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Preamble

This is a resubmittal of an earlier grant to the NSF Tectonics panel. In response to reviewers’ comments, we have clarified the writing and significantly altered the approach. In particular, we have refocused the grant on understanding the quantitative fabric development for polyphase rocks in order to obtain rheological constraints. We have also introduced a secondary methodology that attempts to provide quantitative rheological information for all clast types by comparison with quartzite clasts that are characterized by quartz flow laws.

I. INTRODUCTION

Understanding the rheology of earth materials is a critical issue in tectonic studies. All aspects of rock deformation and evolution of the tectonic plates are a function of the deformation behavior of rocks over geological time scales. We outline in this proposal a methodology that uses field data to constrain and quantify the relationships between progressive finite strain and developing fabrics, and thereby constrain rheology of naturally deformed rocks. Elucidating these relationships is of primary importance to advancing our understanding of rock deformation at all scales.

Although structural geologists are interested in extracting rheological information from rocks (e.g., Hudleston & Lan, 1995; Masuda et al., 1995; Talbot, 1999), it is only in very particular settings where this type of quantitative information can be extracted (e.g., single layer buckle folds in a homogeneous matrix).  Rather, structural geologists have historically focused their work on fabric (e.g., Sander, 1930; Turner and Weiss, 1963), which is both ubiquitous and informative.  Deformed polyphase materials are particularly useful because they often contain robust fabrics that are excellent guides to kinematics and strain history.  For example, most shear sense indicators inherently require a relatively competent mineral (e.g., garnet) within a less competent matrix.  Thus, rheological information is implicit in fabric analysis.  We can judge whether a mineral (e.g., garnet) is strong or weak relative to its surrounding material.  With notable exceptions (e.g., Kanagawa, 1993; Talbot, 1999), the field of structural geology has not focused on making quantitative rheological predictions from these observations. 

The experimental community, in contrast, has successfully furthered our understanding of rheology. This success is most clearly evident in the ubiquitous presence of lithospheric strength profiles, in which creep properties derived from laboratory measurements are extrapolated to different layers of the lithosphere (e.g., Goetz & Evans, 1979; Brace & Kohlstedt, 1980; Kirby, 1980; Hobbs & Ord, 1988; Paterson, 1987; Kohlstedt et al., 1995; Ranalli, 1997). Further, work on particular mineralogies, such as quartz, has been enormously useful to constrain rheology (e.g., Rutter, 1972; White, 1976; White, 1977) and microstructural behavior (Tullis et al., 1973; Hirth & Tullis, 1992; Hirth & Tullis, 1994), and has allowed extremely productive comparisons to field examples (e.g., Bouchez, 1977; Dunlap et al., 1997). Experimental deformation will undoubtedly continue to provide the basis for many future rheological investigations.

A major difficulty with the extrapolation of experimental data to naturally deformed rocks is the polyphase nature of most rock types.  Although many experimental studies have focused on biphase aggregates (e. g. Dell’Angelo et al., 1987; Jordan, 1987; Heilbronner & Bruhn, 1988; Dell’Angelo & Tullis, 1996; Kawamoto & Shimamoto, 1998), experiments are necessarily simplified systems and experimental results are difficult to apply to more complex naturally deformed rocks.  A more common approach to the study of polyphase rock rheology is the use of conceptual models (e.g., Jordan, 1988; Handy, 1990, 1994; Tullis et al., 1991; Ji & Zhao, 1993; Handy et al., 1999; Ji et al., 2003), which assume that the rheology of polyphase materials can be determined from the endmember behaviors of their constitutive parts.  Although these models may be reasonable, they do represent simplification of the behavior of natural systems (e.g., Paterson, 1987, 2001; Rutter & Brodie, 1991) and may not accurately predict deformation behavior of polyphase rocks under particular conditions (e.g., Ji et al., 2003).

Material heterogeneity has advantages for the study of fabric development, but disadvantages for experimental approaches to obtaining rheological information. The proposed work is intended to utilize the advantages of fabric development in naturally deformed rocks in order to unravel the inherent rheological information contained within such fabrics. In particular, we propose to study deformed polymictic conglomerates, which contain a wealth of quantitative information about fabric development and relative rheology of different materials. Within conglomerates, clasts with different compositions – affected by the same external variables (P, T, etc.) – record differences in rheology and fabric development. The various rheologies are manifested in the different amounts of finite strain recorded by each clast population (e.g., granite clasts vs. sandstone clasts). These differences in finite strain reflect variations in bulk viscosity (the ratio of flow stress to strain rate) between the clast populations (Lisle et al., 1983; see Methodology section below). A clast population whose viscosity is higher than the whole rock viscosity will record a lower finite strain than the whole rock and vice versa. In addition to examining the relative amounts of strain between clast populations, we will study fabric development in these different clast populations in order relate fabric development to deformation behavior.

Additionally, relative strain rates are available from finite strain measurements of polymictic conglomerates. This information can be exploited to understand quantitative aspects of fabric development. Further, this same information, when used with other rheological information (e.g. flow stress), can also be used to provide constraints on the rheology of naturally deformed rocks.
II.  HYPOTHESES TO BE TESTED

The goal of the proposed work is to test whether well-constrained field data can provide quantitative insights into fabric development and rheology. Figure 1 outlines our proposed methodology. We will utilize natural variations in the finite strain recorded by different clast types to determine relative strain rates. Additionally, we will quantitatively characterize fabric development (LPO, SPO, and connectivity) for all clast types over a wide range of finite strain values. By combining these two datasets, we will be able to quantitatively track fabric development during increasing strain.  Finally, we propose a secondary method of determining quantitative rheological information directly. This approach utilizes quartzite, whose rheology is relatively well understood, as the measure for other clast types.  

