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Abstract
Fractures in detachment folded Mississippian-Pennsylvanian Lisbume Group 

carbonates provide insight into the distribution and character of natural fractures as a 
function of folding and lithology. Data from five detachment folds suggest that hinges 
show a higher fracture density than limbs. This study also suggests that the amount of 
shortening does not play a significant role in determining fracture density or uniformity 
of fracture orientation. A mechanical classification based on lithologic homogeneity 
reflects natural fracture distribution as a function of lithology more accurately than 
conventional lithologic classifications.

Two main fracture sets were observed, a N-S set, perpendicular to fold axes, and 
an E-W set, parallel to fold axes. Statistical analyses suggest that E-W fracturing 
occurred before and during folding and that N-S fracturing occurred both before and after 
folding.
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Natural Fracturing in Carbonate Rocks as a Function of Lithology and Structural 
Position in a Detachment Fold: Examples from the Northeastern Brooks Range, 
Alaska. *
1.0 Introduction

Natural fracturing in carbonate rocks is an important aspect of hydrocarbon 
reservoirs. Fracturing can increase hydrocarbon production by increasing both porosity 
and permeability within the carbonate host rocks. The Lisbume Group of northern Alaska 
could be an important hydrocarbon reservoir either in, or beneath the foothills of the 
northeastern Brooks Range. The Lisbume field was the primary target for initial 
exploration drilling at Prudhoe Bay (Paige and Dayton, 1987). The field is estimated to 
contain up to 2 billion bbl, but with only 10% recovery due to lack of fluid transport 
paths (Missman and Jameson, 1991). While carbonate reservoirs are highly variable in 
terms of average porosity and permeability, most hydrocarbon plays have low porosity 
and permeability; therefore, recovery is largely dependent on fracture-enhanced 
permeability. Drilling of the Lisbume field has revealed a permeable subunconformity 
alteration zone (SAZ), which acts as a giant collector of hydrocarbons from low- 
permeability matrix (Jameson, 1994). To achieve maximum hydrocarbon recovery of 
Lisbume field, the location of other highly fractured zones must be identified.

In the foothills of the northeastern Brooks Range, the Lisbume Group will most 
likely have been subjected to tectonic deformation (figure 1). The Lisbume Group is a 
major element in the exposed portions of the Brooks Range fold-and-thrust belt, and thus 
would be expected to be heavily involved in folding and thrusting in the subsurface in the 
nearby foothills. Such deformation would likely influence the reservoir characteristics of 
the Lisbume Group. In this study, I hypothesize that the mechanical properties of the 
Lisbume lithologies as well as the type and amount of folding influence fracture 
character and distribution.

* To be submitted for publication in the Journal of Structural Geology, Elsevier Science 
Ltd., Amsterdam.
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The main objective of this study is to describe how the Lisbume reservoir is 
modified by fracturing as a function of lithology and position in a detachment fold. In 
order to fulfill this purpose, the following questions will be addressed:

1) How do fracture character and distribution change as a function of 
lithology and bed thickness?

2) How do fracture character and distribution change as a function of 
position in a detachment fold?

3) How do fracture character and distribution vary as detachment folding 
accommodates greater amounts of shortening?

This study is part of a larger project, sponsored by the U.S. Department of 
Energy, to investigate the role of lithology and detachment folding in the potential 
development of a fractured carbonate reservoir. Besides describing the distribution and 
character of natural fractures in detachment folds, my project also provides detailed 
fracture data for flow and other reservoir modeling.
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2.0 Previous Research
Previous work concerning fracturing in carbonate rocks as a function of lithology 

and position in a fold generally has treated these specific elements separately. For 
example, Hanks et al. (1997) address fracturing in the carbonate rocks of the northeastern 
Brooks Range Alaska as a function of mechanical stratigraphy, but do not address 
fracturing as a function of folding. Many workers have addressed fold-related fracturing 
(Steams, 1967; Ramsay and Huber, 1987; Cooper, 1992; Cooke et al., 2000; Cosgrove 
and Ameen, 2000), but relatively few have addressed fractures related specifically to 
detachment folds (with the exception of Jamison, 1997). Both Cooper (1992) and 
Jamison (1997) have quantitatively evaluated fractures in anticlines. Different models of 
folding, including detachment folding, have been proposed and are being refined, so it 
has become important to re-evaluate the relationship between folding and fracturing.

2.1 O rig in  o f  N a tu ra l F ra c tu res
In order to better understand distribution of natural fractures it is important to 

understand the origin of fractures from a theoretical standpoint. Simply put, natural 
fracturing (known as Griffith cracks) occurs when the difference between oi (maximum 
principal stress direction) and 03 (minimum principal stress direction) is greater than the 
cohesive strength of the material (Atkinson, 1987). The resistive force is the natural 
cohesive strength of the material, which to a first approximation for geologic materials is 
a function of the strength of the atomic bonds of the crystal lattice of the rock. 
Experiments have shown (Atkinson, 1987; Scholz, 1990) that cohesive strengths of real 
rocks are far less than those calculated for given bond strengths. This discrepancy is due 
to an important quality of real rocks, especially sedimentary lithologies: they are not tmly 
homogenous. Small irregularities, such as fossils, oversized crystals, and gas pockets 
create imperfections, which serve as nucleation points for fracture initiation (Rives et al., 
1992; Wu and Pollard, 1995). Once a fracture is initiated, propagation continues under 
otherwise sub-critical stress regimes due to “crack-tip stress amplification” (Scholz, 
1990).
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The magnitude of difference between ci and <73 will determine the type of 
resulting fracture (Gross and Engelder, 1995). Differential stresses greater than the tensile 
strength, but less than four times the tensile strength will cause extensional fractures. 
Differential stresses greater than four times, but less than eight times the tensile strength 
of the material will cause conjugate shear fracturing. Differential stresses greater than 
eight times the tensile strength will cause simple shear fracturing (Gross and Engelder, 
1995). Since extensional fractures form at stresses well below those required for shear 
failure, extensional fractures are quite common in both folded strata and flat-lying strata 
(Lorenz et al., 1991).

Interactions between fractures play an important role throughout the development 
of any given fracture set (Segal and Pollard, 1983). Indeed, it is fair to say that no fracture 
stands alone. This is because the propagation of fractures is a means of changing the 
overall stress field, which will influence the propagation of other fractures. The area 
immediately adjacent to a fracture experiences very little stress in the direction of ct3.
This area is known as a shadow zone (Rives et al., 1992), wherein fractures cannot 
propagate due to limited stress. Factors such as rock type, degree of homogeneity, and 
bed thickness determine the extent of this shadow zone. The interactions between 
fractures leads to a concept known as fracture saturation (Rives et al., 1992; Wu and 
Pollard, 1995). As fracturing begins, distribution of fractures is random with the 
exception that very few, if any, will be in close proximity to an existing fracture due to 
the shadow zone. Fracture distribution at this stage would resemble negative exponential 
distribution (Wu and Pollard, 1995). As fracturing continues within a given material, the 
material becomes saturated with shadow zones. At this point fractures are very evenly 
spaced, resembling normal distribution. Any further fracturing must occur within the 
shadow zone of an existing fracture. Fractures then become less evenly spaced, 
producing a lognormal distribution of fractures (Rives et al., 1992).

2 .2  F o ld in g  a n d  F ra c tu res
Much has been written concerning the relationship between folding and fracturing 

(Steams, 1967; Ramsay and Huber, 1987; Cooper 1992; Cooke et al., 2000; Cosgrove
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and Ameen, 2000), but relatively few (e.g., Jamison, 1997) have addressed fractures 
related specifically to detachment folds. The most common observation is that fracturing 
is concentrated in the hinge areas of folds as compared to the limbs (Cooke et al., 2000; 
Cosgrove and Ameen, 2000).

One of the most common models to explain how folding enhances fracturing calls 
on tangential longitudinal strain (Price and Cosgrove, 1990). As folding occurs in a 
hypothetical fold of a single layer of homogenous, isotropic material; the deformed layer 
is strained. In the outside curve of the fold the strains are extensional, and in the inside 
curve of the fold the strains are contractional. There is an imaginary line, called the 
neutral surface, wherein the net strain is neither contractional nor extensional. This 
straining results in “layer-parallel normal stresses” (Cooke et al, 2000). An extensional 
stress regime is created in the outside of the curve, and a compressional stress regime is 
created in the inside of the curve. Theoretically, natural fracturing will be concentrated 
around fold hinges, with extensional (joint) fractures occurring in the outer curve of the 
fold, and compressional (shear and dissolution cleavage) fractures occurring in the inner 
curve of the fold.

It is important to remember that the geometry of the fold will influence the degree 
to which fracturing is concentrated. In a fold with an angular hinge and planar limbs, 
curvature is concentrated in a narrow hinge. Fracturing would also be concentrated in the 
hinge. At the other end of the spectrum, in a perfectly concentric fold, the curvature is 
constant throughout the fold. In this case fracturing would be expected to be evenly 
distributed throughout the fold. These models only involve single layer homogenous 
material, which does not adequately describe most real rocks. They do, however, provide 
a reasonable starting point to better understand fold related fracturing.

Steams (1967) described four well-developed fracture patterns associated with 
folding in the Teton anticline (figure 2). These fracture patterns are interpreted to have 
developed as c?i, 0 2 , and 073 traded places due to changing local conditions within the 
fold. For the sake of simplification, the folds shown in figure 2 represent linear axis (non- 
periclinal) folds.
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Folding occurs when ctj is sufficiently greater than 02 to cause buckling of the 
material (Dahlstrom, 1990; Groshong and Epard, 1994; Epard and Groshong, 1995; 
Poblet and McClay, 1996). At this point in fold development, fractures may form due to 
the same stresses that cause folding, but are not influenced by tangential longitudinal 
strain that accompanies folding. As folding continues, tangential longitudinal strain 
increases, both in the inner-arc and outer-arc of the fold. Figures 2a and 2b illustrate the 
orientation of stresses caused by inner-arc tangential longitudinal strain, and the related 
fracture patterns associated with these stress orientations (Steams, 1967). The primary 
difference between patterns seen in figure 2 a and 2b is the orientation of <3 2 , which, in 
many cases, depends on the amount of overburden. Figure 2c illustrates fracture patterns 
associated with outer-arc tangential longitudinal strain. At the outer-arc of the fold hinge 
itself, tangential longitudinal strain causes a change of orientation of the principle stress 
components. <73 is now parallel to bedding and perpendicular the fold axis, and cti is now 
parallel to bedding and the fold axis. The fracture patterns associated with this stress 
orientation can be seen in figure 2c. Figure 2d illustrates an uncommon but possible 
fracture pattern associated with tangential longitudinal strain, and the corresponding 
stress orientation. Of course real rocks often involve multiple layers, which complicate 
these simple fracture models.

In many cases, the strains associated with folding multiple layers are 
accommodated by flexural slip (figures 2e and 2f). Flexural slip occurs as bedding planes 
slide past each other (Price and Cosgrove, 1990). Fracture patterns caused by flexural 
slip differ from those caused by tangential longitudinal strain. En echelon tension gashes 
are commonly found in conjunction with flexural slip (Price and Cosgrove, 1990). 
Ultimately, the mechanisms that initiate fracturing are closely related to the kinematics of 
folding. The multiplicity of fold types and processes are reflected in the multiplicity of 
fracture patterns.

2 .3  F ra c tu res a n d  D e ta ch m en t F o ld in g

Inasmuch as fractures within detachment folds are the focus of this study, a 
brief introduction to detachment folds is in order. A detachment fold forms when a layer
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of rock deforms above a bedding-parallel thrust fault (also known as decollement or a 
detachment surface) (Jamison, 1987) (figure 3). Detachment folds are commonly found 
in mechanically layered strata, where a relatively competent unit overlies a relatively 
incompetent unit.

A significant difference between detachment folds, fault-bend folds and fault- 
propagation folds is that some detachment folds can be modeled as having fixed hinges 
(figure 3). In models of fault-bend folds and fault-propagation folds, the rocks of the 
upper layer migrate through some synclinal and anticlinal hinges (figure 3). Thus, even 
the rocks that are now in limbs may have been in hinges at one point, and would 
consequently show fracture densities similar to those now in hinges. Some models of 
detachment folds assume that the folded rocks migrate through the synclinal hinges 
(figures 4B, 4C) (Poblet and McClay, 1996), and thus, similar fracture intensities would 
be found in both the limbs and synclinal hinges. There are, however, models of 
detachment folds in which the rocks are fixed with respect to all hinges (figure 4A) 
(Epard and Groshong, 1995). In whic case, fracture densities would be much higher in 
the hinges than in the limbs. Clearly, fold type and fold kinematics could potentially play 
a very important role in the distribution of fold-related fracturing.

There is significant discussion as to whether fold hinges are fixed or whether 
they migrate through the rock in detachment folds. There is evidence to support both 
sides of the debate (e.g., Dahlstrom, 1990; Fischer et al., 1992; Poblet and McClay, 1996; 
and Homza and Wallace, 1997). With respect to natural fracturing, the question of 
migrating or fixed hinges is significant. In the case of fixed-hinge detachment folds, 
fracturing caused by tangential longitudinal strain would be concentrated in the hinges of 
the folds (assuming the tangential longitudinal strain model to be correct). Since large 
amounts of layer parallel strain are associated with fixed-hinge detachment folding 
(Dahlstrom, 1990; Poblet and McClay, 1996), fractures associated with flexural slip
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(primarily en echelon tension gashes) would also be expected. In the case of detachment 
folds with migrating hinges, different fracture patterns would be expected. Fractures 
caused by tangential longitudinal strain would be expected to be evenly distributed 
throughout the limbs and hinges (Poblet and McClay, 1996). Fractures caused by flexural 
slip may be present in detachment folds with migrating hinges, but will not be expected 
to be concentrated in the hinges. Ultimately, fracture density may help distinguish 
between fixed vs. migrating hinges. The fracture patterns observed in this study may help
better explain the detachment folding process.

2 . 4  F ra c tu res  a n d  M ech a n ica l S tra tig ra p h y
In order to discuss fracture character as a function of mechanical stratigraphy, it is 

important to define what is meant by “mechanical stratigraphy”. Ramsay and Huber 
(1987) listed seven components of mechanical stratigraphy:

1. The composition of the layers and the primary rheological properties of each 
rock type.

2. The change in rheological properties of the layers as a result of changing 
pressure and temperature conditions during the period of fold formation.

3. The development of orientation of mineral grains during deformation.
4. The mechanical properties of the interfaces between layers.
5. The thickness of each of the constituent layers in the rock packet, and 

whether or not the different rock layers are grouped into units.
6 . The nature of the boundary constraints on the rock units undergoing folding.
7. The overall scale of the multilayer packet being folded.

The role that each of these components would play depends on the scale of interest. For 
our purposes, these seven components could be summarized into one working definition 
of mechanical stratigraphy, namely, the distribution of given rheologic properties within 
a given rock unit. Scale is a very important consideration. On a regional scale, 
mechanical stratigraphy, especially competency contrast, plays an important role in the 
development of detachment folds (e.g., Wallace and Hanks, 1990; Erickson, 1996; Hanks
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et al., 1997; Homza and Wallace, 1997), which in turn may affect fracturing by 
influencing rate, amount, nature, and amplitude of folding, and the location of the hinges.

On a smaller scale, lithology can play an important role in determining fracture 
spacing and distribution. Within the broad family of carbonate rocks, differing lithotypes 
can posses differing mechanical properties such as yield strength, elasticity, and 
abundance of imperfections in the body of the rock. As such, fracture densities would be 
expected to vary according to lithotype. The fracture patterns observed in previous 
studies of the Lisbume Group of the northeastern Brooks Range show a relationship 
between fracture distribution and lithology (Hanks et a., 1997). In flat-lying sections of 
the Lisbume Group carbonates, grainstones and other coarse grained lithologies were 
consistently less densely fractured than the carbonate mudstones. This has been attributed 
to mechanical differences between differing carbonate lithologies (Hanks et al., 1997).

Many workers maintain that fracture distribution is highly dependent on bed 
thickness (Bogdonov, 1947, inLadeira and Price, 1981; McQuillan, 1973; Ladeira and 
Price, 1981; Ramsay and Huber, 1987; Huang and Angelier, 1989; Wu and Pollard,
1995). Bogdonov (1947) devised the formula S=K*T, which is a general rule of thumb 
equating fracture spacing (S) with bed thickness (T) and a constant (K), which is 
dependent on various factors such as rock type, strain rate, pore pressure, etc. This simple 
equation implies a direct linear relationship between fracture spacing and bed thickness. 
Based on fracture patterns in Saudi Arabia, McQuillan (1973) concluded that there is a 
logarithmic relationship between fracture spacing and bed thickness. Ladeira and Price 
(1981) have shown this to be true, but only up to a 1.5 meter bed thickness limit. In beds 
thicker than 1.5 meters, thickness does not seem to correlate with fracture distribution 
(Ladeira and Price, 1981). Closer to home, Hanks et al. (1997) compared fracture 
spacing with bed thickness in the undeformed Lisbume Group carbonates of the 
northeastern Brooks Range. They found no reliable relationship between fracture spacing 
and bed thickness.
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3.0 Geologic Setting
3.1 R eg io n a l S ettin g
Unparalleled exposures of detachment folded Lisbume Limestone in the 

northeastern Brooks Range provide an ideal setting for detailed analysis of natural 
fracturing in detachment folded carbonate reservoirs. The Brooks Range is a late 
Mesozoic to Cenozoic fold-and-thrust belt that extends across northern Alaska and into 
northern Canada (Moore et al., 1994) (figure 1). It is an extension of the Rocky Mountain 
fold-and-thrust belt and formed mostly between Middle Jurassic and Paleocene time 
(Moore et al., 1994; O’Sullivan et al., 1997). The main axis of the mountain belt is 
characterized by extensive thrust faulting, and associated thrust-related folding (Moore et 
al., 1997; Wallace et al., 1997). The northeastern Brooks Range structural province 
consists of a prominent northward-convex, arcuate, topographic and structural salient 
with respect to the main Brooks Range axis (Wallace and Hanks, 1990; Wallace, 1993). 
In terms of structural style, the northeastern Brooks Range is dominated by folding, as 
opposed to the closely spaced, large-displacement thrust faults, which characterize the 
main axis of the Brooks Range (Moore et al., 1994). The northeastern Brooks Range 
escaped Jurassic and Cretaceous deformation and has experienced shortening and uplift 
only during the Cenozoic (Wallace and Hanks, 1990; Hanks et al., 1994) (figure 1).

3 .2  S tra tig ra p h y
The stratigraphy of the northeastern Brooks Range is summarized in figure 5.

The Mississippian-Lower Cretaceous Ellesmerian sequence unconformably overlies the 
Precambrian to Devonian rocks often referred to as “basement” or “Pre-Mississippian 
rocks”.

The pre-Mississippian rocks consist of a heterogeneous assemblage of slightly 
metamorphosed sedimentary and volcanic rocks (figure 5). The boundary between the 
pre-Mississippian rocks and the overlying Endicott Group is an unconformity. The 
Endicott group marks the beginning of deposition along a south-facing (relative to 
present day coordinates), broadly subsiding, passive margin (Moore, 1994). The 
Kekiktuk Conglomerate is the lowest part of the Endicott Group. It is overlain by the
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Kayak Shale, which consists of black organic-rich shale, siltstone, and limestone. The 
depositional thickness of the Kayak Shale varies throughout the study area, but 
reasonable estimates range from 100 m to 250 m (LePain, 1993). As transgression 
continued, a carbonate platform was established, resulting in a gradational contact 
between the shallow marine Kayak Shale and the Lisbume Limestone (Moore et al.,
1994). The Kayak Shale is significant to this study because it forms the lower bounding 
unit of the detachment folds.

The Lisbume Group is a thick sequence of carbonate rocks that were deposited on 
a passive continental margin, with an extensive carbonate platform reaching from 
northeastern Russia across northern Alaska and into Canada (Bird and Molenaar, 1987). 
The carbonate platform dips to the south with gradational age changes, thicknesses, and 
facies that are consistent with northward onlap (Jameson, 1994; Watts, 1994; Gruzlovic, 
1991; Moore et al., 1994). The Lisbume Group is formally divided into two units (figure 
5). The Mississippian Alapah Limestone is the lowermost 300-400 m of the Lisbume 
Group and the Mississippian and Pennsylvanian Wahoo Limestone is the uppermost 200- 
300 m of the Lisbume Group (Watts, 1994). The Lisbume is the unit in which 
detachment folding occurs.

The clastic Permian and Triassic Sadlerochit Group overlies a regional 
unconformity above the Lisbume Group, which is marked by locally significant erosional 
relief but little discordance (figure 5) (Moore et al., 1994). The Sadlerochit Group 
consists of two main formations. The Permian Echooka Formation is a laterally restricted, 
cmdely channelized chert-pebble and cobble conglomerate (Crowder, 1990). The Lower 
Triassic Ivishak Formation consists of marine shale of the Kavik Member, and sandstone 
of the Ledge Member (Moore et al., 1994). The Sadlerochit Group is significant because 
it forms the upper bounding unit of the detachment folds.

The Sadlerochit Group is overlain by the upper part of the Ellesmerian sequence 
(including the Shublik Formation, Kingak Shale, Kemik Sandstone, and pebble shale 
unit) and the Brookian sequence (including Hue Shale, Canning Formation, and the 
Sagavanirktok Formation) (Moore et al., 1994). The Brookian sequence is relevant
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because they indicate that significant overburden was present at the time of detachment 
folding.

3 .3  S tru ctu ra l se ttin g
The northeastern Brooks Range is a fold-and-thrust belt characterized by a 

regional-scale duplex in the basement rocks between a floor thrust at depth and a roof 
thrust in the Kayak Shale (Wallace and Hanks, 1990; Wallace, 1993) (figures 6,7). The 
northward displaced, fault-bend folded horses in this duplex form regional scale 
antiforms and synforms. The Lisbume Group carbonates have been parasitically folded 
above the roof thmst in the Kayak Shale (figure 6). This overall structural style is 
interpreted by Wallace (1993) to be a “passive-roof duplex” (Banks and Warburton, 
1986). Forward displacement of the horses was accommodated by hindward 
displacement of the roof sequence (figure 8). Hindward displacement of the Lisbume 
Group was accommodated in the form of detachment folds (Wallace and Hanks, 1990; 
Wallace, 1993; Homza and Wallace, 1995, 1997). These kilometer-scale folds are 
considered to be detachment folds by Homza and Wallace (1995,1997) for four main 
reasons:

(1) They are defined by a competent unit (Lisbume Limestone)
(2) They are cored by an internally deformed incompetent unit (Kayak Shale)
(3) The incompetent unit is detached from and displaced relative to an 

underlying competent unit (Kekiktuk Conglomerate and underlying 
basement).

(4) No thrust-faults cut through the folds.
Detachment fold geometries vary widely and include: broad open folds, boxy, 

flat-paneled folds, and tight to isoclinal folds. Fold wavelengths range from 50 meters to 
3 kilometers. Fold amplitudes range from 20 meters to 500 meters. Significant faulting 
(normal or thmst) was not observed in the Lisbume Group in the areas studied in my 
project and this pattern holds hue for most of the northeastern Brooks Range (Wallace 
and Hanks, 1990; Wallace, 1993).
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4.0 Methodology
4.1 D a ta  C o llec tio n
Field data were collected during the summer of 1999. Outcrops were chosen 

based on their proximity to, or location on, a fold as well as accessibility to measurable 
fractures. Wherever available, exposed bedding surfaces were chosen instead of cross- 
sectional exposures of bedding to allow determination of abutting relationships and 
relative ages of fracturing.

At each outcrop, general geologic data were collected as follows. Bed thickness 
was measured with a nylon measuring tape, keeping the line of measurement normal to 
bedding. Bedding plane orientation was ascertained by measuring the strike and dip of 
bedding surfaces with a Brunton compass. The lithology of the outcrop was described 
based on the Dunham (1962) classification and was determined through close 
examination of hand samples with a hand lens (including distinction between limestone 
and dolostone). Due to weathering of the rock surface, lithologic classification in the field 
was somewhat uncertain. Subsequent petrographic and XRD analysis refined the 
classifications, with much more reliable results. Any fossils and other features common 
in carbonates were noted including: chert nodules, stylolites, and dissolution cleavage. 
Attention was given to small-scale structures— slickensides, tension gashes, strained 
fossils, or deviated stylolites— as possible indicators of strain.

Fractures were grouped into sets based on orientation and character, and data for 
each fracture set were collected. A nylon tape measure was laid out along a “scan-line.” 
Scan-lines ranged from 1 meter to 20 meters. In the case of bedding plane exposures, 
these scan-lines were oriented parallel to the bedding plane and perpendicular to the 
fracture set being measured. In the case of cross-sectional exposures, scan lines were 
oriented perpendicular to the fracture set. Each fracture was then counted and its distance 
from the beginning of the measuring tape was recorded. The strike and dip of each 
fracture was measured with a Brunton compass and recorded.

Since data were collected from both exposed bedding surfaces and bed-normal 
faces, the dimensions of fracture height, fracture length, and fracture depth required
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standardization (figure 9). Fracture height was designated as the linear measurement 
along the fracture perpendicular to bedding. Fracture length (or depth) was designated as 
the linear measurement along the fracture parallel to bedding. Fracture aperture (or 
width) was measured with the nylon tape measure oriented as close to perpendicular to 
the fracture walls as possible.

