; i(Iilitiun, the uhsulu(e 
(AV1)), clctined as a perccntng, e ob the ; isctlipc iiiicu'cncc ,I the 
Pustest ; und slowest P-waves is provided. 

.iI . ti'icr"t; le'-c"ra'. clul . ec"i. wccie" / cv/rrrtic'. e 

I)ue to variations in the sine Ie-ct}'stal elastic propatir,, the 
single-crystal seismic piopcilics of lhr constituent minerals 01,111C 
I_\kc (i. e. hornhlcndc, plagioclase and quart/) vary with Crystal 

s\'tnmctty and direction (Fig. 3). In general, the rclalümshilx 
between crystal symmetry and seismic pmopemlirs are ielati eIy 
simple. Quartz has three maxima and ntinirna in Vp (sup-pan iIIel 
to the: and 1--directions respectively) and three maxima (parallel 
to the u-axis) and tour minima (I); trallel to the c-axis and sub- 
IMI'AIel to the r-directions) in AVs. Plagioclase' (e. g. t ligt claw, 
triclinic symmetry P-I ) exhibits typically single flaximunt and 
minimum in Vp (parallel to the h- anti a-axes respecti\ ely) but its 
AVs behaviour is more complex, wit II two maxima (inclined to 
the c-axis) and a single minimum (sup-parallel to the c-axis), 
although there is Some rariati on in all ut these values with ('a- 
contcnl (e. g. Lloyd and KcII&III, '005). In contrast, hornblende 
has only a single maximum and mittitnuni in hotte Vp (parallel t, 
the r-axis and sub-parallel to the (a-axis respectively) and AVs 
(sub-parallel to the c- and u-axes res )ectirvely). Plagioclase ex- 
hibits the most anisotropy in hotte AVh and AVs. Ou; tnt and 
hornblende have similar but much lower AVh anisotr ley, whilst 
hornblende has the lowest AVs anisotropy. Note that as AVh is 

merely the ditterence between the maximum and minimum in Vp, 
it has no , txinwthal significance. 



F 

122 D. J. 'ladzum cl al. / l: -'arlh and /'! ant-tan Srirnrr Lotow 207 (2OO, Y) JIS 128 

Crystal 
Crystal 

form stereographic 
projection 

c 

tN 
- -ý 

CO zr '4 

ýaý; gal i" 

a) 
ca 
C) 
O_ 
0) 

d 

Q) 
CC 
a) 

C 
O 
2 

C. ) 

Vp km/s AVs% Vsl km/s 

s io 

10 1 
373 

AV. I Al I°� 

Vs2 km/s 

4 Fii 

: 729 

--ý A9 

b 

I*! 

Iý Aa sao I: ' : *. 
1 

ti AVp 34. tß AV. I Avý.. " . ': f 1, .. 
z7 Ai on ^IRý t n; )b 

LIAM"'i"A 
ily 

X, 

g'ý, 'vo. 

A a" 
6Ur BUý _..... _-ý 3.38 3.15 

AVp=21.1% AVCI ".. oý AVS2=11 P. 

ic. i Singlc-cryst il srisluic prolurtics for the n inrctl. in the l II'I'ri Badeall shr; II n, nr (upper hcmisphcre I rulccliuus, cunlot Is n., in(liut to 1. , ci, nuc pI jcctious 

plultr l in the same coordinate system as the crystal stcrcugrapltic Inujcction>). 

i. 2. Kuck aggregate sri. r, nic /properties 

Although understanding the seismic behaviour of single crys- 
tals is crucial to the interpretation ut whole rock seismic be- 
haviour, in practice all mineral phases in a rock contribute to the 

overall seismic properties according to their `ingle-crystal elastic 
pm-. uneters, volume friction and I. I'O distribution (e. g. Mainprice 

anti I Bonheil. 199 4). As aggregates of'rindoinly oriental crystals 
must generate isotropic bulk rocks, there must he ,i degree of 
crystal alignment (i. c. LP()) present to produce seismic aniso- 
troliy. In general, strung I. I'Os arc induced by tectonic stresses in 
detornicd rocks. The methodology used to calculate whole rock 
seismic property distributions in thew-dimensions follows di- 

rectly [ruin that employed in the single-crystal calculations dc- 

scribed previously (e. g. M ainprice and I lunthert, I')')4 sec also 
I 1o 

. 
\d and Kendall, 200S). 