Our analysis will focus on answering three principal questions.  

(1) How is finite strain accommodated in polyphase rocks at the microstructural scale?

(a) Are changes in deformation behavior accompanied by changes in microstructures?

(b) Do certain fabrics or minerals cause significant changes in how strain is accommodated?

(c) How does deformation path affect deformation behavior?

(2) What rheological inferences can be made from combined fabric and finite strain data?

(a) Is connectivity of weak phases the dominant control on rheology?

(3) Can quantitative constraints be placed on rock rheology by utilizing experimental results in tandem with fabric data?
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III.  FIELD AREAS

Field locations appropriate for this study must satisfy several conditions. First, a range of bulk finite strain values must be present and the deformation conditions (P, T, fluids) must be essentially constant throughout the area. These conditions are most likely to be satisfied in a relatively small field area. Additionally, finite strain must be measurable in three dimensions, and the deformed rocks must be compositionally heterogeneous so that deformation within a range of rock types can be considered. We have selected two field locations that satisfy all of these conditions: the Seine River conglomerates in the Rainy Lake region of northwestern Ontario and the Gem Lake shear zone in volcanic rocks of the Northern Ritter Range Pendant of the east-central Sierra Nevada.

Seine River conglomerate, Ontario

The Seine River conglomerates are found within the Archean Superior Province of northwestern Ontario. They are located along the boundary between the Quetico metasedimentary subprovince and the Wabigoon metavolcanic subprovince. In the Rainy Lake region (Fig 2b), this boundary is partially defined by two major shear zones (Seine River-Rainy Lake and Quetico) (Poulsen, 1986). The Seine River conglomerates occur in a wedge-shaped block between these shear zones.  

Based on thin section petrography, the Seine River conglomerates were metamorphosed to greenschist facies throughout the region (Poulsen, 2000). Additional pressure and temperature conditions will be determined with petrographic analysis of equilibrium mineral assemblages and microprobe analysis of minerals that crystallized or recrystallized during metamorphism and deformation. Fluid inclusion analysis, outlined in the Methodology section for fluid characterization, has the additional advantage of providing quantitative data on deformation conditions (Roedder & Bodnar, 1980; Burruss, 1981; Roedder, 1984). 

Deformation within the shear zone-bounded wedge is well documented with subvertical foliations, various orientations of obliquely plunging lineations, and asymmetric shear-sense indicators on the 

sub-horizontal plane (Czeck & Hudleston, 2003). The kinematic framework most likely responsible for this deformation and corresponding fabrics was homogeneous transpression with non-vertical

extrusion (Czeck & Hudleston, 2003). The outcrops show no evidence of having undergone any subsequent deformation events.

The Seine River conglomerates have four general populations of clasts based on lithology: felsic volcanics, intermediate-mafic volcanics, quartzites, and granitoids. Gabbro, banded iron formation, and other clasts are also intermixed (Frantes, 1987). The matrix has a composition roughly equivalent to the intermediate volcanic clasts. The conglomerate ranges from being clast- to matrix-supported throughout the field area; however, the four general clast populations exist throughout most of the unit. Excellent exposures of the Seine River conglomerate may be found throughout the wedge-shaped basin along roads and lakeshores. In particular, exceptional three-dimensional exposures, suitable for strain analysis studies, can be found along Ontario’s Highway 11.
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Preliminary study

We have completed preliminary strain analysis work for individual clast populations (Czeck, 2001; Czeck & Hudleston, 2003; and analysis of data collected during 2004 field work). In general, the conglomerate clasts have strain ellipsoids that fall within the flattening field or along the plane strain line of a Flinn diagram. The degree of deformation in the field area varies dramatically, resulting in significant strain gradients (Fig. 2c).  The shape preferred orientation (SPO) of the clasts varies significantly depending upon composition. The granitoid and quartzite clasts typically display a weaker SPO than the volcanic clasts. At low strains, the granitoid and quartzite clasts appear barely
deformed. However, at higher strains, all clasts display significant flattening or plane strain fabrics. This preliminary data clearly demonstrate the heterogeneity of SPO between different clast populations at each location. Additionally, the range of SPO results for each clast type between stations verifies the existence of the strain gradient within the Seine conglomerate.

Gem Lake Shear Zone

The Gem Lake shear zone (GLSZ) is a zone of Cretaceous dextral transpression exposed within the Northern Ritter Range pendant (NRRP) and the Ritter Range pendant (Greene & Schweickert, 1995; Tikoff & Greene, 1997) of the east-central Sierra Nevada (Fig. 3). The shear zone is part of the proposed Sierra Crest shear zone system (Tikoff & Greene, 1997) and correlates with the Cascade Lake shear zone to the north (Tikoff et al., in review) and the Rosy Finch shear zone to the south (Tikoff, 1994; Greene & Schweickert, 1995; Tikoff & Greene, 1997; Tikoff & Saint Blanquat, 1997). The zone is best exposed in the NRRP, a narrow, northwest-striking body of Ordovician- Jurassic metamorphosed volcanic and sedimentary rocks.