Fracture fill was estimated both in terms of amount of fill (no fill, partial fill %, or 
totally filled), and type of fill (calcite or quartz). Fracture terminations were recorded and 
classified according to the manner in which they terminated. Many fractures terminated 
at bedding planes, whereas others terminated within the bed. Some fractures crossed 
other fractures, whereas other fractures merged together (figure 9). Still other fractures 
were not exposed at one or both ends, and fracture terminations were indeterminate. 
Fracture sinuosity was measured as the ratio of linear distance between fracture 
terminations (height) vs. the actual distance measured along the fracture (figure 9).

Oriented hand samples were collected at each location. A flat face of the rock 
was chosen and its orientation was measured with a Brunton compass, and recorded. A 
line parallel to strike was drawn on the face and the azimuth of the line was written on the 
rock. The dip direction and magnitude of the chosen face were also written on the rock. 
The sample was then removed from the outcrop. Photographs were taken of each 
fracture set and any other relevant structural features. The data collected during the field 
season were compiled on a spreadsheet (see Appendix A).

While ten folds were mapped as part of this study, only five folds were chosen for 
detailed analysis in the field. These five folds (labeled fold II, fold V, fold VII, fold 
VTTIA and fold VIIIB) were chosen because of the amount and quality of data obtainable, 
and the accessibility to fractures in the hinge and both limbs of each fold. Even so, data 
from fold VELA were quite limited. For this reason, data from fold VIIIA are not 
included in the fold-by-fold analysis, although they are included in the area-wide 
analysis, and are thus included. Unless otherwise noted, all data on fold geometry were 
derived from research performed by Paul Atkinson during the summer of 1999 
(Atkinson, 2001).
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Throughout the following section, some terms and assumptions merit 
explanation. Age relationships are based on abutment patterns observed on the bedding 
plane where possible. For extensional fractures, it is possible to infer relative age of 
fracturing by noting which fractures are through-going and which abut against other 
fractures (Dunne and Hancock, 1994) (figure 10). In the example shown in figure 10, the 
N-S fractures are more through-going than the E-W fractures. Also, the E-W fractures 
terminate abruptly against the N-S fractures. This implies that the N-S fractures formed 
before the E-W fractures. It should be noted that this relationship only applies to 
extension fractures and not to shear fractures.

The term “persistency” refers to the extent to which a fracture or fracture set 
crosses bedding planes (Ramsay and Huber, 1987). Persistent fractures cross multiple 
bedding planes. Sub-persistent fractures cross one bedding plane. Non-persistent 
fractures do not cross any bedding planes.

4 .2  P resen ta tio n  a n d  S ta tis tica l A n a lysis  o f  D a ta
Basic exploratory statistical analysis was performed on all of the data from the 

entire field area. Additional in-depth statistical analysis of field data was performed at 
two scales: individual folds and area-wide, which combines data from all the folds plus 
data from areas other than the numbered folds.

For each of the four folds that were studied in detail, fracture orientations were 
plotted both as rose diagrams and as stereo-plots in order to assess the spatial distribution 
of orientation of the fracture sets. Schematic cross-sections were constructed in order to 
illustrate any patterns relating fracture orientation with location. All the fracture data 
from each fold are summarized and presented in table format.

Statistical analyses were performed on all of the fracture data from each of the 
four studied folds. Exploratory box-plots were constructed from the spacing and 
orientation data to get an idea of the spread of the data. Distribution curves of fracture 
spacing data were plotted for each of the folds.

An important aspect of this study is to compare mean orientation of fractures 
between various fracture sets in order to assess possible genetic relationships. This was
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accomplished by performing spherical statistical analyses on the strike and dip data from 
the measured fracture sets. Because strike and dip are interrelated, spherical statistics are 
a more accurate representation than linear statistics of strike and dip separately. In order 
to compare mean fracture orientation between sets, strike and dip data were 
mathematically converted to trend and plunge data, which were subsequently converted 
into x,y,z unit vectors, a technique commonly used with paleomagnetic data.

Spherical statistics differ from simple presentation of orientation data (such as 
stereonets and rose diagrams) in that they employ the concept of a “cone of confidence” 
(Watson and Williams, 1956; Rock, 1988) (figure 11) in order to quantify the variance in 
the data. In other words, the cone of confidence is the spherical equivalent of standard 
deviation. This allows for the quantification of the distribution (spread), and provides a 
way to compare fracture distribution between fracture sets.

The Watson-Williams test (Watson and Williams, 1956; Rock, 1988) was used to 
determine whether or not two groups could be considered statistically similar. Being 
statistically similar would suggest that such fractures are most likely from the same 
population, and are also likely to be genetically related.

In order to help ascertain any genetic relationships, I mathematically “unfolded” 
the folds, and determined the orientations of the fracture sets as though bedding were 
horizontal. Mean fracture orientations of the “unfolded” fracture sets were then 
statistically compared (Watson-Williams test) in order to determine any genetic 
relationships. I used the same test to compare “folded” vs. “unfolded” mean fracture 
orientations in order to explore the possibility of fractures having a systematic orientation 
with respect to the fold. In other words, this test helps differentiate between fracture 
orientations related to bedding, and those related to folding.

A similar analysis was performed on an area-wide scale. Fractures of similar 
orientations were compared between folds of close proximity, using the Watson-Williams 
comparison of means. For example, a set of N-S fracture orientations from fold V was 
compared with a set of N-S fracture orientations from fold VII. Comparing fracture
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orientations from E-W sets, and comparing fracture orientations between other 
neighboring folds was performed in a similar fashion.

Linear statistical analyses were performed on all the data on an area-wide scale. 
Primarily, these analyses were used to quantify any area-wide influence of lithology, bed 
thickness, and structural position in determining fracture distribution.

4.3  P e tro g ra p h ic  (Thin S ection ) A n a lys is
Oriented thin sections were made of all samples collected. Thin sections were cut 

parallel to bedding in order to cross as many fracture sets as possible. Additional thin 
sections were made from the hinge zone samples. These were cut perpendicular to both 
the axial plane of the fold and bedding planes in order to cross conjugate and shear 
fractures. Petrographic analysis of the thin sections includes a description of the 
following attributes: matrix type and relative amount, average grain sizes, type and 
relative amount of dolomitization (see below), type and abundance of microscopic strain 
features, micro-fracture distribution, and fracture fill type and amount. The data derived 
from this analysis are presented in appendix B.

4 .4  D o lo m ite  A n a lys is
Another aspect of this study is to analyze how dolomite can affect the fracture 

distribution in detachment folded carbonate rocks. Inasmuch as field identification of 
dolomite can be difficult, if not impossible, lab analyses including XRD analysis and thin 
section staining were required in order to determine the presence or absence of dolomite 
in the outcrops studied.

In order to accurately determine dolomite content of the outcrops studied, 27 
samples were analyzed using a Rigaku X-ray diffractometer. Since the primary 20 peak 
for CaCC>3 is at 29.4° and the primary 20 peak for MgCa(CC>3)2 is at 31°, samples were 
analyzed between 2 0  angles of 35° and 2 0 °. All of the samples contained some SiC>2, 
which produced a small peak at a 20 angle of 26.6°. This quartz peak was used as an 
internal calibration tool in order to ensure proper alignment of the analytical equipment. 
The results of this analysis are shown in appendix C.
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Thin sections were stained with Alazarin-S, which reacts with CaC0 3  but does 
not react with CaMg(C0 3 )2. Thorough microscopic examination of thin sections was 
performed in order to determine dolomite distribution, (e.g., stratified, fracture fill, 
uniformly distributed, etc.). The data derived from this analysis are included in appendix 
B.
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5.0 Fourth Range
5.1 L o c a l G eo lo g ic  S ettin g

5.1.1 Local Structural Setting
The Fourth Range study area is in the gently dipping south limb of a single horse 

in the regional duplex (Wallace and Hanks, 1990) (figure 6). Since the fold axis in this 
horse plunges eastward, the Lisbume Group, being in the subsurface to the east and 
having been eroded to the west, is best exposed at the east end of the Fourth Range,. 
Detachment folding accommodated the shortening of the Lisbume Group, and several of 
these folds are well exposed in the Fourth Range study area. Figures 12 and 13 illustrate 
the structural geology of the Lisbume Group in the Fourth Range study area. The folds 
of the Fourth Range vary from relatively open boxy folds to closed, tight, or isoclinal 
folds (figures 12). In the vicinity of fold n, the Lisbume Group is exposed in a syncline 
defined by two kink-hinges, and in a tight anticline (figure 12). The entire thickness of 
the Kayak Shale and Lisbume Group carbonates are exposed in the Fourth Range study 
area.

5.1.2 Local Lithostratigraphy
The Lisbume Group in the Fourth Range study area was described in detail by 

Whalen (2000) and Gruzlovik (1991). In the Fourth Range study area, the Alapah 
Limestone is -300 m thick, and the Wahoo Limestone is -100 m thick. According to 
Whalen (2000), the Alapah Limestone appears to contain 4 major lithologic units. Unit 1 
has a gradational contact with the underlying Kayak Shale, and is dominantly recessive 
weathering. Unit 3 is more resistant to weathering than unit 2 and unit 4. Within each of 
these units, lithostratigraphic heterogeneities are thought to represent depositional cycles. 
In general, these cycles tend to coarsen upward, and beds within each cycle tend to 
thicken upward. Thin-bedded, fine-grained, argillaceous-rich units are commonly 
incompetent, and thick-bedded, coarser-grained units are usually more competent. 
Whalen (2000) noted that exceptions to these generalizations were observed, suggesting 
that caution be taken when interpreting mechanical properties based on rock-type and 
vice-versa.
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In the Fourth Range study area, fracture data were collected from all four of the 
major lithologic units. Fold II is exposed in wackestones of unit 4 of Alapah and in the 
lower part of Wahoo. Fossils include bryozoans, brachiopods, crinoids, and some 
stromatolites.

5.2  F o ld  I I  O b serva tio n s  
Fold II (figure 14) is a somewhat rounded, slightly asymmetric, gentle syncline, with an 
interlimb angle of ~115°. Fold height has been estimated to be -700 m and fold width or 
half-wavelength has been estimated to be -400 m, with a height/width ratio of 1.75 
(Atkinson, 2001). This fold is -200 m south of fold I, a syncline of comparable 
geometry, and -500 meters north of fold III a tight, upright anticline (figures 12,13). The 
axial plane of fold II strikes 100° and dips 80° to the south. The fold axis has a slight 
eastward plunge of -2°. Exposures of this fold are somewhat limited, with only 3-5 
meters of section exposed at any one location. A complete list of data from fold II can be 
found in appendix A.

5.2.1 Observations
Fractures

Four fracture sets were examined in fold II. These were a N-S striking set, an E- 
W striking set, and north-dipping and south-dipping sets interpreted to be conjugates 
(Appendix A). All of these fracture sets are interpreted to be extensional (not shear) 
based upon sense of displacement across the fracture surface. The N-S and E-W fractures 
formed at high angles to bedding. The north-dipping and south-dipping sets are 
interpreted to be a conjugate set because they are nearly parallel in strike direction, dip 
directions are separated by an acute angle, and they are bisected by the E-W fracture set. 
The rose-diagrams and stereoplots (figures 15,16) illustrate the orientation of these four 
fracture sets.

Average fracture apertures (widths) in this area range from 0.4 cm to 2.2 cm 
(table 1). The largest apertures are found in the south limb of the fold (widths of 2.2 cm 
in both the N-S and E-W sets). Average fracture widths are somewhat similar in the
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north limb and hinge areas (average apertures range from 0.4 cm to 0.8 cm). Overall, the 
average apertures of the N-S, E-W and conjugate fracture sets are quite similar.

Fracture terminations are mostly consistent throughout the fold. In both hinge 
and limb zones, the N-S and E-W fracture sets usually terminate at bedding planes, and 
less commonly terminate at other fractures. The conjugate fractures, by contrast, usually 
terminate at other fractures, and as such, would be classified as non-persistent in that they 
do not cross bedding planes.

Surface ornamentation was not noted in any of the fractures. In the limbs, the 
majority of fractures are partially filled with calcite, the rest being non-filled. In the hinge 
zone, the majority of the fractures are non-filled, with the rest being partially filled with 
calcite. Extensional fractures were distinguished from shear fractures by identifying any 
evidence of relative motion between the two sides of each fracture. Age relationships 
(fracture abutment patterns) are not clear in many parts of the fold. In the synclinal hinge, 
however, the N-S fractures are more throughgoing than the E-W fractures.

Other Mesoscopic Features
In both the hinge and limb regions of the fold, dissolution cleavage is abundant,

and in most cases is sub-parallel with of the E-W fractures. Relative age of dissolution 
cleavage with respect to other features is not obvious. Bed-parallel stylolites are also 
abundant, and they show no sign of asymmetry that would indicate bed-parallel slip or 
shear. Based on crosscutting relationships, it is apparent that the stylolites predate 
fracturing. The relative age of dissolution cleavage is unclear. No shear indicators such as 
tension gashes or slickensides were noted.

It is worth noting that .5 km eastward along strike of fold II (figure 12), many 
shear features were observed. At this location fold II is much tighter (interlimb angle of 
-70°), and bedding parallel slip was evident.

5.2.2 Statistical Analysis
Table 1 summarizes the results of the analysis of fold II. Box plots (figure 17) 

help illustrate the distribution of spacing and orientation of the fractures of fold II.
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Spacing
The limbs contain regularly spaced orthogonal (N-S and E-W) extension fractures 

(figure 14). In the N-S set, fractures are more closely spaced in the hinge (-0.136 m) than 
the limbs (N limb: -0.24 m, S limb: -0.5 m). In contrast, the E-W fracture spacings are 
greater in the hinge than in the limbs (N limb: -0.123 m, S limb: -0.13 m, hinge: -0  .31 
m) (table 1). The E-W fractures of the hinge zone exhibit greater variability in spacing 
(0.44 m) than the E-W fractures of the limbs (0.09 m for the north limb, and 0.06 m for 
the south limb). The N-S fractures of the hinge zone exhibit less variability in spacing 
(standard deviations of 0.08 m) than the N-S fractures of the limbs (standard deviations 
of 0.16 m for the north limb and 0.11  m for the south limb) (table 1).

The conjugate fractures are more closely spaced (average spacing of 0.18 m for 
the north dipping set and 0.14 m for the south dipping set) than the E-W fracture set in 
the hinge area (average spacing of 0.31 m), but are spaced roughly equally to the N-S 
fracture set in the hinge area (average spacing 0.14 m). In the hinge area, the conjugate 
fractures also have less variability of spacing (standard deviations of 0.12 m (N dipping) 
and 0.07 m (S dipping)) than the N-S and E-W fracture sets (standard deviations of 0.8 m 
and 0.44 m, respectively). No conjugate fractures were observed in the limbs.

Distribution curves (figure 19) for all three locations in fold II are very similar in 
shape. This suggests very similar fracture distribution in all three positions along the 
fold.

Orientation
In terms of fracture strike, the N-S fractures show greater variability in the limbs 

than in the hinges. The E-W fractures in the north limb and hinge show more variation in 
strike than the E-W fractures in the south limb (figure 19B).

In terms of fracture orientation, both the N-S and E-W sets of the north limb show 
greater variability (cones of confidence of 14.8° and 1 1.4° respectively) than the N-S and 
E-W sets in the hinge zone (cones of confidence of 8.5° and 5.6° respectively). The 
south limb has the lowest variability of N-S and E-W fracture orientation (cones of 
confidence of 6.0° and 4.1° respectively) (table 1).
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Conjugate fractures are present in the fold hinge and also show somewhat 
increased variability of orientation (cones of confidence of 20.0° (N dipping) and 9.8° (S 
dipping)) as compared to the N-S and E-W fracture sets of the hinge (cones of confidence 
of 8.5° and 5.6° respectively) (table 1).

Since the bedding planes of the north and south limbs dip 39° S and 26° N 
(respectively), I mathematically restored the bedding to a horizontal orientation by 
rotating the south limb 26°clockwise, and the north limb 39° counterclockwise around a 
line trending 10 0°with 2 ° plunge (orientation of the fold axis) then calculated the 
resulting orientations of the fractures (figure 19A). The 2° plunge was ignored in the 
restoration process. In the restored version of fold II, an obvious north-south orientation 
in fracture strike can be seen throughout the studied fold (figure 19B). The range in 
average strike between the three locations is only 10°. However, the magnitude and 
direction of dip of all of the north-south fractures change substantially throughout the 
outcrop, from 16° E in the north, to 74° W in the middle, to 6 8 ° E in the south.

The restored version of fold II also reveals a consistent east-west fracture set 
throughout the fold (figure 19). This set is fairly consistent in both strike and dip in the 
unfolded limbs. A similarly striking east-west fracture set is seen in the hinge zone; 
however, the dip direction and magnitude are substantially different. The results of the 
spherical statistical analysis indicate that the fractures of fold II have similar variance, but 
dissimilar means (table 2 ).

5.2.3 Discussion
An interesting pattern seen in the fractures of fold II is that in the unfolded 

configuration, all the E-W fractures throughout the fold are very nearly parallel (figure 
20). The N-S fractures are sub-parallel in the hinge and south limb, but the fracture set in 
the north limb has a markedly different orientation, and may be an entirely different set 
altogether. The N-S fractures in the hinge and south limb are nearly orthogonal to the E- 
W fractures, which suggest that they were formed in separate events. In the hinge, the N- 
dipping and S-dipping conjugate fractures are separated by a subhorizontal acute angle, 
and are nearly bisected by the E-W fractures. This pattern is similar to that presented by
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Steams (1967) (figure 2B), indicative of a stress regime wherein cti is parallel to bedding 
and perpendicular to the fold axis, (72 is parallel to bedding and the fold axis, and 03 is 
perpendicular to bedding and the fold axis. These stress orientations would be expected in 
regions of inner-arc tangential longitudinal strain, where little or no overburden is 
present.

The results of the spherical statistical analysis indicate that the N-S fractures of 
fold II have similar variance, but dissimilar means (table 2). This supports the argument 
that the different fracture sets are not from the same population, but all were formed in a 
similar fashion. The difference in mean fracture orientation between fracture sets 
indicates that the orientation of the stresses that caused these different fractures sets were 
not similar.

There do not seem to be any observed patterns controlling fracture fill. Type and 
amount of fracture fill seem to be completely unrelated to fracture direction, type, or size.

The lack of observed shear features in the observed portion of this fold suggests a 
lack of bed-parallel shear. It should be noted that shear features are present in another 
exposure where this fold is tighter, ~1 mile east of fold II (figure 12). Since fold II is a 
rather open fold (interlimb angle of 115°), it is to be expected that this fold is in the 
beginning stages of folding, and thus, not yet subjected to the same magnitude of flexural 
slip and shear strain that accompany later stages of folding (Price and Cosgrove, 1990). It 
is also possible that the rocks sampled at the location east of fold II are mechanically 
different than those at fold II. This may also explain the discrepancy.

If the beds involved in folding were mechanically separated and/or different from 
one another, flexural slip likely would have occurred and would have produced shear 
features, such as en echelon tension gashes (Fischer and Jackson, 1999). The lack of such 
shear features may suggest relative mechanical homogeneity within the observed portion 
of the fold. If the beds are mechanically homogeneous, fractures would cross bedding 
planes and propagate as though in a single unit (persistent fractures). However, in this 
case none of the observed fractures cross bedding planes (they are non-persistent 
fractures). This implies some sort of mechanical heterogeneity between layers that
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prevents or inhibits fracture propagation. It would appear then, that on a large scale (10- 
100  meters), the stratigraphy is mechanically homogeneous, behaving as one single unit 
without flexural slip. However, on a smaller scale (0.1-lm), mechanical heterogeneities 
do play a role in controlling the extent of fracture propagation.

There is some indication of relative age of fracturing in fold H When comparing 
intersecting extensional (N-S and E-W) fractures, it is assumed that the more through- 
going fracture set predates the other set (figure 10). In the case of fold II, the N-S 
fractures appear to be more throughgoing than the E-W fractures (i.e., the E-W fractures 
terminate in the N-S fractures), and thus, predate the E-W fractures. Additionally, the 
orientations of the “unfolded” fractures seem to indicate that the N-S fractures (being 
very nearly parallel in strike) predate folding. The E-W fractures are more similar in the 
current fold configuration, thus indicating that they formed late during, or after folding.

Only the E-W fractures in fold II are orthogonal to bedding, or very close to it. 
Fractures at high angles to bedding suggest either that those fractures formed before 
folding with a horizontal ar3, or that local <r3 was parallel to bedding if the fractures 
formed during or after folding. In the case of the E-W fractures of the north limb and 
hinge, this suggests that a 3 was horizontal to bedding and perpendicular to the fold axis 
during folding. The large variation dip direction of the N-S fractures relative to bedding 
again suggest that these fractures pre-date folding. Stress orientations before folding are 
not clear except perhaps that cr3 was oriented in an E-W direction.
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6.0 North Shublik Mountains
6 .1 L o ca l G eo lo g ic  S e ttin g

6.1.1 Local Structural Setting
The North Shublik study area is located near the crest of the Shublik Mountains 

anticlinorium. This anticlinorium is interpreted to have formed as a result of basement 
duplexing (figure 6). Broad asymmetric folds with parasitic tight chevron folds 
characterize detachment folds of the Lisbume Group in the North Shublik study area.
The two folds studied in this area (fold V and fold VII) are parasitic open chevron folds. 
These folds are the same as those investigated by Atkinson during the summer of 1999 
(Atkinson, 2001).

The North Shublik study area is the northernmost study area of this project 
(figures 6,7). Only the middle portions of the Lisbume Group carbonates (Upper Alapah 
Limestone, lower Wahoo Limestone) are exposed in this study area (Figures 20,21).

6.1.2 Local Stratigraphy
The stratigraphy of the Lisbume was measured and described in detail about 4 km 

west of the study area by Gruzlovic (1991), Watts (1994), and Whalen (2000). Their 
observations indicate that the entire thickness of the Lisbume Group is ~300 m in the 
North Shublik study area. Both the upper Alapah Limestone and lower Wahoo Limestone 
are exposed in the North Shublik study area, although the boundary between the two 
units is not well defined. Stratigraphic thickness was difficult to constrain due to folding 
and stmctural thickening. Both the upper Alapah Formation and the lower Wahoo 
Formation are comprised of thick, homogenous, mechanically competent units (Figure 4). 
Rock types in this study area consist of mudstone, wackestone, packstone, and 
grainstone. Some bedding contacts are gradational, but most are abrupt. Beds range from 
0.5 to 4 meters in thickness.

6.2  F o ld  V O b serva tio n s
Fold V (figures 22, 23) is a somewhat angular, upright, nearly symmetrical, open 

anticline, with an interlimb angle o f-100°. Fold height has been estimated to be ~100 m 
and fold width or half-wavelength has been estimated to be ~150 m, with a height/width
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ratio of 0.66 (Atkinson, 2001). This fold is -100 m north of a comparable somewhat 
rounded, open anticline (fold VII) (figure21, 22), with a rounded syncline (fold VI) in 
between. The axial plane of fold V strikes 90°, and dips 90°. The fold axis plunges 
slightly eastward - 2 °.

6.2.1 Observations 
Fractures

Six fracture sets were observed and examined in fold V. These were a N-S 
striking set, a secondary N-S striking set, two E-W striking sets, a NE-SW striking set 
and a SE-NW striking set (figure 23). All of these fracture sets are interpreted to be 
extensional (not shear) based upon sense of displacement across the fracture surface. The 
rose-diagrams and stereoplots (figures 24,25) illustrate the orientation of these six 
fracture sets. The secondary N-S striking set is considered to be a separate fracture set 
(from the other N-S striking fractures) because spacing distances and aperture widths are 
more than an order of magnitude larger than the other N-S striking fractures. The E-W 
fracture set in the north limb appears to be different from the E-W fracture set of the 
hinge because the average strike is -49° apart.

It is important to note that the fractures labeled “hinge” in fold V were measured 
in a north dipping bed very near the point where bedding dip changes direction. The 
hinge itself was not accessible.

Average fracture apertures (widths) in this fold range from 0.3 cm to 1.3 cm.
With the exception of the north limb E-W set (average width of 1.3 cm), all the other 
fracture sets show relatively similar fracture widths of -0.4 cm.

Fracture terminations are mostly consistent throughout the fold. In both hinge 
and limb zones, the N-S and E-W fracture sets terminate primarily at bedding planes, and 
less commonly terminate at other fractures. Although three of the fractures crossed 
bedding planes (two or three bedding planes), most fractures do not. Surface 
ornamentation was not noted on any of the fracture surfaces.

In the south limb of the fold, the N-S and NE-SW fractures are partially filled 
with calcite. The rest of the fractures throughout the fold are not filled. Although some
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bedding plane surfaces are exposed, age relationships (fracture abutment patterns) are not 
clear in many parts of the fold.

Other Mesoscopic Features
Bedding-parallel stylolitization is present, but very limited, and it shows no

deviation from bed-normal that would suggest bed-parallel slip or shear. No other shear 
indicators such as tension gashes or slickensides were observed in this part of the fold. In 
both the hinge and limb regions of the fold, very little dissolution cleavage was noted.

6.2.2 Statistical Analysis
A table (table 3) summarizes the results of the analysis of fold V. Box plots 

(figure 27) help illustrate the distribution of spacing and orientation of the fractures of 
fold V.

Spacing
All of the primary fracture sets are more closely spaced in the hinge zone than in 

the limbs (figures 27, 23). The north limb has average fracture spacings of 0.3 m (N-S) 
and 0.45 m (E-W). The south limb has average fracture spacings of 0.3 m (N-S), 0.09 m 
(NE-SW), and 0.37 m (secondary N-S). The hinge zone has average spacings of 0.08 m 
(N-S), 0.084 m (E-W), 1.3 m (secondary N-S), and 1.7 m (SE-NW) (table 3).

