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ABSTRACT OF THE THESIS

SPATIAL DISTRIBUTION OF RIFT-RELATED FRACTURES: FIELD
OBSERVATIONS, EXPERIMENTAL MODELING, AND INFLUENCE ON
DRAINAGE NETWORKS
by ROLF V. ACKERMANN

Dissertation Director:

Professor Roy W. Schlische

Knowledge of the spatial distribution of fractures within a rock volume is integral to
our understanding of the processes of faulting, as well as the construction of effective
fractured hydrocarbon and groundwater reservoir models. The mode of fracturing (mode I,
mixed mode II/III, or mixed mode I/IV/II) is governed by the strength of the rock, such
that in interbedded lithologies of contrasting mechanical character an apparently predictable
mechanical stratigraphy based on relative abundances of strong vs. weak minerals arises. If
strain accommodation among the different lithologies is roughly comparable, and there is
an absence of bedding-parallel detachments, a Mohr-Coulomb model for semi-coeval
macroscopic failure can be constructed. The mechanical characteristics of the rocks not
only govern the stratigraphic (vertical) distribution of structures, but also the lateral
distribution. The distribution of neo-formed normal faults (shear or Mixed Mode /1T
fractures) is governed by the long- and short-range elastic interaction of structures, giving
rise to a correlated spatial distribution and power-law distribution of fault sizes. Mechanical
layer thickness appears to be an important factor in these distributions, such that when the
layer is exceeded, the stress-reduction shadows around normal faults (which are the means
by which they elastically interact) cannot expand. This retards the long-range interaction of

structures, suppressing spatial correlations. This in turn leads to a quasi-regular distribution



(spacing) of structures and exponential size distributions. All of these factors combine to
produce the populations of fractures we see in outcrop and at the regional level, where
fractures heavily influence and interact with the processes shaping the landscape. A
fundamental mechanism for landscape evolution is fluvial denudation, commonly in the
form of channel incision into bedrock. The mechanics and details of this process are not yet
thoroughly understood, but it appears that the stream power of a channel is generally
positively correlated with its ability to override the influence of the geologic structures in

the underlying bedrock.
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PREFACE

I know of no more encouraging fact than the unquestionable
ability of man to elevate himself by a concious endeavor.

- H.D. Thoreau
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INTRODUCTION

Fractures are ubiquitous within the Earth's crust, forming in response to a wide
range of far and near-field forces and deformation mechanisms, from continental rifting to
contracting lava as it cools. Fractures can be observed over a wide scale range, from micro-
fractures in sandstones recovered in cores to continental lineaments. They provide
pathways for fluid migration (e.g. groundwater and hydrocarbons) in the subsurface, and
heavily influence the weathering of bedrock at the Earth's surface. Continental rift basins
form as a result of far-field tension due to continental break-up. In effect, the border fault
system of a rift basin is nothing more than a very large shear fracture. Our understanding of
the evolution of continental rifts and the structures they contain is frequently hampered by
poor exposure and complex basin architecture. The goal of this dissertation is to address
four questions related to continental rifts, all of which are concerned with the spatial
distribution of fractures in an extensional system.

Chapter One addresses the issue of how bedrock structures (primarily fractures)
affect modern fluvial denudation of the basin fill of an ancient rift. It is generally accepted
that bedrock structure plays a role in channel incision into bedrock, but until now there
have been a limited number of studies that address the issue specifically and at the regional
scale. Chapter One is a preliminary study of first-order, regional structural controls on
modern drainages in the Newark rift basin on the east coast of North America, and will be
submitted as a manuscript to the Journal of Geology. The ideas in Chapter One and the
discussion of how fractures influence channel incision lead to the questions, "How did the
fractures form, and why are they distributed as they are?" Chapters Two through Four
systematically address these questions.

Chapter Two examines the brittle deformation of a sequence of sedimentary rocks
in the Danville rift basin, which belongs to the same rift system as the Newark basin. The

field locality is at the Solite Quarry, and provides a comprehensive suite of neo-formed and



re-activated rift-related brittle structures. The analysis focuses on the vertical (stratigraphic)
distribution of these structures, and reveals that mineralogy is a key factor in their
formation, which must have occurred under a specific set of conditions. An expanded |
version of Chapter Two has been submitted in manuscript form to the Triassic-Jurassic Rift
Basin Geoscience Special Volume (P. LeTourneau and P. Olsen, eds., Columbia
University Press). Chapter Three takes a specific subset of the features (small neo-formed
normal faults) described in Chapter Two and provides a rigorous analysis of their spatial
distribution within the rock volume. The results of the analysis have important implications
for the distribution of stresses in the volume surrounding a fault, the elastic interaction of
faults with each other, and the temporal evolution of neo-formed normal fault systems.
Chapter Three will be published in the journal Geology in late 1997 or early 1998.

Chapter Four will be submitted to the Journal of Structural Geology, and takes up
the question of the temporal evolution of neo-formed normal fault systems using scaled
physical (wet clay) models. The model discussed is of simple extension of a single
mechanically homogeneous brittle layer, and is analyzed using fault population systematics.
Fault population systematics integrates data on strain accommodation, fault geometries,
scaling relationships, and the size and spatial distributions of faults. The systematics of a
structural system reflect its framework and history, both of which are crucial to petroleum
and groundwater investigations; studies of fault populations have recently received
considerable attention (see Cowie et al., 1996). Chapter Four brings the dissertation full
circle by examining the spatial distribution of fractures from the onset of deformation to

structural maturity.



CHAPTER ONE: REGIONAL STRUCTURAL CONTROLS ON
MODERN DRAINAGE MORPHOLOGIES IN THE MESOZOIC
NEWARK BASIN OF EASTERN NORTH AMERICA

SYNOPSIS

The geometries and forms of drainage networks in the (Mesozoic) Newark basin on
the east coast of North America reflect the underlying geologic structures. The Newark
_basin lies on a passive margin in a temperate climate, and is drained by streams floored
with bedrock and a veneer of bedrock chips and slabs. The goal of this study is to
determine if there is a first-order relationship between drainage network form and geologic
structure. The data suggest that there is a general correlation between stream order and
structural controls, such that lower order streams tend to be moderately to strongly
influenced by geologic structures, whereas high order streams (high values of stream
power) tend to override their influence. The influence can be muted by factors such as thick

overburden (e.g. glacial deposits) and structural complexity.

INTRODUCTION

A fundamental rate-limiting process in landscape evolution is the incision of stream
channels into bedrock (e.g. Seidl et al., 1997). Hillslopes respond to bedrock channel
incision in terms of both form and process (e.g. Burbank et al., 1996). An important issue
is the role of structural and lithologic controls on channel morphology and the geometry of
drainage networks. Although it is generally agreed that geologic structure is important, it is
not yet clear what control that the underlying bedrock structure does or does not exert on
channel form and process (e.g. Harden, 1985; Horton, 1945; Howard, 1967; Miller, 1991;
Schumm et al., 1987; Seidl and Dietrich, 1992; Wolman et al., 1990; Wohl, 1990; 1992;

1993; Wohl et al., 1994).



Rock strength or resistance to erosion can determine flow patterns, channel
morphology, knickpoint migration, and channel incision (e.g. Howard and Kerby, 1983;
Baker, 1984; and Wohl et al., 1994). Part of the Nelson River valley in Canada follows a
topographic break or trough in the raised arc of the Precambrian shield surrounding
Hudson Bay (Wolman et al., 1990). The St. Lawrence River reflects hydrologic control by
the Great Lakes, but within a geologic path determined by the contact between crystalline
and sedimentary rocks (Wolman et al., 1990). Marked differences in channel form and the
dimensions of meanders have been attributed to differences in the relative erodability of
bedrock (e.g. Abrahams, 1985; Braun, 1983). Others have concluded that rock strength
plays a minimal role in determining channel form (e.g. Harden, 1985; Miller, 1991; Seidl
and Dietrich, 1992; Wohl, 1993).

Bedrock-influenced or controlled stream channel morphology has been found by
several workers to be related to the structure of the rocks. Miller (1991) correlated channel
gradient and bedding plane orientation (relative to flow) to knickpoints, and Schumm et al.
(1987) found that sinuosity increases when a stream flows up-the-dip of the underlying
bedrock. Harden (1985) determined that bedrock structure was the only significant factor
that discriminated between straight and meandering reaches in the central Colorado plateau.

Fractures in bedrock are common to most all geologic settings, and seem to exert
varying degrees of influence on stream channels. There are joint controlled drainage
patterns (e.g. Baker, 1984; Howard, 1967; Myrick et al., 1988; Nelson, 1988; Yelderman
et al., 1988; Zernitz, 1932), and fractures in bedrock have been found to control stream
channel and/or valley orientation (e.g. Fisher et al., 1988; Johnson, 1988; Steele et al.,
1988; Canavan and Kochel, 1990). Wohl (1990) and Miller (1991) concluded that joints
can be conducive to plucking and quarrying by stream flows when oriented normal to flow,

and fracturing may be conducive to erosion and knickpoint formation (Wohl et al., 1994).



Pools and riffles can be associated with areas where a river channel crosses local and
regional fracture zones (Dolan et al., 1978). Other studies have concluded that bedrock
structure plays a minimal, if any, role in bedrock-influenced or controlled channel
morphology (e.g. Seidl and Dietrich, 1992; Wohl, 1993).

There are clearly a variety of observations about the effects of geologic structure on
bedrock channel form and erosional processes. Until now, most studies have focused in
detail on one channel or a small drainage network of channels (e.g. Seidl and Dietrich,
1992; Seidl et al., 1994; Wohl, 1990; 1992; 1993; Wohl et al., 1994), and most of the
work has been in either fairly arid regions (e.g. Wohl, 1993, 1994), or in tectonically
active areas (e.g. Seidl and Dietrich, 1992; Seidl et al., 1994; Burbank et al., 1996), where
denudation rates can be assessed. There have been very few regional studies (e.g. Horton,
1945; Miller, 1991) that address the question systematically from a structural geology point
of view, in such a way that local structural perturbations are evened out. Hence, the
question of structural controls at the regional level remains relatively open and frustrating.
Since drainage network form can be used as a proxy for channel form, a regional analysis
of the interplay between bedrock architecture and drainage networks would prove useful
for studies of landscape evolution (e.g. Burbank et al., 1996; Seidl et al., 1997). In
addition, drainage networks are a convenient starting point for regional studies. Drainage
networks have been studied as a proxy for the underlying geology since the time of
Playfair, as well as in modern quantitative work (e.g. Horten, 1945; Howard, 1967).

This chapter approaches the problem of structural and lithologic controls on modern
drainage networks within the Triassic-Jurassic Newark rift basin of New Jersey from a
structural geology perspective. A comparison of drainage morphology with local structures
shows that in most parts of the basin, the stream channels generally parallel the underlying

structures in a systematic manner. Horton (1945) used several drainages in the Newark



basin to derive empirical relationships between channel length, number of streams, and
stream order. Horton (1945) then went on to show how geological controls affect these
relationships. This basin is ideal for this investigation not only because of Horton's
previous work, but also because (1) maps of the streams (coded by stream order) are
available in digital form; (2) the stratigraphy and structural geology of the basin is known in
great detail; and (3) the basin can be subdivided into a number of domains, the boundaries
of which are objectively delineated on the basis of stratigraphy and uniformity of geologic

structure.

FIELD SETTING

This study focuses on the modern drainages of the Piedmont physiographic
province (known locally as the Triassic-Jurassic lowlands) in New Jersey, USA. The
province is defined by the structural and stratigraphic boundaries of the Newark rift basin,
which is well understood in terms of both its structure and stratigraphy (e.g. Olsen et al.,
1996; Schlische, 1992, 1993). The Newark basin is one of a series of ancient half graben
rifts on the east coast of North America (Figure 1.1), which formed in response of the
separation of Africa and North America during the Mesozoic break-up of the Pangean
landmass. These basins have complex internal architecture that stems from the processes of
fault growth, linkage, and overall basin and crustal evolution (e.g. Anders and Schlische,
1994: Olsen et al., 1996; Schlische, 1992). Because the study area is located in a geologic
setting structurally characterized by the term "basin", in this chapter "basin” will refer to the
ancient rift structure (Newark basin), its sedimentary fill, and the geologic structures
expressed in that fill, not to any modern topographic or hydrologic division.

The Newark basin is bounded by a southeast-dipping normal fault system (border

fault system) on its northwestern margin, and contains a number of southeast-dipping



intrabasinal normal faults (Figure 1.1). The basin fill generally dips gently to the
northwest, consisting of sandstones, well-bedded mudstones, massive siltstones, and
shales (Stockton, Lockatong, Passaic, Feltville, Towaco, and Boonton Formations). These
sedimentary facies are interspersed with continental flood basalts (J acksonwald, Orange
Mountain, Hook Mountain, and Preakness Basalts) in the upper third of the section
(Schlische, 1992). Differential weathering of these lithologies has given rise to a
topography consisting of a broad lowland interrupted by long northeast-striking ridges
(deepest water facies and basalts) and uplands (basalts). The strike-ridges express a series
of longitudinal synclines and anticlines that formed due to differential subsidence of
hanging wall blocks on a segmented border fault system in conjunction with syn-tift
deposition (Schlische, 1992; 1993). Bedding generally strikes to the northeast, with local
variations to the northwest and southeast in folded areas. Differential regional hangingwall
subsidence also produced generally steeper dips in older units and those proximal to the
border fault system (Schlische, 1992; 1993). In addition to being well-understood, the
Newark basin provides the additional benefit of being located on a passive margin, where
complications due to regional and local uplift are avoided.

The soil mantle in the Newark basin is generally thin, although it is generally
thicker in areas affected by late Wisconsinan glaciation. Streams in the Newark basin
generally flow over bedrock covered with a thin veneer of bedrock chips and slabs. The
channels are floored with bedrock. The base of the banks is comprised of bedrock overlain
by soils derived directly from the underlying bedrock, in turn overlain by floodplain
deposits. Hence these channels fall somewhere in the middle of the bedrock-alluvial

channel continuum (e.g. Howard, 1980).



METHODS

The basin was subdivided into structural domains based on the types of structures
present and on the lithology (Figure 1.1) using 1:125,000 (Lyttle and Epstein, 1987) and
1:24,000 (Olsen et al., 1996) geologic maps. In addition, domains were subdivided based
on the southern ice limit of late Wisconsinan glaciation (Figures 1.1 & 1.2). Table 1.1
summarizes the domain definitions. General structural data (strike of bedding, trends of
fold axes) were acquired from the same geologic maps. Data on fracture sets were compiled
from various local studies within the basin (Schlische, 1990; Jones; 1994, Herman, 1996;
Muszala, 1996; Orabone, 1997), as well as from the Borehole Televiewer Logs (BHTV)
acquired during the Newark Basin Drilling Project (Olsen et al., 1996). The arrows
representing fracture orientations in Figures 1.3-1.9 represent the dominant fracture set,
derived from rose diagrams of fracture data from the aforementioned sources. Additional
subordinate fracture sets are presented in Figures 1.3-1.9 as shorter arrows. This chapter
focuses on six of the eighteen domains shown in Figure 1.1c; the results for the analyses
of all eighteen domains are summarized in Table 1.1. These six domains are the best
examples from the basin, representing a range of structures, lithologies, positions within
the basin, and degrees of correlation with the underlying bedrock structure. One of the
domains is subdivided into regions affected and unaffected by late Wisconsinan galaciation.