3.3. II'rorkf1mi'. lýrtrýýJnhrir-ýli i irc ýl sc i. c#uir 1), (p l-it's 

irrt, the complete I. I'O für each mineral in a sample is mea- 
sured. This is possible hush accurately and efficiently via electron 
hack,, cattered diffraction (1 HSL)) in Ihr SI: M (e. g. Prior cl al., 

Second, the I. 1 Os are combined with the appropriate 
single-crystal clastic hropellics fur euch mineral such that breach 

orientation the single-crystal classic parameters are rotated into the 

sample rclerence frame and the elastic paranicters of the poly- 
crystal ale derived by integration over all possible orientations in 

Ihr three-dimensional orientation distribution function. Third, the 
indiv idiual mineral hruhctlies, modulated according tu modal 

proportion, are combined to determine the whole ruck clastic 

and hence seismic properties. I)ue to stress/strain compatibility 

assumptions it is conventional to adopt Ilie nrr, if ur Vr igt Reuss 
IIiII (VR 11) average as Ihr hest estimate of the aggregate elastic 
parameters (e. g. Ililt. as this has been observed it) gi\r 
results close to experimental values (e. g. 13unftr et al.. ' >0 )I he 
aggregate seismic phase velocities and related anisotropy are 
obtained then in every direction (c. g. y1; iinhrice mid I Itinthrtl. 
I')').!; I luvet and Kendall, ? Uh t). 

the impact of each mineral to the whole rock seismic prop- 
cilies can he investigated by v, uvirig the lclilfi'e proportions 
appropriately whilst maintaining the l, N)". This approach 
(termed here 'rock recipes) assumes implicitly that the micro- 
structure (and hence deformation mechanisms) of each phase 
remains constant regardless of the proportion of, that or the o hier 
phases present. Fills assumption becomes invalid probably where 
the recipe approaches I00'!, ý tier any of' the minerals present 
because the rock begins to behave as a monomineratic ratlier than 
polyntineralic aggregate, exhibiting bulk rather than local seil 
microst uctwrs and textural evolution (c. e. I lanrly, 11)4) 1). It 
remain, unclear bar the moment it what level of recipe (his 
transition occurs bitt it is likely to be dependent on a number of 
Iactors (e. g. mineralogy, strain, clclo rnration mechanisms, rte. ). 

4. Results 

Nine samples were collected from a Iransem acres, (Iir I klirr 
Hadcall Slie it%une (I-ig. I). I Iowevcr, results, irr pmesente&t II rrr 
fur three samples only (c. g. I, itlmammi mid asey. 2017). Sample 2 
(I it. 2: i) is Iron the low strain ('ý,. 1) hart ul the shear r tnr 
margin, representative of a low dlef'ornmatiun state with a steeply 
plunging Iineatiun associated with inempienl rlrtiirmaiion ()t till 
l Aper Uadcall shear zone. Sample ") (I ie. 2h) is Crum %\ ilhin the 
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flow is considered to be more important under the amphibolite 
facies conditions considered in this study. 

As there is little direct evidence (i. e. subgrains, etc. ) for 
intragranular crystal plastic deformation (see Fig. 2), hornblende 
could have achieved a strong LPO via rigid-body rotation as well 
as crystal slip (e. g. Berger and Stunitz, 1996; Diaz Azpiroz et al., 
2007). However, as the shape of hornblende grains typically 
reflects its crystal form (see Fig. 1), both rigid-body rotation and 
crystal slip, such as (100)[001], can be expected to generate 
similar LPOs. Thus, hornblende LPOs, and hence seismic prop- 
erties, are often likely to be insensitive to the specific defor- 
mation process. 

The petrofabric-derived seismic property distributions are 
somewhat similar for the three samples (Fig. 4d). They all show 
maxima and minima in Vp aligned with the sample X (i. e. 
lineation) and Z(i. e. normal to foliation) directions, respectively. 
The least and most deformed samples exhibit a girdle of faster 
Vp velocities parallel to foliation (Al) but this is less obvious in 
the intermediate deformed sample. The distribution of AVs is 
similar also for the three samples, although again there is more 
variation in the intermediate deformed sample. Whilst there is a 
slight decrease in Vp with strain, there is a concomitant increase 
in both AVp (3.8 to 6.0%) and AVs (4.0 to 6.8%), although both 
actually decrease in the intermediate deformed sample before 
increasing significantly in the most deformed sample. These 
seismic property behaviours are summarised in Fig. 6. 

