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Abstract
The distribution of fold related fractures and other mesoscopic structures in
asymmetrically folded Mississippian to Pennsylvanian Lisburne Group carbonates gives
clues concerning the mechanism of folding. Since fracture sets pre-date and post-date
folding, it is important, but sometimes difficult, to determine which fracture sets are
related to folding. Higher density of fold related fractures and dissolution cleavage in the
hinges than limbs of two folds in the study area is evidence for fixed hinge detachment
folding. However, geometric modeling of box shaped folds in the study area suggests
that some folds may have formed by either detachment folding or trishear fault
propagation folding.
Formulaic modeling of fracture density in a stratigraphic section using
stratigraphic attributes such as lithology, bed thickness, and chert content predicts general
trends in fracture density, but other factors such as slip along bed contacts may obscure
the relationship between fracture density, lithology and bed thickness.

iv
Table of Contents

Abstract ............................................................................................................................. iii
List of Figures .................................................................................................................. viii
List of Tables ................................................................................................................... xiii
List of Other Materials..................................................................................................... xiv
Acknowledgements............................................................................................................xv

1. Introduction....................................................................................................................1

2. Geologic Setting.............................................................................................................5
2.1. Regional stratigraphy..............................................................................................5
2.2. Regional structural history......................................................................................6

3. Background Information on Fractures and Folds ........................................................12
3.1. Controls on fracture formation and orientation ....................................................12
3.2. Mechanical stratigraphy and fracture development..............................................13
3.3. Regional fractures.................................................................................................14
3.4. Fractures related to normal faulting......................................................................16
3.5. Fold Related Fractures..........................................................................................17
3.6. Detachment folds ..................................................................................................19
3.7. Fault propagation folds .........................................................................................20
3.8. Fault bend folds ....................................................................................................21

4. Methodology ................................................................................................................31
4.1. Tasks .....................................................................................................................31
4.2. Fracture sampling techniques ...............................................................................32
4.3. Statistical analysis.................................................................................................34

v
5. General Geology of the Study Area.............................................................................35
5.1. Introduction...........................................................................................................35
5.2. Observations .........................................................................................................35
5.2.1. Lithostratigraphy and mechanical stratigraphy...........................................35
5.2.2. Folds............................................................................................................40
5.2.3. Thrust faults ................................................................................................41
5.2.4. Normal faults ..............................................................................................41
5.3. Interpretations .......................................................................................................43
5.3.1. Stratigraphic thicknesses.............................................................................43
5.3.2. Mechanical stratigraphy..............................................................................44
5.3.3. Normal faults ..............................................................................................45
5.3.4. Relative timing of structures.......................................................................46

6. The Relationship between Mechanical Stratigraphy and Fracture Density and
Character ......................................................................................................................56
6.1. Introduction...........................................................................................................56
6.2. Observations of fracture orientation and character in the stratigraphic sections..56
6.2.1. Lower Lisburne in the Flat Panel................................................................58
6.2.2. Upper Lisburne in the Flat Panel ................................................................59
6.2.3. Upper Lisburne in the backlimb of Open Syncline ....................................61
6.2.4. Upper Lisburne in the backlimb of Camp Syncline....................................63
6.3. Relative age and possible origin of fractures in the study area ............................64
6.3.1. Fractures that pre-date dissolution cleavage ...............................................65
6.3.2. Fractures that post-date dissolution cleavage .............................................66
6.4. Developing and evaluating predictive models of fracture density in a
stratigraphic section ..............................................................................................71
6.4.1. Developing the models ...............................................................................72
6.4.2. Application of predictive models to stratigraphic sections.........................75
6.5. Conclusions...........................................................................................................79

vi

7. Fracturing and Folding in the Northern Fold Train ...................................................101
7.1. Introduction.........................................................................................................101
7.2. Observations of mesoscopic structures in the Open Folds .................................101
7.3. Observations of mesoscopic structures in Camp Syncline .................................106
7.3.1. Mesoscopic structures observed in both the upper and lower beds in Camp
Syncline .......................................................................................................106
7.3.2. Mesoscopic structures in the lower bed in Camp Syncline ......................108
7.3.3. Mesoscopic structures in the upper bed in Camp Syncline ......................109
7.4. Interpretation of the relative age and possible origin of mesoscopic structures in
the Open Folds and Camp Syncline....................................................................111
7.5. Similarities and differences between mesoscopic structures in the Open Folds
and Camp Syncline .............................................................................................120
7.5.1. Similarities between the Open Folds and Camp Syncline ........................120
7.5.2. Differences between the Open Folds and Camp Syncline........................121
7.6. Implications for fold mechanism ........................................................................122
7.7. Conclusions.........................................................................................................124