Drainage networks were analyzed using a digital data set from the New Jersey
Geologic Survey Geographic Information System. The streams were digitized and coded
with their Strahler order by the New Jersey Geologic Survey from 1:24,000 7.5' United
States Geological Survey topographic quadrangles. The geographic boundaries of the
Newark basin were used to parse the state stream channel data set, and the file (Figure 1.2)
was saved in a format compatible with desktop computer-based technical drawing software

(Canvas 3.5.4). Stream channels were objectively divided into headwaters to confluence



and confluence to confluence segments (Figure 1.3). Each segment was assigned a flow

vector, where the downstream direction is the azimuth component of the vector and channel
segment length (L) is the length component. The Strahler order coding was retained during
the data analysis. The length component for each vector was normalized (L,) by the sum of

the segments of a given order in a given domain:
L
L =——
XL,
where ( is the Strahler order. This permits the orientation data to be presented on polar
diagrams as shown in Figure 1.3, so that relatively short channel segments are not
overshadowed by substantially longer segments. Anthropogenic features such as canals
(e.g. the Raritan canal) and channelization for navigation (e.g. the Meadowlands) and
drainage (e.g. the Watchungs) were omitted from the analysis.
After we present the results of our analyses, we will suggest a generalized
correlation between stream order and the influence of geologic structure on channel form.
Since these channels are primarily floored with bedrock, we will utilize a stream power-

dependent erosion law for bedrock incision developed by Seidl et al. (1994) based on a

drainage area (A) slope (S) product:

-—E =kA"S" =

ot

where z is the elevation of the channel above some datum, ¢ is time, A is drainage area, ® is
stream power, and k, m, and n are empirical constants. This assumes that bedrock incision
occurs primarily during low-frequency high-magnitude discharge events, and that such
events scale positively with drainage area (A). As a general rule, higher order streams have
larger drainage areas and thus generally higher values of stream power and erosive
capacity. Howard et al. (1994) noted that erosion in bedrock channels depends on the

capacity to scour or pluck bedrock, which in turn is often a function of drainage area and

channel slope. Hence, we will use Strahler order as a proxy for stream power:
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LxAoc
This generalization facilitates this regional scale study, and assumes that there is little
variation in channel slope. Streams with higher values of { will generally have lower values
of S; our method assumes that an increase in A due to increasing { offsets this; this
assumption is clearly not entirely valid, but is necessary during a first-pass regional
analysis such as this. The generalization also assumes that all second order streams will
have a greater value of © than all first order streams. This is clearly not the case: two
extremely small first order channels may confluence to form a small second order stream,
which will have less ® than a larger first order stream with a larger drainage area (A).
Finally, we will assume that streams take the route to base level that conserves the most

energy.

RESULTS

A cursory examination of the map in Figure 1.2 reveals a range of drainage
patterns, from dendritic to trellis to radial, and hybrids thereof (e.g. Horton, 1945;
Howard, 1967; Zernitz, 1932). When this map is compared to the geologic map of the
Newark basin in Figure 1.1, a first-order correlation between drainage networks and
geologic structures is readily apparent. For example, the streams in Domain 16a follow the
folds defined by basalt flows very closely. Similarly apparent relationships can be found in
Domains 3, 7, 9, 10, and 16b.

A detailed analysis of Domain 3 is presented in Figure 1.4. This domain is
underlain by uniformly striking (~060°) Lockatong formation (gray to black shales), and is
bounded to the southwest by the Delaware River. Proximity to the river results in a fair
number of channels with flow vectors to the southwest. The drainage pattern is best

described as trellis. There is a strong correlation between the strike of bedding and first
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order channel flow vectors. The relationship between second order channels and bedding
or the dominant (~045°) fracture set is ambiguous. Third order channels do not show good
correlation with bedding or fractures, although the map pattern suggests that they may be
exploiting the subordinate fracture set (150°).

Domain 7 is also underlain by the Lockatong Formation, but here the rocks are
folded into a gently plunging open syncline with a west-trending fold axis (Figures 1.1&
1.5). The Flemington fault forms the southeastern boundary of Domain 7, and serves as a
drainage divide along its southern end (Figure 1.2). The hybrid dendritic-trellis drainage
pattern in Domain 7 (Figures 1.3 & 1.5) mirrors the geometry of the fold (Figure 1.1),
although first order streams show limited correlation with the strike of bedding (fold limbs)
(Figure 1.5). Second order streams show some correlation with the limbs of the fold; they
may also be exploiting the fractures. There are a limited number of third and fourth order
channels, and they show weak correlation with the geologic structures.

The drainage pattern in Domain 12 is dendritic, underlain by Lockatong Formation
uniformly striking ~060° (Figures 1.1 & 1.6). The Delaware River forms the southwestern
boundary of this domain. First and second order streams show moderately good correlation
with bedding and the fracture sets present, although it is difficult to determine if bedding or
fractures are the dominant control, since they are subparallel. Many third order channels
show close correlation with fractures, although there is a subset of channels orthogonal to
the regional fracture sets. There are not any fourth order channels in this domain, and fifth
order channels do not show any correlation with bedrock structure.

Domain 15 is the most structurally complex domain studied, and is located in the
interior of the basin, bounded to the west by the Hopewell Fault, and is characterized by a
dendritic drainage pattern. Even though a generalized bedding orientation is given in Figure

1.7, this region of the basin is characterized by highly variable bedding strikes. Fracture
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orientations are not readily available for this domain, although the regionally dominant
northeast-striking set is most certainly present. Flow vectors for first order channels span
the compass with no apparent uniform trend (Figure 1.7). Second, third, and fourth order
channels show similar variability, whereas fifth order channels generally show a preferred
flow vector subparallel to bedding, oriented slightly up-dip. Sixth order streams show a
similar orientation, but are generally orthogonal to fifth order streams.

The southern limit of late Wisconsinan glaciation separates Domains 16a and 16b.
Domain 16a lies to the south of the ice limit and Domain 16b lies to the north. Both are
underlain by folded basalt flows and Jurassic strata, and contain intrabasinal faults. As is
the case with Domain 15, fracture data are not readily available for these domains. The
primary difference between Domains 16a and 16b is that sedimentary cover in Domain 16b
is primarily glacially derived and thicker than that of Domain 16a. In both domains the
basalt flows form major drainage divides due to differential weathering, and their influence
can be seen in the drainage patterns. For example, there are streams caught between the
Preakness and Hook Mountain Basalts (Figures 1.1 & 1.2), flowing northward on the
Towaco Formation, following the strike of bedding closely and outlining the folds. In
Domain 16a the two dominant bedding orientations (Figure 1.8) are defined by the limbs of
a large syncline with a north-northwest-trending fold axis. These structures and the strong
differential weathering make this a complex region; this is reflected in the combination of
dendritic, annular, and trellis drainage patterns. Flow vectors of first order streams (Figure
1.8) show a large amount of scatter with no apparent preferred orientation. However, a
rose diagram of flow azimuths (Figure 1.8) shows that there are more channels that flow in
the direction of ~190°-200°; this is subparallel to the fold hinge. Second order channel flow
vectors show similar scatter, and the rose diagram of azimuths also reveals a subtle

preferred orientation, in this case to the south-southwest, subparallel to the fold axis.
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Third, fourth, and fifth order channels also show substantial scatter, whereas sixth order
channels show a strong preferred northeast flow direction. This is parallel to the strike of
bedding on the southeastern limb, with drainages caught between basalt ridges flowing
generally northward into Domain 16b.

The most marked difference between Domains 16a and 16b is that even though they
are underlain by the same rocks and types of structures, and the drainages are affected by
basalt ridges, (generally following the folds), the generally dendritic drainage pattern in
Domain 16b is simpler than the drainage pattern in Domain 16a. First and second order
channels do not show a preferred flow azimuth, whereas a slight majority of third order
channels flow subparallel to the fold axes. Fourth order channels do not appear to have a
preferred flow direction. Fifth order channels flow subparallel to bedding strike and fold

axes, with sixth order channels often flowing orthogonal to this.

DISCUSSION

Table 1.1 summarizes the results for all of the domains analyzed. Structurally
complex domains and those affected by glaciation generally have dendritic drainage
patterns, whereas structurally simpler domains exhibit drainage patterns (trellis, annular,
hybrids of dendritic) that reflect the underlying bedrock geology. Differential weathering is
also apparent in the drainage patterns, with the streams broadly outlining the structures
(folds), similar to the Nelson and St Lawrence Rivers (Wolman et al., 1990). These
relationships are difficult to quantify on a regional scale, but are readily apparent when the
stream map in Figure 1.2 is compared with the geologic map in Figure 1.1. In detail, the
influence of structures on channel orientations is more difficult to extract. The data in Table

1.1 show a wide degree of variability and it is difficult to find consistent trends, indicating
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that there is not a simple correlation between drainage network form and geologic
structures.

In general, first order channels show a wide amount of scatter, although Domains
3, 4, 10, and 13 show strong correlations with bedding strike. There is also substantial
variability in 2nd order streams, with Domains 1, 3, 7, 8, and 16a showing strong
correlations with fractures. Third order streams generally show modest correlations with
structures, and are parallel or subparallel (within 15°) to fractures in Domains 1, 2, 3, 4,
12, and 14a. Third order streams parallel bedding in Domain 14a, and fold axes in Domain
16b. Fourth order streams also show modest correlations, and are parallel or subparallel to
fractures in Domains 1, 7, 8, 11, and 14a. They are also parallel or subparallel to bedding
in 9 and 14a. Fifth order streams show weak to no correlations with structures, with the
exceptions of Domains 8 (bedding) and 14b (bedding, joints). Sixth order streams show
weak to no correlations with structures.

The general trend that can be gleaned from these data is as follows: First order
streams do not consistently correlate with geologic structure. Mid-order streams (2 - 4)
usually show some correlation with geologic structure. High order (5 - 6) streams
infrequently correlate with the underlying structure. These are broad generalities,
exceptions to which are readily available in Table 1.1. Structurally complex domains show
weak to no correlations, with the exception of 1st order streams in Domain 16b. The
glaciated-unglaciated subdivisions of Domains 14 and 16 are structurally very similar, and
show generally the same patterns of flow vectors. Correlations between channels and
structures appear to be masked or not present in the formerly glaciated domains (14b &
16b).

We thus suggest the following "rule of thumb": Low order streams will not

correlate with the underlying bedrock structure if they are caught in the sedimentary cover
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(they are free to meander). Larger low order streams and mid order streams will have
enough power to cut through the relatively thin sedimentary cover in the Newark basin and
flow primarily over bedrock. Hence, they will be influenced by the underlying structures.
For example, less energy is expended by flowing parallel to joints than accross them:
structures normal to flow are conducive to quarrying (e.g. Wohl, 1990; Miller, 1991),
which in turn expends more energy. Higher order channels likely have enough power to
override structural controls, cutting across structures in order to take the route to base level
that conserves the most energy. The degree of influence will depend on thickness of the
overburden (e.g. glaciated vs. unglaciated), and complexity of the underlying structures,
both of which appear to moderate the influence of the underlying structures in the Newark
basin. In areas affected by late Wisconsinan glaciation, streams have to incise deeper into
the sedimentary cover before they can flow over bedrock. The bedrock in structurally
complex areas may be substantially weaker than in simple areas due to additive effects, e.g.
subsidence, folding, fracturing, contact metamorphism, and differential weathering vs.
subsidence and fracturing. The drainage patterns in both glaciated and complex areas tend
to be dendritic, perhaps implying that these materials respond to fluvial erosion as relatively
homogenous media.

The data suggest that there is indeed a first-order correlation between drainage
patterns and geologic structures, and that more detailed data are required to more clearly
define what the relationships are. It may be as simple as integrating channel segment slopes
or drainage areas or overburden thickness (or some combination thereof) into the flow
vector analysis. In structurally complex areas, it may be necessary to undertake detailed

studies of the structures underlying a few representative channels.
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SUMMARY

The data collected in this regional study suggest that there is a first-order
relationship between drainage network morphology and geologic structure within the
Newark basin beyond that readily apparent from maps. Stream order appears to be related
to the influence of the underlying structures on drainage patterns based on a stream power-
dependent erosion law: Low order streams caught in overburden will not follow the
structures, whereas mid-order streams flowing over bedrock will exhibit varying degrees
of conformity to structures. High order streams appear to have enough stream power to
override the influence of bedrock structure. These relationships break down in areas of
thick overburden (glacial sediments) and complex geologic structure. It is not apparent if
these relationships will hold in tectonically active regions or in areas with structural
histories different or more complex than that of the Newark basin. It is clear from the data
and the observations of other workers that more study both in the Newark basin and in
other structural settings is needed to better understand the control that geologic structure

exerts on fluvial form and process, as well as landscape evolution.
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Figure 1.3: Method for determining channel segment flow vectors.
Channels are broken down to confluence-confluence segments. Length
components are normalized to the sum of the lengths for a given order by
domain, and the normalized flow vectors are plotted on a polar diagram.
The example point shown represents a channel segment with a
normalized length of ~0.35 and a flow azimuth of ~135".
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Domain 3 - Uniform Lockatong Formation
Trellis

«——> Fractures (longer = dominant or regional set)
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Figure 1.4: Streams, flow vector and structural data
for Domain 3. See text for discussion.



Domain 7 - Folded Lockatong Formation
Dendritic/Trellis
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Figure 1.5: Streams, flow vector and structural data
for Domain 7. See text for discussion.
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Domain 15 - Basin interior, structurally complex
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\\ Figure 1.7a: Streams and structurai data for
Domain 15. See text for discussion.




Domain 15 - Basin interior, structurally complex
w3 Bedding (longer = dominant)
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Figure 1.7b: Flow vector and structural data for
Domain 15. See text for discussion.
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Domain 16b - Glaciated Basalt Flows and Jurassic Strata
Dendritic

-3 Bedding (longer = dominant)
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Figure 1.9b: Streams, flow vector and structural data
for Domain 16b. See text for discussion.
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16a - Unglaciated Basalt Flows and Jurassic Strata
Dendritic / Annular / Trellis
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Figure 1.8a: Streams and structural data
for Domain 16a. See text for discussion. 300 ; 60
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16a - Unglaciated Basalt Flows and Jurassic Strata
Dendritic / Annular / Trellis
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Figure 1.8b: Flow vector and structural data for
Domain 16a. See text for discussion.
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Domain 16b - Glaciated Basalt Flows and Jurassic Strata
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CHAPTER TWO: A LAGERSTATTE OF RIFT-RELATED TECTONIC
STRUCTURES FROM THE SOLITE QUARRY,

DAN RIVER/DANVILLE RIFT BASIN

SYNOPSIS

The Solite Quarry within the Dan River/Danville basin contains an extensive suite of
neo-formed and reactivated rift-related structures. The cyclical Leekesville Formation has
been deformed both ductilely and via all three brittle failure modes, exhibiting fracture
partitioning such that failure mode is lithologically dependent. All structures are tectonic,
extension estimates are roughly comparable for all failure modes, and there is a distinct
absence of bedding-parallel detachment horizons with normal separation. All extensional
structures formed in response to the same remote applied tectonic stress (Triassic rifting).
These observations imply that different beds failed coevally or semi-coevally in extension.
All contractional structures are consistent with earliest Jurassic inversion.