The GLSZ is an ~1 km wide zone of anastomosing mylonitic fabric that accommodated at least 20 km of dextral offset (Greene & Schweickert, 1995). Exposures of the GLSZ throughout the NRRP are excellent but exceptional three-dimensional exposures are present in the vicinity of Gem Lake (Fig. 3b). In this area the GLSZ is prominently developed in the volcanic and volcanogenic sedimentary rocks of the Triassic-Jurassic Koip sequence. The volcanic origin of the Koip sequence is evident from the abundance of lapilli tuffs and tuff breccias, along with occasional volcanic flows, hypabyssal intrusions, and lenses of volcanogenic sandstone. The lapilli tuffs of the Koip sequence 

consist of three or four clast populations of distinct rock types (e.g., aphanitic to porphyritic intermediate igneous rock, volcanic glass shards, microcrystalline quartz within a very fine-grained matrix. The various clast populations in the metavolcanic rocks of the Koip sequence are typically composed of various proportions of plagioclase, quartz, K-feldspar, biotite, chlorite, sericite, calcite and epidote. The Koip sequence, despite its volcanic origin, is effectively a matrix-supported conglomerate.

A clear strain gradient exists within the Koip sequence associated with the GLSZ, which is here ~800 m wide. Exposures of the Koip sequence on the southwest side of Gem Lake, outside of the shear zone, are only weakly deformed (Tobisch et al., 1977), and finite strain increases progressively to the northeast (Fig. 3b). Further, the deformation is homogeneous at the outcrop scale, as zones of strain localization are relatively rare. The deformation of the rocks associated with the GLSZ in the area of Gem Lake took place at greenschist to sub-greenschist facies conditions across the region (Greene & Schweickert, 1995). As discussed in the Seine conglomerate section above, we will utilize several techniques to further constrain the conditions of deformation (P, T, fluids).
Preliminary study

We have conducted a preliminary study of the GLSZ in the Gem Lake area. We made several measured transects across the shear zone, noting details of rock type, developed structures, and qualitative estimates of fabric strength recorded along each transect. Representative suites of oriented samples were collected along each transect. Additionally, several locations with outstanding three-dimensional exposure on glacially polished surfaces were selected for detailed finite strain analysis. Results of preliminary strain analysis are shown in Figure 3c (see Methodology section below for details of the analysis procedure). These preliminary data clearly demonstrate the existence of the strain gradient and the heterogeneity of strain between different clast populations at each location.

IV. METHODOLOGY

Our analysis will focus on examining the microstructures that accommodate finite strain in order to develop a better understanding between fabric development in and rheology of polyphase materials. We will first use finite strain to quantitatively compare the amount of deformation in all the different clast populations in deformed conglomerates. We will then collect comprehensive microstructural data sets on all mineral phases present in each clast population across the entire finite strain gradient. Based on this information, we will study the microstructural evolution of each clast population as a function of finite strain. This methodology will allow us to correlate changes in deformation behavior in a clast population with the microstructures that presumably are responsible for these changes. In order to extract some basic rheological information from these polyphase rocks, we will quantitatively compare deformation of each clast population with that observed in quartzite, whose deformation is relatively well understood due to the numerous studies of experimental and natural quartzite deformation. 

In this section we first describe how we will conduct finite strain analysis of the conglomerates and how we will quantitatively compare deformation of the different clast populations. We then discuss procedures for analyzing microstructures and interpreting these in light of the finite strain data. Finally, we describe how some basic rheological information can be extracted from these data sets.

A. Finite strain measurement of polymictic conglomerates

Thorough characterization of finite strain in a polymictic conglomerate requires measurement of strain in the bulk rock, in the matrix, and in each clast population. This topic has been the source of many studies, and the approach is well established (e.g., Flinn, 1956; Dunnet, 1969; Gay, 1968a, 1969; Matthews et al., 1974; Boulter, 1976; Robin, 1977; Oertel, 1978; Lisle, 1979; Miller & Oertel, 1979; Siddans, 1980; Lisle et al., 1983; Freeman & Lisle, 1987; Treagus & Treagus, 2002). 

Because of the different competencies of the various clasts and the matrix, the whole-rock (bulk) strain of a polymictic conglomerate is best quantified through Fry analysis (e.g., Fry, 1979; Erslev, 1988; McNaught, 1994) of the spatial distribution of all clasts (Treagus & Treagus, 2002). The strain recorded by the matrix may also be characterized using Fry analysis on small clasts at the thin section scale, although strain shadows or concentrations near large clasts must be avoided to ensure representative matrix strain measurement (Treagus & Treagus, 2002).

Determination of the finite strain recorded by a clast population in a polymictic conglomerate is more complex. One difficulty with determination of finite strain of a clast population is the potential presence of a primary sedimentary fabric. This primary fabric must be distinguished from the deformation-related fabric so that finite strain is not over- or underestimated (e.g. Ramsay, 1967, p. 202). This task is often accomplished by analyzing a population of markers and distinguishing between an initial fabric ratio, Ri, and a final fabric ratio, Rf (Elliott, 1970; Dunnet & Siddans, 1971; Lisle, 1979; Holst, 1982; Ramsay & Huber, 1983). The difference between Ri and Rf is the finite strain recorded by the markers. Given a population of deformed elliptical markers with some viscosity relative to the matrix, the commonly used Rf/( technique (Lisle et al., 1983; Lisle, 1985) provides both Ri and Rs, allowing us to identify and take into consideration any primary fabric. Additionally, deformation fabrics such as foliation and lineation provide a double-check for any effect of primary fabric. It has been well demonstrated that lineations are most often parallel to the orientation of the maximum finite strain axis and that foliations are most often perpendicular to the minimum axis of the finite strain ellipsoid (e.g. Flinn, 1965; Ramsay, 1967). We note, however, that this relationship is not always the case (Hobbs et al., 1982) and care must be taken in interpretation of the relationship between fabric and finite strain.