8. Evaluation of applicable fold models using fracture data and field documentation of
fold geometry .............................................................................................................150
8.1. Introduction.........................................................................................................150
8.2. Constraints on geometric fold models from fracture studies in the northern fold
train .....................................................................................................................151
8.3. Map scale geometry of the southern fold train ...................................................152
8.4. Projection of surface geometries in the southern fold train into the subsurface
using detachment fold and fault propagation fold models..................................153
8.4.1. Subsurface interpretations based on the detachment fold model..............154
8.4.2. Subsurface interpretations based on the parallel (constant stratigraphic
thickness) fault propagation fold model ......................................................154

vii
8.5. Subsurface interpretations of the southern fold train based on trishear forward
modeling .............................................................................................................156
8.5.1. Starting configurations of the trishear forward models ............................157
8.5.2. Discussion of the trishear forward models................................................157
8.6. Implications of different fold models on cross section construction of the
southern fold train...............................................................................................159
8.6.1. Detachment Folding..................................................................................159
8.6.2. Constant thickness fault propagation folding ...........................................161
8.6.3. Trishear fault propagation folding ............................................................161
8.7. Cross section construction ..................................................................................162
8.7.1. Cross section 1: Simple downward projection of structural orientations
observed at the surface ................................................................................163
8.7.2. Cross section 2: Smoother detachment .....................................................164
8.7.3. Cross section 3: Folding by trishear fault propagation folding.................165
8.8. Conclusions.........................................................................................................166

9. Conclusions................................................................................................................179
9.1. Controls on the modeling of fracturing in the Lisburne Group stratigraphy......179
9.2. Fractures and strain indicators that pre-date or are related to folding ................179
9.3. Post folding fractures..........................................................................................180
9.4. Mechanism of folding in the study area .............................................................181
9.5. Future Work........................................................................................................182
9.5.1. Future formulaic modeling of fracture density in a stratigraphic section.182
9.5.2. Future studies of fracturing in folds..........................................................182
9.5.3. Future studies to evaluate the kinematic history of folding in the southern
fold train ......................................................................................................183
•
• References.....................................................................................................................185
•

viii
List of Figures
Figure 1: Regional structure and tectonic map of the Brooks Range and
North Slope of Alaska.......................................................................................4
Figure 2: Lithostratigraphy and mechanical stratigraphy of the
northeastern Brooks Range ...............................................................................8
Figure 3: Generalized lithostratigraphy of the Endicott, Lisburne, and
Sadlerochit groups in the northeastern Brooks Range......................................9
Figure 4: The geologic map of the western portion of the northeastern
Brooks Range....................................................................................................10
Figure 5: Cross section through the northeastern Brooks Range........................................11
Figure 6: Principles of fractures in flat lying rocks ............................................................23
Figure 7: Fractures related to normal faulting ....................................................................24
Figure 8: The four fracture sets associated with cylindrical folds ......................................25
Figure 9: Example of temporal stress changes associated with migrating
hinges ................................................................................................................26
Figure 10: Four models for the kinematic evolution of detachment folds..........................27
Figure 11: Parallel kink band fault propagation folding for an overturned
anticline showing the distribution of deformation ............................................28
Figure 12: Trishear fault propagation fold model...............................................................29
Figure 13: Geometric model for fault bend folding according to Suppe
(1983)................................................................................................................30
Figure 14: Generalized Lithostratigraphy and Mechanical Stratigraphy in
West Porcupine Lake Valley ............................................................................47
Figure 15: Location of stratigraphic sections in the West Porcupine Lake
valley and Marsh Fork areas. ............................................................................48
Figure 16: Unbalanced cross section through West Porcupine Lake Valley
showing limits of exposure in the field area .....................................................49

ix

Figure 17: Northwest view of the flat panel of Lisburne Group in the field
area....................................................................................................................50
Figure 18: Northeast view of Open Anticline and Syncline ...............................................51
Figure 19: West view of Camp Syncline ............................................................................52
Figure 20: East view of folds in the southern fold train .....................................................53
Figure 21: Southwest view of the flat panel of Lisburne Group
immediately to the west of the field area ..........................................................54
Figure 22: Southernmost normal fault in the flat thrust panel ............................................55
Figure 23: FC section showing stratigraphic attributes and fracture density
in part of the lower and middle Alapah (lower Lisburne) of the
flat panel............................................................................................................82
Figure 24: FW section showing stratigraphic attributes and fracture
density in the upper Alapah (upper Lisburne) of the flat panel ........................83
Figure 25: MS2 section showing stratigraphic attributes and fracture
density in the upper Alapah (upper Lisburne) in the backlimb
of Open Anticline..............................................................................................84
Figure 26: MS1 section showing stratigraphic attributes and fracture
density in the upper Alapah (upper Lisburne) in the backlimb
of Camp Syncline..............................................................................................85
Figure 27: Poles to planes of observed orientations of fracture sets found
in the flat panel..................................................................................................86
Figure 28: N-S striking fractures in the lower Alapah in the flat panel (FC
section)..............................................................................................................87
Figure 29: N-S and NW-SE striking fractures in the upper Alapah in the
flat panel (FW section)......................................................................................88
Figure 30: Poles to planes of observed orientations of fracture sets found
in the backlimb of Open Syncline (MS2) (a) and the backlimb
of Camp Syncline (MS1) (b).............................................................................89