The normal faults present within the quarry are the smallest normal faults studied in
detail to date. These very small faults (~ 0.1 cm < L< ~200 cm) dip at 70° to bedding, are
synthetic to the border fault system of the basin, and are in most ways like larger faults.
They occur both as isolated features and as segments of relay systems. The faults exhibit
slickensided, mineralized fault surfaces; footwall uplift; hanging-wall subsidence; relay
ramps; and elliptical fault surfaces. Maximum displacement occurs at fault centers and
tapers to zero at the tips. These small faults extend the global length-displacement data set
from 7 to 9 orders of magnitude of fault length, and demonstrate that maximum
displacement scales linearly with length over that scale range, suggesting that fault growth

is scale invariant.
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INTRODUCTION

A field locality in the Dan River/Danville basin known as a major Lagerstitte for
Triassic terrestrial arthropods and flora (e.g. Frasier et al., 1996) contains an exceptionally
well-exposed suite of rift-related discontinuous (brittle) and continuous (ductile)
deformation features. Detailed study of this exquisite suite of structures permits
verification/nullification of a range of theoretical empirical relationships related to the
processes and results of fault growth, specifically fault-scaling laws. In addition, careful
studies of small-scale systems with simple strain histories provide information critical to a
comprehensive understanding of large-scale systems, such as rift basins, studies of which
are commonly hampered by poor exposure and complex basin architecture. Models of
fractured bedrock systems such as the eastern North American rift system require detailed
information on the size and spatial distribution of fractures in order to be effective for
purposes such as groundwater prospecting and mining, petroleum exploration and
exploitation, and the remediation of contaminated aquifer systems.

Fractures are ubiquitous within the Earth's crust, forming in response to a wide
range of far and near-field stresses, from continental rifting to contracting lava as it cools.
Fractures can be observed over a wide scale range, from micro-fractures in sandstones
recovered in cores to continental lineaments. In effect, the border fault system of a rift basin
is a very large shear fracture (see Schlische 1997). At this time, it is loosely accepted that
continental normal fault systems are scale invariant with respect to their geometry and size
distribution (e.g. Scholz and Cowie, 1990; Marrett and Allmendinger, 1992; Pickering et
al., 1995; Schlische et al., 1996). Although this is an extremely active area of discussion in
the literature and the focus of a great deal of research, it remains to be seen if all aspects of
fractures are indeed scale invariant. A considerable amount of attention has been centered in
recent years on understanding the processes of fault growth and coalescence, as well as

how fault systems change through time (e.g. Cowie et al., 1996). The population of
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structures at the Solite Quarry provides a unique opportunity to examine all of these issues
in detail.

In this chapter, we systematically discuss the rift-related structures present within
the Solite Quarry. The features are first described by category (brittle/discontinuous vs.
ductile, tension vs. shear) and then by type of strain accommodated (extensional vs.
contractional). We then examine how the different features are spatially distributed
(stratigraphically and laterally) within the quarry, and the implications of these observations
for fault-scaling relationships, lithologically dependent failure modes (mechanical

stratigraphy), and Mohr-Coulomb behavior.

GEOLOGIC SETTING

The outcrops discussed in this chapter are located in the Main and New quarries of
the Virginia Solite Corporation located in the Dan River/Danville basin, directly on the
border between Virginia and North Carolina (Figure 2.1). The Dan River/Danville basin is
part of the Mesozoic rift system on the eastern coast of North America, which formed in
response to the Triassic initiation of break-up of the supercontinent of Pangea. At the time
of rifting, 61 and 03 are inferred to have been vertical and NW-SE directed, respectively
(Schlische, 1997). The basin itself is a highly elongate half-graben with a southeast-
dipping border fault system (the Chatham fault zone) (Figure 2.1). The basin's high length
to width ratio (11:1) (Kent and Olsen, 1997) is likely a result of inversion of the basin
during earliest Jurassic time, due to re-orientation of the principal stresses at the onset of
seafloor spreading in the Atlantic ocean (Withjack et al., 1997).

The 4000 m of basin fill (Dan River Group) rest in depositional unconformity over
basement, and dip toward the border fault system at angles from 20° to 50° (Kent and
Olsen, 1997). The Solite Quarry lies within the upper Cow Branch Member of the
Leekesville Formation, as defined by Kent and Olsen (1997). This member, as described

by the previous authors, is a ~1950 m thick sequence of cyclic grey to black mudstones of
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deep-water lacustrine facies. Within the quarry, bedding-dip angles range from 30° to 40°.

In subsequent sections, all structural orientations have been corrected for bedding dips.

STRUCTURES PRESENT WITHIN THE QUARRY
Brittle/Discontinuous Deformation - Extension

Mode I Fractures Mode I fractures are common within the Solite Quarry and
exhibit the classic "penny-shaped crack" form described by Pollard and Aydin (1988) in
both cross section and plan view (Figure 2.2a). Layers containing mode I fractures are
typically medium- to fine-grained feldspathic sandstones. The vast majority of mode I
fractures are calcite veins with cockscomb texture (e.g., Davis, 1984). They are restricted
to discrete lithologies, are oriented subnormal to bedding, terminate at sharp lithologic
boundaries, and have an average fracture spacing (at this scale range) that is roughly
proportional to mechanical layer thickness (Figure 2.2a) (e.g. Gross et al., 1995). The
fractures can be divided into two sets based on orientation. The dominant set is subvertical,
striking ~045° (Figure 2.3), suggesting that ¢ and 63 were vertical and NW-SE directed,
respectively, at the time of fracture formation. This is consistent with stress directions
inferred from basin geometry and intrabasinal faults. The subordinate set is also
subvertical, striking ~005°, subparallel to a regional (subordinate) dike set (~358°) (see
Schlische, 1997, figure 4) that postdates the initiation of inversion of the basin in earliest
Jurassic time (~200 Ma). The dominant regional dike set (~320°) (see Schlische, 1997,
figure 4) is believed to be coeval with the initiation of inversion (Withjack et al., 1997).

Extensional strain accommodated by mode I fractures was calculated using the sum
of bed segments between veins along a scan-line and the length of the scan line. The
average strain estimate is 5.4%. A histogram of vein spacings (Figure 2.4) for a bed in the
main Solite quarry shows a skewed, log-normal distribution of spacings that is commonly
observed where tension fractures are restricted to lithologically controlled mechanical layers

(e.g. Ladeira and Price, 1981; Narr and Suppe, 1991; Gross, 1993a, b). There is
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significant under-sampling of the smallest size intervals, which is typical for outcrop
studies where microscopic structures have not been included in the sample. As of yet, no
quantitative thin-section work has been done on the Solite rocks. Hence, our average strain

estimate for mode I fractures should be regarded as a minimum at this time.

Hybrid Fractures Hybrid fractures are shear fractures with a substantial tensile
component (e.g. Dunne and Hancock, 1994). Within the Solite Quarry, hybrid fractures
formed within medium- to coarse-grained feldspathic sandstones (Figure 2.2b), and are
restricted to discrete lithologic intervals in the same manner as mode I fractures. Hybrid
fractures are so rare within the quarry that there are not enough of them to generate reliable
extension estimates, although they appear to be accommodating approximately the same
amount of strain as mode I fractures. Hybrid fractures are the least common fracture type in

the Solite Quarry.

Shear Fractures (Small Normal Faults) The third brittle failure mode (shear
or mode II/III fractures) is represented by very srﬁall, neo-formed normal faults (Figure
2.2¢). They are restricted to fine-grained massive siltstones that occasionally separate
cleanly along bedding plane partings. These structures formed prior to basin-scale reverse
drag associated with hanging wall subsidence, as well as normal drag associated with
reverse faulting and inversion, and are thus best called early tectonic shear fractures. These
are the smallest normal faults studied in detail to date, and are of particular interest because
they are exceptionally well exposed and better constrain the scale range over which faulting
takes place. They exhibit normal stratigraphic separation in both plan (Figure 2.2c) and
cross-section views (Figures 2.2e-f), as well as footwall uplift and hanging-wall
subsidence (Figures 2.2f, 2.5¢). Isostasy is not a consideration at this scale range, hence
the footwall uplift must be due to coseismic elastic deformation of the volume surrounding

the fault. The bedding surfaces shown in Figure 2.2¢ can be traced continuously around the
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tips of the faults, and thus can be used as an offset marker. These very small faults (~0.5
cm <L< ~300 cm, where L is fault length) are planar and blind, dip at 70° to bedding
(Figure 2.2d), and are synthetic to the border fault system of the basin (the conjugate set is
not present). They are in many ways like their larger cousins, although they are unaffected
by factors such as isostasy, erosion, and sedimentation. Some (~50%) of the structures
exhibit a slight tensile component. The orientations of the small faults are consistent with
Triassic rifting (Figure 2.3). Bedding thickness remains constant across the faults,
indicating that they are not syndepositional. Their elliptical fault surfaces (Gupta and
Scholz, 1996) contain either tool and groove (Figure 2.2d) or fibrous (calcite) slickensides
(Figure 2.2c), ensuring their brittle origin. Slickenlines rake at high angles, indicating
predominantly dip-slip motion. The faults occur both as isolated features and as segments
of relay systems, with relay ramps between overlapping fault segments in map view
(Figures 2.2c, 2.2d); relay structures are common to faults at a variety of scales (e.g.
Larsen, 1988, Peacock and Sanderson, 1991, Dawers et al., 1993). The faults also overlap
in vertical section.

Extensional strain in beds containing small faults was calculated using the sum of
heaves collected along scanlines oriented normal to the fault traces. The average extensional
strain is ~4%. Along the length of the faults, displacement is at a maximum at the center of
the fault and tapers to zero at the tips (Figures 2.2c, 2.5a), consistent with displacement
profiles observed on larger structures (Figure 2.5b) (Dawers et al., 1993). This is the
geometry predicted by models of fault growth that incorporate a process zone, where
inelastic and non-brittle processes such as plastic deformation, frictional wear, and
mechanical breakdown occur at the fault tip (Cowie and Scholz, 1992b). Displacement also
varies along the height of the faults, such that larger displacements occur towards the center
of the structures, tapering to zero toward the upper and lower tips (Figures 2.2e-f), where
the faults terminate into zero-displacement cracks. Far-field deformation affecting the

volume surrounding the fault (required to maintain geometric coherence (e.g. Barnett et al.
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(1987)) is expressed as bedding deflection (reverse drag) that decreases away from the
faults (Figure 2.5¢), generally consistent with elastic models of fault growth (Gupta and
Scholz, 1996), and observations of faults at a variety of scales (e.g. Barnett ef al., 1987,
Barientos et al., 1986; King et al., 1988; Schlische, 1995; 1997).

Unravelling the scaling relations of fault populations has been the focus of
considerable attention and discussion over the last several years (e.g. Cowie and Scholz,
1992a,b; Gillespie er al., 1992; Schlische et al., 1996). One topic of discussion has been
the relationship between the fault length and displacement, and whether the relationship is
linear (scale-invariant) over many orders of magnitude. The general scaling relation is given
as

D =clr
where D is displacement, L is length, ¢ is related to rock properties (thus varying from
population to population), and » is some exponent. The value of the exponent n has been
vigorously discussed in the literature (e.g. Gillespie et al., 1992; Cowie and Scholz,
1992a,b; Schlische et al., 1996), with determinations ranging from n = 2 (Watterson,
1986; Walsh and Watterson, 1988), to n = 1.5 (consistent with linear elastic fracture
mechanics) (Marrett and Allmendinger, 1992; Gillespie et al., 1992), finally converging on
n = 1 (Cowie and Scholz, 1992a; Dawers et al., 1993; Schlische et al., 1996). Schlische et
al. (1996) added length-displacement scaling data from the small faults present in the Solite
Quarry (Figure 2.6). As an individual data set, length scales linearly with displacement (n =
1) for the Solite faults (Figure 2.6). These data span over two orders of magnitude, and
are the largest data set to date. They extend the global length-displacement data set from 7
to 9 orders of magnitude of fault length (Figure 2.6), and demonstrate that maximum
displacement scales linearly with length over 9 orders of magnitude, suggesting that fault
growth is scale invariant (n = 1, Schlische et al., 1996). The determination of n = 1
supports Cowie and Scholz's (1992b) elastic-plastic model of fault growth. Other than

differences in c related to rock properties (bigger faults sample deeper and stronger rocks,
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Cowie and Scholz, 1992b), there are no fundamental differences between small and large

faults.

Ductile Deformation - Extension

The fourth style of extensional deformation present within the section is
ductile/continuous (non-brittle). Black shales are interbedded with the three aforementioned
lithologies, but do not exhibit brittle failure (Figure 2.2a). There are no bedding-parallel
extensional detachments within the section: all beds are welded together. Thus, in order to
maintain strain compatibility, the black shale layers deformed ductilely. Deformation of this
type is manifested as deformed mudcracks and stretching lineations aligned with the

extension direction inferred from mode I fractures and small faults.

Brittle/Ductile Deformation - Compression/Inversion

Multiple contractional structures present in the Solite Quarry are related to inversion
of the basin during earliest Jurassic time (Figure 2.3). The orientations of these features are
consistent with the high aspect ratio of the basin in both map and cross section views, as
well as steep bedding dips within the quarry. Some of the contractional structures in the
quarry are thought to be neo-formed, whereas others are believed to be reactivated
extensional features. One such structure is a reverse fault (L = 15 m) that appears to be a
reactivated normal fault (Figure 2.7a); the structure is parallel to all other small,
intermediate, and large normal faults within the quarry. Small faults (~2 cm <L< ~10 cm)
located in the hanging wall of the inverted fault may have been reactivated as normal faults,
such that they are "torqued” (Figure 2.7b): as the larger fault moved, synthetic small faults
located in its hanging wall anticline appear to have slipped, although they did not lengthen
according to the same scaling relation they followed during their initial formation.
Nonetheless, the relationship between L and D was probably still linear. We attribute this to

changes in the rock properties and thus ¢ between the time of formation the extensional
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features (see next section) and the time of initiation of inversion, which corresponds to the
burial and thermal maximums for these rocks (Withjack et al., 1997).