An additional challenge to conducting strain analysis in conglomerates is heterogeneous deformation, resulting from the heterogeneous material (e.g., local perturbations around large, rigid clasts).  A significant volume of literature outlines the theory of a deformable inclusion within a matrix of contrasting material properties (e.g., Eshelby, 1957; Bilby et al., 1975; Bilby & Kolbuszewski, 1977; Lisle, 1985; Freeman, 1987; Treagus et al., 1996; Treagus & Lan, 2000; Treagus & Treagus, 2001; Schmid & Podladchikov, 2003). Much of this theory has been applied to deformed conglomerates in order to use various viscosity ratios (assuming Newtonian behavior) to determine finite strain (Gay, 1968b, 1969; Huber-Aleffi, 1982; Lisle et al., 1983; Freeman & Lisle, 1987; Treagus & Treagus, 2002). Some authors have considered microstructural evidence for non-Newtonian deformation in conglomerates (Etheridge & Vernon, 1981; White, 1982). 

The strain analysis techniques described above are two-dimensional. To determine three-dimensional strain, we will combine two-dimensional data from several planes using well-established mathematical methods (Owens, 1984; Robin, 2002). The two-dimensional data will be collected from a minimum of three faces, ideally mutually perpendicular to each other, to minimize errors in determining a best-fit three-dimensional ellipsoid.

1. Quantitative comparison of strain in different clast populations

In a polymictic conglomerate, the different clast populations can record both different magnitudes and shapes of finite strain despite having been subjected to the same bulk strain (Freeman, 1987; Treagus & Treagus, 2002). These different finite strains are the result of the different flow stresses supported by, and the inherent viscosity of, each clast population.  
Commonly used strain quantification parameters (e.g., K of Flinn, 1962 and Ramsay, 1967) are straightforward ratios of strain marker aspect ratios. These parameters make no distinction between the magnitude and the shape of a strain ellipsoid. A more useful quantitative comparison of finite strain ellipsoids can be accomplished by using separate parameters for magnitude and shape. Distortional strain ((s – Nadai, 1963; Hossack, 1968) is a three-dimensional measure of natural strain and is proportional to the work required to distort material, regardless of the material’s shape. Elliott (1972) defined natural strain space as a strain analysis space that uses distortional strain as its basis. Ellipsoid shape can be quantified using the parameter T (also known as Lode’s parameter, (; Hossack, 1968), which measures an ellipsoid’s shape regardless of its magnitude. Together, (s and T provide an effective basis by which to compare finite strain ellipsoids, whether prolate or oblate.
We will use natural strain space to quantify and compare finite strains. At each strain analysis location, we will calculate the magnitude and shape of three-dimensional finite strain of each clast population and the conglomerate matrix. We can then construct natural strain ratios between each clast population and one population on which we base our comparisons. The strain ratio between two different clast populations at multiple stations will provide a measure of the relative strain rates of the clasts, assuming individual material flow laws remain constant during deformation.
B. Quantifying microstructures and constraining conditions of deformation

A long-standing goal in structural geology is the determination of finite strain from fabric. We here employ a broad definition of the term fabric, which includes the percentages of the different constituent phases, grain shape orientation and distribution of the different phases, LPO and associated microstructural characteristics (subgrains, deformation lamellae, grain boundaries) of each phase, grain size of each phase, etc. (Hobbs et al., 1976; Passchier & Trouw, 1996, p.1). Finite strain plays a major role in the development of rock fabric. However, factors other than strain can influence fabric development. We will constrain and consider both strain path and fluid conditions, which are two of the most important additional factors (Parts 3 and 4 below).

1. Electron Backscatter Diffraction

Characterization of LPO within rocks, particularly those with small grain sizes and those containing minerals with monoclinic symmetry and lower, has been very difficult until recently. Electron backscatter diffraction (EBSD) and orientation contrast imaging (OC) are relatively new techniques that are applicable to petrographic analysis of rocks and avoid many of these limitations. Both techniques allow rapid and accurate determination of several petrographic features of polymineralic rocks at the micron and submicron scales, including (1) rock fabrics as defined by the distribution of minerals of different composition, (2) qualitative and quantitative microchemical data, and (3) qualitative and quantitative LPO data. The EBSD technique works using an electron beam from a scanning electron microscope, and utilizes Bragg’s Law of diffraction to determine the orientation of the crystal lattice by comparing the observed diffraction patterns with a database of results from the same mineral with known orientations (Prior et al., 1999; Randle & Engler, 2000). For the purposes of structural analysis, the most useful quantitative data sets obtained through EBSD and OC analysis include (1) the spatial distribution, size and shape of phases; (2) the composition of phases and the variation of composition within phases; (3) the crystallographic orientations of phases and variation of orientation within phases; (4) the geometry and structure of subgrain boundaries; (5) the geometry and structure of boundaries between grains of the same phase; and (6) the geometry and structure of boundaries between different phases (Prior et al., 1999). Initial EBSD analyses will be performed at the University of Minnesota (see letter of support). However, the University of Wisconsin-Madison Geology & Geophysics Department is currently in the process of acquiring EBSD facilities and we anticipate that much of the analysis for this project will be in-house.