The hinge fracture sets are more evenly spaced than the fracture sets of the limbs. 
The following list of standard deviations is included in order to provide a numerical 
indication of the spread of the data. The smaller the standard deviation, the smaller the 
spread of the data, suggesting a more evenly spaced fracture distribution. The north limb 
has standard deviations of 0.13 m (E-W) and 0.27 m (N-S), and the south limb has 
standard deviations of 0.27 m (N-S), 0.05 m (NE-SW), and 0.17 m (secondary N-S). The 
hinge zone has standard deviations of 0.08 m (N-S), 0.02 m (E-W), 0.35 m (secondary N- 
S), and 0.67 m (SE-NW).

Orientation
The hinge zone shows slightly greater variability in fracture orientation (cones of 

confidence of 6 .6 ° (N-S), 7.2° (E-W), 7.7° (secondary N-S), and 16.0° (SE-NW)) than 
the limbs (north limb cones of confidence of 5.0° (N-S), and 15.7° (E-W); south limb



29

cone of confidence of 5 .2 ° (NE-SW), 6.1° (secondary N-S), and 11.6° (N-S)) (table 3, 
figure 26).

Since the bedding planes of the north and south limbs dip 40° N and 40° S 
(respectively), I mathematically restored the bedding planes of fold V to a horizontal 
orientation by rotating the north limb clockwise 40°, and the south limb 40° 
counterclockwise around a line trending 90° and calculated the resulting fracture 
orientations (figure 28). Due to the fact that the fractures measured in the hinge of the 
fold were measured in a north dipping bed (dipping 52°), this bed was also restored to 
horizontal by the same process described above.

Although there are N-S fractures in all regions of the fold, the magnitude and 
direction of dip of these fractures varies widely across the fold. Similarly, in the unfolded 
rendering of this fold, the strike direction of these fractures has a range of -36°. Spherical 
statistical analyses of the fracture orientations in both folded and unfolded configurations 
show that the N-S fractures in the folded configuration are statistically similar, but the 
same fractures in their unfolded configuration are not (table 4).

The strike directions of the “restored” E-W fracture sets of the north limb and 
hinge area are very nearly parallel, although the dips vary from 8 6° N to 30° S. It is 
worth noting that the fold axis trends 90°, which is very nearly parallel with the E-W 
fracture sets.

6.2.3 Discussion
Assuming a fixed hinge detachment fold, one would expect that fractures would 

be more closely spaced in the hinges, where tangential longitudinal strain would be more 
concentrated (Poblet and McClay, 1996). This appears to be the case in fold V. The E- 
W fractures in the hinge area are more closely spaced than in the limbs (figure 29). In 
addition to being more closely spaced, the spacing of the fractures in the hinge zone is 
more uniform than in the limbs (Figures 23, 26, and 27). The unimodal normal 
distribution of fractures in the hinge (figure 27) suggests fracture saturation (Rives et al., 
1992). The fractures in the limbs, in contrast, have a bimodal distribution, suggesting an
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immature (non-saturated) fracture set. These distributions are in harmony with a fixed-
#

hinge detachment fold model, assuming that the fractures are localized in the hinge.
Spherical statistical analyses of the fracture orientations in both folded and 

unfolded configurations reveal an interesting trend (table 4). In the folded configuration, 
the orientations of the N-S fracture sets are statistically significantly similar and thus are 
considered to have come from the same population. In the “unfolded” configuration, 
however, the orientations of the N-S fractures orientations are not statistically similar. 
This suggests that the N-S fractures formed after folding.

The orientations of the E-W fractures (excluding the NE-SW and SE-NW 
fractures) are statistically dissimilar in the folded configuration, and would not be 
considered to have come from the same population. This scenario is reversed in the 
“unfolded” configuration. These same E-W fractures now strike almost SE-NW, and are 
very nearly parallel to the SE-NW fracture set. This suggests that these fractures come 
from a single population and pre-date folding.

Comparison of fracture intersections supports the previous conclusion. Of the 
observed fracture terminations in fold V, the E-W fractures are more throughgoing than 
the N-S fractures, and therefore are assumed to predate the N-S fractures.

The absence of observed shear features in fold V suggests that with such a large 
interlimb angle (100°), folding may have not yet reached the point where significant 
flexural slip has occurred. In addition, even though different lithotypes are found 
throughout the fold, the lack of evidence for flexural slip suggests that the observed 
portion of this fold behaved in a mechanically homogenous fashion. Based on this 
assumption, it is fair to say that on a large scale (1-10 meters), this stratigraphic interval 
folded as a single mechanical unit. The majority of the fractures in fold V are non- 
persistent, which would indicate some type of mechanical difference between adjacent 
bedding planes. The fact that fractures terminate against bedding planes indicates that on 
a smaller scale (0.1-1 meters) mechanical heterogeneity is significant in fracture 
propagation.
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Only the N-S fractures in the hinge and north limb fold V are orthogonal to 
bedding, or very close to it. Fractures orthogonal to bedding suggest either that those 
fractures formed before folding with a horizontal <73 or that local <73 was parallel to 
bedding if the fractures formed during or after folding. The orientations of the E-W 
fractures suggest that <73 was perpendicular to the fold axis, but not horizontal to bedding 
during folding. With the exception of the N-S fractures in the south limb, the N-S 
fractures indicate that 03 must have been oriented in an E-W direction after folding, with 
G2 nearly vertical.

6 .3  F o ld  VII O b serva tio n s
Fold VII (figures 29, 30) is a somewhat rounded, upright, slightly asymmetrical, 

open anticline, with an interlimb angle of ~110°. Fold height has been estimated to be 
100 m and fold width has been estimated to be 200 m, with a height/width ratio of 0.50 
(Atkinson, 2001). This fold is -100 m south of a comparable somewhat angular, open 
anticline (fold V), with a rounded syncline (fold VI) in between. The axial plane of fold 
VII strikes 261°, and dips 80° northward. The fold axis plunges slightly to the east ~2° 
(Figure 21, 22). Lithologically, this fold is comprised of middle Alapah mudstone that 
contains sparse crinoids.

6.3.1 Observations
Fractures

Three fracture sets were identified and described in fold VII. These were a N-S 
striking set, an E-W striking set, and a NW-SE striking set. The NW-SE set is considered 
a separate fracture set because of its large angular separation in strike from either of the 
other fracture sets. All of these fracture sets are interpreted to be extensional (not shear) 
based upon sense of displacement across the fracture surface. Rose-diagrams and 
stereoplots (figure 31, 32) illustrate the orientation of these three fracture sets.

Average fracture apertures in this area range from 0.35 cm to 1.8 cm. Due to 
inaccessibility of the outcrop, no fracture apertures were measured in the north limb. 
Fracture apertures in the south limb (average width of 1.26 cm) are significantly wider 
than in the hinge zone (average width of 0.54 cm).
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Surface ornamentation was not noted in any of the fractures. Throughout the fold, 
the majority of N-S fractures are partially filled with calcite, the rest are not filled. 
Conversely, the majority of E-W fractures are not filled, and the rest are partially filled 
with calcite.

Due to a lack of exposed fracture abutment patterns, relative age relationships 
between fracture sets are not clear in many parts of the fold. Fracture terminations are 
very difficult to discern throughout the fold. In both hinge and limb zones, the N-S and 
E-W fracture sets terminate primarily at bedding planes.

Other Mesoscopic Features
The only dissolution cleavage found in fold VII was found near the fold hinge.

There are no observable cross-cutting relationships indicative of relative age of 
dissolution and fracturing.

Bedding parallel stylolitization is present, but very limited, and it shows no 
indication of bed-parallel slip or shear. No other shear indicators such as tension gashes 
and slickensides were noted in the observed portion of fold VII.

6.3.2 Statistical Analysis
Table 5 summarizes the results of the analysis of fold VII. Box plots (figure 33) 

help illustrate the distribution of spacing and orientation of the fractures of fold VII.
Spacing

In fold VII, the average fracture density is slightly higher in the hinges than in the 
limbs (figure 33). In the E-W fracture set, the average fracture spacing in the hinge is 
0.14 meters, as compared to the average fracture spacing of 0.38 meters in the south limb 
(table 5). E-W fractures in the north limb have average spacings that are much larger than 
those of the hinge or the south limb (average fracture spacing of 2.25 m). The N-S 
fractures in the hinge have an average spacing of 0.1 meter as compared to average 
fracture spacing in the limbs of 0.9 meters and 0.18 meters.

In terms of distribution, two interesting patterns are seen concerning variability of 
spacing (figure 33). First, in both N-S and E-W fracture sets, the limbs show greater 
variability (standard deviations of 0.35 m (n. limb N-S), 1.17 m (n. limb E-W), 0.06 m (s.
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limb N-S), and 0.22 m (s. limb E-W)) than the hinge (standard deviations of 0.03 m (N- 
S), and 0.05 m (E-W)). Second, throughout the entire fold, the E-W fracture set shows 
greater variability of spacing (standard deviations of 1.17 m (n. limb), 0.05 m (hinge), 
and 0.22 m (s. limb)) than the N-S fracture set (standard deviations of 0.35 m (n. limb), 
0.03 m (hinge), and 0.06 m (s. limb)).

From the distribution curves (figure 34) it is easy to see that the average fracture 
spacing in the north limb is greater than the fracture spacing in the hinge in both the N-S 
and E-W fracture sets.

Orientation
With regard to variability of orientation, the fractures in the hinge zone are more 

uniformly oriented (cones of confidence of 5.2° (N-S) and 8.2° (E-W)) than the fractures 
from the limb region (cones of confidence of 8.0° (n. limb N-S), 11.3° (n. limb E-W),
8.8° (s. limb N-S), 8.1° (s. limb E-W), and 8.4° (s. limb NW-SE)) (table 5).

Since the bedding planes of the north and south limbs dip 18° N and 52° S 
(respectively), in order to restore the beds to original horizontality, I rotated the north 
limb 18° clockwise and south limb 52° counterclockwise around a line trending 81° 
(figure 35). Because the fractures in the hinge zone were measured in a south dipping 
bedding plane, it, too, was restored to original horizontality by rotating it 44° 
counterclockwise around a line trending 81°.

With bedding restored to horizontal, a N-S pattern is maintained. The restored N- 
S fractures strike roughly parallel throughout the fold (figure35), having a total range in 
average orientation of 15°, which is greater than in the folded configuration, with a range 
in average orientation of 3°. The dips of the restored N-S fractures are nearly parallel, 
with a total range in average dip of 6°, as compared to a range in average dip of 16° in the 
folded configuration.

A different pattern can be seen in the E-W fracture set. The average strike 
orientations of the restored E-W fractures have a total range of only 29°, as compared to 
the range of average orientations in the folded configuration of 40°. Average dip values
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of the restored E-W fractures range from 54°south to 80° north, a total range of 56° as 
compared to a range of 113° in the folded configuration.

Spherical statistical comparisons (table 6) only partially support these results.
The orientations of the fractures shows that the N-S fracture sets in their folded 
configuration are statistically significantly similar. In the unfolded configuration of the 
N-S fracture sets, the south limb and the anticlinal hinge are statistically similar. None of 
the E-W fracture sets are statistically similar in either the folded or unfolded 
configurations.

6.3.3 Discussion
In fold VII the E-W fracture sets are more closely spaced in the hinge region of 

the fold. According to the models for fixed hinge detachment folds (Poblet and McClay,
1996), this type of fracture distribution is to be expected. In fixed hinge detachment folds 
tangential longitudinal strain is concentrated near the hinge, so fracture density would 
also be more concentrated near the hinge, assuming that fracturing is the result of such 
strain.

The N-S fracture sets are very nearly orthogonal to bedding and the fold axis. In 
agreement with the expected fracture patterns (Steams, 1967), this indicates that <73 was 
parallel with bedding and the fold axis.

After mathematically “unfolding” fold VII, the N-S fractures show an increased 
variation in strike. This would suggest that these fractures formed after folding. The 
range in both strike and dip of the E-W fractures was reduced by unfolding, but still 
remains significant. This suggests that the fractures may have formed before or during 
folding.

Spherical statistical comparison (table 6 ) of the orientations of the fractures 
supports this interpretation. Table 6 shows that some of the N-S fracture sets in their 
folded configuration are statistically significantly similar enough to be from the same 
population. In the unfolded configuration, however, fewer of the N-S fracture sets are 
statistically similar. Such is not the case with the E-W fractures. In both the folded and 
unfolded configurations none of the fracture sets are statistically similar enough to be
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considered to have come from the same population. Again, this suggests (although less 
convincingly) that the E-W fracture set formed before or during folding and the N-S 
fracture set formed very late during or after folding.

Because this fold is somewhat tighter than fold II (interlimb angle of ~110°), a 
greater amount of flexural slip would be expected. The absence of features associated 
with flexural slip suggests that at least the observed portion of the stratigraphy in this fold 
is relatively mechanically homogenous. It is worth noting, however, that the fractures of 
this fold are non-persistent, which is indicative of mechanical heterogeneity. It would 
therefore appear that there is mechanical heterogeneity in this portion of the Lisbume 
Limestone. But at a small scale (0.1-1 m), that affects fracture propagation but not at a 
large enough scale (1-10  m) to influence the process of folding itself.

While none of the E-W and N-S fractures in fold VII are orthogonal to bedding, 
half are within 20° of orthogonal. Fractures orthogonal to bedding suggest either that 
those fractures formed before folding with a horizontal G3 or that if the fractures formed 
during or after folding, local 03 was parallel to bedding. The orientations of the E-W 
fractures suggest that 03 was not parallel to bedding, but was perpendicular to the fold 
axis throughout the folding period. The orientations of the N-S fractures indicate that 
post-folding 03 must have been oriented in an E-W direction, with 02 inclined from 
vertical.
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7.0 South Shublik Mountains
7.1 L o c a l G eo lo g ic  S e ttin g

7.1.1 Local Structural Setting
The South Shublik study area is located in the south-dipping backlimb of the 

Shublik Mountains anticlinorium (figures 5, 6). Broad asymmetric folds with parasitic 
open, asymmetric, folds characterize the detachment folds in the South Shublik study 
area. These main folds are -100 m to 200 m in height and the fold widths (half
wavelengths) are -0.7 km to 1.5 km. The parasitic folds are -30 m in height and the fold 
widths are -  70 m. The South Shublik study area is located approximately 10 miles 
southeast of the North Shublik study area (figures 5, 6). Only the upper portion of the 
Lisbume Group (Upper Wahoo) is exposed in the South Shublik study area (figures 36, 
37). As opposed to the fold geometry data for the Fourth Range and North Shublik study 
areas, which were collected by Atkinson in 1999, all of the fold geometry data for the 
South Shublik study area were derived from my field research during the summer of 
1999.

At this point it is important to explain the fold nomenclature of this study area. 
Folds V in and IX in this study area are anticline/syncline pairs. Fold VIII was examined 
in two different places approximately 400 m apart. Because the characteristics of fold 
VIII are different between the two locations, they have been treated (and therefore 
labeled) individually. Hence, both fold VIDA and fold VIHB are part of the same fold, 
but treated as separate folds. Ultimately, fold VIIIA is not exposed well enough to 
provide sufficient data for individual analysis. However, the data that were collected from 
fold VIKA were used in the area-wide analysis.

7.1.2 Local Stratigraphy
A detailed stratigraphic description of this study area is lacking. Contact 

with the overlying Permian and Triassic Sadlerochit Group implies that the exposed 
Lisbume in this area is middle to upper Wahoo formation. Again, extrapolating from the 
work of Gruzlovic (1991), Watts (1994), and Whalen (2000), the upper Wahoo
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Limestone generally consists of heterogeneous, coarsening-upward cycles of packstone 
and grainstone.

7.2 F o ld  VIIIB
Fold VIIIB (figures 38, 39) is an anticline/syncline pair. Both are rounded, 

inclined, asymmetrical, open folds. The anticlinal portion has an interlimb angle of 
~160°. The synclinal portion has an interlimb angle o f-150°. Fold height is estimated to 
be 30 m and fold width or half-wavelength is estimated to be 70 m with a height/width 
ratio of 0.43. This anticline/syncline pair is ~500 m north of a comparable fold (fold IX) 
(figures 36, 37) and ~1500 m north of a large wavelength (~2-3 km) box anticline (fold 
X). The axial planes of both the anticline and syncline in fold VIIIB strike 250° and dip 
46° northward. It is worth noting that this fold was very gently folded around a north- 
south trending fold axis (interlimb angle o f-165° to 170°) (figure 40). Fracture data were 
taken from the north limb of the anticline, anticlinal hinge, and the south limb of the 
syncline (figure 40). Lithologically, the rocks involved in this fold at this location are 
upper Wahoo wackestone with brachiopod and crinoid fossils. Exposures in the area were 
limited to 10-12 meters of section.

7.2.1 Observations 
Fractures

Four fracture sets were identified in fold VIIIB. These were a N-S set, an E-W set, 
a secondary N-S set, and a secondary E-W set. The secondary N-S and secondary E-W 
sets are considered separate fracture sets because of their large angular separation in 
orientation from either of the other fracture sets. Although some shear features were 
present, all of these fracture sets are interpreted to be extensional (not shear) based upon 
sense of displacement across the fracture surface. The rose-diagrams and stereoplots 
(figures 41, 42) illustrate the orientation of these four fracture sets

Fracture apertures are similar throughout the fold in all the fracture sets, ranging 
from 0.3 cm to 0.5 cm. In only one fracture set are the average widths outside of this 
range. The E-W fracture set of the anticlinal hinge has an average width of 0.15 cm. In 
terms of variability of fracture widths, all fracture sets show similar amounts of variance.
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Surface ornamentation was not noted on any of the fractures. The majority of 
fractures in this fold are partially filled with calcite. In both the anticlinal and synclinal 
hinges, all observed fractures are partially filled with calcite. The majority of fractures in 
the north limb of the fold, however, are not filled. In the petrographic analysis of thin 
sections from this fold, some calcite twinning was noted in the matrix.

Age relationships (fracture abutment patterns) are very ambiguous in fold VIIIB. 
Figure 43 is a photograph of the best exposure of a bedding plane where abutment 
patterns could be observed. It is quite clear from the photo that abutment patterns are 
ambiguous.

Fracture terminations are very difficult to discern throughout the fold. In the 
north limb the N-S and E-W fracture sets terminate primarily at bedding planes. In the 
anticlinal hinge all fracture measurements were made on the bedding plane, thus making 
it impossible to observe fracture terminations. All of the fractures observed in the 
synclinal hinge terminate at bedding planes.

Other Mesoscopic Features
No dissolution cleavage was noted in the observed part of the fold. Only minor

bedding parallel stylolitization was observed in the synclinal hinge. Although the 
stylolites were not sheared, other signs of shear were noted throughout the fold. Veined 
tension gashes were found in the short limb between the anticline and syncline. The 
orientation of the tension gashes indicate a top-north sense of shear in the north side of 
the synclinal hinge and a top-south sense of shear in the north limb of the anticlinal fold. 
Slickenlines were observed on many exposed bedding planes throughout the entire fold. 
They are oriented roughly orthogonal to the fold axis.

7.2.2 Statistical Analysis
Table 7 summarizes the results of the analysis of fold VIIIB. Box plots (figure 44) 

help illustrate the distribution of spacing and orientation of the fractures of fold VIIIB.
Spacing

In terms of fracture distribution, average fracture spacing is relatively constant 
throughout the entire fold (figure 45), regardless of fracture set. There are, however,
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subtle differences in spacing between the N-S and E-W fracture set (figure 44A). The N- 
S sets are more closely spaced (average spacings of 0.074 m (anticlinal n. limb), 0.05 m 
(anticlinal hinge), and 0.075 m (synclinal s. limb)) than the E-W sets (0.181 m (anticlinal 
n. limb), 0.184 m (anticlinal hinge), and 0.09 m (synclinal s. limb)) (table 7). The spacing 
of the secondary E-W and N-S fractures are similar to the E-W set (average spacings of 
0.16 m, and 0.32 m respectively). In terms of variability, fractures throughout the entire 
fold show similar amounts of deviation from the average, suggesting that throughout the 
fold, fractures are distributed with the same degree of evenness (Figures 45A, 46).

Orientation
Both the E-W and N-S fractures of the anticlinal limb and anticlinal hinge are 

comparable with regard to variability of fracture orientation (cones of confidence of 7.4° 
(anticlinal n. limb N-S), 8.9° (anticlinal n. limb E-W), 8.3° (anticlinal hinge N-S), and 
7.1° (anticlinal hinge E-W). A notable exception is the high variability of orientation of 
the N-S and E-W fracture sets of the synclinal hinge (cones of confidence of 18.4° and 
18.0°, respectively) (table 7). The data do not show any patterns relating variability of 
fracture orientation with overall fracture orientation. In terms of variability fracture 
strike, nearly all the fracture sets from all the fold position are quite similar (figure 44B).

Since the bedding planes of the anticlinal north limb dip 27° S and beds in the 
anticlinal hinge zone dip 47° S (respectively), I mathematically restored the folded beds 
to original horizontality by rotating the north limb counterclockwise by 27°, and the 
anticlinal hinge zone counterclockwise by 47° both around a line trending 71° (figure
46). The south limb of the syncline is currently horizontal, and therefore was not re
oriented. With restored original horizontality of bedding, two main fracture patterns can 
be seen throughout the fold. The “unfolded” N-S fractures throughout the fold are less 
nearly parallel (11° range of average strike) than in the “folded” configuration (2 ° range 
of average strike). The “unfolding” process did not significantly alter the range of 
fracture dip in the N-S fractures (folded: 26° range, unfolded: 24° range).

Since the fold axis was parallel with the strike direction of the E-W fracture set, 
the “unfolding” process did not alter the strike direction of these fractures. In both the
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folded and unfolded configurations the total range of strike is 7°. Dip direction, on the 
other hand, was greatly affected by the unfolding process. Range of average dip direction 
across the fold is 54° in the folded configuration and 11° in the unfolded configuration.

Statistically, the orientations (combined strike and dip) of the N-S fractures are 
more similar in the folded configuration than in the unfolded configuration (although 
somewhat ambiguously). The exact opposite is true with the E-W fractures (table 8). The 
orientations (combined strike and dip) of the E-W fractures in the unfolded configuration 
are statistically similar, but in the folded configuration they are not. The unfolding 
process did not align either the secondary N-S fracture set or the secondary E-W fracture 
set with any other fracture set.

7.3.3 Discussion
Fracture spacing in fold VIIIB appears to be independent of structural position. 

Additionally, variability in fracture spacing is similar in all structural positions 
throughout the fold. It is worth noting, however, that the E-W fracture set is more closely 
spaced throughout the fold than the N-S fracture set. This is consistent with tangential 
longitudinal strain during the folding process, which is comparable to the fracture pattern 
described by Steams (1967) (figure 2b).

The presence of calcite twinning in thin section as well as the absence of 
dissolution cleavage suggest that twin strain was the dominant mechanism of internal 
strain to accommodate compressive stress. It also suggests possible compressive stresses 
after fracturing.

There is abundant evidence of flexural slip in fold VIIIB such as tension gashes 
and slickenlines. In the north limb of the anticlinal hinge the sense of shear is top-south. 
In the “limb” between the anticline and the syncline the sense of shear is top-north. This 
type of flexural slip is in good agreement with current models of detachment folds (Price 
and Cosgrove, 1990).

The fractures are non-persistent in fold VIIIB, which is to be expected if there are 
any mechanical heterogeneities between layers. In terms of fracture aperture, there is no 
pattern relating fracture width with any of the other variables.
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Fracture orientations are quite uniform in the anticlinal north limb and the 
anticlinal hinge. In the synclinal hinge, however, variability in orientation is quite high. 
This may be because the synclinal hinge is tighter (interlimb angle of 150°) than the 
anticlinal hinge (interlimb angle of 160°). However, the evidence from the other folds in 
this study seems to indicate that variability in fracture orientation decreases as fold 
interlimb angle decreases. While comparison of uniformity of orientation between the N- 
S fracture sets and the E-W fracture sets may shed some light on the matter, it turns out 
that the cones of confidence of the two sets are quite similar.

The orientations of the secondary fracture sets are also quite interesting (figure
47). The two secondary sets are almost perpendicular to each other (91° between average 
strike direction in the unfolded configuration), and yet neither of these two fracture sets is 
parallel nor perpendicular to the fold axis. The planes of the primary fracture sets (both 
E-W and N-S) nearly bisect the angle between the secondary fracture sets. This is very 
similar to the fracture patterns shown in figure 2A and 2C. Based on the closer symmetry 
of the secondary fractures with respect to the N-S fractures, these patterns may have 
formed according to pattern in figure 2A. The inclined intersection of the secondary 
fractures is nearly parallel with the axial surface of the fold.

Statistically, in the folded configuration, the primary N-S fracture set (but not 
the secondary set) can be assumed to have come from a single population. In the unfolded 
configuration average fracture orientations are similar enough to support a similar 
assumption. The orientations of the primary E-W fractures (table 8) in the folded 
configuration are statistically dissimilar and cannot be assumed to belong to a single 
population. In the unfolded configuration average fracture orientations are statistically 
similar enough to be considered part of one population. This suggests that the E-W 
fractures formed prior to or early during folding.