Several individual shale layers were shortened during inversion of the Dan
River/Danville basin. Black shales occasionally serve as contractional decollemént surfaces
with multiple imbricate thrust sheets (Figure 2.7¢). Microlaminated organic-rich shale
layers known for their terrestrial fossils have also been shortened, forming very small folds
in advance of propagating reverse faults (Figure 2.7d). The fossils themselves have been

deformed (Olsen et al., 1989, Frasier et al., 1996).

Neotectonic Structures

Quarry buckles present within the Solite Quarry (Figure 2.7¢) suggest a NE - SW
directed maximum principal horizontal stress (Figure 2.3). The buckles formed due to
unloading as material was removed during the quarrying process. The resultant folds
(buckles) formed such that their fold axes are orthogonal to the maximum horizontal
principal stress direction (Stewart and Hancock, 1994). Neo-formed fractures associated

with the buckles parallel the axes of the buckles.

VERTICAL DISTRIBUTION OF STRUCTURES

Within the Solite Quarry, deformation style and failure mode correlate closely with
lithology, such that mode I fractures, hybrid fractures and small normal faults are all
restricted to discrete lithologic layers; there is no vertical connection between most of the
fractures. In order to quantify this relation, samples of each lithology were analyzed to
constrain their composition using a combination of methods (geochemical and x-ray
diffraction). Three samples of rock exhibiting each extensional deformation style (tension,
hybrid, shear, ductile) were run. Fresh samples of host rock were fluxed using lithium
metaborate following Feigenson and Carr (1985), and were analyzed for weight-

percentages of major oxides using a direct current plasma atomic emission spectrometer. X-
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ray diffraction was used in order to determine the relative abundances of minerals in the
samples. The analyses were conducted on fresh samples, and performed on a Siemens
D500 diffractometer using Ni-filtered CuK, radiation, a divergent slit of 1° and a receiving
slit of 0.05°, an operating voltage of 40KV, and a current of 30 mA. The data were
collected by a DACO microprocessor using a stepwidth of 0.05° 26 and a measuring time
of 3 seconds. Phases were identified by matching with standard XRD patterns of the
JCPDS file. Quantitative x-ray diffraction was not possible within the financial and time
constraints of the study. Thus the oxide and phase data were combined to generate the bulk
mineral compositions of the samples. This was done using a modified least squares-based
magma mixing model; such models combine the same types of data to determine the bulk
compositions of igneous rocks.

Figure 2.8 is the x-ray diffraction pattern for 8 of the 12 samples run. The patterns
are all quite similar, varying only in the intensity of certain peaks. Note that all samples
have a strong peak at 28° 20 (albite); all samples are at least 50% albite. Albite is likely the
cement for these rocks, consistent with their saline lacustrine origin (P.E. Olsen, personal
communication). Other minerals present in the samples are phyllosilicates (biotite),
tectosilicates (Na- and K-feldspars, quartz, analcime), carbonates (dolomite, calcite), and
inosilicates (riebekite).

Figure 2.9a presents the results of the oxide analysis in terms of general carbonate
vs. sandstone compositions, following Brownlow (1979). The data are sorted by failure
mode, and show a correlation between increasing shear failure component and decreasing
carbonate component (carbonates are generally considered to be "strong" (Suppe, 1985)).
There does not appear to be a correlation between failure mode and sandstone component
within the samples. In Figure 2.9b, the oxide data are shown in terms of Ca0O:Al,O3 ratios,
with decreasing CaO and increasing Al,Oj3 trends following phyllosilicate ("weak" platy
minerals) composition trends. The Solite data show a correlation between increasing shear

component to the deformation and increasing phyllosilicate composition trends. Notice that
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the outlying point in Figures 2.9a-b is sample S2395BT. Some vein material (calcite) may
have been erroneously incorporated into the sample during crushing of this mode I sample,
leading to an anomalously high CaO content.

Figure 2.9¢c summarizes the results of the least-squares regression analysis, where
the major oxide and relative mineral abundance data were combined. The data are presented
in terms of percentages of "weak" and "strong" minerals. "Weak" minerals are defined as
phyllosilicates; all other minerals present in the samples are "strong" minerals. There is a
very good correlation between increasing proportions of "weak" minerals and increasing
shear failure components (Figure 2.9¢). Interestingly, the hybrid samples contain hydrous
inosilicates (riebekite), which may have made them more prone to shear failure.

Given the correlation between failure mode and bulk mineralogy, the roughly
comparable strain estimates in all layers, and the distinct absence of extensional bedding-
parallel detachments within the section, models of the earliest stages (macroscopic failure)
of this system must have specific constraints placed on them. This is very similar to the
observations and model discussed by Gross (1995): coeval failure of interbedded
sedimentary units of the Monterey Formation was suggested by different failure modes that
accommodated the same amount of strain in the absence of bedding-parallel detachments.
Gross' (1995) model invokes a specific set of boundary conditions, and could potentially
be used to construct a predictive mechanical stratigraphy based on rock characteristics.
Such a predictive tool would be useful for studies of groundwater and hydrocarbon
accumulation and migration. There are several primary differences between the Solite
mechanical section and the Monterey mechanical section discussed by Gross (1995). At
Solite, mode I and shear fractures appear to have accommodated slightly different amounts
of strain (~5% and ~4%, respectively). The mechanical layers at the Solite Quarry are
interbedded at a smaller scale (=1 m in the Monterey section, vs. < 1 m in this study).
There are hybrid fractures present in the Solite section, and there are layers present in the

Solite Quarry that have deformed ductilely. The Solite section therefore provides another
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opportunity to construct a Mohr-Coulomb failure model consistent with field observations.
This model requires a somewhat different set of boundary conditions than Gross' (1995) in
that not all failure modes have accommodated the same amount of strain.

Our failure model is a two-component (tensile and shear) Mohr-Coulomb model for
macroscopic failure, based on mechanical analogs from the literature, following the general
principals set forth in Gross (1995). It uses a simple one-dimensional Hooke's law,

op = Epe
where o©p is the differential stress, Ey is Young's Modulus, and € is the elastic strain prior
to failure (Gross, 1995). The maximum principal stress (oy) is defined as

o = pgh
where p is the density of the rocks, g is acceleration due to gravity, and 4 is the thickness
of the overburden (burial depth). The least principal stress (03) is given by the difference
between the maximum principal stress and the differential stress.

Beds that failed in tension may have failed first, since they appear to have
accommodated more strain. Thus beds that failed in tension must have higher values for Cy
(cohesive shear strength), Ty (tensile strength), and op (thus higher Ep), as well as a high
value for ¢ (angle of internal friction). In order to maintain strain compatibility, we
followed Gross' (1995) assumption that € is the same for both beds prior to failure. We
used a value of 0.2% for £ (C.H. Scholz, personal communication). Based on an iterative
modelling approach, we used a burial depth of 4 km, which yields a o; of ~100 MPa. This
is not inconsistent with a thermal maximum at 201 Ma of 225° C, determined from thermal
maturation studies of the Solite rocks and samples from the Taylorsville basin
(Malinconico, 1996; personal communication). The maximum burial depth of these rocks
may have been as deep as 7 ki (P.E. Olsen, personal communication). When actual
triaxial loading experiments on samples are not practical, mechanical analogs from the

literature must be used instead. Thus our other parameters are based on average values
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published for rocks descriptively similar (feldspathic sandstones and massive siltstones;
Lama and Vutukuri, 1978) to those at Solite.

The model is presented in Figure 2.10a-c. In the initial condition (Figure 2.10a),
both Mohr circles reside in their respective stable regions of the Mohr diagram, anchored at
a 0; of ~100 MPa. Figure 2.10b represents the condition in which the Mohr circles have
been driven to the left due to an increase in pore-fluid pressure (Py) by 16 MPa, until the
one representing the beds that fail in tension intersects the failure envelope at Tqt,
producing pure tension fractures.

At this point our model invokes semi-coeval failure while maintaining strain
compatibility in a manner that is not inconsistent with Gross (1995). The condition shown
in Figure 2.10c is based on Hobbs' (1967) assumption that the brittle failure of one
mechanical layer will cause the stress to increase in adjacent unfailed layers as a direct result
of differences in elastic displacement (as discussed in Gross et al., 1995). A shear traction
is imposed on the unfailed bed, causing its Mohr circle of stress to grow until it intersects
the shear failure envelope at 20 = 140°, consistent with the 70° fault-bedding angle
observed at Solite. This point of intersection also indicates a slight component of dilation,
consistent with field observations of some the small faults at Solite.

These models for macroscopic failure (both ours and Gross' 1995) have limitations
that must be noted. A fundamental problem is that the mechanical properties used in the
models are from analogs of the rocks in question. Published data listing mechanical
properties, bulk mineralogy, sedimentary geochemistry, and good lithologic descriptions
are lacking, thus making these models more conceptual than case-specific. This in turn
points to another weakness: it is not clear if the samples we have now are mineralogically,
geochemically, and mechanically similar to when they failed at depth, making load tests
questionable even if they are feasible. In the Solite example, the rocks have been
metamorphosed to zeolite facies, and are thermally mature. The thermal maximum for the

basin occurred after the initial formation of the fractures, just prior to inversion of the basin
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in earliest Jurassic time (Malinconico, 1996; Withjack et al., 1997). In addition, the stress
orientation analysis for the Solite rocks suggests that failure occurred prior to significant
tilting of the basin fill, some of which is due to hanging-wall subsidence and reverse drag
associated with rifting, but most of which is due to inversion (Withjack ez al., 1997).
Whether or not the details of the Mohr-Coulomb failure model are correct, it is nonetheless
clear that the different types of fractures are controlled by lithology and formed semi-

coevally.

LATERAL DISTRIBUTION OF STRUCTURES
Mode 1

A bedding plane exposure of mode [ fractures from the Solite Quarry is shown in
Figure 2.11. There is a uniform distribution of features across the surface. The average
extension accommodated across the slab (measured using apertures from a series of
scanlines) is 3.06%, with a standard deviation of 0.5 percentage points; this estimate is
lower than those determined using bed lengths along a cross section scanline. The reason
for this is that the bed shown in Figure 2.11 has broken at a mechanical layer boundary -
the view is thus of the "top" of the mechanical layer, where mode I fractures terminate.
Thus the apertures measured were not maximum apertures, which would have required
sampling at the level in the bed where the fractures nucleated, if there is a single level.
Nonetheless, the strain appears to be evenly distributed across the surface sampled.

Figure 2.12 is a cumulative frequency plot (number of features greater than a given
size plotted vs. size) in log-log space for the lengths of the mode I fractures shown in
Figure 2.11. The entire distribution is best fit using an exponential function rather than a
power-law function (which only applies to a very limited scale range; dark circles in Figure
2.12). The definition of a mean value or characteristic size is a diagnostic feature of
exponential distributions (Cowie et al., 1994). The spacing of mode I fractures is

controlled by mechanical layer thickness and rock properties, such that a characteristic
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spacing roughly proportional to mechanical layer thickness arises (Gross et al., 1995). The
exponential distribution is probably a result of a lack of spatial correlation in the system due
to the effect of mechanical layer thickness on lateral positioning of fractures, which in turn
suppresses the short- and long-range interaction of structures that gives rise to power-law
(fractal) distributions (e.g. Cowie et al., 1994).

The population of mode I fractures shown in Figure 2.11 exhibits a characteristic
length of ~2.60 cm based on the slope of the best-fit exponential curve in Figure 2.12. The
slope (0.384) is the reciprocal of <L>, the mean value of L (e.g. Cowie et al., 1994). This
estimate of 2.60 cm contrasts with an average length of ~4.25 cm based on field
observations. The difference likely stems from the structural level where fractures were
sampled: lengths were sampled at the mechanical layer boundary (a limiting level for
fracture height), not the nucleation level (if there is a common one). As a result, small
fractures were under-sampled either because they do not intersect the sampled level, or
because they fall below the resolution of the sampling level (naked eye). The estimate of
4.25 cm is derived from a sample where small fractures were under-represented, thus
overestimating the average or characteristic length. The 2.60 cm estimate of characteristic
length is likely more accurate because it relies on the distribution of fracture sizes. The
distribution of sizes (the slope of the line in Figure 2.12) will not vary appreciably with
structural level, provided most fractures have achieved a height equal to mechanical layer
thickness. Some lengths sampled at the layer boundary will be less than the maximum
lengths. In other words, depending on the structural level sampled, the intercepts of the
cumulative frequency plot will change, but the slope will not, and it is the slope that

provides the characteristic length.

Small Normal Faults
Over large areas, the small normal faults appear to be fairly uniformly distributed

within the units that fail in shear at the Solite Quarry. There are a range of sizes (0.1 cm<L
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< 200 cm) of these structures, although the vast majority of them are < 10 cm long. A
division based on fault size (length) can be made (Figure 2.13): there are small faults (L. <
20 cm) and larger faults (L > 20 cm, usually L > 100 cm). The larger faults are fairly
infrequent, and appear to be uniformly distributed within the rock volume. Around these
larger faults (master faults), there appear to be zones devoid of smaller brittle structures
(Figure 2.13), which are otherwise ubiquitous in the surrounding volume. We call these
regions lacking smaller faults fault shields. Master faults are defined by the presence of a
fault shield around them, regardless of their size. The amount of strain accommodated
within a rectilinear 2-D area around a master normal fault, including smaller faults outside
the fault shield, varies along the length of the larger fault, mirroring a length-displacement
profile (Figure 2.14a). When the master faults present are not included in the strain
calculation, strain on the smaller structures does not vary appreciably across the study area,
and the amount of strain accommodated is substantially less. The master faults are clearly
dominating the strain. If one considers an area without a master fault present (Figure
2.14b), the small faults do not exhibit stepping patterns, and the amount of strain
accommodated is fairly uniform and substantially less than areas with master faults.
Chapter Three of this dissertation focuses on master faults, fault shields, the lateral
distribution of master and small faults in the quarry, and how these shed light on the

temporal evolution of this system.

SUMMARY AND CONCLUSIONS

« The Solite Quarry contains an exquisite suite of rift-related deformation structures
that provides a unique opportunity to study fracture geometries, kinematics, size and spatial
distributions, and population systematics in great detail.

» Neo-formed mode I fractures, hybrid fractures, and shear fractures (small normal
faults) are the dominant brittle structures related to Triassic rifting. The faults and mode I

fractures are clearly geometrically and kinematically distinct, and it is therefore unlikely the
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faults originated as macroscopic mode I fractures. Also present are reactivated normal
faults, reverse faults, imbricate thrust faults, and microfolds, all of which are late-stage
features related to inversion of the Dan River/Danville basin in earliest Jurassic time.

» All these features are restricted to certain interbedded lithologies, such that beds
with greater percentages of weak minerals failed with increasing shear components. There
is a distinct absence of extensional detachment horizons between mechanical layers. Mode I
fractures have accommodated slightly more 1-D extensional strain than the small faults,
suggesting they failed slightly earlier. This is consistent with a two component Mohr-
Coulomb model of semi-coeval macroscopic failure based on mechanical analogs of the
rocks studied.

» The Solite faults extend the global D-L data set by 2 orders of magnitude to a total
of 9 orders of magnitude of fault length and indicate that there is no significant change in

the linear D-L scaling relation.