2. Quantifying fabric development

It is commonly accepted that increasing finite strain in a rock has a direct impact on the development of fabric (e.g., Turner & Weiss, 1963, p. 363; Borradaile, 1981). As experimental work suggests (Jordan, 1987), fabric development during deformation may result in strain-dependent rheology. Fabric development is a complex process in polyphase rocks that involves the simultaneous interaction of many deformation mechanisms. However, the wealth of fabric data provided by EBSD analysis will allow us to obtain data for all fabric elements and address this complex process of fabric development. Additionally, we intend to examine the spatial relationships between areas within deformed rock in which different deformation mechanisms were active (see next section).

Several different questions are resolvable using the available EBSD data. Among these questions are the following: Which phases are active/passive during deformation? How quickly do different phases become aligned with increasing strain, both macroscopically (SPO) and at the lattice scale (LPO)? At what finite strain does rheology of a given material change, and to what, if any, microstructural development does this correlate?

2a. Connectivity and wavelets

One aspect of fabric development that we propose to quantify is the connectivity of particular phases. Connectivity describes the degree to which the grains of a particular phase are connected within a rock sample at a particular scale of observation. Seminal experimental work by Jordan (1987) demonstrates that weak phase connectivity increases with finite strain, which has significant impact on  rock rheology. Once such a network exists, the rheology of the aggregate may be dominated by the rheology of the incompetent phase even if the volumetric proportion of that phase is small (< 20% - Jordan, 1988; Handy, 1990). This increase in connectivity, typified as segregation of minerals, occurs at all crustal levels (e.g., Goodwin & Tikoff, 2002). These effects may result in strain-dependent material behavior (e.g., strain hardening, strain softening), which is well established (e.g., Schmid, 1982; Kirby, 1985). 

We propose to quantify connectivity through analysis of SPO of minerals within each clast using anisotropic wavelet transforms (commonly referred to as wavelets), a mathematical technique useful for the objective analysis of complex orientation and distribution data sets at any scale. Wavelets are mathematical functions that divide data into different frequency components, and are then used to study each component with a resolution matched to its appropriate scale. They have advantages over traditional Fourier methods in physical situations where the signal contains discontinuities and sharp changes, as may be the case with connectivity of minerals. The method has been successfully applied to the quantitative analysis of rock fabric (e.g., Gaillot et al., 1997; Gregoire et al., 1998; Gaillot et al., 1999). The power and uniqueness of this technique comes from its simultaneous consideration, at a range of scales, both geometry (size, shape, orientation) and distribution of objects. By quantifying connectivity within a given clast population over a range of finite strains, we can establish an empirical relationship between finite strain and connectivity. We anticipate that the clast populations that display strain dependent rheology have a demonstrable increase in connectivity with increasing strain (e.g., Jordan, 1987). The anticipated result of this analysis is an empirical relationship between connectivity, finite strain, and rheological variations for each clast population.

3. Constraining strain path

Strain path may play an important role in the development of microstructures, and thus the strain-dependence of rheology. Despite its attention in the structural geology literature (e.g., Elliott, 1972; Tikoff & Fossen, 1993; Srivastava et al., 1995; Fossen and Tikoff, 1997; Bhattacharyya & Hudleston, 2001; Bailey & Eyster, 2003), strain path is difficult to document unambiguously for naturally deformed rocks (e.g., Means, 1976). We have devised a way to test whether rheology depends on strain path despite the inherent difficulties with unambiguously determining strain path. Essentially, we will examine areas where strain path is distinctly different.

Our preliminary work indicates that the strain paths in the Rainy Lake region and the Gem Lake shear zone are markedly different. Strain path can be partially addressed by calculating Wk, the ratio of rotation rate to stretching rate.  If two areas have different Wk values, they must have deformed by different strain paths (e.g., Bailey & Eyster, 2003).  Based on fabric evidence, the kinematic framework for the Gem Lake shear zone can best be described as homogeneous transpression (Sanderson & Marchini, 1984), with vorticity estimates of Wk > 0.81 (Tikoff and Greene, 1997). The strain path within the Rainy Lake region generally involves a dextral shear with a strong component of variable extrusion orientation (pure shear) (Czeck & Hudleston, 2003). The kinematic vorticity estimates are variable across the region, but fall in the range of 0 < Wk < 0.68 (Czeck & Hudleston, 2003). Despite their unrelated natures, the Rainy Lake and Gem Lake areas have (1) zones of similar finite strain magnitude, and (2) similar compositions of certain clasts. Thus, comparison of the two field areas will elucidate whether strain path has an effect over the range of conditions observed in the two shear zones.

4. Fluids

Fluids clearly influence rock strength and affect deformation mechanisms (Terzaghi, 1943; Rutter, 1972, 1974; Paterson, 1978; Rutter, 1983; Farver & Yund 1992, Kohlstedt et al., 1995; Jung and Karato, 2001). Further, more recent work suggests that fluid composition also influences deformation mechanism (Selverstone et al., 2003). Because fluids play such an important role in rock deformation, we will conduct a fluid inclusion study to determine their importance in the case of the two field areas we are considering.

We will look for variations in fluid inclusion composition that correspond to the changes in the rheology of a particular clast type. We recognize that we cannot determine the amount of fluid using fluid inclusions, so we cannot rule out the possibility that variations in fluid flux contribute to rheological variations. Finally, fluid inclusion analysis has the additional advantage of providing quantitative data on conditions (P, T) of deformation (Roedder & Bodnar, 1980; Burruss, 1981; Roedder, 1984), so the analysis will be useful regardless of the results.  This study will be conducted in collaboration with Dr. Phil Brown at the University of Wisconsin – Madison (see letter of support).