The orientation of the fractures of fold VIIIB can help provide insight into the 
relative timing of fracturing events. The E-W fractures are very nearly parallel in the 
unfolded configuration, suggesting that they formed prior to or at the onset of folding.
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The consistent orientations of the N-S fractures in the folded configuration suggest that 
these fractures formed late during or after folding.

A majority of both the E-W and N-S fractures in fold VIHB are orthogonal to 
bedding, or very close to it. Fractures orthogonal to bedding suggest that, either those 
fractures formed before folding with a horizontal <7 3 , or that local <73 was parallel to 
bedding if the fractures formed during or after folding. The orientations of the E-W 
fractures suggest that ct3 was parallel to bedding, and perpendicular to the fold axis 
during folding.
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8.0 Synopsis of Fold by Fold Analysis
The most common pattern observed among all four of the studied folds was the 

apparent relative timing of fracturing. In four of the five folds there is reliable evidence 
that the N-S fractures formed late during, or after folding. Additionally, in all five folds, 
the E-W fractures show evidence of having formed during folding (table 9). These 
fracture patterns are consistent with the fracture patterns presented by Steams (1967). 
Prior to the onset of folding cti was perpendicular to the future fold axis. Fracturing at 
this point would have been parallel with ai, which in this case was in a N-S direction 
(figure 2A). These would essentially be “regional extension fractures” (Lorenz, 1991), 
and could be expressed in the N-S fractures of fold n. As folding continued, tangential 
longitudinal strain caused local changes in the orientation of the principal stress 
components. In the outer arcs of the folds, a 3 became parallel to bedding and 
perpendicular the fold axis, oi became parallel to bedding and the fold axis, which in this 
case was in an E-W direction (figure 2C). As folding eventually waned, tangential 
longitudinal strains decreased. Consequently, the principal stress components changed 
orientations again, similar to pre-folding orientations (with the possible exception of 03 
and c?2 being switched due to lack of overburden). This stress orientation would favor the 
formation of the N-S fractures that were observed.

Another common pattern throughout the four studied folds was the greater 
fracture density of the E-W fractures in the hinges of the folds as compared to the limbs 
(table 9). Due to the concentration of tangential longitudinal strain in the hinges, this type 
of fracture distribution would be expected in fixed hinge detachment folds, (Poblet and 
McClay, 1996).

Among the four studied folds there is no evidence of any pattern relating fracture 
orientation with fold position.
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9.0 Area-Wide Results and Interpretation
Area-wide results and interpretation involve a compilation of all the field data, 

including fracture data that are not associated with any of the four folds studied in detail. 
This includes statistical analyses of the data as well as detailed petrographic analysis of 
samples collected throughout the entire study area. This was done in order to help 
identify any area-wide trends, patterns, or other information useful towards a better 
understanding of fracturing. This type of analysis has some disadvantages and some 
advantages. One main disadvantage is that an area-wide study ignores many fold specific 
factors that may strongly influence fracture distribution. These factors include: fold 
geometry, shearing, bed-thickness, and local mechanical stratigraphy.

One of the main advantages of this type of analysis is that, if, an area-wide pattern 
of fracturing existed, it could be identified by using an area-wide approach. This can be 
done by isolating the effect of a particular variable on a particular fracture characteristic. 
This type of analysis assumes first that the controlling variables are relatively 
independent (e.g., structural position is not a function of dolomitization). Second, 
sampling must come from a spectrum of possible values of these variables (e.g., a wide 
range of shortening values, varying bed thicknesses, etc.).

For our discussion of fracture distribution there are two main components: 
spacing and orientation. Fracture spacing is simply the number of fractures in a given 
distance, also known as fracture intensity or fracture density. In terms of orientation, our 
concern is primarily the uniformity of orientation, or, in other words, how close fracture 
planes are to parallel. The area wide analysis includes two parts: analysis of natural 
fracturing as a function of mechanical stratigraphy and of position within a detachment 
fold.

9.1 M ech a n ica l S tra tig ra p h y  
This section deals with the role that mechanical stratigraphy plays in the development of 
natural fractures. The data set used for this analysis can be found in appendix A.
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9.1.1 Area-wide Fracture Spacing vs. Lithology
One of the main purposes of this study is to analyze the role of stratigraphy plays 

in the development of fractures. An area-wide analysis comparing fracture distribution 
with lithology (according to Dunham, 1962 classification) was performed in order to 
determine if lithology could be used as a general predictor of fracture distribution. For 
this analysis I incorporated all of the fracture spacing data (407 data points) from the 
entire study area. These data were grouped into appropriate lithologic classifications and 
the average fracture spacing was computed. Such “lumping” is justified because data 
were used from the entire spectrum of independent variables such as fold position, bed 
thickness, and interlimb angle. This assumes that any change in fracture spacing due to 
lithology would equally affect the E-W and N-S fracture sets. In other words, E-W 
fractures can be lumped with N-S fractures because any effect that lithology has on 
fracturing would be equally distributed among the E-W and N-S fractures.

As can be seen in figure 47, wackestones show the smallest fracture spacing, 
followed by, packstones then by grainstones, which show the next largest after that. And 
finally, mudstones show the greatest average spacing between fractures.

Figure 48 shows the results of comparing average fracture spacing with average
• • 2grain size. As can be seen, no reasonable correlation can be drawn. The statistical R - 

value is 0 .0 2 , which suggests no valid correlation between average grain size and fracture 
spacing in the Lisbume Limestone. A similar analysis was performed comparing average 
fracture spacing with matrix type. No reasonable correlation was found (Figure 49).

Hanks et al. (1997) compared fracture distribution with lithology in undeformed 
Lisbume Group carbonates and found that fracture density increases with mud content. 
They found that lithology played less of a role in deformed areas (Hanks et al., 1997).

9.1.2 Area-wide Uniformity of Orientation vs. Lithology
For the sake of thoroughness, a comparison was made relating uniformity of 

orientation against lithology. Fracture orientation data from the studied folds were 
grouped by lithology. The cones of confidence of the fracture sets within each lithologic
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group were then averaged (figure 50). It is clear that lithology does not influence the 
uniformity of fracture orientation.

9.1.3 The Influence of Dolomitization on Fracturing
In order to investigate the influence that dolomitization has on fracture 

distribution, I gathered data on dolomite content from outcrops throughout the entire 
study area. Since dolomitization can be difficult to identify and quantify in the field, 
samples taken from all the outcrops studied were analyzed using XRD. These samples 
were taken from the scan lines where fracture data were collected. Of the 27 samples, 19 
displayed primary 29 peaks at 29.4° with no other significant peaks, suggesting relatively 
pure CaC0 3 . While none of the remaining 8 samples had primary 31° (indicative of pure 
dolomite), all 8 were partially dolomitized. By using peak area analysis (Milliman and 
Bomhold, 1973; Royse, et al., 1971), I was able to calculate the degree of dolomitization 
(table 10). In petrographic analysis of the 8 dolomitized samples, the dolomite was found 
to be uniformly distributed and not stratified (appendix B).

Ideally, this type of analysis would have been instructive on a fold-by-fold basis. 
Unfortunately, none of the 8 dolomitized samples were from any of the studied folds. As 
such, these data are useful only in an area-wide analysis.

The average fracture spacings corresponding to each of the dolomitized samples 
were plotted, as can be seen in figure 51. Since dolomitization presumably predates 
folding (and related stress regimes), any change in fracture distribution caused by 
dolomitization should affect E-W and N-S fracture sets equally. Therefore, in this 
analysis, E-W and N-S fracture sets from the entire study area were lumped together. 
Average fracture spacing of the dolomitized samples is slightly smaller than those that 
are not dolomitized. Of those that are dolomitized, there is a very slight (statistically 
insignificant) inverse correlation between amount of dolomitization and average fracture 
spacing (figure 52). The results of this suggest that dolomitization may play a minor role 
(if any) in the density of natural fracturing in the Lisbume carbonates of the northeastern 
Brooks Range.
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I analyzed fracture spacing as a function of bed thickness throughout the area in 
order to assess whether bed thickness influences fracture spacing (figure 53). Naturally, 
by lumping all the data into one analysis there is a risk of over-generalization and over
simplification. This risk, however, is offset by the fact that the entire spectrum of 
structural positions and amount of folding were sampled, as well as by the fact that 
structural position is independent of bed thickness. And in this case, the amount of 
folding does not appear to have been influenced by bed thickness. Additionally, any 
change in fracture spacing caused by bed thickness should influence N-S and E-W 
fracture sets equally. For these reasons, the sets were combined for a single analysis. The 
results of this analysis indicate that bed thickness does not influence fracture spacing.

9 .2  S tru c tu ra l p o s itio n

9.2.1 Area-wide Fracture Spacing vs. Fold Position
In order to compare fracture spacing as a function of fold position, I analyzed all 

the data from the entire study area. Fracture spacing data were grouped by appropriate 
fold positions. In the first analysis, I simply calculated the average fracture spacing for 
each position (figure 54A.). It is also useful to look at the distribution of the fracture 
spacing. As can be seen in figure 54B, the bulk of the fractures in the hinges (both 
anticlinal and synclinal) are more closely spaced than those in the limbs. In other words, 
there are fewer closely spaced fractures in the limbs than in the hinges.

9.2.2 Area-wide Uniformity of Orientation vs. Fold Position
One of the underlying questions of this study is the influence that fold position 

has on the uniformity of orientation of the fractures. Figure 55 shows average cones of 
confidence grouped by respective fold positions. Although the difference is not very 
pronounced, it does appear that the fractures in the limbs are slightly more uniform in 
orientation than those in the hinges.

9.1.4 Fracture Spacing vs. Bed Thickness
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9.2.3 Area-wide Fracture Spacing vs. Interlimb Angle
In order to determine if fracture spacing was influenced by the amount of 

shortening and tightness of folding, I analyzed average fracture spacing of the entire data 
set as a function of interlimb angle. In the first analysis, I simply compared average 
fracture spacing in the six different folds with their respective fold interlimb angle (figure 
56). The six folds used in this analysis were folds II, V, VII, VIIIA, VMB anticline, and 
VITTR syncline. I grouped the fractures into N-S and E-W sets, as defined in the fold-by 
fold analysis (i.e., conjugate fracture sets and secondary sets were excluded). The results 
of this analysis show that there is a correlation (albeit weak) between fracture spacing and 
interlimb angle (figure 56). The correlation coefficients are R2 = 0.680 in the E-W set and 
R2 = 0.339 in the N-S set. It is well worth noting that a data set of 6 data points can in no 
way be considered robust. Significant addition of data would be necessary before any 
reliable conclusions could be drawn.

9.2.4 Area-wide Uniformity of Orientation vs. Interlimb Angle
By plotting the uniformity of orientation of a fold against the interlimb angle of 

the six folds, any correlations should become apparent (figure 57). It is clear that there is 
a correlation between the uniformity of orientation and interlimb angle in the N-S 
fracture set. Fracture orientation becomes more uniform with decreasing interlimb angle. 
It is equally clear that such a relationship does not exist for the E-W fracture set.

9.3  A v era g e  S p a c in g  o f  E -W  vs. N -S  F ra c tu res

Similar to the analyses performed in the fold-by-fold analysis, I separated the 
entire data set into N-S and E-W fracture groups. The results indicate that across the 
entire field area, the N-S fractures have a slightly smaller average fracture spacing than 
the E-W fractures (figures 58, 59). Such a correlation is weak at best. The distribution of 
fracture spacing (for both fracture sets) in figure 58 is a log-normal distribution which 
implies a well developed fracture set, as opposed to a juvenile set (Rives et al., 1992).
An F-test showed that the two groups have similar variance, and the t-test showed that the 
two groups are statistically similar. In other words, on a regional basis, there is no
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significant difference in average fracture spacing between the N-S fracture sets or 
between the E-W fracture sets. In both cases, the most fractures have the same spacing of 
~0.1 m. The slight difference in distribution curves most likely reflects the presence of a 
few very widely spaced fractures in the E-W set (0.8 m), which are absent in the N-S set.

9 .4  R eg io n a l T im ing o f  S tru c tu ra l E ven ts

On a regional scale, comparing mean fracture orientations across the entire study 
area can provide clues about the relative timing of structural events. I compared mean 
fracture orientations of both the E-W and N-S sets from five folds throughout the entire 
study area (table 11) (folds II, V, VII, VIDA, VIIIIB anticline). By correlating similar 
mean orientations of all the fractures in their folded and unfolded configurations, fracture 
sets could be grouped into “genetic populations” (Watson and Williams, 1956; Rock, 
1988). This information could then be used to infer relative timing of regional fracturing 
with respect to folding. The results of this analysis indicate that neither all the E-W 
fractures nor all the N-S fractures are statistically similar enough to belong to a single 
genetic group. Therefore, it cannot be conclusively said that, as an area-wide 
generalization, either fracture group formed entirely before folding or entirely after 
folding.
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10.0 Discussion
10.1 C h an ge o f  fra c tu re  ch a ra c ter  a n d  d is tr ib u tio n  a s  a  fu n c tio n  o f  li th o lo g y
The results of this study indicate that fracture spacing is controlled by lithotype, 

but not necessarily by grain size or matrix type (figure 47). This suggests that an 
appropriate question could be: Can we effectively classify carbonate lithology according 
to fracture behavior? As shown earlier, a common classification scheme useful for 
depositional analysis (Dunham, 1962) is not very useful for characterizing mechanical 
properties. Contrast in rock strength is the key to mechanical stratigraphy at any scale 
(Atkinson, 1987; Scholz, 1990). This is especially important for the initiation and 
propagation of fractures. As compressive stresses exceed rock strength thresholds, 
fracturing initiates at flaws (strength contrasts or mechanical heterogeneities) in the 
material (Scholz, 1990; Rives et al., 1992; Wu and Pollard, 1995). Logically, the more 
flaws (mechanical heterogeneities) in the material, the more fractures will initiate and the 
more closely spaced the fractures will be. A mechanically homogenous material, of equal 
strength throughout, will have fewer flaws than a mechanically more heterogenous 
material, and thus, will likely have wider fracture spacing than the more heterogeneous 
material under the same conditions of stress.

My results suggest that a revised classification system based on mechanical 
behavior would be more appropriate for the purposes of predicting natural fracturing in 
carbonate rocks. This new system would simply rearrange the Dunham (1962) 
classification (figure 60 A) into an order of decreasing mechanical heterogeneities 
(potential fracture initiation points) (figure 60 B). In this arrangement, wackestones, 
which have the most potential fracture initiation points, would be on one end of the 
spectrum (high fracture density). Packstones and grainstones, which are more 
mechanically homogenous, would be intermediates. Mudstones, which are the most 
homogenous, would be at the other end of the spectrum (low fracture density). Figure 62 
is a collection of photomicrographs of various carbonate lithologies in the Lisbume 
Group. From these pictures, it is easy to see the varying degrees of heterogeneity between 
the different lithotypes.
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It is worth acknowledging that the data used for this study are not consistent with 
fracture data from other fracture studies in the northeastern Brooks Range (Hanks, et al., 
1997). That study found that mudstone lithologies showed higher fracture densities than 
wackestone, packstone, or grainstone lithologies. There are several plausible explanations 
for this discrepancy. It may very well be that both folding and fracturing in the different 
study areas occurred under different physical conditions (depth, temperature, water 
content, etc.), thus changing the rheologic properties of the lithologies involved. There is 
also the possibility that mudstone lithologies were undersampled. A larger, more robust 
sample set may resolve the discrepancy.

10 .2  The influence o f  li th o lo g y  on th e u n iform ity  o f fra c tu r e  orien ta tion

Cone of confidence values of the average orientation of the fracture sets were 
plotted against the respective lithotype for all fracture sets (figure 50). Clearly, lithotype 
alone is not a significant factor controlling the uniformity of fracture orientation. This 
conclusion is quite reasonable inasmuch as mechanical homogeneity has very little (if 
anything) to do with fracture orientation unless there is a strong anisotropy in the fabric 
in the material (Lorenz et al., 1991). Stress orientation during fracture formation, 
associated or not with folding, is undoubtedly the most important factor in determining 
fracture orientation and the uniformity thereof.

1 0 .3  The in fluence o f  d o lo m itiza tio n  on fra c tu re  c h a ra c te r  a n d  d is tr ib u tio n

Dolomitization appears to play a small role in the fracture distribution. The 
results of this study show that there is a slight decrease in fracture spacing with 
increasing dolomization (figures 51, 52). This is in agreement with Hanks et al. (1997).
It is quite likely that dolomitization causes the rocks to behave in a more brittle manner. 
Being more brittle would tend to lower the minimum stress required to initiate fracturing 
(Atkinson, 1987; Scholz, 1990). I can only speculate as to why there isn’t a greater 
increase in fracture density in the dolomitic rocks. It may be that under the depth and 
pressure conditions in which folding and fracturing occurred, the brittleness of dolomite 
relative to calcite was reduced.
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Contrary to other studies comparing fracture distribution with bed thickness 
(McQuillan, 1973; Ladeira, and Price, 1981), the fractures of this study do not appear to 
have been influenced by bed thickness (figure 54). It is worth noting that according to 
Ladeira and Price (1981), the relationship between bed thickness and fracture density is 
limited to a certain range of bed thicknesses (specifically less than 1.5 m). The majority 
of fractures analyzed in this study were found in beds less than 1.5 meters. This 
contradiction suggests that most likely other factors, such as folding and lithology, play a 
much larger role in influencing the distribution of fractures.

1 0 .5  C h an ge o f  fra c tu re  ch a ra c ter  a n d  d istr ib u tio n  a s  a  fu n c tio n  o f  p o s itio n  in a 
de tach m en t f o ld

For the most part, there is general agreement that fracture character and 
distribution is influenced by its position within a fold (Steams, 1967; Price and 
Cosgrove, 1990; Cooper 1992; Jamison, 1997; Fischer and Jackson, 1999; Cooke et al., 
2000). Tangential longitudinal strain and/or flexural slip caused by folding will increase 
the amount of fracturing. This pattern is seen in the Lisbume carbonates of the 
northeastern Brooks Range. Three of the four folds studied in detail showed marginally 
smaller average fracture spacing in the hinges than in the limbs. However, in all three of 
these cases, the difference in average fracture spacing between the hinges and the limbs 
was not very pronounced. There are two caveats worth mentioning that may help explain 
why the difference in fracture density between the limbs and the hinges was not more 
pronounced.

1) The boundary between limb and hinge depends on the distribution of curvature 
which is commonly vague and gradational. Some of the “limb” study locations are 
located near the hinge because of difficult access or lack of exposure. These locations are 
within a zone of gradation between the points of maximum and minimum curvature in the 
fold.

2) It is also possible that the regions that are now limbs may have been hinges at 
some point in the development of the fold. Some models of detachment folding (e.g.

10.4 The relationship between bed thickness and fracture distribution
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Dahlstrom, 1990; Poblet and McClay, 1996) suggest that synclinal hinges migrate 
through the material during fold development. Others models (e.g. Epard and Groshong, 
1995; Poblet and McClay, 1996; Homza and Wallace, 1997) emphasize that hinges 
remain fixed during folding. It is quite possible that hinges may or may not migrate at 
different times and under different circumstances. In a fixed-hinge fold, a distinction 
between hinge fractures (caused by tangential longitudinal strain) and limb fractures 
(caused by layer parallel slip) should be evident. In folds with migrating hinges, this 
distinction would not be clear. Various cross-cutting relationships between the different 
fracture types would be possible.

This discussion of course, applies only to fold related fractures. As demonstrated 
earlier, some of the fracture sets appear to predate folding, while others appear to 
postdate folding, in which case structural position would be irrelevant to fracture 
distribution. Ideally, my analysis would either support or refute the idea that the hinges 
remained fixed. Of the 5 studied folds, folds II, V, and VII show increased fracture 
density in the hinges, which suggests that they are the product of fixed hinge detachment 
folding.

1 0 .6  The u n iform ity o f fr a c tu re  orien ta tion  vs. f o ld  p o s itio n

In the cone of confidence analysis that I performed (figure 55), it is clear that 
fractures in the limbs are slightly more uniform in orientation than in the hinges. This is 
to be expected since the limbs are less prone to the bending-related fractures that the 
hinges tend to exhibit (Steams, 1967; Price and Cosgrove, 1990).

1 0 .7  V ariations in f ra c tu r e  ch a ra c te r  a n d  d is tr ib u tio n  as g r e a te r  am oun ts o f  
sh o rten in g  a re  a cco m m o d a ted  b y  de tach m en t fo ld in g

I have been unable to determine any reliable pattern relating fracture character 
and distribution with amount of folding in my study. According to other workers 
(Steams 1967; Hobbs, 1971; Cooper, 1987; Cooke et al., 2000; Cosgrove and Ameen, 
2000; Couples and Lewis, 2000; Lisle, 2000), fracture character and distribution should 
be greatly influenced by amount of folding. In terms of fracture spacing, since stresses
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and strains are amplified in hinge zones, one would expect that the more the fold has 
progressed, the greater the stresses and strains must be. This assumption would imply that 
folds with smaller interlimb angles (more tightly folded) would have been subjected to 
greater strains and would therefore show greater fracture density, or smaller average 
fracture spacing. This relationship was not borne out in the northeastern Brooks Range. 
My data show that, if anything, there is an inverse relationship between fracture spacing 
and interlimb angle, i.e., the tighter the fold (smaller interlimb angle), the greater the 
fracture spacing (figure 56). The reasons for such an inverse correlation are not at all 
obvious. This correlation is weak at best and would be most prudently considered 
unreliable.

Clearly, other factors should be considered. For example, Atkinson (2001) found 
many examples of penetrative strain in the hinge zones of folds with small interlimb 
angles. In order to satisfy kinematics of folding, structural thickening of the hinge must 
occur (Atkinson, 2001). It is quite likely that as folding progresses, fracturing decreases 
and penetrative strain increases in order to accomplish this thickening. It is also quite 
likely that when the fold reaches a critical interlimb angle, the regional compressional 
stress causing the folding (gi perpendicular to the fold axis, <73 parallel to the fold axis) 
will outweigh the local tangential longitudinal strain (cti parallel to the fold axis and <73 
perpendicular to the fold axis). This could cause the local stress axes to align with the 
regional stress axes. This would lead to the formation of post-fold N-S fractures and it 
may cause previously formed E-W fractures to close up and even anneal. Unfortunately, 
not enough data are available to accurately predict what that critical angle might be and 
what factors control it.

10 .8  C h an ge in u n iform ity  o f  fra c tu re  o rien ta tion  ch an g e a s  a  fu n c tio n  o f  
in terlim b  an g le

To answer this question, I compared the cones of confidence of the fracture 
orientation between folds of various interlimb angles. The results are inconclusive, but 
there may be some correlation between how tightly a detachment fold is folded and the 
variability of fracture orientation. The data show a moderately weak correlation (r2 =
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0.29) indicating that uniformity of orientation increases as interlimb angle decreases 
(increased shortening). Again, this correlation is so weak that it would best be considered 
unreliable.

10 .9  The re la tiv e  tim in g  o f  fra c tu r in g

Results from both the fold-by-fold analyses and the area-wide analysis indicate 
that the north-south fractures postdate folding (table 11), and are similar to fractures and 
local stresses that could have existed during folding. This is important for several 
reasons. First, it suggests that the N-S regional and local stress axes may be parallel (or at 
least closely aligned). Second, it is a well-known concept that regional compressive 
stresses can cause fracturing, even in the absence of folding, but it is worth noting that 
these data are evidence that regional fractures can form after folding. Third (and most 
speculative), post-fold fractures may be the means of accommodating N-S shortening 
strain as conditions of deformation change and folding ceases. In other words, fracturing 
instead of folding could have accommodated further N-S regional shortening strain.
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11.0 Conclusion
The results of this study suggest that both character and distribution of natural 

fracturing change as a function of mechanical stratigraphy. It is quite clear that lithology 
plays an important role in determining fracture density. In the case of the structurally 
deformed Lisbume Group of the northeastern Brooks Range, wackestones and 
packstones showed the highest fracture densities, while grainstones and mudstones 
showed the lowest fracture densities. This suggests that the mechanical properties of the 
rocks, specifically the abundance of “flaws” or potential fracture initiation points, very 
much influence fracture spacing. On the other hand, there is no correlation between 
lithology and uniformity of fracture orientation.

The five detachment folds studied in the northeastern Brooks Range showed a 
higher fracture density in the hinges than in the limbs. However, this difference was 
rather slight, and may not have significant influence on enhancement of permeability for 
hydrocarbon production. Structural position within a fold does not significantly influence 
the uniformity of orientation of fracture sets.

This study also suggests that the amount of shortening (interlimb angle) does not 
play a significant role in determining fracture density. There does not appear to be any 
correlation between uniformity of fracture orientation and the amount of shortening.

A significant result of this study is the interpretation that the E-W fracture sets 
predominantly pre-date the N-S fracture sets in the Lisbume Group carbonates of the 
northeastern Brooks Range. It appears that the E-W fractures pre-dated or formed early 
during folding, and that the N-S fractures formed late during, or after folding.

Together, these conclusions allow an interpretation of the timing and origin of the 
fractures in the folded carbonate rocks of the northeastern Brooks Range. First, regional 
stress history appears to play a more direct role in fracture distribution than does folding 
alone. As regional differential stresses increased ahead of the advancing fold-and-thrust 
belt, N-S fracture sets began to develop (Hanks et al., 1997). As the magnitude of the 
regional differential stress continued to increase, the strata folded in order to 
accommodate deformation. Strain related to folding, however, resulted in local
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reorientation of stress that caused the E-W fracture sets. As folding continued, and 
differential stresses increased, conjugate shear fractures formed’ at least locally. 
Eventually, the magnitude of differential stress decreased to the point that folding 
stopped and N-S fractures began forming again.