Figure 2.1: (a) Exposed Mesozoic rift basins of the
eastern United States. D is the Danville basin. (b)
Simplified geologic map of Danville basin, showing
location of Solite Quarry. Black represents Cow
Branch members of the Leekesville Formation. (c)
Simplified geologic cross section of the Danville
basin (see b for location), illustrating half-graben
geometry modified by inversion. Modified from
Olsen and Kent (1997), Schlische et al. (1996), and
Schlische (1997).
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Figure 2.2
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Figure 2.2: Brittle extensional features of the Solite Quarry. (a) Medium-fine grained
sandstones containing calcite veins, interbedded with black shales that failed
continuously; lens cap for scale. (b) Hybrid fractures that formed in medium-coarse
grained feldspathic sandstones. Feature trending from top-left to bottom-right of photo is
a shear zone. Coin is 2.3 cm in diameter. (c) Single small normal fault, formed in fine-
grained massive siltstones; fault surface contains fibrous slickenlines that indicate
predominantly dip-slip motion. Lens cap for scale. (d) Small normal faults separated by a
relay structure. Fault surfaces contain tool and groove slickenlines; coin is ~1 cm in
diameter. (e) Sawed section of a slab containing small faults; arrow points to a prime
example of footwall uplift and hanging wall subsidence (reverse drag) along a bedding
plane parting cut by a normal fault. (f) is an interpreted close-up of fault with arrow in (e).
Notice that displacement along the fault is at a maximum towards the center of the fault,
tapering to zero at the tips, where the structure terminates in zero-displacement cracks.
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Figure 2.3: Stress orientation analysis for brittle
features present at the Solite Quarry.
Extensional structures are consistent with
Triassic rifting; contractional structures are
consistent with earliest Jurassic rifting. Great
circles are means based on multiple structures:
100+ normal faults; 50+ veins; 1 reverse fault; 1
imbricate thrust stack; 5 quarry buckles.
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Figure 2.4: Histogram of spacings of
macroscopic veins; notice undersampling
at smaller spacing typical of outcrop-scale
fracture studies.
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Figure 2.5: (a) Displacement versus distance plots for an isolated normal fault and a linked
fault system from the Solite Qaurry. Note that displacement gradients are higher at the tips
of the linked faults, and that the summed displacement profile for the linked faults
resembles that of an isolated structure, indicating that they are kinematically (soft) linked,
although they are not breached (hard linked) in map view. Modified from Schlische et al.
(1996). (b) Variations in scarp height for large normal fauits from the Volcanic Tablelands,
California. Note different horizontal and vertical scales; modified from Dawers et al.

(1993). (c) Top: map of a bedding surface cut by three small normal faults from the Solite
Quarry. Stars indicate locations of maximum displacement, shaded lines show locations of
profiles across the offset bedding surface (bottom). Notice reverse drag immediately
adjacent to the faults, as well as displacement transfer between the structures,

maintaining strain continuity across the map area as one fault dies out.
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the data is shown as the heavy solid line. Also shown for reference
are curves for n=1.5 and n=2. Inset: Log-log plot of displacement
versus length for only the small faults from the Solite Quarry, n= 1.
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Figure 2.7
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Figure 2.7: Contractional structures present at the Solite Quarry. a-d are related to
inversion in earliest Jurassic time. (a) Large normal fault reactivated as a reverse
fault; person's hand is on the hanging wall, feet are on the footwall. (b) Small faults
present in the hanging wall of the fault in (a), where they were reactivated as normal
faults. (c) Black shale layer serving as a decollemént surface, forming a series of
imbricate thrust slices; lens cap for scale. (d) Thin section of one of the arthropod
beds, showing small reverse faults with less than 1 mm of separation. Photo courtesy
of Nick Frasier. (e) Neotectonic quarry buckles. Arrows indicate the buckle axes,
which are orthogonal to neotectonic o1.
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Figure 2.9: Sedimentary geochemistry of the
rocks of the Solite Quarry. (a) Increasing
carbonate components correlate with decreasing
shear failure components. Note that sandstone
component does not appear to correlate with
failure mode. (b) CaO:Al,O, ratios are another

way of presenting sedimentary geochemical
data, with decreasing CaO and increasing Al,O,4

trends following phyllosilicate (platy minerals)
composition trends. For the Solite data,
increasing shear failure components correlate
with increasing phyllosilicates. (c) Summary of
bulk mineralogy vs. failure mode, in terms of
weak (phyllosilicates) vs. strong (tectosilicates,
carbonates, inosilicates) minerals. Increasing
shear failure components correlate with
increasing proportions of weak minerals.
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Figure 2.11
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Figure 2.11: Spatial distribution of mode | fractures across a bedding
surface. View is of the top of the bed, which is a mechanical layer
boundary. Lines are scanlines along which one-dimensional strain
data were collected.
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Figure 2.12: Cumulative frequency diagram of mode | fracture
jengths for the bedding surface shown in Figure 11. It is not clear
if there is a "flat" central segment suggestive of a power-law
distribution of sizes. The data as a whole are better fit using an
exponential function. if the data do indeed follow a power-law
distribution, then truncation and censoring effects are severe for
this sample (see discussion of Figure 2.15).
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Figure 2.13
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Figure 2.13: (a) Small faults anti-clustered around a larger normal
fault (footwall surface shown in foreground); ruler at top of image is 15
cm wide. Notice the absence of faults within an elliptical region
around the larger structure, except for where there is a breached
ramp structure in the lower right (arrow). (b) Distribution of faults
exposed on bedding surface of a quarried boulder. Faults are
highlighted with chalk. Scale bars normal to fault traces are 10 cm
long. (c) Fault shields in cross section, faults are highlighted. Arrows
point to tips of master faults. Master faults and small faults offset
bedding. Coin for scale.
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Figure 2.14: Distance-strain profiles for two study areas. Diagrams show distance across

the study area (parallel to fault traces) on the ordinate, and percent scan-line parallel
(fault-orthogonal) extension on the abscissa. (a) Profile for an area with a master fault

present. Curves show total brittle strain. Estimates including the master fault are shown
with shaded boxes, estimates not including the master fault contribution are shown with

unfilled boxes. (b) Profile of an area where there is no master fault present.
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CHAPTER THREE: ANTICLUSTERING OF SMALL NORMAL
FAULTS AROUND LARGER FAULTS

SYNOPSIS

The Solite Quarry in the Danville rift basin contains a population of normal faults
that can be subdivided into two sets based on their spatial and size distribution within the
rock volume. Larger master normal faults (20 cm < L <200 cm) are "2-D" structures,
accommodate the majority of the strain, are not numerous, and have spanned the
mechanical layer. The other set (~0.1 cm < L < 20 cm) consists of "3-D" structures which
are ubiquitous within the rock volume, and exhibit anti-clustering with respect to the larger
structures, forming "fault shields" around the master faults. The shields are ellipsoidal in
shape and are geometrically similar to (although about one-quarter the predicted size of) the
elastic deformation fields of the master faults, and correspond to a critical stress-reduction
shadow that prevented the nucleation of smaller faults in the vicinity of the master faults.
The master faults likely formed earlier than the smaller faults, which nucleated en masse

when some critical strain threshold was exceeded outside the master fault deformation field.

INTRODUCTION

Thorough analysis of the spatial distribution of faults is critical to understanding the
mechanics and systematics of faulting, fault growth, and fault population evolution. The
ability to predict where various structures occur within the volume surrounding a large
structure is integral to the construction of fractured aquifer and hydrocarbon reservoir
models. Unfortunately, our understanding of the spatial distribution of faults is limited,
especially compared to opening-mode fractures (e.g., Gillespie et al., 1993). Some studies
have noted that smaller faults commonly cluster around larger faults (e.g., Gillespie et al.,
1993; Little, 1996; Watterson et al., 1996). Jackson and White (1989) suggested that very

large normal faults in the Basin and Range have a characteristic spacing, but no information
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is provided on the distribution of smaller-scale faults. Although the spacing of opening-
mode fractures may change with increasing strain (e.g., Rives et al., 1992), most studies
(see summary in Narr and Suppe, 1991) confirm that the fractures have a characteristic
spacing that is proportional to mechanical layer thickness and is governed by a stress-
reduction shadow, which forms because stress within the rock volume cannot be
transmitted across the free surface of the fracture (Gross et al., 1995). Until now, stress
shielding between faults has only been casually suggested (e.g., Cowie et al., 1996).

In this paper, we report on the spatial distribution of exceptionally well-exposed
neo-formed faults from a quarry in the Danville basin in North Carolina. Here smaller
normal faults are clearly anti-clustered around larger structures. We argue that this
distribution is related to a stress-reduction shadow around the larger faults, and explore the
effect of this spatial distribution on the size distribution of faults in the population, the
implications for the temporal evolution of this fault system, and the applicability of these

concepts to larger-scale structures.

POPULATION SYSTEMATICS

The population of small faults lies within the Mesozoic Danville rift basin, a half
graben with an east-dipping border fault system. A detailed discussion of the geometry and
length-displacement scaling relations of these faults is given in Schlische et al. (1996).
These (originally) blind normal faults are readily observed on quarried, clean bedding plane
partings, permitting detailed spatial analysis. They can also be observed in quarried cross-
section exposures, as well as in rock slabs that have been sawed open in the lab. All of the
faults have a consistent orientation (045°, 70° SE, bedding corrected) and dip synthetic to
the border fault system. The strain they accommodate is related to Triassic rifting during the
break-up of Pangea (Ackermann et al., 1996).

This population can be divided into two broad groups of faults based on size and

distribution. Large faults (20 cm < L < 200 cm) are infrequent and essentially evenly
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distributed. Small faults (~0.1 cm < L < 20 cm) are generally ubiquitous within the rock
volume, but are absent within ellipsoidal regions around the large faults (Figure 3.1).
These regions are devoid of brittle structures. We refer to these regions as fault shields, and
the faults they surround as master faults. Master faults are defined by the presence of a fault
shield around them, regardless of their size. Shield geometries vary depending on linkage
of larger structures. The smaller faults appear abruptly outside of the fault shields, and
there is no increase in the size of the small faults away from the larger structures; rather
they occur in a range of sizes with no apparent systematic variation. The small faults
generally follow stepping patterns around master faults: the small faults closest to the
master fault change step at the center of the length of the larger structure, as well as at the
tips (Figure 3.1a). These geometric relationships provide important information about the
spatial and temporal evolution of the system, specifically that the larger faults formed and
grew first, and then the smaller faults nucleated.

Strain within the volume is dominated by the master faults, which have
accommodated approximately 2.5% extension (Ackermann and Schlische, 1995). The
small faults have accommodated only 1% extension, for a total of 3.5% extension.
Analysis of multiple scanlines across fields of faults reveals that extension varies areally
only when the master faults are included (Figure 2.14), mimicking the displacement
profiles of the large faults (e.g., maximum displacement at the center of the fault)
(Ackermann and Schlische, 1995). This differential strain accommodation thus provides a
second basis for sub-division of the population.

Faults are generally believed to follow a power-law distribution of sizes such that

N=alL-C
where N is number of faults with a length (L) greater than a given size, a is related to the
number of faults, and C is the power-law exponent (Scholz and Cowie, 1990; Pickering et
al., 1995). The power-law exponent gives the ratio of the smallest faults to the largest

faults. Thus in populations with larger power-law exponents (steeper slopes), smaller
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faults are relatively more important in accommodating strain. The power-law exponent is
determined by plotting N vs. L on cumulative frequency plots. Typically, such plots are
convex upward, consisting of a single central segment (with a slope of -C), a shallow
upper segment resulting from truncation due to sampling resolution and a steep lower
segment generally ascribed to a censoring effect due to large structures extending out of the
sampling area (e.g., Pickering et al., 1995).

In recent years, some workers have noted that this simple power-law distribution
may not always hold. In particular, Wojtal (1994, 1996) drew attention to fault populations
that have faceted central segments, i.e., central portions composed of at least two straight
segments with different power-law exponents. Wojtal attributed such faceted diagrams to
the effects of fault linkage during the evolution of the population. Despite the faceted
appearance, the cumulative frequency plots are still convex upward. In contrast, a
- cumulative frequency plot (Figure 3.2) for faults from the Solite Quarry is concave upward
and appears to have two central segments, both of which follow a power-law distribution.
Figure 3.2 is based on the distribution of 850 fault lengths measured on a single bedding
surface, which were corrected for linkage in the field following Wojtal (1996) and Dawers
and Anders (1996); the data suffer from truncation and censoring effects.

The two well-defined central segments shown in Figure 3.2 suggest that there are
two subpopulations, which in turn reflect the strain history of these rocks. (Removing the
master faults from the analysis results in a single central segment nearly identical to the
segment covering smaller fault sizes in Figure 3.2.) Interestingly, C,, = 0.66 for the
segment covering the larger fault sizes (master faults), which is ~1 less then that of the
other segment (Cs = 1.64). Marrett and Allmendinger (1991) observed that the value of C
is critically dependant on f-s, where f is the geometric dimension of the region occupied by
the faults, and s is the sampling dimension. In this example, s = 2 (two-dimensional
sampling of observed trace lengths) for both subpopulations. The lower value of C,, thus

implies that the occupation dimension (f) is lower for the master faults. We suggest that this
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is because all the faults in the quarry are restricted to discrete mechanical layers (see
Ackermann et al., 1996), with the master faults spanning entire layers but not exceeding
them. Therefore they occupy only two dimensions (f = 2, as opposed to the small faults
where f = 3); this is analogous to faults that span the brittle crust, which can only grow
along strike, having lost one degree of freedom (e.g., eq. 2 in Marrett and Allmendinger,
1991). This results in more complete sampling of that subpopulation using a two-
dimensional sampling method (f-s = 0): all structures will be observed at all structural
levels.

Using egs. 3 - 6 in Marrett and Allmendinger (1991) (which account for faults that
do and do not span a brittle layer), and a value of n =1 (where n is the length-displacement
scaling exponent: see Schlische et al., 1996), we calculate B,, (master faults) and B, (small
faults) based on geometric moment (M,). B is the power-law exponent for the distribution
of My, similar to C. B, = 0.83 and B, = 0.88, suggesting that the two subpopulations are
intricately related, although smaller faults are slightly less important in strain
accommodation for the master fault subpopulation. B, = B; demonstrates that the master
faults and the small faults are simply two interrelated components of a single coherent fault
population. C; - Cp, = 1 in turn indicates that one subset of faults has a lower occupation
dimension (f) and thus spans the mechanical layer, which is consistent with field
observations.