Fluid inclusion analysis will be conducted on samples collected along traverses extending from low strain zones to high strain zones. This sampling strategy will allow us to address both the relative fluid content of high and low strain zones, inferred from fluid inclusion densities, and variations in fluid composition/fluid history with strain. The first step in evaluating the fluid history of variably deformed domains will be to distinguish between primary fluid inclusions, which are contemporaneous with mineral growth, and secondary fluid inclusions, which post-date growth (Roedder, 1984). Secondary inclusions are typically trapped either in healed intracrystalline microfractures (Roedder, 1984) or within grain boundaries, where they record redistribution of inclusions during dynamic recrystallization (Hollister, 1990).

C. Relating microstructural evolution to finite strain

The extensive interrelated data sets we will collect provide us with a unique opportunity to examine how different rock types accommodate finite strain. Each field area’s strain gradient provides a natural laboratory allowing us to use the “space-for-time” tradeoff - we can observe the temporal development of microstructures for any particular clast type lithology by looking at spatial position from undeformed to highly deformed across the shear zone. In particular, we will gather two broad types of information: (1) quantitative data about fabric development, and (2) qualitative inferences about rheology. Our ultimate goal is to determine if there are specific microstructural patterns (fabrics) responsible for changes in the relative deformation behavior of clast populations (e.g., segregation of weak minerals into an interconnected network). 

1. Quantitative fabric development

We will thoroughly document the microstructural evolution of each clast type from undeformed to deformed across the finite strain gradient. We will focus on three quantitative measures of fabric for each mineral phase: (1) development of LPO (EBSD analysis – Section B1), (2) development of SPO (fabric analysis – Section B2), and (3) connectivity (wavelet analysis – Section B2a). These individual measures of fabric were described above, but the strength of our method is the combination of these techniques. Our goal is to develop a quantitative understanding of how the microstructural development of each phase occurs.

Additionally, we will make qualitative microstructural observations in order to characterize the relative strength of the different mineral phases. For example, granite clasts may display plagioclase that was fractured (suggesting it was strong and supported relatively high flow stress) while mica was slipping along cleavage planes and localizing into shear bands (suggesting it was relatively weak and supported low flow stress).

This approach will fundamentally affect how fabric is analyzed in structural geology. Given the abundance of data, we will be able to analyze the strongest (most rigid) and weakest (most interconnected) phases because these end-members provide the most information about qualitative rheology. We anticipate that the fabric data will show that weak phases develop connectivity and a strong LPO, while strong phases develop a strong SPO. Our anticipated results are based on the predictions of experimental and conceptual models for deformation of polyphase aggregates (Jordan, 1988; Handy, 1990, 1994; Tullis et al. 1991; Goodwin & Tikoff, 2002). Because our methodology uses finite strain analysis as its basis, we can test the model predictions and quantify the development of these characteristics for naturally deformed rocks.

We further hypothesize that the connectivity of the weak phase is probably the most relevant for rheological information. Through wavelet analysis, we will be able to quantify both the orientation and amount of connectivity for an individual phase. This can be directly compared to LPO development, which should act as a double-check. Because connectivity and LPO data are related directly to finite strain values, we can provide a tie between progressive finite strain and rheology through conceptual models (e.g., Handy, 1990, 1994).

2. Qualitative rheological inferences

There are two ways in which the quantitative fabric development data, outlined above, will allow us to make rheological inferences about deformation. First, we anticipate that we can evaluate which microstructures are the most important in determining the rheological behavior of rocks.  We will quantitatively investigate how a microstructural characteristic(s) (e.g. connectivity) correlates with increases in relative strain rate for a particular clast type.  Using this approach, we can make specific ties between fabric development (e.g. connectivity) and rheological behavior (e.g. increased strain rate).
Second, we can make rheological inferences about deformation concerning microstructures that are not currently addressed in conceptual models. In particular, we focus on the effect of two ubiquitous features of naturally deformed rocks: (1) initial grain size, and (2) initial fabric. This approach is possible because we can examine and analyze rocks outside of the strain gradient. Particular clast types may have the same bulk composition as the matrix, but simply deform less because of larger grain size (this has been qualitatively observed for the granite clasts in the Seine River conglomerates). Given the wide range of clast types in both field areas, we can provide first-order estimates on the role of both grain size and initial fabric on deformation.

In summary, this methodology provides a new outlook on how to get rheological information from naturally deformed polyphase rocks. We are confident in our ability to get useful information using this approach. We propose, however, to develop a secondary methodology than will allow us to extract quantitative rheological data directly from the microstructures, as outlined in the next section.

D. Extracting quantitative rheological information from naturally deformed conglomerates

The relative deformation behavior information provided by extensive finite strain and microstructural data sets allow us to place qualitative constraints on the rheology of naturally deformed rocks. It may be possible, however, to extract quantitative information from the same data sets by using a well-understood standard as a reference. In particular, we will quantitatively compare the deformation of each clast population with that observed in quartzite clasts (consisting of pure quartz). The deformation of quartz has been extensively studied both experimentally and under natural conditions (e.g. Rutter, 1972; Tullis et al., 1973; White, 1976; Bouchez, 1977; White, 1977; Hirth & Tullis, 1992, 1994; Dunlap et al., 1997; Hirth et al., 2001; Trepmann & Stoeckhert, 2003). By rigorously comparing quartz deformation styles within quartzite and polymineralic clasts, and treating the behavior of quartzites as known, we can quantify the behavior of all clast types relative to this standard.