11.1 F u tu re  W ork
In order to answer the questions posed by this study more comprehensively, more 

data are necessary. Clearly, a more robust data set would contribute significantly to the 
reliability of the conclusions drawn here. In particular, it would be valuable to measure 
fracture sets in different lithotypes in the same fold. This would very useful in defining 
the role that lithology plays in fracture distribution in folded strata. Similarly, it would be 
valuable to measure fracture patterns in a single lithotype across folds of different 
interlimb angles. Another useful approach would be to measure the fractures in a single 
bed across an entire fold, with great attention paid to the curvature of the fold. This 
would be very useful in understanding the influence of structural position on fracturing. If 
nothing else, a larger inventory of fracture types at different stages of detachment fold 
development would greatly enhance the understanding of both natural fracturing and fold 
development.

Future study would greatly benefit from a focused investigation of a possible 
critical interlimb angle. By examining many folds, it may be possible to determine the 
critical interlimb angle at which the regional compressional stress causing the folding (<Ji 
perpendicular to the fold axial surface) will outweigh any local extensional stresses ( 0 3  

perpendicular to the fold axial surface), which are caused by the tangential longitudinal 
strain of folding. This would help explain the formation of both fold-parallel and fold- 
perpendicular fractures. Additionally, great insight could be gained concerning the 
relative timing of fracturing.
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Figure 1 Index map of northern Alaska. This figure illustrates the location of the Brooks Range, and 
northeastern Brooks Range. Study area is boxed. (Modified from Moore et al., 1994) Os
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Figure 2 Common fracture patterns associated with folding. A and D fracture 
patterns most commonly associated with the onset of folding. B and C fracture 
patterns are the result of tangential longitudinal strain. Diagrams representing principal 
stress direction are included for reference (after Steams, 1967).

E and F illustrate flexural slip along bedding planes, another occurrence common in 
folding. En echelon tension gashes are formed by layer-parallel shearing during flexural 
slip folding (after Price and Cosgrove, 1990).
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Figure 3 Schematic drawings of three basic fold types. A) fault-propagation fold, 
B) fault-bend fold, and C) detachment fold.



Figure 4 Various detachment fold models. Note how in model 1 the hinges are fixed, but in models 2 and 3 material 
migrates through the hinges ( after Poblet and McClay, 1996).
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Figure 5 Schematic stratigraphic column for study areas, emphasizing regional 
structural packages (mechanical stratigraphy). Stratigraphy is generalized. Based 
on Bird and Molenaar, 1987; LePain, 1993; and Watts et al., 1994.



Figure 6 Generalized cross-section along section line in Figure 7. This figure shows basement anticlinoria with overlying 
detachment folds. Numbers mark locations of study areas. The east Sadlerochit study area was studied by Hanks et al., 
1997, but is used in this study for comparative purposes. (Modified from Wallace, 1993)
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Figure 7 Generalized tectonic map of northeastern Brooks Range, Alaska. 
Heavy line indicates cross-section in figure 6. After Wallace, 1993.



A

Figure 8 Schematic cross section of idealized passive-roof duplexing. A) Pre-shortening conditions. The shaded area 
represents a detachment horizon. The pin represents a point at which detachment does not occur (in the case of the 
northeastern Brooks Range, it is the pinching-out of the Kayak Shale at the Sadlerochit Mts.). B) Illustration of relative 
thrust directions and the formation of detachment folds during "passive-roof duplexing" (after Wallace, 1993).
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Figure 9 Illustration of some of the terms used in this study. Also shown are some of 
the more common fracture termination or abutment patterns.
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Figure 10 Schematic illustration of fracture abutment patterns. In this case, the N-S 
fractures are much more throughgoing than the E-W fractures, and therefore are 
interpreted to predate the E-W fractures.
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Figure 11 Illustration of what is meant by "cone of confidence". The cone of 
confidence is a 3-dimensional equivalent of standard deviation (after Watson and 
Williams, 1956).
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Fold II
Fourth Range, Straight Creek

Figure 14 Schematic rendering of features associated with fold II.
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Figure 15 Rose diagrams of fracture orientations from Fold II.
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Figure 16 Stereoplots of fracture orientation in fold II. Data points represent the pole of each fracture plane.
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Figure 17 Boxplots illustrating the distribution of fracture spacing and strike in 
fold II in the Fourth Range. Boxes represent 50% of the data, upper and lower 
whiskers represent the upper 25% and lower 25%, respectively. The horizontal line in 
the box represents the mean value of the data. A) distribution of fracture spacing.
B) distribution of fracture strike.



Fracture Spacing Distributions of Fold II

Fr act ur e Spaci ng ( rrj

Figure 18 Distribution curve of fracture spacing data from Fold II. Curves are based on histograms with bin sizes of 
0.2 meters. It would be desirable to plot the E-W and N-S fractures separately, but there are not enough data to produce 
meaningful distribution curves. Fractures for all sets are plotted for each part of the fold as one curve. Although different 
in overall magnitude (primarily due to differences in n), the overall shape of the curves are similar which suggests similar 
fracture distribution in the limbs and hinge.
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A Fold V

Figure 22 Photograph of fold V in the North Shublik study area. A) View looking 
westward at fold V. B) Same view with interpreted bedding planes superimposed 
on the image. Sample locations are indicated by circles.
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Fold V

Figure 23 Schematic rendering of features associated with fold V. All fractures 
rendered in this drawing represent extensional fractures.



7-29-3 (North Limb) 7-29-2 (Anticline Hinge) 7-29-1 (South Limb)

= average fracture strike

Figure 24 Rose diagrams of fracture orientations from Fold V.
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Figure 26 Boxplots illustrating the distribution of fractures in fold V in the 
North Shublik Mts. Boxes represent 50% of the data, upper and lower whiskers 
represent the upper 25% and lower 25%, respectively. The horizontal bar in the box 
represents the mean value of the data. A) distribution of fracture spacing. B)distribution 
of fracture strike.________________________________________________________



Fracture Spacing Distributions of Fold V

Fracture Spacing (m)

Figure 27 Distribution curve of fracture spacing data from fold V. Curves are based on histgrams with bin sizes of 0.2 
meters. It would be desirable to plot the E-W and N-S fractures separately, but there are not enough data to produce 
meaningful distribution curves. Fractures from all sets are plotted for each part of the fold as one curve. It is interesting 

to note the bimodal distribution of the fractures of the limbs of the fold.
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Fold VII

A

Figure 29 Photograph of fold VII in the North Shublik study area. A) View looking 
southwest at fold VII. B)Same view with interpreted bedding planes superimposed 
on the image. Sample locations are indicated by circles.
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Figure 30 Schematic rendering of features associated with fold VII.





7-27-4 (North Limb) 7-27-2 (Anticline Hinge) 7-27-1 (South Limb)
A N-S set A N-S set A N-S set
*  E_w  set •  E-W set •  E-W set

NW set

For all sets: -0- mean orientation
axial plane of fold

Figure 32 Stereoplots of fracture orientation in foldVII. Data points represent the pole of each fracture plane.
It is possible that at location 7-27-1, the E-W fractures (which actually strike more NE-SW) may be part of a conjugate 
set with the NW fracture set.
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Figure 33 Box-plots illustrating the distribution of fractures in fold VII in the 
North Shublik Mtns. Boxes represent 50% of the data, upper and lower whiskers 
represent the upper 25% and lower 25%, respectively. The horizontal line in the box 
represents the mean value of the data. A) distribution of fracture spacing.
B) distribution of fracture strike._________________________________________



Fracture Spacing Distributions of Fold VII

_________________________________________________ Fracture Spacing (m)___________________________________________

Figure 34 Distribution curve of fracture spacing data from Fold VII. Curves are based on histograms with bin sizes of 
0.2 meters. It would be desirable to plot the E-W and N-S fractures separately, but there are not enough data to produce 
meaningful distribution curves. Fractures from all sets are plotted for each part of the fold as one curve.
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Fold VIIIB

1 0 1

Figure 38 Photograph of fold VIIIB. A)View looking northwest at fold VIIIB 
B) Same view with interpreted bedding planes superimposed on the image. Sample 
locations are indicated by circles.
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F o ld  V I I I B

Figure 39 Schematic rendering of features associated with fold VIIIB.
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Figure 40 Photo of the secondary fold of Fold VIIIB. The primary fold axis trends east-west. A secondary 
(lower amplitude) fold trends north-south.
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---------------- = average fracture strike

Figure 41 Rose diagrams of fracture orientations from Fold VIIIB.



For all sets: +  mean orientation
axial plane of fold

Figure 42 Stereoplots of fracture orientation in fold VIIIB. Data points represent the pole of each fracture plane.
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Figure 43 Photo of abutment patterns in fold VIIIB. Neither the N-S fractures 
nor the E-W fractures are convincingly more through-going than the others. This 
illustrates some of the ambiguity encountered in determining relative timing 
of fracturing based on abutment patterns. Or it may suggest that the fracture sets 
are synchronous.
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Figure 44 Box-plots illustrating the distribution of fractures in fold VIIIB in the 
South Shublik Mtns. Boxes represent 50% of the data, upper and lower whiskers 
represent the upper 25% and lower 25%, respectively. The horizontal line in the box 
represents the mean value of the data. A) distribution of fracture spacing.
B) distribution of fracture strike.



Fracture Spacing Distributions of Fold VIIIB

Fracture Spacing (m)

Figure 45 Distribution curve of fracture spacing data from fold VIIIB. Curves are based on histograms with bin sizes 
of 0.2 meters. It would be desirable to plot the E-W and N-S fractures separately, but there are not enough data to 
produce meaningful distribution curves. Fractures from all sets are plotted for each part of the fold as one curve.



8-4-1 (North Limb) 
A N-S set 
•  E-W set

8-4-2 (Anticline Hinge) 
▲ N-S set •  E-W set 
■ Secondary E-W set 
+  Secondary N-S set

8-4-3 (Syncline Hinge) 
A  N-Sset 
•  E-W set

Figure 46 A) Stereoplots of fracture 
orientation after mathematical “unfolding” 
of fold VIIIB. Data points represent the pole of 
each fracture plane, plotted on an equal 
area stereonet. Stereoplots of the data before 
“unfolding” are included for reference. B) 
Schematic rendering of the fracture planes 
in their respective “unfolded” orientations. o
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Average Fracture Spacing Vs. Grain Size

Grain Size (mm)

Figure 48 Comparison of average fracture spacing with average grain size (as determined through 
petrographic analysis). As can be seen from the correlation coefficient ( R2) of 0.02 there is no reliable 
correlation between grain size and fracture spacing in the tectonically deformed Lisbume Group carbonates. n=30



A v e ra g e  fracture  spac ing  vs. m atr ix  type

Figure 49 Comparison of average fracture spacing and matrix type. Error bars represent 5% error.



Figure 50 Comparison of uniformity of fracture orientation vs. lithotype. Clearly no obvious correlation exists.



Figure 51 Comparison of average fracture spacing and dolomitization (bulk) from both XRD data and 
petrographic inspection. Even though the standard deviation is larger than the difference between the average 
values of the two groups, the general trend of smaller average fracture spacing with dolomitization is consistent 
with other studies (Hanks et al., 1997, for example).
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Fracture Spacing vs. Dolomite Content

Dolomite Content (%]

Figure 52 Comparison of average fracture spacing and % amount of dolomite (bulk) 
from XRD data. An R~ value of 0.02 is not statistically significant, but the general 
trend of smaller average fracture spacing with increasing dolomite content is consistent 
with other studies (Hanks et al., 1997, for example).



Fracture Spacing vs. Bed Thickness
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Figure 53 Comparison of average fracture spacing vs. bed thickness. From these data, it is clear that no direct 
relationship exists between bed thickness and fracture spacing in detachment folded Lisburne Group.
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Figure 54 Comparison of average fracture spacing with position in fold. A.) A simple 
bar graph of the data. B.) A histogram of the same data showing the distribution of 
fracture spacing. In other words, it represents number of pairs of neighboring individual 

fractures separated by a given distance. The bar graph (A) suggests that the average 
values are similar between the limbs and at least the anticlinal hinges. The histogram 
(B), however, shows that the distribution is quite different, i.e., fewer widely spaced 
fractures are found in the hinges, especially the synclinal hinges.



Figure 55 Comparison of uniformity of orientation with respect to fold position for the entire study area. While 
the difference is slight, it appears that the limbs are slightly more uniform in orientation than the hinges.



Spacing vs In te rlim b  Ang le
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Figure 56 Comparison of average fracture spacing vs. fold interlimb angle. Both the E-W fracture set, and the N-S 
fracture set seem to suggest a correlation between fracture spacing and interlimb angle. A correlation 
coefficient of 0.68 is somewhat unreliable, but it does suggest a possible correlation.



1 2 0

Figure 57 Comparison of uniformity of fracture orientation vs. amount of 
detachment folding, as expressed by interlimb angle. A) Data from the N-S fractures. 
B) Data from the E-W fractures. C) Data from both fracture sets. These data suggest 
that the uniformity of orientation of the N-S fractures is at least somewhat controlled 
by interlimb angle.
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Field-Wide Fracture Spacing Distribution

Fracture Spacing (m)

Figure 58 A distribution curve based on histograms whose bin sizes are 
0.1 meter in size. The data is from all measured fractures in all three study areas 
It is quite clear that the two main fracture sets of this region have very similar 
spacing distributions.



Fracture Spacing for E-Wand N-S frax

Figure 59 Comparison of average fracture spacing for E-W and N-S fracture sets. Given just the average 
values, it would appear that the E-W fractures have slightly greater average spacing than the N-S fractures. 
However, since the standard deviation is much larger than the difference between the average values of the two 
groups, no reliable distinction can be made.



Figure 60 Comparisons of average fracture spacing vs. lithology. A) Data plotted according to Dunham (1962) carbonate
classification. B) Data plotted according to revised classification. Number of data points (n) is the same in bothplots.
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Mudstone Wackestone

Packstone Grainstone

Figure 61 Microphotographic examples of different lithotypes from the Lisbume 
Group of the northeastern Brooks Range. Of particular interest is the 
degree of grain size homogeneity in the grainstone and the mudstone, and the lack 
thereof in the packstone, and especially the wackestone.
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Table 1 Summary table of data from fold II.
Fold axial plane: strike 100°,dip 80 °s  |Fold axis trend: 100° Interlimb Angle 115° Fold axis plunqe: 2° e L

7-19-1 north limb 7-10-1 synclinal hinge 7-19-2 south limb
bedding orientation strike  115 dip 26  s strike 20 dip 8 e (?) strike  27 8  dip 39  n
bed thickness (m) 1.5 1.5 2 .5

F R A C T U R E  D A T A
a v e ra g e  o rie n ta tio n strike a dip a conf. strike CT dip CT co n f. strike CT dip CT co n f.

N -S  se t n=4 24 3 19.9 w  34 8.4 14.8 n=6 164 8.7 w  74 5.9 8.5 n=5 3 4.2 e 74 4.9 6
E - W  set n=10 277 18.3 n 81 5.3 11.4 n=11 111 8.3 s  80 5.5 5.6 n=4 98 2.4 s  82 2.6 4.1

N. dip conjugate n=8 29 6 12.8 n 29 9.3 20
S . dip conjugate n = 7 75 8.2 s  36 12 9.8

R E S T O R E D  H O R IZ O N T A L
U n fo ld ed  avg . o rien ta tio n strike  dip strike  dip strike  dip

N -S  set 354 e 16 164 w  74 350 e 68
E - W  set 95 S 75 111 S 80 282 n 57

N. dip conjugate 29 6 n 29
S . dip conjugate 75 s  36

a v e ra g e  fra x  sp a c in g  (m ) a CT CT
N -S  set 0 .24 0 .16 0 .14 0.08 0.5 0.11
E -W  set 0.12 0 .09 0.31 0 .44 0.13 0 .06

N. dip conjugate 0 .18 0.12
S . dip conjugate 0 .14 0 .07

avg. per location (all se ts) 0 .181 5 0.082731 0.191 0 .0 8 1 1 2 9 5 3 0 .315 0 .261 63

a v e ra g e  fra x  len g th  (m ) a CT CT
N -S  set 0.41 0.41 0.17 0.12 0.7 0 .2 8
E -W  set 0.11 0.07 0 .17 0 .15 0 .43 0 .15

N. dip conjugate 0.1 0 .13
S . dip conjugate 0 .09 0 .04

avg. per location (all se ts) 0 .26 0 .214 96 0 .13 0 .0 42 36 646 0.56 0 .194 45 4

a v e ra g e  fra x  h e ig h t (m ) a CT CT
N -S  se t 0 .82 0 .18 0 .69 0.21 1.9 0 .42
E -W  set 0 .38 0 .18 0 .58 0.4 0 .63 0 .33

N. dip conjugate 0 .39 0 .2
S . dip conjugate 0 .30 0.22

avg. per location (all se ts ) 0.6 0 .313 24 8 0.49 0 .1 7 7 1 8 4 2 3 1.26 0 .901561

a v e ra g e  fra x  w id th  (cm ) a CT CT
N -S  se t 0 .48 0 .36 0 .56 0.55 2.2 0 .84
E -W  se t 0 .39 0 .38 0 .82 1.2 2.17 1.4

N. dip conjugate 0.51 0 .83
S . dip conjugate 0.26 0.41

avg. per location (all se ts ) 0 .43 0.060811 0 .54 0 .2 30 36 782 2.18 0 .023 33 5

Table 1 Summary table of data from fold II.
cr=standard deviation, used to quantify variance within each fracture set.2specifically a  =variance.
conf.=cone of confidence, used to quantify spheical variance within 
each fracture set. It is the sphereical equivalent of standard deviation.



Definitions:
H0:^ i=^2

Kappa= a means of comparing variance between groups 
F=W atson-W illiams statistic for comparing means
Fcrit=The maximum value of F wherein the null hypothesis cannot be rejected (at 95% confidence) 

i.e. F<Fcrit=cannot reject null hypothesis, F>Fcrit=reject null hypothesis

Sim ilar=Cannot reject the null hypothesis 
Dissimilar=Can reject the null hypothesis

Summary of Spherical Stats Results

Fold II

N-S

Folded

K1/K2
Similar 
Variance F Fcrit

Similar
Means

7-19-1 n=1 
7-10-1 n=2

1.66 yes 8.2 6.36 no

7-10-1 
7-19-2 n=£ 2.6 yes 9.86 6.23 no

7-19-2
7-19-1

4.2 yes 7.7 4.26 no

E-W
7-19-1
7-10-1

3.57 no 19.5 6.11 no

7-10-1
7-19-2

7.5 no 4.6 7.2 yes

7-19-2
7-19-1

27 no 12.2 6.515 no

Fold II
R estored to  O rig in a l H o rizo n ta lity

Sim ilar
N-S K1/K2 Variance F Fcrit

Sim ilar
Means

7-19-1
7-10-1

1.7 yes 13.46 6.36 no

7-10-1
7-19-2

2.45 yes 14.4 6.23 no

7-19-2
7-19-1

4.18 yes 7.76 4.26 no

E-W
7-19-1
7-10-1

2.08 yes 9.84 6.11 no

7-10-1
7-19-2

14.28 no 9.5 7.2 no

7-19-2
7-19-1

3.7 yes 12.03 6.515 no

Table 2 Results of the Watson-Williams test for comparing means (F-test), fold II. K>
O s
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Table 3 Summary table of data from fold V.
|F o l d  a x i s  t r e n d :  9 0 ° "Fold axial plane: strike 90°,dip 90°

7-29-3 north limb | 7-29-2 anticlinal hinge 7-29-1 south limb
bedding orientation strike 270 dip 40 n strike 285 dip 52 n strike 270 dip 40 s
bed thickness (m) 0.5 3 2.5

FRACTURE DATA
average orientation strike a dip a conf. strike a dip CT conf. strike a dip CT conf.

N -S set n=10 14 7.2 e 66 5 5 n=11 24 7.1 e 64 9.8 6.6 n=10 168 7.9 w 71 4.5 11.6
E-W  set n=9 113 26.2 s  52 13 15.7 n=6 244 15.6 nw 2i 5.9 7.2

N-S secondary set n=5 18 7.4 e 75 4 7.7 n=9 189 9.8 w 72 15 6.1
S E -N W  set n=5 137 10.9 s  40 15 16
N E-S W  set n=1l| 5 7 1 11 |se 46| 5| 5.2

R ESTO RED HORIZONTAL
Unfolded avg. orientation strike dip strike dip strike dip

N -S set 26 se 80 34 se 90 0 e 24
E -W  set 280 n 86 108 S 30

N -S secondary set 203 w 85 178 w 70
S E -N W  set 114 s  82
N E-S W  set I I 18 51 | |w 70

average frax spacing (m) a CT a
N-S set 0.304 0.13 0.084 0.08 0.273 0.27
E-W  set 0.453 0.27 0.08 0.02

N-S secondary set 1.3 0.35 0.375 0.18
S E -N W  set 1.7 0.67
N E-S W  set 0.092 0.05

avg. per location (all sets) 0.38 0.1 0.791 0.83 0.25 0.1

average frax length (m) a a a
N-S set 4.65 2.04 0.409 0.34 0.35 0.13
E-W  set 0.45 N/A 0.37 0.26

N-S secondary set 1.04 0.67 0.603 0.2
S E -N W  set 0.52 0.15
N E-S W  set 0.732 0.51

avg. per location (all sets) 2.55 3 0.585 0.31 0.56 0.2

average frax height (m) a ct a
N-S set 0.4 N/A 0.509 0.21 0.05 N/A
E-W  set 0.4 N/A 0.15 0.08

N-S secondary set 2.8 0.57 0.05 N/A
S E -N W  set 3.4 0.9
N E-S W  set 0.05 N/A

avg. per location (all sets) 0.4 N/A 1.715 1.62 0.05 N/A

average frax width (cm ) a ct a
N-S set 0.3056 3.06 0.46 0.39 0.509 0.28
E-W  set 1.389 1.389 0.43 0.31

N-S secondary set u N/A 0.926 0.46
SE -N W  set u N/A
N E-S W  set 0.76 0.29

avg. per location (all sets) 0.85 0.8 0.445 0.02 0.73 0.2

Table 3 Summary table of data from fold V.
a=standard deviation, used to quantify variance within each fracture set. 
specifically a2=variance.
conf.=cone of confidence, used to quantify spheical variance within 
each fracture set. It is the sphereical equivalent of standard deviation.



Definitions:
H0:m=H2
Hi :h i* h2
Kappa= a means of comparing variance between groups 
F=Watson-Williams statistic for comparing means
Fcrit=The maximum value of F wherein the null hypothesis cannot be rejected (at 95% confidence)

i.e. F<Fcrit=cannot reject null hypothesis, F>Fcrit=reject null hypothesis

Similar=Cannot reject the null hypothesis 
Dissimilar=Can reject the null hypothesis

Summary of Spherical Stats Results

Fold V

N-S

Folded

K1/K2
Similar 
Variance F Fcrit

Similar
Means

7-29-1 n=3 
7-29-2 n"=2 2.4 yes 3.256 3.45 yes

7-29-2 
7-29-3 n=1

3.17 no 1.65 3.44 yes

7-29-3
7-29-1 1.33 yes 1.6 3.49 yes

E-W
7-29-1
7-29-2
7-29-2 
7-29-3 ’ 120 no 6.64 3.7 no

7-29-3
7-29-1

Fold V
Restored to  O rig inal H orizonta lity

Similar
N-S K1/K2 Variance F Fcrit

Similar
Means

7-29-1 
'7-29-2 " 18 no 3.6 3.45 no

7-29-2 
>-29-3 "

87 no 11.82 3.44 no

7-29-3 
7-29-1 '

4.6 no 18.8 3.49 no

E-W
7-29-1 
>-29-2 ‘
7-29-2
>-29-3 1.36 yes 1.8 3.7 yes

7-29-3 
7-29-1 "

Table 4 Results of the Watson-Williams test for comparing means (F-test) fold V. N)00
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Table 5 Summary table of data from fold VII.
Fo ld axial plane: strike  261°, dip 8 0 °n  |Fold axis trend: 26 1° |Fold axis plunge: 2 °  e

7-27-4 north limb 7-27-2 anticlinal hinge 7-27-1 sou th  limb
bedding orientation strike  27 5  dip 18 n s trike  95  dip 44  s strike  92 dip 52 s
bed th ickness (m) 1 1 0 .5

F R A C T U R E  D A T A
a v e ra g e  o rie n ta tio n strike a dip a conf. strike a dip CT conf. strike CT dip CT conf.