Cumulative frequency plots are commonly used to extrapolate fault size data
(following a power-law distribution) measured over a relatively narrow scale range (<3
orders of magnitude) in order to estimate the amount of strain accommodated by structures
below the sampling resolution (e.g., Marrett and Allmendinger, 1992). The presence of
faceted cumulative frequency plots (e.g., Wojtal, 1996) and concave-upward plots (Figure

3.2) suggests that such extrapolations should be undertaken with caution.
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approximate the deformation field by the roll-over radius (R ), defined as the distance
perpendicular to the normal fault affected by significant footwall uplift or hanging wall

subsidence, and expressed as:

' ' d 1/2
R = K| 5]

where d is the displacement on the fault, and D is the maximum displacement. R 'pmaxis the
maximum roll-over radius, taken to be equal to the mean of the major and minor radii of the
fault surface ellipse; axial ratios of normal faults generally range from 1.25to 3 (Gibson et
al., 1989).

Geometrically, the fault shield and the deformation field for a 1 m long fault are
similar, although the shield is about one-quarter the predicted size of the deformation field
(Figure 3.4). Because the deformation field represents a volume of rock in which the
material has been relaxed (strained), it should be a proxy for a stress-reduction shadow
around a fault. The fault shield therefore occupies a part of the stress-reduction shadow,
specifically that portion where the stress did not exceed the shear strength of the rock.
Thus, it would be possible to have brittle failure within the deformation field of a fault but
not in the volume in the immediate vicinity of the fault, the size of which is governed by the
size of the fault and material properties; strain rate is likely to be important as well.

The interpretation that the fault shields correspond to a critical stress-reduction
shadow is bolstered by the following: (1) As noted above, there is an almost complete
absence of brittle structures within the fault shields, yet small faults are ubiquitous
elsewhere. (2) The geometry of the fault shield is very similar to the stress-reduction
shadow for an opening-mode crack calculated using finite-element modeling (Gross etal.,
1995). The distance over which stress is recovered away from an opening-mode crack 1s a
function of the applied load, Y oung's modulus, shear modulus, bed thickness, and the
elastic strain at which the first joint forms (dependent on size of the initial flaw) (see Gross
etal., 1995, egs. 1-3). The relationships are in detail not appropniate for faults because they

are based on the inability of stress to be transmitted across the free surface of an opening-
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mode crack. Nonetheless, the geometric similarities suggest that similar phenomena (stress-
reduction shadows) are associated with both faults and opening-mode fractures. (3) The
idealized fault shield shown in Figure 3.4 lies within the region of highest stress-reduction
associated with seismic slip on a fault as calculated by Das and Scholz (1982); see also
Scholz (1990, his fig. 3.27). Although the Das and Scholz (1982) model was specifically
constructed for a strike-slip fault, this should also be applicable to normal faults. In
addition to calculating areas that have experienced stress-reduction, the Das and Scholz
(1982) model predicts regions that experience an increase in stress. The highest stresses are
found near the tips of the faults. This may lead to the preferential development of smaller
faults in these areas, some of which may be incorporated into the process zone as the fault
tips propagate during growth. The higher density of faults in these areas may also explain
why some authors have reported clustering of smaller faults near larger faults (e.g.,
Gillespie et al., 1993; Little, 1996; Watterson et al., 1996). We note that our fault shield
geometries break down in areas where master faults have linked together; prior to linkage,

these areas may have had higher numbers of smaller faults surrounding the fault tips.

DISCUSSION

The two distinct subsets of the fault population in the Solite Quarry provide specific
information about the spatial and temporal evolution of this population. We interpret the
deformation history here as follows: (1) A set of faults formed from random flaws within
the rock volume in response to a remote applied stress (Triassic rifting). These grew and
linked through time, elastically interacting at both short and long ranges (see also Cowie et
al., 1993, 1995). Given the variable sizes of the master faults, it is unlikely that all
nucleated at the same time. Rather, new faults continued to nucleate while older faults
grew, some of which linked together. The younger faults probably continued to nucleate at
random flaws, the only constraint being that younger faults would not nucleate in the fault

shields of the older faults. (2) At some point, an elastic threshold was exceeded within the
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rock volume, perhaps related to the amount of elastic shear strain that can be accommodated
prior to brittle failure, or corresponding to the stage when the tips of the master faults
reached mechanical layer boundaries. At that point, the original set of faults was no longer
sufficient to accommodate the strain, which necessitated the mass nucleation of a second set
of faults. However, the deformation fields/stress-reduction shadows of the original set of
faults governed the spatial distribution of the new faults so that they did not form within
regions surrounding the larger structures where either (a) the stress was not great enough to
exceed the shear strength of the rock or (b) elastic strain accommodation was sufficient
enough such that an elastic threshold was not exceeded. Thus the smaller faults are
relatively late stage features, although they formed over multiple slip events (Schlische et
al., 1996).

The system discussed here is much simpler than the vast majority of systems
studied, which are of much larger scale. However, because the mechanics and processes of
fault growth are scale invariant (e.g., Cowie and Scholz, 1992; Schlische et al., 1996), the
analysis of these fault shields provides important insights into faulting at all scales. It may
be that stress-reduction shadows and fault shields can only be observed at small scales, at
low strains, in simple settings. At larger scales and strains, it may not be possible to
accommodate all of the strain in the deformation field elastically, with loading, erosion, and
isostasy providing additional complications. Nonetheless, if our current understanding of
faulting is correct, then it may be that even large fault zones are surrounded by some region
that is less deformed, or that shows a radial increase in fault size which formed as the
stress-reduction shadow of the larger structure slowly engulfed and de-activated smaller
structures as it grew through time.

Eventually, the largest faults will grow to such a size that they completely cut
through a mechanical layer (whether it is a single sedimentary layer or the brittle crust). At
such a time, these large faults will no longer propagate up-dip and down-dip, but will

continue to propagate along strike. The effect of this is that the ellipticity of the fault surface
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will increase, and the displacement profile will change from bell-shaped to flat-topped (see
Dawers et al., 1993); increased rates of along-strike propagation may lead to an increase in
lateral fault linkage. Because the fault shield/stress-reduction shadow scales with
displacement, and because the maximum displacement no longer increases significantly
once the fault has broken through a mechanical layer, the end result of this evolutionary
scenario is a series of large faults with a quasi-regular spacing, which itself is a function of
mechanical layer thickness, maximum displacements, and stress-reduction shadows. As
noted in the introduction, the large basin-bounding faults in the Basin and Range have a
characteristic spacing that Jackson and White (1989) speculated was a function of the
thickness of the seismogenic layer.

In summary, the exceptionally well-exposed population of small faults in the Solite
Quarry provides an opportunity for detailed spatial, temporal and kinematic analyses. The
results of these analyses suggest that there are two discrete yet closely related subsets to
this particular population, and more importantly suggest the existence of stress-reduction
shadows around neo-formed normal faults, similar in concept to stress-reduction shadows
around opening mode cracks. In this example, remnants of the shadows have been
preserved as fault shields around larger structures that are devoid of meso- and microscopic
faults. We suggest that the spatial distribution of neo-formed normal faults is governed by
stress-reduction shadows approximated by the deformation fields of these structures, the
rate of stress recovery away from the fault (governed by rock properties), and the short-

and long-range elastic interaction between faults (e.g., Cowie et al., 1993, 1995).
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Figure 3.1: (a) Small faults anti-clustered around a larger normal fault (footwall
surface shown in foreground); ruler at top of image is 15 cm wide. Notice the
breached ramp structure in the lower right (arrow). (b) Distribution of faults
(highlighted) exposed on bedding surface of a quarried boulder. Scale bars
normal to fault traces are 10 cm long. (b) Fault shields in cross section, faults
are highlighted. Arrows point to tips of master faults. Coin for scale.
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properties and strain rate, and terminates
where the stress locally exceeds the shear
strength of the rock. L = 100 cm, dmax =3

cm, axial ratio = 2 (Gupta and Scholz, 1996).
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CHAPTER FOUR: SYSTEMATICS OF AN EVOLVING POPULATION OF
NORMAL FAULTS IN SCALED PHYSICAL MODELS

SYNOPSIS

An understanding of the spatial and temporal evolution of fault systems in terms of
population systematics can aid in the structural evaluation of an area. Unfortunately,
existing fault populations represent only the end result of a multistage evolutionary
development. Scaled physical models provide a means to learn more about the temporal and
spatial evolution of fault systems (within certain boundary conditions). The model
discussed here is of simple brittle extension of a homogeneous medium (wet clay) over a
discontinuity (latex sheet).

Examination of the population systematics of this model reveals that there is a major
shift from a power-law distribution of fault sizes to an exponential distribution. This shift is
coincident with a linkage event and a leveling-off of the rate of increase of average fault
length. The shift becomes evident in the map pattern of the model after a lag time: faults
become more regularly spaced and change from a self-similar spatial clustering distribution
to a uniform (not random) spatial distribution. A scanline-based analysis technique appears
to be more sensitive to this shift than an area-based method.

These changes are hypothesized to have occurred when the majority of faults
exceeded their mechanical layer, changing from unbounded (3-D) to bounded (2-D)
structures. This retards long-range elastic interaction between faults, which in turn
suppresses spatial correlations and power-law scaling. It would appear that thickness of the
faulted mechanical layer is the controlling factor in how fault sizes are distributed and
spatially correlated. Systems in thinner mechanical layers will reach the transition from
power-law to exponential distribution and the transition from spatial clustering to a uniform

distribution at lower strains than those in thicker layers.
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INTRODUCTION

Fault population systematics integrates data on strain accommodation, fault
geometries, scaling relationships, and the size and spatial distributions of faults. The
systematics of a structural system reflect its framework and history, both of which are
crucial to petroleum and groundwater investigations. Studies of fault populations have
recently received considerable attention, marked by a special issue of the Journal of
Structural Geology in 1996 (see Cowie et al., 1996). Numerous studies in the past five
years have focused on different facets of fault population studies, and how they are affected
by factors such as fault type (e.g. Wojtal 1994), geologic setting (e.g. Cowie et al., 1995;
Gross et al., 1997a), fault linkage (e.g. Trudgill and Cartwright, 1994; Cartwright et al.,
1995; Dawers and Anders, 1995; Wojtal, 1996), and mechanical stratigraphy (e.g. Gross,
1995; Ackermann et al, 1997; Ackermann and Schlische, 1997; Gross et al., 1997b),
among others. However, existing fault populations represent only the end result of a
multistage evolutionary development, and an understanding of the spatial and temporal
evolution of fault systems in terms of population systematics can aid in the structural
evaluation of an area. In order to study the temporal evolution of fault systems, we could
examine different populations representing different amounts of strain, and assume that 1.
increasing strain correlates with increasing time, and 2. different populations in different
geologic and tectonic settings behave the same. Other options include the use of numerical
models (e.g. Cowie et al., 1993; 1995), geometric models (e.g. Cladouhos and Marrett,
1996), or scaled physical models, the latter of which is the topic of this paper.

The utility of scaled physical models (both sand and clay) for the study of tectonic
processes has been well established by workers such as H. Cloos (1929), E. Cloos (1955,
1968), Hubbert (1937), Eisenstadt et al. (1995), and McClay (1996). However, until now
time-series analysis of model runs using fault population statistics has not been performed.
The goal of this study is to determine if this is a feasible practice. Ultimately, studies of the

how the temporal evolution of fault systems varies with varying boundary conditions could
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be invaluable to our understanding of how fault systems evolve both spatially and
temporally. The model analyzed here is of simple brittle extension of a homogeneous
medium (wet clay) in order to best evaluate the applicability of scaled physical modeling to

studies of fault population systematics.

EXPERIMENTAL AND ANALYTICAL METHOD

The experimental apparatus is located at the Mobil Exploration and Production
Technology Center in Dallas, Texas, and consists of four vertical plexiglass walls and a
horizontal base (Figure 4.1). One of the walls is moveable to produce either extension or
contraction; movement is achieved with an electric cylinder controlled by a computer. A
portion of the horizontal base is moveable along a 45° incline, although this motion was not
used in this experiment. Two overlapping metal plates are attached to the moving wall and
its opposite (Figure 4.1). A latex (Hygienic Corp., medium gage) discontinuity covers the
region of overlap, attached with 3M #131NA duct-tape. The area of stretchable latex
corresponds to the area of the model where faulting occurs (fault generation zone). The
analog media used was 50% weight H,O clay, consisting of powdered kaolin, nepheline-
syenite, and flint £ 0.1 mm in diameter. The clay is mixed to a predetermined density
(~1.67 g/cm3, following Sims, 1993), applied over the latex discontinuity (Figure 4.1),
homogenized, and then smoothed.

In order to ensure that scaled physical models maintain geometric and kinematic
similarity to actual rock deformation, the strength of the modeling media and the
dimensions of the model must be scaled down correctly (Hubbert, 1937). The geometric
scaling factor of the model is ~1:105; hence this 1.3 cm thick model corresponds to ~1.3
km of average crust. The cohesive strength of the clay is ~10-4 MPa (Sims, 1993); the clay
is therefore ~105 times weaker than rock. Even though the physical model is scaled down,

it is critical to note it is not an exact scale model, and that there are many differences with
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natural systems, most notably constant strain rate (1 cm/hour) and (relatively)
homogeneous media.

The width of the discontinuity prior to deformation was 12 cm; 3.95 cm of
extension was imposed to achieve a total ~33% extension. The model was illuminated from
the side opposite the moving wall (Figure 4.1) using a high-power light source directed .
through the plexiglass wall, and photographed using Kodak Ektachrome 160T tungsten-
balanced 35 mm slide film in a semi-automatic Minolta SLR camera at 0.15 ¢cm increments
(9 minute intervals). The camera was fixed above the model so as to provide a map view of
the evolving fault system with a fixed frame of reference (fixed walls). Images representing
times 8 - 14 (9.167% - 20.433% extension) are discussed here. These images correspond
to the first image with enough faults to analyze and the last image structurally simple
enough for this preliminary investigation.

The 35 mm slides from the model run were scanned as grayscale at 4000 dpi using
a ScanMaker 35tplus slide scanner and Adobe PhotoShop (image manipulation) software.
PhotoShop was then used to crop the images down to only the faulted region and to reduce
the file size. Files were then imported into Canvas (technical drawing) software as *.ziff
files at 2540 dpi (the highest resolution readable by Canvas). The final image of the model
run was used to select the study area, omitting the edge effect (Figures 4.2 & 4.11). Edge
effects are the inadvertent results of the boundary conditions of the model, in this case the
effects of friction along the rigid side walls of the modeling apparatus (Eisenstadt et al.,
1995). The box in Figures 4.2 - 4.11 always covers the same area of the model. The fault
scarps show up either as bright (top- or fixed-wall dipping) or dark (bottom- or moving-
wall dipping) regions, and were traced in Canvas, color coded by dip polarity to produce
the fault maps in Figures 4.2 - 4.11. These fault maps and the derivative centroid maps are
the basis of all the analyses presented here.

Fault trace lengths were corrected for linkage following Dawers and Anders (1997),

such that synthetic faults with an overlap to separation ratio > 3 were considered soft linked
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(acting kinematically as one fault, although there is no visible through-going fault surface).
Many of the faults in the model are parallel and never linked. Hence only faults whose tips
were "approaching” each other and/or still had a chance of hard linking were considered for
linkage correction. The number of faults that appeared, linked, and grew in length were
counted for each image. Number that linked and number that grew were normalized to the
total number of faults from the previous image; this assumes that newly appeared faults
have had little effect on these processes.