2468 10 12 
Shear strain (y) 

Pig. 5. Relationship of individual mineral texture index (J) to finite shear strain 
(y) for the least, intermediate and most deformed samples, assuming polyphase 
aggregates comprising 60% hornblende, 30% plagioclase and 10% quartz. 

shear zone proper, representative of an intermediate deformation 

state (y 6) with a lineation plunging 58°. Sample 7 (Fig. 2c) is 
from the central shear zone, representative of high deformation 
state (y -_ 11) with a lineation plunging 38°. For each specimen, 
the individual mineral LPOs were determined via SEM/EBSD. 
These LPOs were applied then to the measured modal pro- 
portions for each specimen to derive the aggregate seismic 
properties. 

The LPOs of both quartz and plagioclase remain weak for all 
deformation states (Fig. 4a, b). In contrast, hornblende exhibits 
strong LPOs (Fig. 4c), with the crystal c[001] and a(100) axes 
aligning parallel to Xand Z respectively (i. e. the latter normal to 
the foliation, XI). Such behaviour can be quantified by the tex- 
ture index (J), which measures the sharpness of LPO clustering 
(Bunge, 1969 and 1982; Mainprice and Silver, 1993). J is nor- 
malised so that for random fabrics J=1 and 'with increasingly 

clustered fabrics J--º oo, although a value ofJ; z 50 is frequently 

recognised for ideal 'single-crystal' fabrics (e. g. Michibayashi 
and Mainprice, 2004). Thus, the value of J per mineral LPO 

can be related directly to the strain calculated for each sample 
(Fig. 1 c). 

The J-index is essentially constant as a function of shear strain 
for both plagioclase and quartz (Fig. 5). In contrast, the J-index 
increases with shear strain for homblende. Such behaviours in- 
dicate not only different deformation mechanisms but also a 
potential partitioning of the deformation between the plagio- 
clase-quartz aggregate and hornblende. Under greenschist facies 

conditions, small grain size and lack of LPO development with 
strain in plagioclase is normally interpreted as indicating granular/ 
grain-size sensitive creep flow of refined, originally single ig- 

neous grains (e. g. Prior and Wheeler, 1999). Grain-size sensitive 

S. Seismic models 

5.1. Rock recipes 

The pctrofabric-derived seismic properties clearly reflect the 
dominant influence of hornblende rather than plagioclase and/or 
quartz LPOs (Figs. 3 and 4). Due to the specific relationship 
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Fig. 6. Summary of seismic properties for the least, intermediate and most de- 
formed samples. 
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Fountain (1995; see also Rudnick and Gao, 2003), increasing 

average P-wave seismic velocities with depth indicate increasing 

proportions of mafic lithologies and increasing metamorphic 

grade. They expect therefore that the lower continental crust (i. e. 

below -20-25 km depth) is lithologically diverse but dominated 

by granulite facics mafic lithologics with an average composition 

approaching that of primitive basalt, although felsic-to-inter- 

mediate lithologies may be important locally. In contrast, the 

average middle crust (i. e. between 10-15 and 20-25 km depth), 

where P-wave velocities are too low to be explained by dom- 

inantly mafic lithologies, is considered to consist of a mixture of 

mafic, intermediate and felsic amphibolite facies gneisses. 
Amphibolite facics may be important also in the lower crust, 

particularly where high water fluxes occur. 
The petrofabric-derived seismic property estimates (Fig. 4) 

obtained from a simple shear deformation profile across a 
Scourie dyke at Upper Badcall, NW Scotland, augmented via 

rock recipe models (Fig. 7), can act as a proxy for deformation in 

the lower continental crust. Furthermore, in simple terms, whilst 
increasing hornblende content in the recipes can be viewed as 
representing an increase in the overall mafic component in the 
rock, decreasing homblende (i. e. increasing plagioclase-quartz) 
content represents an increasing felsic component. Accordingly, 
the lower and middle crustal velocity profile suggested by 
Rudnick and Fountain (1995) is superposed on to the hornblende 

rock recipes seismic property predictions for Vp (Fig. 7b). 
Fig. 7b suggests that hornblende is capable of generating the 