N -S  se t n=6 14 2.1 e 63 9 .5 8 n=7 12 8.9 e 79 6.6 5.2 n=5 15 5 .2 e 78 7.8 8.8
E - W  se t n=5 107 18.6 s  37 4 .9 11.3 n = 5 271 2.6 n 68 5 8.2 n=5 24 7 15 n 30 3 .5 8.1

N W - S E  se t n=5 306 10 n 49 4.3 8 .4

R E S T O R E D  H O R IZ O N T A L
U n fo ld e d  a v g . o r ie n ta tio n strike  dip strike  dip strike  dip

N -S  se t 10 e 71 358 e 68 355 e 65
E - W  se t 101 s  54 90 s  70 252 n 80

N -N W  se t 298 ne 10

a v e ra g e  fra x  s p a c in g  (m ) o a CT
N -S  se t 0 .92 0 .3 5 0.1 0.03 0 .1 7 5 0.06
E - W  se t 2 .2 5 1.17 0 .143 0 .05 0 .3 7 5 0.22

N -N W  se t 0 .3 2 5 0 .07

avg. per location (all se ts )  1 .59 0.12 0 .29

a v e ra g e  fra x  le n g th  (m ) a o CT
N -S  se t 2 .3 3 1.03 0 .304 0 .15 0.98 0 .73
E - W  se t 0.6 0 .2 9 0 .26 0 .19 1.76 1.07

N -N W  se t 0 .48 0.3

avg. per location (all se ts )  1.47 0 .28 1.07

a v e ra g e  fra x  h e ig h t (m ) a o CT
N -S  se t 4 N/A 0.078 6 0 .29 0 .0 0 3 N/A
E - W  se t 1.4 N/A 0.96 0 .29 0.2 N/A

N -N W  se t 0 .003 N/A

avg. per location (all se ts )  2 .7 0.52 0.07

a v e ra g e  fra x  w id th  (cm ) ct a CT
N -S  se t 0 .729 0 .36 1,8 0 .84
E - W  set 0 .3 5 0 .44 1.3 0 .67

N -N W  se t 0 .65 0 .44

avg. per location (all se ts ) 0 .54 1.25

Table 5 Summary table of data from fold VII.
a=standard deviation, used to quantify variance within each fracture set. 
specifically a  =variance.
conf.=cone of confidence, used to quantify spheical variance within 
each fracture set. It is the sphereical equivalent of standard deviation.

R A S M U S O N  v i
UNIVERSITY OF ALASKA-FAIRBAIMKS



Definitions:

Kappa= a means of comparing variance between groups 
F=Watson-Williams statistic for comparing means
Fcrit=The maximum value of F wherein the null hypothesis cannot be rejected (at 95% confidence)

i.e. F<Fcrit=cannot reject null hypothesis, F>Fcrit=reject null hypothesis

Similar=Cannot reject the null hypothesis 
Dissimilar=Can reject the null hypothesis

Summary of Spherical Stats Results

Fold VII

N-S

Folded

K1/K2

Similar 
Variance F Fcrit

Similar
Means

7-27-1 n=1 
7-27-2n=i 1.3 yes 0.24 3.89 yes

7-27-2 
7-27-4 n=1 1.2 yes 4.89 3.81 no

7-27-4
7-27-1" 1.1 yes 0.01 3.98 yes

E-W
7-27-1
7-27-2" 2.3 yes 8.22 4.1 no

7-27-2
7-27-4" 4.6 yes 8.7 4.1 no

7-27-4
7-27-1" 1.9 yes 8.22 4.1 no

Fold VII
Restored to Original Horizontality

Similar
N-S K 1/K2 Variance F Fcrit

Similar
Means

7-27-1 
7-27-2 """ 1.3 yes 0.378 3.89 yes

7-27-2 
7-27-4 " 1.26 yes 6.27 3.81 no

7-27-4
7-27-1 1.08 yes 6.15 3.89 no

E-W
7-27-1
7-27-2 2.3 yes 8.9 4.1 no

7-27-2
7-27-4 4.6 yes 4.54 4.1 no

7J
,7

J
ro

|ro i 1.9 yes 8.78 4.1 no

Table 6 Results of the Watson-Williams test for comparing means (F-test), fold VII o
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Table 7 Summary table of data from fold VIIIB.
Fold axial plane: strike  250°, dip 46 ° n | Fold axis trend: 25 0° Fo ld axis plunge: 1° e L

8-4-1 north limb (anticline) 8-4-2 hinge (anticline) 8-4-3 south limb (syncline^
bedding orientation strike  64  dip 27 se strike  80 dip 47 s strike  74  dip 16n-15s
bed th ickness (m) 1 1.5 3

F R A C T U R E  D A T A
av e ra g e  o r ien ta tio n strike a dip CT conf. strike CT dip CT conf. strike CT dip CT conf.

N -S  set n=6 340 7.1 e 70 5.9 7.4 n=7 342 9.7 e 77 5.7 8.3 n=7 162 7.3 w  84 10 18
E - W  set n=10 251 9 .5 n 68 12 8.9 n=6 250 4.3 nw 41 7.9 7.1 n=9 257 26 .5 n 79 8.3 18.4

Secondary E - W  set n=4 292 16.6 n 40 11 16.5
Secondary N -S  set n=3 178 3.5 w 70 1.5 5 .5

R E S T O R E D  H O R IZ O N T A L
U n fo ld ed  avg . o rien ta tio n strike  dip strike dip strike  dip

N -S  set 331 e 72 332 e 80 162 w 84
E - W  set 71 s  83 70 S 90 257 n 79

Secondary E - W  set 273 n 81
Secondary N -S  set 184 w  88

a v e ra g e  fra x  s p ac in g  (m ) CT CT CT
N -S  set 0 .07 0 .05 0.05 0.02 0.08 0.02
E - W  set 0 .18 0 .09 0 .18 0 .08 0 .09 0 .03

Secondary E -W  set 0 .16 0 .09
Secondary N -S  set 0 .32 0 .28

avg. per location (all se ts ) 0 .127 5 0 .075 66 0 .178 5 0 .110 91 6 0 .082 5 0.01061

a v e ra g e  fra x  length  (m ) CT CT CT
N -S  set 0 .29 0 .15 0.43 0 .14 0.13 N/A
E -W  set 0.12 0.81 0.15 0.1 0 .08 0 .03

Secondary E -W  set 0 .45 0.4
Secondary N -S  set 0 .45 0 .57

avg. per location (all se ts ) 0.2 0 .122 32 9 0.37 0 .145 60 9 0.1 0 .036 06

a v e ra g e  fra x  h e ig h t (m ) CT CT CT
N -S  set 0.57 0 .29 0.2 N/A 0.13 N/A
E - W  set 0 .53 0.41 0.2 N/A 0 .13 N/A

Secondary E -W  set 0.7 N/A
Secondary N -S  set 0.7 N/A

avg. per location (all se ts ) 0 .55 0 .028 28 4 0 .45 0 .288 67 5 0 .13 0

a v e ra g e  fra x  w id th  (cm ) CT CT CT
N -S  se t 0.57 0.4 0 .46 0.11 0 .37 0 .16
E -W  set 0 .35 0 .17 0 .15 0.05 0 .38 0 .33

Secondary E - W  set 0.5 N/A
Secondary N -S  set 0.47 0 .46

avg. per location (all se ts) 0 .46 0.153 44 2 0 .39 0 .163 37 0 .38 0.01131

Table 7 Summary table of data from fold VIIIB.
a=standard deviation, used to quantity variance within each fracture set. 
specifically a  =variance.
conf.=cone of confidence, used to quantify spheical variance within 
each fracture set. It is the sphereical equivalent of standard deviation.



Definitions:
H0:w =H2
H i :h i*|X2
Kappa= a means of comparing variance between groups 
F=Watson-Williams statistic for comparing means
Fcrit=The maximum value of F wherein the null hypothesis cannot be rejected (at 95% confidence)

i.e. F<Fcrit=cannot reject null hypothesis, F>Fcrit=reject null hypothesis

Similar=Cannot reject the null hypothesis 
Dissimilar=Can reject the null hypothesis

Summary of Spherical Stats Results

Fold VIIIB

N-S

Folded

K 1 /K 2

Similar
Variance Fcrit

Similar
Means

8-4-1 n=16 
8-4-2 n=20 1.5 yes 1.89 3.81 yes

8-4-2
8-4-3 n=16

3.7 yes 1.18 3.81 yes

8-4-3
8-4-1 5.7 no 1.97 3.89 yes

E-W
8-4-1
8-4-2 2.9 yes 6.21 3.63 no

8-4-2
8-4-3 9.9 no 4.97 3.68 no

8-4-3
8-4-1 3.32 no 1.27 3.52 yes

Fold VIIIB
Restored to  O rig ina l H orizonta lity

Similar
N-S K 1/K 2 Variance F Fcrit

Similar
Means

i* 
■ 

oo|co 1.6 yes 1.76 3.81 yes

8-4-2
8-4-3 1.23 yes 2.02 3.74 yes

8-4-3
8-4-1 1.99 yes 4.55 3.89 no

E-W
8-4-1
'8-4-2 2.98 yes 0.029 3.63 yes

8-4-2
'8-4-3

9.9 no 2.05 3.68 yes

8-4-3
8-4-1 3.32 no 2.9 3.52 yes

Table 8 Results of the Watson-Williams test for comparing means (F-test), fold VIIIB. u>
t o



Table 9 Synopsis of the results of the fold by fold analyses.

F O L D

Timing of 
N-S
Fractures

Evidence of 
Timing (N-S)

Timing of 
E-W
Fractures

Evidence of 
Timing (E-W)

Fracture
Density

Spacing 
(evenness of 
distribution)

II
pre
folding abutment patterns

syn or post 
folding

abutment
patterns

N-S more dense in 
hinge than limbs

N-S more variance 
in limbs than hinge

E-W less dense in 
hinge than limbs

E-W less variance 
in limbs than hinge

V
post
folding

less systematic 
spacing and orient, 
in unfolded state

pre or syn 
folding

more systematic 
spacing and orient, 
in unfolded state

N-S more dense in 
hinge than limbs

N-S more variance 
in limbs than hinge

E-W more dense in 
hinge than limbs

E-W more variance 
in limbs than hinge

VII
post
folding

less systematic 
spacing and orient, 
in unfolded state

pre or syn 
folding

more systematic 
spacing and orient, 
in unfolded state

N-S more dense in 
hinge than limbs

N-S
no reliable pattern

E-W more dense in 
hinge than limbs

E-W more variance 
in limbs than hinge

VI1 IB
anticline

post
folding

less systematic 
spacing and orient, 
in unfolded state

pre or syn 
folding

more systematic 
spacing and orient, 
in unfolded state

N-S limbs same 
as hinge

N-S same variance 
in limbs and hinge

E-W limbs same 
as hinge

E-W same variance 
in limbs and hinge

VIIIB
syncline

post
folding

less systematic 
spacing and orient, 
in unfolded state

pre or syn 
folding

more systematic 
spacing and orient, 
in unfolded state

N-S same as 
anticline

N-S same variance 
as anticline

E-W more dense 
than anticline

E-W less variance 
than in anticline

Table 9 Synopsis o f the results o f the fold by fold analyses.



XRD data
Sample Primary Peak Secondary Peak %Calcite %Dolomite %other
7-09-1 29.4 100
7-09-2 26.6 29.4 30 14 46 quartz
7-09-3 29.4 31 75 25
7-10-1 29.4 100
7-12-1 30.8 29.4 28 72
7-13-1 30.9 100
7-14-1 29.4 30.8 60 40
7-14-2 29.5 100
7-19-1 29.4 100
7-19-2 29.4 100
7-26-2A 29.3 85 15 quartz
7-26-2B 29.4 100
7-26-2 B 29.4 26.6 80 20 quartz
7-27-1 29.4 28.3 70 30 barite?
7-27-2 29.4 100
7-27-4 29.4 100
7-29-1 29.4 100
7-29-3 29.4 100
8-2-3 29.4 100
8-3-1 29.4 100
8-3-1B 29.4 100
8-3-2 29.4 100
8-4-1 29.4 100
8-4-2 29.4 100
8-4-3 29.4 100
8-6-1 29.4 100
8-6-1B 30.7 29.4 38 62

Table 10 Results of XRD analysis. Shaded areas indicate that samples 
came from one of the five studied folds.
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Table 11 Results of the Watson-Williams test for comparing means (F-test).
Definitions: Ho:m1=m2 H1:m11m2

Kappa= a means of comparing variance between groups 
F=Watson-Williams statistic for comparing means
Fcrit=The maximum value of F wherein the null hypothesis cannot be rejected (at 95% confidence) 

i.e. F<Fcrit=cannot reject null hypothesis, F>Fcrit=reject null hypothesis

Similar=Cannot reject the null hypothesis 
Dissimilar=Can reject the null hypothesis

(A) North Shubliks— Both Fold V and Fold VII

N-S K1/K2
Sim ilar
Variance F Fcrit

Sim ilar
Means

7-29- y y j  
7-27-2 (VH

1.5 yes 12.5 3.56 no

7-2CMJV)_ 1.14 yes 11.7 3.63 no
7-27-1 (VN

7-29-1 B(\7 3.69 no 0.52 3.74 yes
7-27-1 (VII

m m  2.6 yes 
7-27-2 (V II________________Y

0.7 3.63 yes

Sim ilar
E-W  K1/K2 Variance F

I-awOO. is
7-27-2 (Vii|

Sim ilar 
Fcrit Means

9.5 3.74 no

7-29-3(V) 7.8 no 11 3.74 no
7-27-4 (VII

Restored to  Original Horizontality
Sim ilar

N-S K1/K2 Variance F
Sim ilar
Means

7-29-JJV]_ 
7-27-2 (VII

1.75 yes 14 3.56 no

7-29-JjV]_ 
7-27-1 (VII

1.2 yes 13.3 3.63 no

7-29-1 B(V) 
7-27-1 (VII

3.2 no 0.7 3.74 yes

7-29-1 B(V  
7-27-2 (VII

2.3 yes 0.59 3.63 yes

Sim ilar
E-W  K1/K2 Variance F
7-29-3_(VL 
7-27-2 (VII

Similar 
Fcrit Means

3.63 3.74 yes

7-29-3|V]_
4 no 5.48 3.74 no

7-27-4 (VII

7-29-3{V) 
7-27-1 (VN

3.99 no 1.23 3.74 yes 7-29-3(V)_ 
7-27-1 (VII

8 no 6 6.74 no

South Shubliks— -Both Fold VIII and V IIIB

N-S K1/K2
Sim ilar
Variance F Fcrit

Sim ilar
Means N-S K1/K2

Sim ilar
Variance F Fcrit

Sim ilar
Means

8-4-2 ̂ VIIIE 
8-2-2 (VIII)

1.7 yes 14.6 3.52 no 8-4-2JVIIIE 
8-2-2 (VIII)

1.8 yes 15.1 3.52 no

E-W E-W
8-4-1 ^VIIIE 
8-2-3 (VIIi)

1.44 yes 0.115 3.59 yes 8-4-1JVIIIE 
8-2-3 (VIII)

1.48 yes 0.46 3.59 yes

(B) Across the entire region, corresponding fold in parantheses

Folded
Sim ilar 

K1/K2 Variance F
Sim ilar
Means

7-10-1JII) 
7-2SMB (V

1.38 yes 0.94 3.63 yes

7-29-1 B (V
8-2-2 (Vfli)

10.4 no 15.7 3.42 no

8-2-2 (VIII) 
7-10-1(11)

1.49 yes 15.6 3.55 no

E-W
7-10-1JIJ 
7-29-3 (V)"

5.7 no 8.3 3.49 no

7-29-3JV)_
8-4-1 (VfllE

2.6 yes 14.05 3.52 no

8-4-1 ^VIHE 
7-1CM (II)

2.2 yes 16.33 3.47 no

Restored to Original Horizontality
Sim ilar

N-S K1/K2 Variance F
Similar
Means

7-10-Jill)_  
7-29-1 B'(V

1.38 yes 7.56 3.63 no

7-29-1 B (V
8-2-2 (VIII)

1.03 yes 20.58 3.42 no

8-2-2 (VIII) 
7-10-1(11)

1.49 yes 15.6 3.55 no

E-W
7-10-JJII)_ 
7-29-3 (V)

6 no 0.7 3.47 yes

7-29-3 (V]_ 
*8-4-1 (VIIIE

2.7 yes 9.2 3.49 no

8-4-1JVIIIE 
7-10-1 fll)

2.2 yes 14.6 3.47 no

Table 11 Results of the Watson-Williams test for comparing means (F-test). Data for 
these comparisons come from the 5 studied folds. (A) Since fold V  and fold V II are in 
close proximity, I compared their respective E-W and N-S fracture sets, both in the 
folded and unfolded configurations. I performed the same comparisons of the fracture 
sects of folds V III, and VIIIB . (B) I compared the N-S fracture sets from all the folds, in



Appendix A Entire data set used for this thesis. These data were collected during the summer of 1999 in various 
locations in the northeastern Brooks Range, namely: the Fourth Range in the Straight Creek area, and the Shublik 
Mountains.

KEY

Spacing=Position of the fracture on the measuring 
tape.

Length =Linear extent of fracture parallel to bedding. Height=Linear extent of fracture perpendicular to bedding.

Distance=Distance from adjacent fracture. 

Ap=aperture width

Fill indicates type and amount of fracture fill 
N= no fill
Pc= partially filled with calcite
Pq= partially filled with quartz
C= totally filled with calcite
Q= totally filled with quartz

Length descrip tor indicates location of measurement Height descriptor indicates type of fracture termination
B= length was measured on the bedding plane
F= length was measured on an exposed face

B= 
c=
1=
T=
M=

Due to limited fracture exposure all length U=
and height measurements represent minimum values.

SP= 
H (s) = 
H (a) =

terminates at bedding plane 
crosses bedding plane 
terminates within bedding unit 
terminates against another fracture 
merges with another fracture 
unable to determine type of termination

Structural position,
Hinge (synclinal)
Hinge (anticlinal)

Outcrop description | FR-7-9-1 | ......
SP Bedding Plane Orient: Bed Thickness: Formation: L ithology: Fossils: Sample orient: Photos: Shear: Relative Age Relations
L 115 35S ~3m Alapah Packstone crinoids 255 50N 2-2,2-3 NONE E-W predate N-S ?

FR-7-9-1 NORTH-SOUTH
No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0 160 85 E 0.8 f 1.4 U,l U indeterminable
2 0.4 0.4 175 80 E u u 1.9 Ts.M 0.5 N
3 0.88 0.48 165 75 E 0.4 f 3 u,u 9 N
4 1.2 0.32 155 83 E 0.15 f 2 Ts,B 3 N
5 1.25 0.05 150 85 E 0.2 f 1.5 U,B 0.1 N
6 1.4 0.15 158 80 E 0.2 f 1 M.M 0.1 N
7 1.66 0.26 160 90 E 1 f 3 ....__y,u U N



Appendix A cont.
FR 7-9-1 EAST-WEST CONJUGATES

No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
0 0 250 50 N 0.8 F 0.68 B.B 0.2 PC
1 0.02 0.02 260 52 N 0.31 B 0.68 B.B 0.2 Pc
2 0.06 0.04 262 50 N 0.1 B 0.12 B,l 0.2 Pc
3 0.09 0.03 254 43 N U U 0.34 B,l 0.2 Pc
4 0.12 0.03 250 65 N U U 0.2 B.l 0.2 Pc
5 0.18 0.06 260 38 N 0.08 B 0.45 B,B 0.2 Pc
6 0.3 0.12 252 53 N U U 1.2 B,F 0.2 Pc
7 0.42 0.12 250 45 N U U 1.1 B.l 0.2 Pc
8 0.48 0.06 260 40 N 0.15 F 2 BcB 0.2 Pc
9 0.68 0.2 U U U U U 1.5 U 0.2 Pc
10 1 0.32 U U U U U U U 0.2 Pc

FR 7-9-1 CONJUGATE FRACTURES
No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
0 0 205 35 NW 0.15 B 0.55 B,F hairline leterminable
1 0.35 0.35 248 40 NW 0.18 F 0.2 F,F hairline eterminable
2 1 0.65 175 49 W U U 0.4 F,F hairline leterminable
3 1.44 0.44 180 49 W 0.1 F 0.15 F,F hairline leterminable

FR 7-9-I I MACRO N-S
No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0.7 355 75 E 6 indeterminable 8 of visible indeterminable 10 N
2 1.6 0.9 342 80 E 6 indeterminable outcrop indeterminable 10 N
8 2 0.4 345 90 V 6 indeterminable 8 indeterminable 10 N
4 3 1 327 90 V 6 indeterminable 8 indeterminable 10 N
5 5.2 2.2 167 82 w 6 indeterminable 8 indeterminable 10 N
6 7.6 2.4 350 80 E 6 indeterminable 8 indeterminable 10 N
7 9.5 1.9 350 80 E 6 indeterminable 8 indeterminable 10 N



Appendix A cont.
Outcrop cescription i FR 7-9-2 | ....
SP Bedding Plane Bed Thickness: Formation: Lithology: Fossils: Sample orient: Photos: Shear: Relative Age Relations
L 85 45S ~3m Alapah top) wackestone crinoids 337 90 -6,2-7,2-8,2 NONE N-S predate E-W

.  . .
FR 7-9-2 E-W set

No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0.1 253 63 N 0.15 B 0.25 II 0.2 N
2 0.2 0.1 252 50 N 0.08 B 0.13 II 0 N
3 0.29 0.09 255 42 N 0.25 B 1 BB 1 N
4 0.33 0.04 242 65 N U U 0.2 II 0.5 N
5 0.39 0.06 246 55 N U U 0.2 II 0.5 N
6 0.42 0.03 256 50 N U U 0.1 IM 0.5 N
7 0.45 0.03 255 45 N 0.3 B 0.3 IB 0.8 N
8 0.5 0.05 265 42 N 0.18 B 0.6 UB 0.2 N
9 0.66 0.16 270 50 N 0.05 B 0.35 BU 0.2 N
10 0.75 0.09 245 55 N 0.1 B 0.35 BU 0.25 N
11 0.85 0.1 260 43 N 0.4 B 0.31 UB 0.2 N
12 0.9 0.05 245 36 N 0.4 B 0.31 UB 0.2 N
13 1.05 0.15 250 42 N 0.4 B 0.3 BU 0.2 N

FR 7-9-2 N-S
No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0.35 350 90 V 1 F 3 BU >1 N
2 1 0.65 352 75 E 0.3 F 3 BU 3 N
3 1.9 0.9 340 73 E 0.6 F 7 BU 2 N
4 3 1.1 321 70 E 0.5 F 2 BU 3 N
5 4.6 1.6 350 90 V 1 F 7 BU 2 N

Outcrop description FR 7-9-3 ...... I
SP Bedding Plane Bed Thickness: Formation: Lithology: Fossils: Sample orient: Photos: Shear: Outcrop Relative Age Relations
L 105 45S 1m upper Alapalwacke-pack crinoids 260 68N 2-10,211 NONE 4m E-W predate N-S

FR 7-9-3 E-W
No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0.38 250 45 N 0.3 F 2 BB 1 Pc
2 0.55 0.17 250 75 N 0.4 F 1.7 BB 0.5 Pc
3 0.76 0.21 245 57 N 0.1 F 1.4 BB 0.5 N
4 0.89 0.13 215 72 NW 0.1 F 1 Bl 0.2 Pc
5 1.07 0.18 250 65 N 0.2 F 1 Bl 0.2 N
6 1.22 0.15 250 68 N 0.2 F 1 Bl 0.2 Pc
7 1.57 0.35 232 62 NW 0.3 F 2 BCI 0.5 Pc
8 1.8 0.23 252 55 N 0.3 F 1 BCI 0.2 Pc
9 2.1 0.3 245 60 NW 0.1 F 2.5 BCB 0.2 Pc
10 2.4 0.3 254 50 NW 0.3 F 1.5 BCM 0.2 N
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FR 7-9-3 N-S

No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0.28 342 50 E 0.1 B 0.5 Bl 0.5 N
2 0.4 0.12 345 54 E 0.1 B 0.6 BB 1 N
3 0.55 0.15 U U N/A 0.4 B 0.35 II 0 N/A
4 0.63 0.08 350 77 E 0.4 B 0.5 BB 2 N
5 0.77 0.14 326 55 E 0.4 B 0.15 BB 1 N
6 1 0.23 340 76 E 0.05 B 0.25 BB 1 N
7 1.11 0.11 345 77 E 0.15 B 0.45 BB Hairline letermina ble
8 1.23 0.12 350 77 E 0.3 B 0.6 BB Hairline leterminable

Outcrop description FR 7-10-1
SP Bedding Plane Bed Thickness: Formation: Lithology: Fossils: Sample orient: Photos: Shear: Other: Relative Age Relations
H(s) 20 8E 1-2m Alapah wackestone ach, crinoii 172 68W -6,2-7,2-8,2 none stylo lite j indeterminable

FR 7-10-1 E-W
No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0 115 82 S 0.15 F 0.45 UB U U
2 0.1 0.1 115 80 S 0.2 F 1.5 FF 0.2 N
3 0.3 0.2 100 85 S 0.15 F 1 Bl 0.2 PC
4 0.4 0.1 105 90 V 0.1 F 0.65 BB 0.4 N
5 0.48 0.08 120 80 s 0.17 F 0.3 FF 1 N
6 0.55 0.07 110 70 s 0.15 F 0.45 FF 1 Pc
7 0.6 0.05 120 77 s 0.08 F 0.45 BF 0.2 N
8 0.82 0.22 120 77 s 0.05 F 0.1 Bl 0.2 N
9 1.03 0.21 108 73 s 0.01 F 0.35 FF 0.2 Pc
10 2.53 1.5 113 80 s 0.15 F 0.3 FF 4 N
11 3.1 0.57 95 82 s 0.6 F 0.85 U U U

FR 7-10-1 E-W "LOW ANGLE" CONJUGATE FRACTURES (SOUTH DIPPING SET)
No Spacing (meters) Distance Strike Dip Dip Directior Length jm ) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0 80 15 S 0.08 F 0.6 FF U
2 0.1 0.1 70 35 S U 0.3 FF 0.01 Fc
3 0.28 0.18 65 28 s 0.15 F 0.6 FF 0.5 N
4 0.4 0.12 65 40 s 0.03 F 0.12 FF 0.01 N
5 0.45 0.05 85 35 s 0.05 F 0.25 FF 0.02 Pc
6 0.72 0.27 80 45 s 0.1 F 0.15 FF 1 Pc
7 0.86 0.14 80 53 s 0.1 F 0.05 FF 0.02 Pc
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FR 7-10-1 E-W "LOW ANGLE" CONJUGATE FRACTURES (NORTH DIPPING SET)