1. Non-Newtonian rheology and its complications

The relative viscosities of two Newtonian materials can be quantified by simply observing the relative amounts of finite strain they record during a given deformation (Cobbold, 1983). Cobbold (1983) and Treagus & Sokoutis (1992) showed that, in contrast, the viscosity ratio between Newtonian and non-Newtonian materials or between two non-Newtonian materials is not constant. Consequently, the relative amount of strain recorded by any two materials (assuming one or both is non-Newtonian) does not reflect the relative viscosity of the materials in a straight-forward fashion. This complexity presents a serious obstacle to extracting rheological information simply from observations of strain in rocks.

We anticipate, however, that a solution exists to this difficulty. Flow stress estimates for the weakest and strongest phases in a particular polyphase rock type provide brackets on the possible range of stress supported by that rock type. This information, combined with strain rate information (from finite strain analysis), permits calculation of the range of possible viscosities for a deforming material. As we describe in the next section, this methodology is best constrained when one of the materials has a well-understood rheology.

2. Quartz deformation

We will consider how all clast populations deform with respect to clasts of quartzite, whose deformation has been extensively studied both in the laboratory and in the field (see citations above). This approach requires detailed microstructural information about quartz.  Recrystallized grain size piezometry (e.g. Twiss, 1977; Gleason & Tullis, 1993; Stipp & Tullis, 2003) provides estimates of flow stress supported during deformation by quartzite clasts at a given outcrop. In conjunction with knowledge of the conditions of deformation, we can use published quartz flow laws (e.g. Hirth et al., 2001) to estimate the absolute quartzite strain rate during deformation. With this knowledge of quartzite’s absolute strain rate and flow stress at a given outcrop, we have a concrete reference against which the deformation of other clast populations can be compared.

The key to our analysis is that multiple stations exist in each field area along a finite strain gradient. We will analyze quartzite deformation at each station to determine the strain rate and flow stress. These data can be plotted on a rheology map (Treagus & Sokoutis, 1992). This plot (log stress vs. log strain rate) provides a simple way to distinguish between materials with various power law exponents - a material with a certain exponent will have a distinct linear slope. By a fitting line through the quartzite data points we can estimate a power law exponent and compare our result with published quartzite flow laws. 

From this point in our analysis, the rheology of all of clast populations will be related to the calculated rheology of quartzite. By comparing the finite strain of the quartzite clasts to another clast type (e.g. granite) at a given outcrop, we can characterize the relative strain rate of these materials. Plotting granite’s rheology (for this outcrop) on the rheology map now requires some estimate of flow stress. Instead of determining a precise value for the flow stress supported by the granite clast population, we will constrain the stress range by estimating the stresses supported in the strongest and weakest phases within the granite clast population based on the deformation behavior of those phases (e.g. determined by fracture in feldspar and slip along micas) and published experimental flow stress data. Thus, for each clast population, we can place loose maximum and minimum constraints on the possible flow stress supported by that population during deformation. Fitting curves through these strain rate / flow stress data for each clast population will allow us to constrain the rheology of that rock type. 

We anticipate that this methodology will distinguish between Newtonian and non-Newtonian deformation behavior. Moreover, by fitting lines through the fields on the rheology map, we can estimate a clast population’s power law exponent or identify whether, in fact, a single exponent can describe our observations.  The precision of our quantitative rheological estimates, however, ultimately relies on the precision of our strain rate and flow stress estimates. Regardless, this approach provides a possible method for determining basic information that is presently unattainable for naturally deformed rocks.

E. Concluding remark on methodologies

We note that our proposed work does not follow a known methodology, although parts of the methodology are clearly derived from previous workers. We anticipate that our first goal, documenting quantitative variations in fabrics and strain (section C), will have few complications and result in important findings. Our current state of knowledge linking fabrics to variations in finite strain is qualitative; our study will result in a wealth of quantitative data.

We cannot predict with such certainty our quantitative estimates of rheology (section D) due to many variables. Although our findings are likely to be complex, it is only by doing our proposed type of field data analysis that it will be possible to constrain better the complexities of natural deformation and better understand how to relate field observations to experimental results. 

V. INTELLECTUAL MERITS AND BROADER IMPACTS OF PROPOSED RESEARCH

A. Intellectual merits and anticipated results

We anticipate that the proposed research will result in answers to some specific questions (e.g., Is connectivity of the weak phase a controlling factor for rheology), but have far-reaching implications to broad disciplines of tectonics and structural geology. We hope to accomplish the following:
(1) Provide structural geologists with two distinct data sets. The first is the relation of fabric to finite strain in two well-controlled examples (Rainy Lake shear zone and Gem Lake shear zone). The second is to generate the first comprehensive dataset for strain in heterogeneous materials. We know of very few prior studies that measure strain in multiple materials that have undergone the same deformation event (Huber-Aleffi, 1982; Czeck, 2001; Treagus & Treagus, 2002), and our proposal would significantly expand the scope of these studies both in terms of types of material and number of measurements.

 (2) Provide field geologists with a methodology for extracting quantitative rheological information from field data. 

 (3) Initiate a dialog and provide a methodological link between experimentalists and field geologists. Experimental geologists have made significant progress towards our understanding of rheology of natural materials. Unlike textural studies of microstructures, field geologists have rarely applied quantitative aspects of experimental rheology work to naturally deformed terranes. This study should provide a methodology to provide field-based constraints to the experimental community.