values of Vp observed in most of the middle and lower con- 
tinental crust, irrespective of modal content and/or deformation 
state. Only the highest velocity layers (i. e. where Vp> 7.0 km/s) 
are unlikely to be explained by hornblende as these would 
require almost pure hornblende lithologies. Such layers 
probably consist of pyroxenes (±gamet), which have higher 
single-crystal Vp values (e. g. 6.9-9.0 km/s) than amphiboles 
(e. g. 6.0-7.9 km/s). However, hornblende-dominated litholo- 
gies, particularly when deformed, exhibit significant anisotropy 
in both AVp and AVs (Fig. 7a). In contrast, although pyroxenes 
can exhibit strong LPOs when deformed, they have signi- 
ficantly less single-crystal anisotropy (e. g. AVp=24.3%, AVs= 
18.0%) than amphiboles (e. g. AVp=27.1%, AVs=30.7%), 
using values determined from single-crystal elastic constants 
for augite (Alcksandrov and Ryzhova, 1961) following the 
same methodology described above. Furthermore, whilst sim- 
ilar LPOs can be generated in amphibole by either crystal slip 
and/or rigid-body rotation behaviour, due to the fact that the 
typical prismatic shape of the grains reflect the crystallography, 
pyroxenes are typically 'stubby' and only the development of 
pyroxene LPOs via crystal slip will impact significantly on 
seismic anisotropy. Thus, seismic anisotropy as well as Vp 

values should be used to interpret the composition and structure 
of the continental crust at depth. 

can be explained by amphibole in sufficient abundance and 
appropriate deformation state. This contrasts with the sugges- 
tion that micas (e. g. biotite and muscovite) control the seismic 
properties of the deeper continental crust (e. g. Meltzer and 
Christensen, 2001; Shapiro et al., 2004; Mahan, 2006; Meissner 
et al., 2006). however, Rudnick and Fountain (1995) have 
shown that there is little evidence for mctapelite-dominated 
layers in the deep continental crust (although some high meta- 
morphic grade former metapelites consisting now of kyanite 
and/or sillimanite, the latter having high seismic velocities and 
associated anisotropy (e. g. Ji et al., 2002), may represent up to 
-10% of the lower crust). Micas are monoclinic and typically 
exhibit similar LPO distributions as amphiboles but crucially not 
the same crystal-kinematic-seismic orientation relationships 
due to their vertical transverse isotropy characteristics (e. g. 
Vernik and Liu, 1997). They are also the most seismically 
anisotropic minerals, with AVp and AVs values up to 64% and 
114% (for biotite) respectively (e. g. Babuska ands Cara, 1991; Ji 
et al., 2002). However, their range of Vp values (e. g. 4.0- 
7.8 km/s for biotite) suggests that neither mica content nor 
deformation state can account for the Vp values observed in 
either the lower or lower-middle continental crust (e. g. Rudnick 
and Fountain, 1995). In terms of modal composition, most 
mctabasic rocks at amphibolite facics comprise at least 50% 
amphibole. If such lithologies dominate the deep crust, then 
amphibole rather than mica is likely to represent the seismic 
property determining phase (Fig. 7). No other mineral (e. g. mica, 
plagioclase, quartz, pyroxene, etc. ) is capable of imparting the 
full range of seismic properties observed (e. g. Sicgesmund et al., 
1989). However, it is the thickness of the rock mass with similar 
properties through which seismic waves pass that ultimately 
determines the magnitude of the seismic properties recognised. 

7. Conclusions 

Deformation in mctabasic rocks produces strong mineral 
alignment of hornblende crystals and hence strong crystal lattice 
preferred orientation (LPO). The results of pctrofabric-derived 
seismic property determinations presented here indicate that such 
alignments can generate significant seismic anisotropy. Based on 
the samples considered, the values of hornblende-induced seismic 
anisotropy expected at high shear strains (e. g. y 10) are -7% in 
both AVp and AVs. In many cases, the impact of other common 
mineral phases present (e. g. plagioclase, quartz) is to dilute the 
amphibole effect due to the fact that these phases tend to have 
weak-to-random LPOs in such polyphase aggregates. Thus, the 
intensity of seismic anisotropy observed on the sample scale 
reflects -both deformation intensity and homblende modal 
proportion. For rock compositions and crustal depths that are 
unlikely to contain significant mica, hornblende is likely to be the 
principal contributor to the sample LPO and therefore the seismic 
anisotropy of the deep continental crust. 

6. Discussion 

The results of the petrofabric-derived seismic property es- 
timates and rock recipe models described here indicate that much 
of the seismic properties of the middle-lower continental crust 
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