No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0.07 282 26 N 0 0.05 II 0 Fc
2 0.15 0.08 280 24 N 0.01 F 0.4 FF 0.02 Pc
3 0.2 0.05 290 20 N 0.02 F 0.6 FF 0.02 Pc
4 0.25 0.05 298 30 N 0.02 F 0.15 FF 0.02 N
5 0.55 0.3 298 50 N 0.15 F 0.6 UU U U
6 0.72 0.17 295 26 N 0.1 F 0.52 UF 1 N
7 1.03 0.31 , 305 24 N 0.11 F 0.37 UF 2 N
8 1.3 0.27 320 32 N 0.4 F 0.4 UU U U

FR 7-10-1 N-S
No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0 167 79 W 0.4 F 0.9 BB 1.5 N
2 0.05 0.05 170 83 W 0.1 F 0.6 UF 0.5 N
3 0.1 0.05 162 70 W 0.05 F 0.35 BF 0.5 N
4 0.26 0.16 160 75 W 0.15 F 0.75 BB 0.2 Pc
5 0.48 0.22 150 67 W 0.1 B 0.62 IB 0.1 Pc
6 0.68 0.2 175 72 W 20 F 0.9 UU U U

Outcrop dlescription FR 7-12-1
SP Bedding Plane Bed Thickness: Formation: Lithology: Fossils: Sample orient: Photos: Shear: Relative Age Relations
L 128 52S 1.7 M Wahoo wackestone h, crinoids 15 72E 28,-29,-30,- Top north, en echelon frac only 1 frax set

FR 7-12-1 N-S
No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0.04 15 70 E 0.1 F 2 U 0.02 N
2 0.1 0.06 3 82 E 0.05 F 0.7 U 1 Fc
3 0.15 0.05 10 75 E 0.1 F 0.25 U 0.01 Fc
4 0.2 0.05 20 72 E 0.1 F 1 U 1 Pc
5 0.3 0.1 20 65 E 0.15 F 0.5 U 0.5 Pc
6 0.37 0.07 15 72 E 0.05 F 0.5 U 1 Pc
7 0.44 0.07 15 90 E 0.12 F 0.9 U 0.5 Pc
8 0.52 0.08 25 90 E 0.1 F 0.5 U 1 Pc
9 0.56 0.04 20 74 E 0.1 0.8 u 0.8 Pc
10 0.6 0.04 13 72 E 0.1 F 1 u 0.5 Pc
11 0.68 0.08 12 72 E 0.08 F 1 u U U



Appendix A cont.
Outcrop description i FR 7-13-1A W aterfall |

SP Bedding Plane Bed Thickness: Formation: Lithology: Fossils: Sample orient: Photos: Shear: Relative Age Relations
L 124 53 S 2.4 M Wahoo? mudstone none 82 35S 3-1 to 3-6 extensive, right lateral, shi E-W predate N-S

FR 7-13-1A N-S
No Spacing (meters)^ Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0.1 5 90 V 0.2 F 1 FF 0.2 Pc
2 0.2 0.1 u u 0.2 F 1 FF 0.1 N
3 0.26 0.06 5 80 E 0.1 F 2 FF 0.4 N
4 0.31 0.05 2 83 E 0.2 F 0.3 FF 0.2 N
5 0.36 0.05 7 72 E 0.15 F 0.7 FI 1 Pc
6 0.48 0.12 11 90 V 0.1 F 0.4 FI 0.2 Pc
7 0.57 0.09 15 75 E 0.15 F 2 FF 0.4 Pc
8 0.63 0.06 0 75 E 0.05 F 1 FF 0.1 Fc
9 0.7 0.07 u u 0.1 F 0.4 IF 0.2 Fc
10 0.75 0.05 0 76 E 0.05 1 FF 0.1 Pc

FR 7-13-1B E-W
No Spacing (meters^ Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0 30 30 W 0.5 F 1 FF 1 N
2 0.52 0.52 30 32 W 0.1 F 1 FF 1 N
3 0.82 0.3 40 31 W 0.2 F 1 FF 2 N
4 1.2 0.38 40 36 W 0.05 F 0.7 FF 2 N
5 1.4 0.2 35 48 W 0.15 F 0.3 FF 1 N
6 1.5 0.1 45 40 W 0.1 F 0.4 FF 0.5 N
7 1.55 0.05 45 30 W 0.1 F 0.4 FF 1 N

FR 7-13-1 Shear Zone
continuous right lateral (top south). Relative Age Relations
individual gashes are very uniform in width, length, orientation, spacing, etc. shear frax predate

FR 7-13-1 Shear Zone SHEAR ZONE DATA: Strike 350 Dip 45E Length: 4M Width: .15M N-S and E-W frax
No Spacing (meters) Distance Strike Dip Dip Directior Length (mj length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0 28 70 E 0.3 internal ideterminab indeterminable 1 Fc
2 0.1 0.1 10 55 E 0.3 internal ideterminab indeterminable 1 Fc
3 0.3 0.2 30 65 E 0.3 internal ideterminab indeterminable 1 Fc
4 0.4 0.1 30 67 E 0.3 internal ideterminab indeterminable 1 Fc
5 0.5 0.1 28 42 E 0.3 internal ideterminab indeterminable 1 Fc
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| | ' - ...

FR 7-13-2 SHEAR ZONE 95 40S LENGTH:4M WIDTH: .15M
No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height Height descriptor Ap (cm) Fill
1 0 287 85 N 0.2 internal ideterminab indeterminable 0.1 Fc
2 0.01 0.01 290 80 N 0.2 internal ideterminab indeterminable 0.1 Fc
3 0.02 0.01 278 78 N 0.2 internal ideterminab indeterminable 0.1 Fc
4 0.03 0.01 290 85 N 0.2 internal ideterminab indeterminable 0.1 Fc
5 0.04 0.01 285 85 N 0.2 internal ideterminab indeterminable 0.1 Fc
6 0.05 0.01 288 80 N 0.2 internal ideterminab indeterminable 0.1 Fc
7 0.06 0.01 286 70 N 0.2 internal determinab indeterminable 0.1 Fc
8 0.07 0.01 280 80 N 0.2 internal determinab indeterminable 0.1 Fc
9 0.08 0.01 280 75 N 0.2 internal determinab indeterminable 0.1 Fc
10 0.09 0.01 290 82 N 0.2 internal ideterminab indeterminable 0.1 Fc

Outcrop description FR 7-14-1
SP Bedding Plane Bed Thickness: Formation: Lithology: Fossils: Sample orient: Photos: Shear: Other: Relative Age Relations
L 92 62S 1.5 meter Wahoo uppe mudstone crinoids 100 62S 3-7 to  3-9 none no slicks N-S predate both E-W sets

FR 7-14-1 N-S
No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor^ Height (m) Height descriptor Ap (cm] Fill
1 0 25 75 E 0.1 F 2 FF 1 Pc
2 0.14 0.14 0 83 E 0.1 F 1.5 FI 2 Pc
3 0.23 0.09 5 82 E 0.2 F 1.5 FI 0.1 Pc
4 0.4 0.17 2 85 E 0.05 F 1 FI 0.2 Pc
5 0.64 0.24 15 80 E 0.05 F 1 FI 0.2 Pc
6 0.72 0.08 0 80 E 0.05 F 0.2 FI 0.2 Pc
7 0.9 0.18 16 84 E 0.05 F 1 FI 1 Pc
8 1.05 0.15 340 85 E 0.1 F 0.7 FF U u

FR 7-14-1 E-W
No Spacing (meters) Distance Strike Dip Dip Directior Length (m) i length descriptor Height (m] Height descriptor Ap (cm) Fill
1 0.13 323 45 NE 0.15 F 0.25 FF 0.1 Pc
2 0.21 0.08 327 52 NE 0.05 F 0.27 FF 0.5 Pc
3 0.52 0.31 337 50 NE 0.05 F 0.4 FF 0.5 Pc
4 0.6 0.08 335 60 NE 0.08 F 0.5 FF 0.5 Pc
5 0.85 0.25 330 75 NE 0.05 F 0.6 FF 0.2 Pc
6 1 0.15 342 74 NE 0.1 F 0.6 FF 1 Pc
7 1.35 0.35 342 66 NE 0.1 F 1 FF 0.2 Pc
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FR 7-14-1 Micro E-W

No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0.02 U U NE 0.1 NE 0.2 FF 0.1 Fc
2 0.03 0.01 322 34 NE 0.1 NE 0.2 FF 0.1 Fc
3 0.05 0.02 310 35 NE 0.1 NE 0.2 FF 0.1 Fc
4 0.06 0.01 318 40 NE 0.1 NE 0.2 FF 0.1 Fc
5 0.07 0.01 312 45 NE 0.1 NE 0.2 FF 0.1 Fc
6 0.1 0.03 308 42 NE 0.11 NE 0.2 FF 0.1 Fc
7 0.13 0.03 314 41 NE 0.1 NE 0.2 FF 0.1 Fc

Outcrop description FR 7-14-2
SP Bedding Plane Bed Thickness: Formation: Lithology: Fossils: Sample orient: Photos: Shear: Other: Relative Age Relations
L 264 75S 1-2m Upper WahoWacke-grair )ids, brach, 115 90S 3-10 to  3-1 c none mall styh N-S predate E-W

FR 7-14-2 MACRO SET N-S
No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0.48 2 58 E 0.1 F 3 IU 0.5 Pc
2 0.92 0.44 0 65 E 0.05 F 3 II 0.5 Pc
3 1.4 0.48 358 62 E 0.05 F 1.5 FI 0.1 Pc
4 1.95 0.55 0 70 E 0.05 F 2 FF 1 Pc
5 2.45 0.5 15 50 E 0.05 F 2 II 1 Pc
6 3.24 0.79 3 65 E 0.05 F 4 FU 0.5 Pc
7 3.8 0.56 355 56 E 0.02 F 0.5 FF 0.5 Pc

FR 7-14-2 MICROSET (N-S)
No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0.05 352 60 E 0.01 F 0.5 FF 0.1 Pc
2 0.06 0.01 350 58 E 0.01 F 0.5 FF 0.1 Pc
3 0.17 0.11 345 57 E 0.01 F 0.7 FF 0.1 Pc
4 0.25 0.08 355 58 E 0.01 F 0.5 FF 0.1 Pc
5 0.27 0.02 354 62 E 0.01 F 1 FF 0.1 Pc
6 0.3 0.03 352 68 E 0.01 F 0.5 FF 0.1 Pc

FR 7-14-2 MEZZO SET (NE-SW)
No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0 192 43 W 0.02 F 0.57 FF 1 Pc
2 0.3 0.3 195 40 W 0.01 F 0.15 FI 0.1 Fc
3 0.5 0.2 204 40 W 0.02 F 0.07 FF 2 Pc
4 0.63 0.13 205 37 W 0.03 F 0.12 FF 0.1 Pc
5 0.83 0.2 219 52 W 0.01 F 0.5 FF 1 Pc
6 1 0.17 206 42 W 0.05 F 0.5 FF 0.5 Pc
7 1.27 0.27 230 41 W 0.01 F 0.1 FI 0 N
8 1.5 0.23 215 41 W 0.02 F 0.2 FF 0.1 Pc
9 1.83 0.33 208 35 W 0.05 F 0.4 FF 1 N
10 2.1 0.27 308 37 NW 0.05 F 0.3 FU 0.5 Pc
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Outcrop description FR7-19-1 I
SP Bedding Plane Bed Thickness: Formation: Lithology: Fossils: Sample orient: Photos: Other: Shear: Relative Age Relations
L 115 26 S 1-2m Upper Waho mud-wacke ryz, crinoid 7191a:295 74N 3/19 dissolution cleavage orien indeterminable

stromata I ite 7191b: 262 84N chert nodules (Boudin Style)
7191c: 340 75E

FR7-19-1 BED A (E-W) 7191d: 340 72E
No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0.17 265 78 N 0.02 B 0.5 BU 1 Pc
2 0.24 0.07 272 78 N 0.05 F 0.15 BU 1 Pc
3 0.4 0.16 280 80 N 0.1 F 0.35 FF 0.1 Pc
4 0.48 0.08 252 84 N 0.1 F 0.35 FF 0.1 Pc
5 0.52 0.04 290 90 V 0.3 F 0.7 BU 0.1 Pc
6 0.68 0.16 246 73 N 0.12 F 0.22 FU 0.1 Pc
7 0.75 0.07 300 80 N 0.05 B 0.6 BU 0.1 Pc
8 0.97 0.22 295 80 N 0.1 B 0.25 BF 0.5 Pc
9 1 0.03 287 80 N 0.1 F 0.2 BF 0.5 Pc
10 1.28 0.28 289 90 V 0.15 F 0.45 BU U U

FR7-19-1 BED D (N-S)
No Spacing (meters) Distance Strike Dip Dip Directior Length (m^ length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0.35 213 24 NW 0.2 B 0.6 BU 0.4 N
2 0.52 0.17 255 44 W 0.05 B 0.75 BU 0.2 Pc
3 0.95 0.43 248 31 W 0.4 B 1 BU 1 N
4 1.07 0.12 254 36 W 1 B 0.93 FB 0.3 N

Outcrop description FR 7-19-2
SP Bedding Plane Bed Thickness: Formation: Lithology: Fossils: Sample orient: Shear: Photos: Relative Age Relations
L 278 39N 2.5 meters Alapah wackestone crinoids 7192:138 47S None 3-20 to 3-2 N-S predate E-W

FR 7-19-2 N-S
No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0 357 71 E 0.6 F 2 U 2 N
2 0.65 0.65 4 82 E 1 F 2.5 U 2 Pc
3 1.05 0.4 7 71 E 0.5 F 2 UBU 3 Pc
4 1.5 0.45 0 71 E 0.4 F 1.5 UB 1 Pc
5 2 0.5 6 76 E 1 F 1.5 UB 3 Pc

FR 7-19-2 E-W
1 0.26 100 84 S 0.5 B 1 BU 3 N
2 0.45 0.19 95 80 S 0.5 B 0.6 BU 3 N
3 0.58 0.13 100 80 s 0.2 B 0.2 BU 0.5 Pc
4 0.65 0.07 97 85 s 0.5 B 0.7 BU U U
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Outcrop clescription NS-7-26-2 I
SP Bedding Plane Bed Thickness: Formation: Lithology: Fossils: Sample orient: Photos: Shear: Relative Aae Relations
L 95 28S 4m unknown mudstone crinoids, b 220 90-2a 4-4,4-5

197 70w-2b
NS-7-26-2

No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0.1 285 11 N 0.1 F 1.1 FF 2 Pc
2 0.2 0.1 295 15 N 0.35 F 2 BF 0.1 Pc
3 0.4 0.2 277 22 N 0.2 F 2.5 BB 5 Pc
4 0.55 0.15 285 10 N 0.5 F 2.5 Bl 0.5 Pc
5 0.75 0.2 250 12 N 0.1 F 1.4 BB 1 Pc
6 0.9 0.15 310 22 N 0.1 F 3 BB 2 Pc

NORTH-S'OUTH
t 0 165 90 V 1 B 2 BB 2 N
2 0.16 0.16 185 90 V 0.1 B 2 BB 0.1 F
3 0.19 0.03 180 90 V 3 B 1.5 Bl 0.1 F
4 0.3 0.11 200 78 w 1 B 3 BB 0.4 Pc
5 0.34 0.04 185 90 V 1 B 3 BB 0.5 Pc
6 0.38 0.04 175 90 V 1 B 1 II 0.1 Pc
7 0.42 0.04 180 90 V 1 B 1 II 0.1 Pc
8 0.48 0.06 180 90 V 1 B 3 BB 0.1 Pc

MEGA NORTH-SOUTH
1 0 148 85 w T B 5 BB 3 N
2 0.9 0.9 175 75 w 0 .? B 5 BB 3 N
3 1.4 0.5 170 75 w 2 B 3 Bl 1 N
4 2.1 0.7 165 75 w 1 B 2 Bl 1 Pc
5 2.4 0.3 167 70 w 0.5 B 5 BB 1 Pc
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Outcrop description NS-7-27-1 |
SP Bedding Plane Bed Thickness: Formation: Lithology: Fossils: Sample orient: Photos: Shear: Relative Age Relations
L 272 52S 4m j. Alapah mudstone >ids,Fe xls, 165 90 4-11 r , no sty lo lie  deviation
ns-7-27-1
NS-Horizontal set

No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0.27 252 31 N 2.5 B 0.2 2 N
2 0.53 0.26 260 34 N 0.6 B 0.2 2 N
3 0.7 0.17 255 30 N 0.7 B 0.2 1 N
4 1.02 0.32 222 33 N 3 B 0.2 1 N
5 1.7 0.68 245 25 N 2 B 0.2 0.5 Pc

Vert Set
1 0 12 70 E 1.5 B ,3cm (uncle BU 3 N
2 0.24 0.24 14 85 E 0.5 B .3cm (uncle BU 2 N
3 0.34 0.1 20 70 E 2 B .3cm (uncle BU 1 N
4 0.55 0.21 20 78 E 0.3 B .3cm (uncle BU 1 N
5 0.7 0.15 8 86 E 0.6 B .3cm (uncle BU 2 N

Conjugates
1 0 295 56 N 0.2 B .3cm (uncle BU Undefined
2 0.35 0.35 315 50 N 0.4 B .3cm (uncle BU 1 Pc
3 0.7 0.35 311 45 N 1 B ,3cm (uncle BU 1 N
4 0.92 0.22 315 50 N 0.4 B .3cm (uncle BU 0.5 Pc
5 1.3 0.38 296 46 N 0.4 B .3cm (uncle BU 0.1 F

Outcrop description NS-7-27-2
SP Bedding Plane Bed Thickness: Formation: Lithology: Fossils: Sample orient: Photos: Shear: Relative Age Relations
H(a) 95 44S 4m U mudstone >ids,Fe xls, 357 85E 4-12 none
ns-727-2
NS-Horizontal set

No Spacing {meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0 270 70 N 0.6 B 1 UB U U
2 0.13 0.13 275 60 N 0.2 F 0.5 Bl 0.1 Pc
3 0.33 0.2 272 72 N 0.2 F 1.3 Bl 1 Pc
4 0.42 0.09 268 68 N 0.1 F 1 UB 0.1 Pc
5 0.57 0.15 272 72 N 0.2 F 1 BB 0.2 Pc

1 0.13 8 70 E 0.5 B 1 BB 1 N
2 0.22 0.09 14 70 E 0.3 F 1 BB 1 N
3 0.38 0.16 24 78 E 0.2 F 1 BB 1 N
4 0.45 0.07 5 82 E 0.5 B 0.3I Bl 0.5 Pc
5 0.53 0.08 4 85 E 0.33 F 1 BB 1 N
6 0.64 0.11 5 86 E 0.2 F 0.6 BB 0.5 N
7 0.73 0.09 24 80 E 0.1 F 0.6j BU 0.1 Pc
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Outcrop clescription NS-7-27-4 ---------1--------------------------
SP Bedding Plane Bed Thickness: Formation: Lithology: Fossils: Sample orient: Photos: Shear: Relative Aae Relations
L unknown ? elow 27-2 mudstone No foss ils 15 75E 4 -15 none
ns-7-27-4
Macro Fractures

No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m)^ Height descriptor Ap (cm) Fill
1 0 120 39 S 0.2 F 2 Undefined
2 1.7 1.7 80 32 S 0.5 F 1 Undefined
3 3.5 1.8 95 35 S 0.7 F 1 Undefined
4 5 1.5 120 45 S 1 F 1 Undefined
5 9 4 120 36 S 0.6 F 2 Undefined

1 0 14 50 E 2 F 4 Undefined
2 ] 0.5 0.5 18 55 E 2 F 4 Undefined
3 1.4 0.9 15 60 E 2 F 4 Undefined
4 2.5 1.1 12 67 E 1 F 4 Undefined
5 3.2 0.7 13 70 E 3 F 4 Undefined
6 4.6 1.4 15 75 E 4 F 4 Undefined

Outcrop clescription | NS-7-29-1 ------ 1-------------
SP Bedding Plane Bed Thickness: Formation: Lithology: Fossils: Sample orient: Photos: Shear: Relative Age Relations
L 270 40S 2.5m Alapah mudstone >oids/spars 176 55W 4-19 none strat lower than 27-4
ns-7-29-1
Macro Fractures NE SW

No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0 60 62 SE 0.3 B 0.05 BB 1 Pc
2 0.2 0.2 54 55 SE 0.4 B 0.05 BB 0.5 Pc
3 0.8 0.6 35 35 SE 0.4 B 0.05 BB 0.5 N
4 0.95 0.15 56 52 SE 0.1 B 0.05 BB 0.2 Pc
5 1.05 0.1 60 42 SE 0.15 B 0.05 BB 0.2 Pc
6 1.35 0.3 65 37 SE 0.3 B 0.05 BB 1 Pc
7 1.4 0.05 70 48 SE 0.4 B 0.05 BB 0.2 PC
8 1.45 0.05 66 42 SE 0.41 B 0.05 BB 0.5 Pc
9 1.45 0 60 42 SE 0.5, B 0.05 BB 0.5 N

10 2.25 0.8 64 50 SE 0.5 B 0.05 BB 0.5 Pc
11 2.73 0.48 42 48 SE 0.4 B 0.05 BB 0.5 Pc
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EW

1 0.2 168 80 W 1.4 IB 0.05 BB 0.5 Pc
2 0.3 0.1 185 67 W 1.3 B 0.05 BB 1 Pc
3 0.38 0.08 160 70 W 0.3 B 0.05 BB 0.5 Pc
4 0.43 0.05 175 76 W 1.2 B 0.05 BB 0.7 Pc
5 0.6 0.17 162 74 W 0.3 B 0.05 BB 1 Pc
6 0.68 0.08 165 68 W 0.4 D 0.05 BB 1 Pc
7 0.71 0.03 160 68 w 0.12' B 0.05 BB 0.2 N
8 0.9 0.19 165 66 w 1.1 B 0.05 BB 0.7 N
9 0.96 0.06 166 74 w 0.2 B 0.05 BB 1 N

10 1.03 0.07 174 72 w 1 B 0.05 BB 1 N

OTHER/U NLABELED
1 0 203 85 W 0.4 B 0.05 BB 1 N
2 0.1 0.1 176 57 W 0.4 B 0.05 BB 2 N ■
3 0.57 0.47 194 75 w 0.7 B 0.05 BB 1 N
4 1 0.43 202 90 w 1 B 0.05 BB 1 N
5 1.5 0.5 189 73 w 0.4 B 0.05 BB 1 N
6 1.72 0.22 203 60 w 0.6 B 0.05 BB 1 N
7 2.35 0.63 180 82 w 0.7 B 0.05 BB 0.5 N
8 2.8 0.45 190 44 w 0.6 B 0.05 BB 0.5 N
9 3 0.2 190 84 w 0.5 B 0.05 BB 0.5 N

Outcrop dlescription NS-7-29-2
SP Bedding Plane Bed Thickness: Formation: L ithology: Fossils: Sample orient: Photos: Shear: Relative Age Relations
H(a) 285 52N 3m Alapah mudstone none 27 68E 4-20 none;stylo litizatic>n

7-29-2- Noirth South
No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill

1 0.02 30 70 E 0.1 F 0.3 BB 1 Pc
2 0.06 0.04 31 71 E 1 B 0.8 BCB 0.2 Pc
3 0.13 0.07 22 70 E 0.1 F 0.2 BB 0.5 N
4 0.16 0.03 20 64 E 0.15 F 0.5 BB 0.2 Pc
5 0.18 0.02 22 65 E 0.15 F 0.5 BB 0.2 Pc
6 0.23 0.05 20 66 E 0.5 B 0.6 BB 0.2 N
7 0.28 0.05 22 77 E 0.5 B 0.7 BB 0.2 N
8 0.31 0.03 21 66 E 0.1 F 0.4 BB 1 Pc
9 0.55 0.24 31 54 E 0.3 F 0.2 Bl 0.1 Pc

10 0.79 0.24 35 41 E 0.6 B 0.7 BCB 1 N
11 0.86 0.07 10 70 E 1 B 0.7 BB U
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EAST WE ST HORIZONTAL

1 0 246 32 NW 0.02 F 0.1 FF 0.5 Pc
2 0.08 0.08 205 15 [NW 0.6 F 0.3 FF 1 N
3 0.18 0.1 220 25 NW 0.6 F 0.15 FF 0.5 N
4 0.23 0.05 215 25 NW 0.6 F 0.1 FF 0.2 N
5 0.31 0.08 220 30 NW 0.2 F 0.1 FF 0.2 N
6 0.4 0.09 240 24 NW 0.2 F 0.15 FF 0.2 N

MACRO NIORTH SOUTH
1 0̂ 13 73 E 0.5 F 3 U
2 1 1 13 72 E 0.6 F 3.5 u
3 2 1 22 74 E 1.5 F 2.5 u
4 3.6 1.6 15 82 E 0.6 F 2 u
5 5.2 1.6 30 75 e 2 F 3 u

MACRO EAST WEST
1 0 126 29 s 0.5J F 4 u
2 2 2 146 66 s 0.7 F 2 u
3 4 2 145 33 s 0.5 F 3 u
4 4.7, 0.7 145 42 s 0.6 F 4 u
5 6.8 2.1 125 30 s 0.3 F 4 u