The distribution of fault sizes (in this study, lengths) in a population is regularly
analyzed using cumulative frequency analysis where the number of faults greater than or
equal to some trace length (N > L) is compared to L. Fault populations follow one of two
distributions of fault sizes. Continental fault populations appear to generally obey a power-
law distribution of sizes such that

N(L) = al-C
where N is the total number of faults with dimensions greater than or equal to some length
(L), a is a constant related to the size of the population, and C is the power-law exponent
(e.g. Kakimi, 1980; Marrett and Allmendinger, 1992; Scholz et al., 1993; Wojtal, 1994;
Pickering et al., 1995). The power-law (or fractal) distribution is thought to be the result of
short- and long-range elastic interaction between structures (Cowie et al., 1993; 1995). For
example, Cladouhos and Marrett (1996) have developed a geometric model for the growth
of a system where fault linkage is a key mechanism; they maintained a power-law
distribution of fault sizes based on faults being able to "feel" each other elastically. The
result is a fault pattern containing strong spatial correlations, which is therefore fractal
(Cowie et al., 1993, 1995). The size data are presented as plots of N =L vs. L in log-log
space. There are usually three distinct segments to the curve (e.g. time 6 & 7 in Figure
4.17). The upper segment is due to data truncation (Pickering et al. 1995), representing
under-sampling of structures below the observation limit of the sampling method used. The

lower segment is a censoring effect, representing under-sampling of larger structures



86

because they extend beyond the study area, but may also be due to truncation - extremely
large structures are undersampled because they do not intersect the study area (Pickering et
al., 1995). Cladouhos and Marrett (1996) suggested that this segment may be due to long
faults not being able to grow at a rate sufficient to maintain a power-law distribution. The

central segment bounded by inflection points is of primary interest. The slope of this
segment (C) describes the distribution of fault sizes in the population; it gives the ratio of
small to large structures. C is sometimes referred to as the fractal dimension or power-law
exponent (Main, 1996). Steeper slopes (thus greater values of C) indicate that smaller
structures are relatively more important than larger structures in strain accommodation
(Scholz and Cowie, 1990).

Cowie et al. (1994) have found that the size distribution of normal faults in oceanic
crust is best described by an exponential function, although in the zone of active faulting
immediately adjacent to the ridge (10 km), a power-law distribution is more appropriate
(Cowie et al., 1994). The function is given as

N(L) = Nye-AL
where Ny is the total number of measurements, and A is inverse of <>, the mean value of
L. Ais also the slope of the best-fit line to the data. The definition of a mean value or
characteristic size is a diagnostic feature of exponential distributions (Cowie et al., 1994).
The overall exponential distribution in oceanic populations is probably a result of a lack of
spatial correlation in the system due to the relatively narrow fault generation zone at
midocean ridges, and the rafting and deactivation of fault packages (which may individually
exhibit power-law distributions) as new crust is formed. This in turn suppresses the short-
and long-range interaction of structures that gives rise to power-law (fractal) distributions
(e.g. Cowie et al., 1994).

Spatial clustering of fault centroids (taken as the center of the trace length) was
assessed following the method outlined in Dawers and Malinverno (1997), where the

distance r from a scanline (positioned in the center of the study area, parallel to the
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extension direction, see Figure 4.2) to each centroid is measured. The number of centroids
within a distance r from the scanline is given as:

N(R) x v
where v is the clustering dimension (¥=1 indicates a random distribution according to
Dawers and Malinverno 1997; O<y<]1 indicates self-similar spatial clustering) in the strike
direction (normal to the scanline). This study will also explore this principle using a
scanline normal to the extension direction (also in the center of the study area), yielding ¥',
the clustering dimension in the extension (dip) direction. Potential shortcomings of this
method include biases due to placement of scanlines as well centroids not being weighted
by their lengths.

Uniformity and randomness of the spatial distribution of points (centroids) were
analyzed usirfg grid-based 2 methods outlined in Sﬁa}l and Sandilands (1995). Although
it would be possible to weight structures by their length using these methods, it was not
done for this study in order to keep the investigation relatively simple. The following
summary of the methods is based on Swan and Sandilands (1995). Uniformity in a point
distribution implies a lack of independence of points (in this case, fault centroids) from
each other, hence the establishment of a point (fault) changes the probability of another
fault developing in its vicinity. Uniformity also implies homogeneity in the geologic
medium. Uniformity of the point distribution is assessed as:

k
X - 1O -5
where k is the number of subareas (grid cells), and Eis the total number of points divided
by k. E thus represents the condition in which each cell contains the same number of
centroids. x: is a comparison of the observed point distribution (O;) with E. This is
compared to, ., the critical y, . required to nullify a hypothesis of a uniform distribution. .
is based on the number of degrees of freedom (grid cells) and a 5% level of significance. If x:

2
> . the point distribution is not uniform.



Randomness in a point distribution also implies homogeneity of the geologic
medium, but more importantly implies independence of points (fault centroids) from each
other. Thus the geologic process determining the positions of points is blind to the
positions of other faults. Randomness is assessed by comparing the observed point

distribution (0;) to an expected Poisson distribution (E) as:
.} (O-E)
X, = L
J

-1

A —
Ej
where
j
E = Te""/rw——
J J'
and O is the number of subareas ( grid cells) that contain j points. The Poisson distribution
is based on the total number of points (1) and the number of grid cells (7). As in the
2 2
uniformity test, %, is compared to _, which is calculated in the same manner as in the
2 2 .
uniformity test. If x> __ the distribution of points isnot random. Non-random point
distributions trend in either the direction of clustering or uniformity (Swan and Sandilands,
1995). Thus, by applying both spatial uniformity and randomness tests, we can check for
spatial clustering independently of the v method outlined above in two sampling directions

(sampling over an area), whereas the ¥ method utilizes only one sampling direction

(sampling along a scanline).

RESULTS

Table 4.1 presents the model image sequence in terms of time, imposed heave, and
imposed extension. Brittle deformation in the model does not become apparent until about
~6.6% extension due to two factors. First, early in the model run strain is likely
accommodated continuously until the stress in the media exceeds the critical stress required
to achieve brittle failure. Second, the faults propagate upward from the base of the model,
nucleating at the interface between the latex sheet and the clay (Withjack and Jamison,
1986). They eventually break the free surface of the model, which is the structural level

studied here. They grow both in length and displacement, interacting and linking with each
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other. The faults are consistently oriented at ~90° to the extension direction with pure dip-
slip motion. Fault dips average around 60°, with mixed dip polarity. Because we are
interested in how the population of faults evolves through time, we will concentrate on how
the map pattern and fault statistics change with time, focusing on those times where
significant changes take place.

Figures 4.2 - 4.11 show the ten time slices (8 - 14) of the model discussed here,
from ~9% to ~21% extension. The map pattern of the model evolves fairly gradually with
increasing strain, and is best examined in light of the fault statistics that will be discussed
later in this section. At time 5 (Figure 4.2) enough faults had broken the surface to collect
sufficient data for population analysis. Time 7 (Figure 4.4) marks the beginnings of a
through-going fault system in the central region of the study area that will eventually form a
well-developed graben at time 9 (Figure 4.6). A weakly right-stepping fault pattern begins
to become apparent at time 10 (Figure 4.7), and persists through time 12 (Figure 4.9).
Time 10 also marks the beginnings of a second through-going full graben system toward
the top of the model, which is fully developed by time 13 (Figure 4.10). At time 11 (Figure
4.8), approximately half the area of the model is cut by faults, although there is a "blank”
area near the bottom left of the model. At this point in the model run, it is apparent that
most of the brittle deformation is concentrated in the central (measured in the extension
direction) two-thirds of the model. Approximately two-thirds of the model surface is cut by
faults at time 13, with the "blank" area persisting. By time 14, the "blank" area fills in,
about three-quarters of the model surface is cut by faults, and most of the brittle
deformation is still concentrated in the central two-thirds of the model.

Figure 4.12 shows the total number of faults, the average length (L) of all faults,
and the summed length (2.L) of all faults through time (increasing strain). The total number
of faults and 2L increase steadily through time, but L first increases rapidly until time 8
when it levels off, not increasing again until time 13. The absolute number of newly

appeared faults follows the trend of the total number of faults (Figure 4.13), except for time



90

13. The absolute number of faults that linked and the absolute number that grew also
generally increase with increasing strain, although there is a noticeable spike in the number
that linked at time 8. Figure 4.14 presents the same data as Figure 4.13, but the number of
faults that linked and the number that grew have been normalized to the total number of
faults present in the previous time step; the number of newly appeared faults has been
normalized to the total number of faults in the current time step. Normalization changes the
trends significantly: now the normalized number of newly appeared faults generally
decreases through time, although there is a small bump at time 10. The normalized number
that linked increases rapidly until time 8, after which it drops and then levels off. The
normalized number of faults that grew through time appears to generally increase and then
decrease, with the exception of time 7. Figure 4.15 compares the normalized linkage,
growth, and newly appeared fault data with average fault length through time. The spike in
the linkage trend corresponds with the levelling off of 'L attime 8.

Figure 4.16 presents data on the spacing of faults along four scanlines parallel to
the extension direction, positioned at a regular intervals (9.2 cm) across the study area. The
average fault spacing (equivalent to fault block width) decreases steadily with increasing
strain, although there is a slight increase at time 10. This slight increase reflects faults
appearing at long range, and corresponds with a slight increase in the normalized number
of newly appeared faults. There is clearly an inverse relationship between the total number
of faults and the average spacing through time. The average standard deviation of the
spacings increases rapidly to a peak at time 10, then decreases at a rate comparable to that
of the average spacing.

Results of the cumulative frequency analysis of fault lengths are presented in Figure
4.17. With increasing strain, the curves fall higher and increasingly to the right of the
diagram, consistent with increasing numbers of faults and increasing fault trace lengths.
There is a change in the character of the curves between times 7 and 8, when the general

shape of the curves changes from weakly concave-up to strongly convex-up. Times 5 - 7
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have a form consistent with a power-law distribution of fault sizes, and are best fit using a
power-law function. Times 7 - 14 are better fit using an exponential function. The
exponents (power-law and exponential) are shown graphically through time in Figure 4.18.
The power-law exponent (C) of early time steps decreases with increasing strain,
signifying a change in the relative importance of small vs. large faults in strain
accommodation, with small faults becoming relatively less important. This has also been
noted in the numerical models of Cowie et al. (1995) and in the geometric models of
Cladouhos and Marrett (1996). After the shift from a power-law to exponential distribution
of fault sizes at time 8, the exponential exponent (A) remains constant until time 10, after
which it steadily decreases. The change in the type of size distribution is coincident with
leveling off of L at time 8 (Figure 4.18), as well as the spike at time 8 in the normalized
number of faults that linked (Figure 4.19). The characteristic or mean fault length (<L>)
derived from A is also shown on Figure 4.18, and is consistently less than L.
Interestingly, <L> follows the trend of L quite closely; the two may even be convergent
after time 10.

The scanline-based clustering analysis was performed both parallel and normal to
the extension direction, yielding a clustering dimension (y) for the along-strike direction,
and a clustering dimension (y") for the dip direction. N < r and N <r'curves for the model
run are shown in Figure 4.20, and values of y and y' through time are shown in Figure
4.21. For times 5 - 9, y << 1, implying self-similar spatial clustering of fault centroids in
the along-strike direction. For times 10 - 14 y = 1, suggesting that, according to this
method, there is a random distribution of centroids in the along-strike direction.
Throughout the model run y' = 1, suggesting that there is a random distribution of fault
centroids in the dip direction. In Figure 4.20, there is a noticeable inflection in the curve at
r' = 4 cm that is persistent through the model run. The area covered by r'= 4 cm is shaded

in Figures 4.2 - 4.12, and corresponds to the region of the model where the majority of the
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visible faulting occurs. This area is narrower than the fault generation zone (discontinuity),
but may nonetheless be an artifact of the model set-up.

The %2 test for uniformity of the spatial distribution of centroids consistently
resulted in confirmation of the uniformity hypothesis for the entire model run (xi < xic).
The %2 test for randomness in the spatial distribution of centroids (Poisson distribution)
consistently resulted in nullification of the hypothesis of randomness for the entire model
run (xf > xi). The failure of the randomness test contradicts the results of the y and '
analyses (both of which were for only one direction/dimension). Recall that if the spatial
distribution of points is non-random, it can trend either in the direction of uniformity or
clustering. Because uniformity was confirmed for all time steps, these tests suggest that
there is no clustering in the model (over an area). This conflicts with the y analysis of time

steps 5 - 9.

DISCUSSION
The shift from power-law to exponential distribution and mechanical layer
thickness

It is readily apparent from the preceding summary of the data acquired from this
model run that time 8 is significant. There are major changes in the trends of average fault
length (-l_:) (levelling off) and the number of faults that linked (reversal) (Figure 4.15).
There is also a shift from a power-law to an exponential distribution of fault lengths
(Figures 4.17 - 4.18) at time 8. Populations of bounded faults (3-D structures, e.g.
continental populations) typically follow a power-law distribution, whereas populations of
unbounded faults (2-D structures, e.g. oceanic populations) generally follow exponential
distributions (see Introduction). Cowie et al. (1995) suggested that the different
distributions are a function of the width of the fault generation zone relative to the longest
faults: where the generation zone is relatively narrow (midocean ridges) and only a small

percentage of population are active for short periods of time, the generation of spatial
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correlations (due to long and short-range elastic interaction) that give rise to power-law
distributions is strongly suppressed (Cowie et al., 1995).

We suggest that the different types of size distributions found in the this model
hinge on mechanical layer thickness, following an evolutionary model of fault systems
based on field data presented by Ackermann and Schlische (1997). In their model, when
the largest faults exceed the mechanical layer they continue to grow in length but not
significantly in displacement, and displacement profiles change from bell-shaped to flat-
topped (see Dawers et al., 1993). The dimensions of stress-reduction shadows around the
faults (which reflect the long-range elastic interaction of structures) will be restricted
because they scale linearly with displacement (Ackermann and Schlische, 1997). Increased
rates of along-strike propagation may lead to an increase in lateral fault linkage, such that
the end result of that model is a series of large faults with a quasi-regular spacing - similar
to mode I fractures and oceanic faults, both of which follow exponential size distributions.
The spacing would be a function of mechanical layer thickness (similar to mode I
fractures). Cladouhos and Marrett (1996) noted that long faults may not be able to grow at
a rate fast enough to maintain power-law scaling; this may be because they can no longer
grow in the dip direction, thus retarding lengthening. Nicol et al. (1996) noted that non-
power law scaling may indicate that different processes or controls are effective at different
scales.