B. Broader impact

The proposed research will provide education and on-the-job training for graduate students in Milwaukee and Madison. The funding will facilitate the career of Eric Horsman, who is conducting Ph.D. research with Tikoff at Madison, and Darlene Fissler, conducting M.S. studies with Czeck in Milwaukee. Undergraduate students from both research universities will also participate in research and interact with scientific professionals from different institutions. The collaborative nature of the project will provide opportunities for students to understand the different tools that can be brought to bear on a complex problem, and to collaborate in the integration of multi-disciplinary data sets. 

Teaching activities will be facilitated and assessed and refined through the active participation of Tikoff and Horsman in the NSF-sponsored Center for the Integration of Research, Teaching and Learning (visit www.wcer.wisc.edu/cirtl/ for information), which is based in Madison. These types of opportunities often provide the spark of excitement of scientific discovery in undergraduate students that motivates them to continue their education and pursue graduate degrees. 

The work plan is structured in such a way that undergraduate and graduate students from all institutions will have the opportunity to work informally with one another and with faculty members from other institutions. While the two universities are only 80 miles apart and they share system-wide UW facilities (such as the microprobe housed at Madison), there has been little collaboration between the two departments, even though they sponsor the only two Geoscience graduate programs in Wisconsin. This project will expose students, particularly undergraduate minority students, from the urban Milwaukee campus to the research facilities in Madison. This collaboration will broaden the students’ intellectual experience by working in different academic environments. We wish to note that Horsman taught structural geology at UW-Milwaukee immediately prior to Czeck’s arrival there and consequently is ideally suited as a liaison. 

VI. Research Responsibilities and Schedule
Czeck & Fissler have primary responsibility for the Ontario conglomerates, while Tikoff & Horsman will have primary responsibility for the California conglomerates. We emphasize, however, that both PIs and Horsman will work on aspects of both projects.  Czeck has worked extensively with deformed conglomerates and associated strain analysis, while Tikoff is an expert in strain modeling. In addition, we anticipate multiple senior theses will be produced from this project.

First year: July 2005 - June 2006. Czeck and Fissler finish fieldwork in Ontario; Tikoff and Horsman join for one week. Horsman and Tikoff finish major fieldwork in California, Samples are cut and EBSD analysis is initiated in the fall. Strain analysis, petrological work, and microprobe analysis to establish P-T conditions are conducted. Wavelet analysis is initiated. The first papers on strain in the conglomerates are written. Horsman finishes Ph.D. dissertation.

Second year: July 2006 - June 2007. Horsman and undergraduate finalize fieldwork in California, although most effort is concentrated on the microstructural analysis. EBSD analysis continues for both projects, with work focusing on characterization of the role of specific minerals and fabrics on rheological variations. Wavelet analysis is finished. Papers on microstructures and relationships to strain and rheology are written for publication. Fissler finishes M.S. thesis.

VII. PRIOR NSF SUPPORT

** Czeck has not received prior NSF support.

** Tikoff   (NSF-EAR 0001092: Testing Three-Dimensional Kinematic Analysis Of Mid-Crustal Ductile Shear Zones: Deformation Within The Western Idaho Shear Zone, Idaho in collaboration with Dr. William McClelland ($69,764 for the University of Wisconsin-Madison part, two years, June 1, 2000-May 31, 2002). 

The goal of this grant was to test the applicability of three-dimensional kinematic analysis to the Late Cretaceous western Idaho shear zone, Idaho. The western Idaho shear zone is a sub-vertical, mid-crustal shear zone that juxtaposes accreted terranes (Seven Devils - Wallowa) against the North America cratonic margin.  Disparate models for displacement along the shear zone have been proposed.  To distinguish between the kinematic models, we successfully completed an integrated structural, microstructural, and U/Pb geochronologic investigation of the Late Cretaceous western Idaho shear zone.  The results include a theoretical study of rigid rotation of elliptical marker tested against a physical model (Giorgis et al., 2004).  The theory was applied to the rotation of feldspar megacrysts within the western Idaho shear zone, to constrain the type and amount of deformation in the western Idaho shear zone (Giorgis & Tikoff, 2004).  The regional tectonics have proven to be a fascinating part of the study, allowing us to explore the role of anisotropy and pre-existing structure on the neotectonic development of regional extension.  The recognition of pervasive normal faulting allowed a first-order reconstruction of the western Idaho shear zone (Tikoff et al., 2001).  This model was rigorously tested using paleomagnetic data, suggesting an even more complicated role of vertical axis rotation in the extensional reactivation of the western Idaho shear zone (Giorgis et al., in press).  These reconstructions allow us to investigate the reconstructed kinematics (Giorgis et al., in review) and exhumation (Giorgis et al., in prep.) of the shear zone.

The one thesis, five published papers, and two additional papers (in review and in prep.) written with support from NSF-EAR 0001092, noted above, are listed in the references




Figure 1 – Flowchart outlining our proposed methodologies.  





Figure 2 – (a) The Superior Province. From Card & Ciesielski (1986). Location of study indicated by a star. (b) The Rainy Lake Region. Modified from Davis et al., 1989. (c) Seine River Conglomerate. View of subhorizontal planes showing low deformation, moderate deformation, and high deformation





Figure 3 – (a) Location map with California regional map inset - Sierran pendants shaded. (b) Map showing locations of preliminary fabric measurements within the strain gradient of the GLSZ. (c) Block diagrams compiling the measured two-dimensional shape preferred orientations (SPO) for four clast populations into three-dimensional SPOs at each of the three stations. 
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