Outcrop clescription NS-7-29-3 "  .....  | ...............
SP Bedding Plane Bed Thickness: Formation: Lithology: Fossils: Sample orient: Photos: Shear: Relative Age Relations
L 270 40N .4m Alapah mud-wacke rzoans, spa 272 59 -23,4-24,4-2 none

7-29-3 Noi1h South
No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm)^ Fill

1 0.62 10 59 E 4.1 B 0.4 U U N
2 1.07 0.45 20 65 E 5.3 B 0.4 U 10 N
3 1.33 0.26 15 64 E 5.2 B 0.4 U 2 N
4 1.55 0.22 29 70 E 3.25 B 0.4 U 1 N
5 1.82 0.27 15 62 I T 5.6 B 0.4 U 6 N
6 2.3 0.48 5 66 E 5 B 0.4 U 2 N
7 2.48 0.18 12 60 E 2.5 B 0.4 U 1 N
8 2.67 0.19 16 67 E 9 B 0.4 U 3 N
9 3.17 0.5 14 71 E 5 B 0.4 U 2 N

10 3.36 0.19 4 75 E 1.5 B 0.4 U 0.5 N
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1 0.08 142 54 S 0.45 B 0.4 U 3 N
2 0.6 0.52 154 40 S 0.45 B 0.4 U 2 N
3 1.3 0.7 116 30 s 0.45 B 0.4 U 1 N
4 1.46 0.16 112 55 s 0.45 B 0.4 U 1 N
5 1.6 0.14 88 62 s 0.45 B 0.4 U 2 N
6 2.05 0.45 80 45 s 0.45 B 0.4 U 0.5 Pc
7 2.2 0.15 112 57 s 0.45 B 0.4 U 0.5 Pc
8 2.95 0.75 130 50 s 0.45 B 0.4 U 0.5 N
9 3.7 0.75 82 75 s 0.45 B 0.4 U 2 N

South Shublik Data
Outcrop dlescription SS-8-2-2
SP Bedding Plane Bed Thickness: Formation: Lithology: Fossils: Sample orient: Photos: Shear: Relative Age Relations
L 320 2SE 2M Wahoo wackestone noids(sparj 15 60E 5-2,3,4 NONE ???
SS 8-2-2,

No Spacing (meters) Distance Strike Dip Dip Directior Length (m) I length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0 24 35 E 1 ? 0.5 UU 0.2 Pc
2 0.05 0.05 5 50 E 1 ? 0.5 UU 0.2 Pc
3 0.08 0.03 20 55 E 1 ? 0.5 UU 0.2 Pc
4 0.13 0.05 15 45 E 1 ? 0.5 UU 0.2 Pc
5 0.18i 0.05 5 52 E 1 ? 0.5 UU 0.2 Pc
6 0.2 0.02 15 50 E 1 ? 0.5 UU 0.2 Pc
7 0.28 0.08 17 58 E 1 ? 0.5 UU 0.2 Pc
8 0.32 0.04 15 56 E 1 ? 0.5 UU 0.2 Pc
9 0.36 0.04 21 54 E 1 ? 0.5 UU 0.2 Pc

10 0.41 0.05 20 58 E 1 ? 0.5 UU 0.2 Pc
11 0.46 0.05 20 55 E 1 ? 0.5 UU 0.2 Pc
12 0.5 0.04 10 60 E 1 ? 0.5 UU 0.2 Pc
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Outcrop cJescription ..I SS-8-2-3

--------------1------- 1---------------
SP Bedding Plane Bed Thickness: Formation: Lithology: Fossils: Sample orient: Photos: Shear: Relative Aae Relations
H(a) 90 29S .2 M Wahoo wackestone Brachs 330 85E 5-5 NONE ???
SS 8-2-3

No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0.25 277 80 N 0.2 B 0.15 BB 0.2 N
2 0.35 0.1 225 75 N 0.2 B 0.15 BB 0.2 PC
3 0.47 0.12 265 72 N 0.2 B 0.15 BB 0.2 Pc
4 0.6 0.13 242 56 N 0.2 B 0.15 BB 1 N
5 1.42 0.82 245 70 N 0.2 B 0.15 BB 0.2 N
6 1.6 0.18 250 77 N 0.2 B 0.15 BB 0.5 N
7 1.77 0.17 248 68 N 0.2 B 0.15 BB 0.2 Pc

Outcrop escription SS-8-2-3B
SP Bedding Plane Bed Thickness: Formation: Lithology: Fossils: Sample orient: Photos: Shear: Relative Age Relations
H(a) 76 68S .05-. 1 M Wahoo wackestone Brachs NONE 5 -5 NONE ???
SS 8-2-3B

No Spacing (meters) Distance Strike Dip Dip Directior Length (mj length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0 242 34 NE 0.7 B 0.2 BB 0.2 N
2 0.6 0.6 245 30 NE 0.5 B 0.2 BB 0.2 N
3 0.8 0.2 277 55 N U U 0.2 BB 0.2 N
4 0.9 0.1 222j 28 NE U U 0.2 BB 0.2 N
5 1 0.11 217 30 NE 0.5 B 0.2 BB 0.2 N

Outcrop description SS-8-3-1
SP Bedding Plane Bed Thickness: Formation: Lithology: Fossils: Sample orient: Photos: Shear: Relative Age Relations
L 60 30 S .7 M Wahoo wackestone achs.crinoi 8-3-1: 131 87E 5-12 NONE ???
SS 8-3-1 8-3-1 B:345 52

No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0 240 63 N 0.5 F 0.3 Bl 0.5 N
2 0.1 0.1 245 65 N 0.5 F 0.7 BB 2 N
3 0.25 0.15 244 65 N 0.5 F 0.7 BB 2 N
4 0.52 0.27 230 50 N 0.1 F 0.3 Bl 1 N
5 0.55 0.03 290 54 N 0.2 B 0.45 BB 1 N
6 0.9 0.35 242 63 N 0.2 F 0.7 BB 0.5 N
7 1.05 0.15 242 35 N 0.2 F 0.7 BB 0.2 N
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Outcrop description ! SS-8-3-2
SP Bedding Plane Bed Thickness: Formation: L ithology: Fossils: Sample orient: Photos: Shear: Relative Age Relations
L 70 40S 2 M Wahoo wackestone crinoids 221 58 5-16 NONE ???
SS 8-3-2 SW

No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m^ Height descriptor Ap (cm) Fill
1 0 255 70 NW 0.1 F 0.2 bb U U
2 0.34 0.34 228 55 NW 0.2 F 0.2 bb U U
3 0.5 0.16 220 44 NW 0.7 F 0.2 bb U U
4 0.75 0.25 230 62 NW 0.5 F 0.2 bb U U
5 1 0.25 218 58 NW 0.1 F 0.2 bb U u
6 1.2 0.2 210 54 NW 0.1 F 0.2 bb U u
7 1.4 0.2 218 58 NW 0.2 F 0.2 bb U u

SS 8-3-2 NW
No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm[ Fill

1 0 340 75 NE 0.05 F 0.2 BB 0.2 Pc
2 0.1 0.1 325 85 NE 0.12 F 0.8 BB 0.2 PC
3 0.2 0.1 331 85 NE 0.25 F 0.8 BB 0.2 Pc
4 0.28 0.08 322 50 NE 0.25 F 0.75 IB 0.2 Pc
5 0.4 0.12 328 50 NE 0.14 F 0.75 BB 0.2 Pc
6 0.53 0.13 325 50 NE 0.2 F 0.7 IB 0.2 Pc
7 0.62 0.09 321 75 NE 0.15 F 0.7 UB 0.2 Pc
8 0.7 0.08 319 78 NE 0.1 F 1.3 UB 0.2 Pc
9 0.75 0.05 320 63 NE 0.1 F 1 UB 0.2 Pc

10 0.9" 0.15 330 70 n e 0.4 F 2 UCI 0.5 Pc

Outcrop description SS 8-4-1
SP Bedding Plane Bed Thickness: Formation: Lithology: Fossils: Sample orient: Photos: Shear: Relative Age Relations
L 64 70 1 M Wahoo wackestone crinoids 336 27E 5-23,24 slicks,gashes top sout N-S precede E-W
SS 8-4-1 E-W

No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0.12 240 90 N 0.1 F 1 UCB 0.5 N
2 0.24 0.12 252 63 N 0.05 F 0.15 BB 0.5 N
3 0.46 0.22 250 65 N 0.05 F 0.3 BCI U U
4 0.76 0.3 254 62 N 0.1 F 0.2 BB 0.2 N
5 1.05 0.29 268 68 N 0.2 F 0.2 BB U U
6 1.1 0.05 235 90 N 0.3 F 1 BCB u U
7 1.27 0.17 248 60 N 0.05 F 0.2 BB u u
8 1.4 0.13 250 60 N 0.05 F 0.2 BB 0.2 Pc
9 1.5 0.1 260 61 N 0.1 F 1 BCB U U

10 1.75 0.25 258 64 N 0.15j F 1 BCB u U
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SS 8-4-1 N-S

No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor EoQ<

Fill
1 0 338 60 NE 0.3 F 0.7 BU u U
2 0.1 0.1 347 72 NE 0.1 0.4 BU 1 N
3 0.15 0.05 348 65 NE 0.13 0.2 BB u U
4 0.3 0.15 334 74 NE 0.5 0.4 BB 0.2 N
5 0.34 0.04 338 74 NE 0.4 0.7 Bl 0.5 N
6 0.37 0.03 330 74 NE 0.3 1 BU U U

Outcrop ciescription ....... i SS 8-4-2 I
SP Bedding Plane Bed Thickness: Formation: Lithology: Fossils: Sample orient: Photos: Shear:

__  —L ... .....  ... ....  ...
Relative Age Relations

H(a) 86 47 1.5 M Wahoo pack-wacke crinoids 80 40 6-1,2,3 slicks,gashes *N-S precede E-W?
SS 8-4-2 N-S

No Spacing (meters) Distance Strike Dip Dip Directior Length (m^ length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0.28 355 75 ]E 0.25 B 0.2 UU 0.2 Pc
2 0.33 0.05 346 67 E 0.35 B 0.2 UU 0.5 Pc
3 0.38 0.05 345 80 E 0.37 B 0.2 [uu 0.5 Pc
4 0.41 0.03 323 85 E 0.7 B 0.2 UU 0.5 Pc
5 0.48 0.07 340 76 E 0.45 B 0.2 uu 0.5 Pc
6 0.51 0.03 345 80 E 0.45 B 0.2 uu 0.5 Pc
7 0.58 0.07 340 80 E 0.45 B 0.2 uu 0.5 Pc

SS 8-4-2 E-W
No Spacing (meters) Distance Strike Dip Dip Directior Length (m)^ length descriptor Height (m) Height descriptor Ap (cm) Fill

1 0 255 54 NW 0.12 B 0.2 UU 0.1 Pc
2 0.14 0.14 248 57 NW 0.35 B 0.2 UU 0.1 Pc
3 0.45 0.31 250 37 NW 0.13 B 0.2 UU 0.2 Pc
4 0.65 0.2 244 50 NW 0.07 B 0.2 UU 0.1 Pc
5 0.8 0.15 2551 43 NW 0.12 B 0.2 uu 0.2 Pc
6 0.92 0.12 252 41 NW 0.13 B 0.2 uu 0.2 Pc

SS 8-4-2 CONJUGATES A
No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill

1 0.3 305 42 NE 1 B 0.7 UU 0.5 Pc
2 0.4 0.1 270l 25 NE 0.1 B 0.7 UU 0.54Pc
3 0.68 0.28 305 50 NE 0.2 B 0.7 UU 0.5 Pc
4 0.84 0.16 290 44 NE 0.5 B 0.7 UU 0.5 Pc

SS 8-4-2 CONJUGATES B
No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm ^ Fill

1 0.11 174 71 E 0.14 BB 0.7 UU O^l Pc
2 0.23 0.12 180 70 E 0.1 BB 0.7 UU 0.2 Pc

I 3j 0.751 0.52 180 68 E 1.1 BB 0.7 UU 1 Pc
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Outcrop description ! SS 8-4-3
SP Bedding Plane Bed Thickness: Formation: Lithology: Fossils: Sample orient: Photos: Shear: Relative Age Relations
H(s) 260 16N--55 14S** 3 M Wahoo [ mud-wacke NONE 355 78 6 -4 slicks,gashes top nortl ???
SS 8-4-3 E-W **This data was taken at a fold hinge, hence the bedding plane orientation changed across the set.

No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0 255 75 N 0.13 B 0.13 BB 0.5 Pc
2 0.09 0.09 255 80 N 0.131B 0.13 BB 0.5 Pc
3 0.18 0.09 260 90 N 0.13 B 0.13 BB 0.5 Pc
4 0.24 0.06 275 72 N 0.13 B 0.13 BB 0.5 Pc
5 0.3 0.06 230, 85 N 0.13 B 0.13 BB 0.2 Pc
6 0.39 0.09 2051 90 N 0.13 B 0.13 BB 0.2 Pc
7 0.47 0.08 270 65 N 0.13 B 0.13 BB 0.5 Pc
8 0.55 0.08 295 76 N 0.13 B 0.13 BB 0.2 Pc
9 0.6 0.05 272 76 N 0.13 B 0.13 BB 0.2 Pc

SS 8-4-3 N-S
No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length  descriptor Height (m) Height descriptor Ap (cm) Fill

1 0 340 90 W 0.1 F 0.13 BB 0.2 N
2 0.05 0.05 335 90 W 0.1 F 0.13 BB 0.2 N
3 0.12 0.07 335 90 W 0.05 F 0.13 BB 0.2 Pc
4 0.21 0.09 345 90 W 0.05 F 0.13 BB 0.2 Pc
5 0.33 0.12 350 66 W 0.05 F 0.13 BB 1 N
6 0.44 0.11 352 72 W 0.1 F 0.13 BB 0.5 Pc
7 0.54 0.1 235 90 W 0.1 F 0.13 BB U U

Outcrop description SS 8-6-1
SP Bedding Plane Bed Thickness: Formation: Lithology: Fossils: Sample orient: Photos: Shear: Relative Age Relations
L 75 54S 0.5 Wahoo wackestone Brachs 263 62N NONE ???
SS 8-6-1 N-S

No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill
1 0 348 70 E 1 B 1.5 BCB 0.1 N
2 0.12 0.12 350 70 E 0.5 B 0.6 BB 0.2 N
3 0.16 0.04 350 84 E 0.4 B 0.1 Bl 0.1 N
4 0.29 0.13 345 80 E 0.1 B 0.1 Bl 0.2 N
5 0.35 0.06 350 90 E 0.2 B 0.7 BB 0.2 N
6 0.45 0.1 345 85 E 1 B 0.7 BB 0.2 N
7 0.53 0.08 348 78 E 1 B 0.7 BB 0.1 N
8 0.68 0.15 355 75 E 1 B 0.7 BB 0.1 N
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SS 8-6-1 E-W

No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor ^Height (m) Height descriptor Ap (cm) Fill
1 0 85 50 S 1 B 0.2 Bl 1 N
2 0.17 0.17 85 60 S 0.1 B 0.5 B! 0.1 N
3 0.25 0.08 85 64 S 1 B 0.2 Bl 0.1 N
4 0.32 0.07 75 62 S 0.5 B 0.1 Bl 0.1 N
5 0.39 0.07 80 65 S 0.5 B 0.1 Bl 0.1 N
6 0.45 0.06 85 68 S 0.5 B 0.1 Bl 0.1 N
7 0.5 0.05 80 52 S 0.5 B 0.1 Bl 0.1 N
8 0.68 0.18 82 70 S 0.35 B 0.5 BB 0.2 N

SS 8-6-1B N-S
No Spacing (meters) Distance Strike Dip Dip Directior Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill

1 0 340 83 E 0.5 F 0.6 BB 0.1 N
2 0.23 0.23 350 90 E 0.1 F 0.6 BB 0.5 N
3 0.45 0.22 354 85 E 0.35 F 0.8 BB 0.5 N
4 0.75 0.3 350 82 E 0.2 F 0.6 BB 1 N
5 0.9 0.15 347 77 E 0.2 F 0.6 BB 1 N
6 1.1 0.2 355 80 E 0.15 F 0.6 BB 1 N
7 1.35 0.25 355 80 E 0.2 F 0.6 BB U U

SS 8-6-1B E-W
No Spacing (meters) Distance Strike Dip Dip Direction Length (m) length descriptor Height (m) Height descriptor Ap (cm) Fill

1 0 75 60 S 0.4 F 0.6 BB U U
2 0.4 0.4 85 45 S 0.3 F 0.6 BB U U
3 0.6 0.2 82 50 S 0.18 F 0.6 BB U U4 0.7 0.1 50 60 s 0.18 F 0.6 BB U U
5 0.76 0.06 55 50 s 0.25 F 0.6 BB u u



Appendix B Data derived from petrographic analysis. Samples were taken from various locations throughout 
the northeastern Brooks Range, namely: the Fourth Range and the Shublik Range.
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7-13-1 1 dolo.-neomorph 80 20 20 _____ 20 .07-. 15 x wackestc
war.kp<;tr

>ne
»np

x 80
50
10
10
o

7-12-1 2 dolo.-neomorph 85 2 13 7 6 1-.2 X x
7-9-2 3 ★★★ neomorphic mud 50 5 45 30 20 1

-------------
i x wackestone

grainstone
packstone
wackestone
wackestone
wackestone
wackestone
packstone
packstone
wackestone
packstone
wackestone
mudstone
packstone
packstone
wackestone
packstone

7-9-3 4 *** sparry cement 
micrite

20 2 40 40 2-5 x |-jj.......
7-9-1 5 *** 5 0 95 60 5 30 [.4 .... x

-------------

7-10-1 p 6 II micrite 50 0 50 40 10
p _

i x
— ------------- |-------- —

o
7-10-1 7 II micrite 74 1 25 10 ..... 15 1-2 x .......... o
7-19-2P 8 II strat. Lime mud 65 10 25 ................

10
[•— ---------

15 1-2 x
-------------

o
7-19-2 9 II micrite 50 15 35 .....15 10 i... I

10 .2-1
-------------

x
— --------1 — 1

0
7-19-1 10 II ......... micrite 30 10 50 .....5 20 35 3 .6 x o
7-19-lp 11 II micrite 30 10 50 ............. 5 20 35 : .3- 6 x 1— — o
7-14-1 12 *•* micrite 20 2 80 10 ....40

-------------J
30 .15 X

— --------J[■ ..........— x 50
o7-14-2 13 ***..... micrite 15 5 80 ........... 5 t z i o 65 x

7-27-1 14 VII micrite 40 10 60 ......... ..._ j 60 |.05-~1 X : X 20
10
0

7-29-3 15 V micrite 90 2 .... 8
,-------------

3 5 .2.... i...... ...-i x
--------j--------------

|
7-29-1 16 V sparry cement 30 5 65 j 30

\ ............
............. 5 ......... 30 .2-.4 X

7-27-4 17 VII micrite 10 1 90 ... 65; 5 20 .2..... x * 80
o7-26-2B 18 *** micrite 40 0 60 30 30 .5 x

-------------- ---------

7-26-2A 19 * * * ..... micrite____ 10 2 87 I" ......... 1 2 85 1- 4 X ...1 .....75
7-29-2 20 V sparry cement 5 2 90: 45 21 ; 45 .2 -5 X grainstone 0
7-29-2P 21 V sparry cement 5 2 90 45 2 45 .2 -5 x grainstone

wackestone
wackestone
grainstone
arainstone

----
o

7-27-2 22 VII micrite Ob ....... 2 42 20 ............. 2 :...............
15 1 -2

* ....... -.... x x 10
07-27-2P 23 VII micrite 60 4 36 T '" i 20 .... 25 .4

-------------
x

8-3-2 24 *** sparry cement 10 1 90 90 .7-1 x
------- J,------------- ---------

o
8-3-1B 25 ***..... sparry cement I 10 ___ 1 90 90 .5 X................ 0
8-3-1 26 sparry cement 10 1 90 j .......H ......... Z j 90 .5-1 X__________ grainstone 0
8-6-1 27 ★Hr* micrite 10 0 80 Z M 10 40 1-2 x packstone

packstone

—
o

8-6-1B 28 ★ ★★ pseudospar 20 0 .......... 80 . . . . . . . . j .............2 1|___ 1 30
................ ........... T.YJ

50 1-2..... X ................ o
8-2-3 26 VIII sparry cement 5 5 90 .... 5 15 70 1-1.5 X grainstone 0
8-4-2 30 VIIIB micrite/sp. cem 10/1 1 80 50 10 20 .5 X packstone

---- j
~ o

8-4-2p 31 VIIIB micrite/sp. cem 10/1 1 80 50 10 20 .4-.5 X packstone ..... 0
8-4-1 32 VIIIB spar/pseudosp. 10 1 90 80 10 .5 X grainstone 0
8-4-1 p 33 VIIIB spar/pseudosp. 10 1 90 70 20 .3-.5 X ] grainstone

f
0

8-4-3 34 VIIIB spar/pseudosp. 10 1 90 40 50 .5-1 X packstone 0
8-4-3p 35 VIIIB spar/pseudosp. 10 5 85 40 45 .5-2 X packstone 0
8-2-2 36 VIII sparry cement 15 5 80 10 70 .5-1.5 X grainstone 0
8-2-2P 37 VIII sparry cement 15 5 80 40 40! .5-1 X grainstone 0
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7-13-1 1 ...
qtz/CC .......72 1.2 .35-.05

7-12-1 2 *** qtz/CC 22 f ........  1 .....................
7-9-2 3 ...

x ..... CC 50 0 04 Chert nodule
7-9-3 4 . . .

qtz/CC/none 5 l Z I Z I -----
78 30 [.......... 0 02

7-9-1 5 ...
*

...................!.........
:...

7-10-1 p 6 II X CC 80 0.015
7-10-1 7 II X none }•....................

!..................... 310 0.04
7-19-2p 8 II X none ! .................... ! Vertical 0 or.
7-19-2 9 II X qtz/CC/none 330 0.02 I------------ H I--------------
7-19-1 10 II..... X none 98

-------
0.04

7-19-1 p 11 II............ .....
7-14-1 12 *** CC 350 0.2 : ; ' ’•2 0.4 0 04 40 0.4 Chert Nodule (~3cm)
7-14-2 13 . . .

■ x....... CC... r...— ----------- — f...................i
.............44 ... a i 4

7-27-1 14 VII i jI.......... none 1.................... 330 1 0.1 65 1.5 I.......... a o 4
7-29-3 15 V L........J CC 340 0.2
7-29-1 16 V X none

------- r------------ ™ ---------H
298 .....2 0 07

7-27-4 17 v ii ............. X CC 328 [.........  1.5 0.04
.................. i....................

44 ................... 0 04
7-26-2 B 18 . . .

none 280!
_ I

Chert Nodule (~3cm)
7-26-2 A 19 . . . X...... i ...... .......J 134 0.02
7-29-2 20 V
7-29-2 p 21 V

--------

7-27-2 22 VII c c ...... 27
~ 8

.02-. 1 : : : : : j i 5 j 0.01 337 ........3.2 o i- . i
7-27-2 p 23 v ii ................ CC Sub-Vertic;al....... d ip JO N
8-3-2 24 . . . X none

--------------------------------- J ------------- H
60 --------------- 0.03

8-3- 1B 25 . . .
none/CC

--------------------------------- -------------- ,
— ---------- 65 0.01

8-3-1 ..............26 . . . X CC 312 0.5 0 02
8-6-1 27 . . . X none o 0.8 0.01 105 0 01 ..................... !

8-6-1B 28 . . . X none .....................340 0.02 ....................I 18-2-3 29 VIII X
8-4-2 30 VIIIB X none 276 2.1; (! 01 145;— H
8-4-2 p 31 VII IB none/CC ....................1—

many vertical frax
8-4-1 .............. 32 VIIIB X X ____ cc... 40

........................t
0 .0 2

8-4-1 p 33 VIIIB ......... ........................  jX........ ‘  J
8-4-3 34 V IIIB
8-4-3p 35 VIIIB X * Z j CC/none Horiz. 0.058-2-2 36 VIII X X .........

i8-2-2p 37 VIII X X CC Vert. Frac. . 0.2



Appendix C Results of XRD analyses. Samples were taken from various 
locations throughout the northeastern Brooks Range, namely: the Fourth 
Range and the Shublik Range. Shading indicates the samples that came 
from one of the studied folds.

XRD data
Sample Primary Peak Secondary Peak %Calcite %Dolomite %other
7-09-1 29.4 100
7-09-2 26.6 29.4 30 14 46 quartz
7-09-3 29.4 31 75 25
7-10-1 29.4 100
7-12-1 30.8 29.4 28 72
7-13-1 30.9 100
7-14-1 29.4 30.8 60 40
7-14-2 29.5 100
7-19-1 29.4 100
7-19-2 29.4 100
7-26-2A 29.3 85 15 quartz
7-26-2B 29.4 100
7-26-2 B 29.4 26.6 80 20 quartz
7-27-1 29.4 28.3 70 30 barite?
7-27-2 29.4 100
7-27-4 29.4 100
7-29-1 29.4 100
7-29-3 29.4 100
8-2-3 29.4 100
8-3-1 29.4 100
8-3-1B 29.4 100
8-3-2 29.4 100
8-4-1 29.4 100
8-4-2 29.4 100
8-4-3 29.4 100
8-6-1 29.4 100
8-6-1B 30.7 29.4 38 62