Time 8 marks the point in the strain history of the model when some critical
proportion of the faults in the model exceeds the mechanical layer:

(h)cos(90-6) > t,,
(where h is fault ellipse height, & is fault dip, and #,, is thickness of the mechanical layer, in
this case the clay layer), and begin to have high ellipticities, such that they shift from
having an occupation dimension (f) of 3 to f = 2 (see Marrett and Allmendinger (1991) and
Ackermann and Schlische (1997) for a complete treatment of this concept). Because faults

grow in length with increasing displacement, and less displacement can accumulate when
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the mechanical layer is exceeded, the average fault length becomes fairly constant after time
8. The change in the trend of the number of faults that grew (normalized) through time
(Figure 4.15) occurs at time 9. This likely signifies that there are relatively fewer and fewer
active faults as strain increases, which has one of two implications. Either there is
preferential partitioning of slip onto larger structures, or the structures that are active are
growing faster and faster; the deviance of the cumulative frequency distribution at large
fault sizes ("oversized" faults) late in the model run (Figure 4.17) is consistent with the
former. The standard deviation of the average fault spacing (Figure 4.16) increases at first
as faults form at long range from the central fault zone, but then decreases steadily after
time 10 as the faults come closer to having a quasi-regular spacing. Note that time 10 is two
time steps after time 8, when the type of size distribution changes, and when the map
pattern begins to fill in with faults (Figure 4.7). Time 10 also marks the onset of a decrease
in the exponential exponent (4) as the surface of the model is more heavily effected by the
event at time 8. That is, faults that were hidden inside the model at time 8 began to appear at
the surface at time 10.

The major change in the fault system is taking place inside the model at time 8 (the
change is borne out in the fault statistics at time 8), and there is a time lag until time 10
when it becomes evident in the map pattern and A. The fault system itself responds to the

major change around time 9 by reducing the number of active faults.

Fault generation zone width vs. mechanical layer thickness

At this point in the discussion we have not yet ruled out the width of the fault
generation zone as a factor in the shift from a power-law to an exponential distribution: it
may be that at L =1.65cm (time 8), the width of the fault generation zone was narrow
enough relative to the largest faults to produce an exponential size distribution. If this is the
case, then a model with a narrower generation zone should exhibit the power-law-

exponential shift at lower values of 'L and/or sooner (in terms of strain) after the first
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appearance of faults at the model surface. Model 02.02.96 was similar in the setup to the
model discussed here (12.15.96), with the exception of a 25% narrower discontinuity (9
cm) and a 200% thicker clay layer (3.9 cm).

Figure 4.22 presents length and exponent data through time for 02.02.96.
Difficulties with image acquisition during the model run have introduced scatter to most of
the data collected for the model. The average length curve for 02.02.96 (Figure 4.22) has
the same general form as the curve for 12.15.96 (Figure 4.18), with the levelling off
occurring at time 12. A similar power-law exponential shift occurs at time 12, which is later
than in 12.15.96 (~22.4% vs. ~13% extension), as well as later after the first appearance of
faults (~14% vs. ~6.6%, with delays of 8.4 and 7.6 percentage points, respectively).
Furthermore, the shift occurs at a greater value of L (2.27 cm) in 02.02.96 than in
12.15.96 (1.65 cm). These observations not only eliminate the width of the fault generation
zone as the factor governing the shift from power-law to exponential distribution, but point
to mechanical layer thickness as the determining factor.

This hypothesis is consistent with a progressive increase in width of the generation
zone from oceanic crust to continental crust with high heat flow to continental crust with
low heat flow. Thickness of the uppermost brittle crustal layer also increases along this
progression, and size distributions appear to shift from exponential to power-law along the
same trend. Hence, there appears to be a broad correlation between mechanical layer
thickness and width of the fault generation zone: thinner layers are exceeded sooner and
thus long-range interactions do not take place, leading to exponential distributions due to
the suppression of spatial correlations.

L vs. <L>

'L (average fault length) is consistently lower than <L> (characteristic length). This

is because the structural level of observation is the model surface, and faults are

propagating upward from the interface between the latex sheet and the clay. Thus, at any



96

given time step, there are small faults that have not yet cut the surface and have not been
sampled, which in turn leads to 'L overestimating the average length. L appears to be
converging with <> after time 10 (recall that at time 10, the major change in the system
becomes apparent at the model surface), suggesting that, with increasing strain, L
becomes a better measure of average fault length until the end stage of the Ackermann and
Schlische (1997) model, when L = <L>. The same general trends can also be seen in

model 02.02.96.

Spatial distribution of fault centroids

It was noted above that the results of the different spatial analysis techniques
conflict. The %2 based analyses indicated a uniform, non-random, non-clustered spatial
distribution of points through time. Recall that uniformity in a point distribution implies a
lack of independence of points with each other. The scanline-based cluster analyses yielded
a random distribution of points in the dip direction through time (y'). The distribution of
points in the strike direction (y) was found to exhibit self-similar spatial clustering until
time 10, when it changed to a random distribution (coincident with a major change in the
map pattern, spacings, and A). Cowie et al. (1995) suggested that short- and short and long
range elastic interactions between faults results in populations with strong spatial
correlations that follow power-law size distributions. Recall that a random distribution of
points implies independence of points from each other. If this is the case, then it would be
impossible to have a population of faults that are randomly distributed but follow a power-
law distribution of sizes as discussed in Dawers and Malinverno (1997). We suggest that
the condition of y = 1 is one of a uniform point distribution, not random.

If fault systems evolve as outlined in Ackermann and Schlische (1997), they start
off able to interact with each other at long range, and thus follow a power-law distribution
of fault sizes, and produce a condition of 0 <y < 1 (self-similar spatial clustering). When

the shift from power-law to exponential distribution occurs, the large-scale distribution of
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structures is already determined, such that the distribution of structures shifts from self-
similar spatial clustering to uniform, because now faults cannot interact at long range. The
distribution is not random because the faults were not independent of each other when the
overall fault pattern formed. In addition, faults can still interact over short ranges such that
new faults are not independent of old ones. This may lead to the condition of power-law
scaling over small areas (individual large fault blocks that are relatively elastically
independent from each other, similar in concept to the individual rafted packages of faults
in midocean ridge settings described by Cowie et al., 1995). The sequence of events is
consistent with the change in y through time in the model: at first there is self-similar
spatial clustering, then at time 10 the spatial distribution becomes uniform (erroneously
termed "random" in Dawers and Malinverno, 1997). Recall that at time 10 (e.g. Figure
4.16), the map pattern catches up to the major change in the model that occurred at time 8,
namely the shift from power-law to exponential distribution. It appears that the scanline
based cluster analysis (when performed in two sampling directions) is more sensitive to

self-similar spatial clustering than the grid-based 2 tests for uniformity and randomness.

Modeling artifacts

As with any scaled physical model, the results and interpretations must be critically
examined in light of the limitations of the experimental setup. Modeling media, dimensions,
and strain rate were selected so as to maintain geometric, kinematic, and dynamic scaling
relations based on the experience of the experimental physical modeling group at Mobil.
One potential artifact may be produced by the modeling apparatus itself. The modeling area
is only 60 cm in the strike direction - thus faults cannot grow any longer. We feel that this
is not a factor in this study, specifically because at the shift from power-law to exponential
distribution (time 8) there were no faults (even soft-linked) nearly this long. The width of
the discontinuity (12 cm prior to deformation) may be producing an artifact in the form of

the ~4 cm inflection in the 7' curves, although it is not clear if this is actually the case.
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The origins of the long graben systems at the top and bottom of the model are not
clear. The grabens at the top of the model formed early in model run (times 6 -7), whereas
the graben near the bottom of the model formed late (time 14). Their locations coincide with
the edges of the latex discontinuity and with the position of the retracting overlapping metal
plate (top grabens only), and they are most likely edge effects. There are three possible
explanations for their formation: 1. The retracting overlapping metal plate left a void behind
it, causing the overlying material to collapse into it. 2. The latex discontinuity was sticking
to the base of the modelling apparatus. 3. There was a heterogeneity in the model due to the
latex-duct tape interface. In order to determine if the edge effect grabens had significant
influence on the population systematics of the model, specifically if they were the cause of
the ;:hange from a power-law to an exponential size distribution (Figures 4.17, 4.23a) ,
they were removed from the cumulative frequency analysis of fault lengths (Figure 4.23b).
The quality of the curves is degraded by the parsing, although the degree of degradation
decreases with time. The change from a power-law to exponential distribution of fault sizes
is still present, although at time 8 the distribution of faults sizes could be either power-law
or exponential. The results of the analysis suggests that even though the graben systems
were the results of edge effects, they should not be removed from the analysis because they
are part of a coherent fault system with elastically interacting faults. Future work will be
directed towards producing models without these edge effects, most likely by using silbion
putty rather than latex as the basal discontinuity.

Another issue to consider is the influence of the edge-effect from the model walls
on the fault statistics. We specifically selected the study area outlined in Figures 4.2 - 4.11
in order to minimize edge-effects. Faults near the outer edges of the study area appeared
first within the study area, and propagated laterally, parts of them extending out of the
study area and becoming part of the edge-effect. Finally, our modeling material was

homogeneous throughout the model, with no preexisting fabrics, weaknesses, or random
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flaws. Real rocks usually have at least two of these characteristics. It is not clear if

extremely small scale heterogeneities in the wet clay scale up to the random flaws in rocks.

SUMMARY AND CONCLUSIONS

1. The map pattern of the model evolves gradually through time, passing through a
period of a weakly right-stepping fault fabric. Three through-going full graben systems
form, with the regions between them filled in with smaller structures. Most of the brittle
deformation is concentrated in the central 8 cm of the model (measured in the dip direction).

2. Examination of the population systematics of this model reveals that there is a
major change in the scaling relations of the fault population at time 8, most notably a shift
from a power-law distribution of fault sizes to exponential distribution. This shift is

coincident with a major linkage event, and a leveling-off in the trend of average fault length

(L).

3. The shift becomes evident in the map pattern of the model after a lag of two time
steps (time 10), with a reversal in the trend of the standard deviation of the average fault
spacing indicating that the faults are becoming more regularly spaced.

4. The characteristic fault length (<L>) derived from the exponential distribution of
fault sizes is consistently less than 'L (average observed fault length) due to the sampling
level. The values of <L>and L appear to converge with increasing strain, suggesting that
with increasing strain, L becomes a more accurate measure of the true average fault length.

5. Analysis of the spatial distribution of structures using two different techniques
yielded what appear to be conflicting results. The bi-directional grid-based x?2 tests for
uniformity and randomness suggest a uniform, non-random, non-clustered distribution
through time. The one-directional scanline based y & y' analyses indicated a "random"
distribution (more properly termed uniform) in the dip direction through time, and a shift

from self-similar spatial clustering to a "random" distribution at time 10.
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6. These observations are consistent with the field observations and an evolutionary
model presented in Ackermann and Schlische (1997). Early in the strain history of a
system, faults are able to interact elastically at short and long ranges, which gives rise to a
population of faults with strong spatial correlations and a power-law distribution of fault
sizes. Eventually faults begin to exceed the mechanical layer, and begin to have higher
aspect ratios as they continue to grow along strike but not in the dip direction. This in turn
restricts the size of the stress-reduction shadows and deformation around the faults, which
are generally the means by which faults elastically interact at long range. Spatial
correlations begin to be suppressed, a quasi-regular fault spacing arises, and the
distribution of fault sizes becomes exponential, similar to mode I cracks and oceanic faults
where the mechanical layer has been exceeded. The spatial distribution becomes uniform,
not random, reflecting the original spatially correlated fault pattern.

7. Thickness of the faulted mechanical layer is the controlling factor in how fault
sizes are distributed and spatially correlated. Hence oceanic populations follow exponential
scaling and lack spatial correlation because they are bounded, whereas continental systems
are usually unbounded and follow power-law scaling with strong spatial correlations.
Systems in thinner mechanical layers will reach the transition from power-law to
exponential distribution and the transition from spatial clustering to a uniform distribution
earlier (at lower strains) than those in thicker layers. Given enough strain, all fault systems
might eventually experience these transitions. We suggest that the natural fault system in
Ackermann and Schlische (1997) represents a transitional phase (mid-shift).

8. Time-series analysis of the population systematics of scaled physical models is a
viable means by which to learn more about how fault systems evolve.

9. Future work will include using silbion putty for the basal discontinuity, as well
as examining the role of mechanical layer thickness and fault generation zone width by

varying these two components of the model design.
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Image Time | Heave %o T C A <L> T v
number | (H:MM) | (cm) | Extension
5 1:06 1.10 9.167 0.50 | 1.412 - - 0.638 | 1.157
1:15 1.25 10.417 0.83 | 0.947 - - 0.795 | 1.069
7 1:24 1.40 11.667 1.21 | 0.694 - - 0.727 | 0.922
8 1:33 1.55 12.917 1.65 - 1.054 10948 | 0.754 | 1.026
9 1:42 1.70 14.167 1.76 - 1.043 10.959 { 0.717 | 0.995
10 1:51 1.86 15.508 1.74 - 1.078 10.928 | 0911 | 1.037
11 2:00 2.00 16.667 | 1.68 - 0.946 | 1.057 | 1.001 | 1.12
12 2:09 2.15 17.917 | 1.70 - 0.888 | 1.127 | 1.06 | 1.079
13 2:18 2.30 19.300 1.97 - 0.723 | 1.384 | 0.937 | 1.002
14 2:27 2.45 20.433 | 1.97 - 0.653 {1.532 | 0.884 | 0.949

Table 4.1: Summary of time slices discussed in this paper.
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Figure 4.2: Time 5. A is the image of the model surface; the study
area is outlined with the white box. B is the fault map derived from
the image in A, C is the centroid map derived from B.
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Figure 4.4: Time 7. A is the image of the model surface; the
study area is outlined with the white box. B is the fault map
derived from the image in A, C is the centroid map derived
from B.
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Figure 4.5: Time 8. A is the image of the model surface; the
study area is outlined with the white box. B is the fault map
derived from the image in A, C is the centroid map derived
from B.



0 5 10
cm

Bottom-dipping faults
~~~~~~~~~~~~~~~~~~~~~~ Top-dipping faults

r'=4cm

|
|
|
!

¢] 5 10
cm

r(y) scanline

Figure 4.6: Time 9. A is the image of the model surface; the
study area is outlined with the white box. B is the fault map
derived from the image in A, C is the centroid map derived

from B.

107

~— 7 (y') scanline



108

—:-:.:j Bottom-dipping fauits
0 5 10 [ Top-dipping faults
cm

i
|
|
|
|

foen e e ——— -, — !:—- e we T e e e .T’ — —
1 :

7 =4cm e, e e " -—--’—-—-—.-——;—.-:-'.—4!—'—‘—7- ————— Sexburesiontord e e = [ (y) sC@NHNE

|

____________ T PR N I S S R

-

|
|
l C
]

I scani

0 5 10 r(y) scanline

cm

Figure 4.7: Time 10. A is the image of the model surface; the
study area is outlined with the white box. B is the fault map
derived from the image in A, C is the centroid map derived
from B.
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from B.
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direction (B). All data in (A) were used for curve-fitting. Data used for curve-fitting in (B)
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