x
Figure 31a: NE view of part of MS2 section in the backlimb of Open
Syncline (MS2 Section): un-interpreted ...........................................................90
Figure 31b: NE view of part of MS2 section in the backlimb of Open
Syncline (MS2 Section): annotated ..................................................................91
Figure 32: Close up of bed-parallel slip surface in figures 31 a and b
showing early fracture sets................................................................................92
Figure 33: a) Filled NE fractures compared to faults and fold axes, b)
fractures of E-W Set B compared to nearby normal faults...............................94
Figure 34: a) Fractures of N-S Set A compared to nearby normal faults
and fold axes, b) fractures of N-S Set B compared to nearby
normal faults and fold axes ...............................................................................95
Figure 35: Lower/middle Alapah fracture stratigraphy in the Flat Panel
(FC Section): Sum of All Fractures (*’s) compared to models
with residals (observed- predicted.)..................................................................96
Figure 36: Upper Alapah fracture stratigraphy in the Flat Panel (FW
Section): Sum of all fractures (*’s) compared to models with
residuals (observed- predicted.) ........................................................................97
Figure 37: Upper Alapah fracture stratigraphy in the backlimb of Camp
Syncline (MS2 Section): Sum of all fractures (*’s) compared to
models with residuals (observed- predicted.). ..................................................98
Figure 38: Upper Alapah fracture stratigraphy in the backlimb of Open
Syncline (MS1 Section): Sum of all fractures compared to
models with residuals (observed- predicted.) ...................................................99
Figure 39: Schematic illustration of fracture character in Open Anticline
and Syncline...................................................................................................127
Figure 40: Relationship between fracture sets at OA3 (forelimb of Open
Anticline) .......................................................................................................129
Figure 41: Orientation and spacing of “Filled NE” fractures ..........................................130
Figure 42: Relationship between fractures and dissolution cleavage at
location OA2..................................................................................................131

xi
Figure 43: Boxplots of fracture spacing of N-S Sets A and B in the Open
Folds and Camp Syncline ..............................................................................132
Figure 44: Poles to planes of N dipping E-W striking fractures in the Open
Folds...............................................................................................................134
Figure 45: Poles to planes of S dipping E-W striking fractures in the Open
Folds...............................................................................................................135
Figure 46: Poles to planes of fractures associated with dissolution cleavage..................136
Figure 47: Boxplots of E-W striking fracture spacing in the gently dipping
limb of the Open Folds ..................................................................................137
Figure 48: General distribution of fracturing and penetrative strain in the
Open Folds and Camp Syncline.....................................................................139
Figure 49: Schematic illustration of fracture character in the lower bed in
Camp Syncline ...............................................................................................140
Figure 50: Schematic illustration of fracture character in the upper bed in
Camp Syncline ...............................................................................................141
Figure 51: Boxplots of NE-SW and E-W striking fracture spacing in the
lower bed of Camp Syncline..........................................................................144
Figure 52: Stereoplots of E-W striking fractures at high angles with
respect to bedding in the upper bed of Camp Syncline .................................145
Figure 53: Boxplots of E-W fracture spacing in the upper bed of Camp
Syncline..........................................................................................................146
Figure 54: E-W striking fractures at intermediate angles with respect to
bedding in the upper bed of Camp Syncline..................................................147
Figure 55: General patterns of fracturing in Camp Syncline...........................................148
Figure 56: Interpretive model of Camp Syncline ............................................................149
Figure 57: Observed fold geometries in the southern fold train from the
observed cross section through the West Porcupine Lake
Valley study area (figure 16) .........................................................................169

xii
Figure 58: Detail of Trishear forward model with horizontal basal
detachment (Configuration 1), 25° ramp angle, and 340 meters
of Wachsmuth Limestone. .............................................................................170
Figure 59: Detail of Trishear forward model with horizontal basal
detachment showing strain ellipses shaded by strain.....................................171
Figure 60: Trishear forward models compared to observed fold
geometries: Configuration 1, lesser Wachsmuth thicknesss (91
meters)............................................................................................................172
Figure 61: Trishear forward models compared to observed fold
geometries: Configuration 1, greater Wachsmuth thicknesss
(340 meters) ...................................................................................................173
Figure 62: Trishear forward models compared to observed fold
geometries: Configuration 2, lesser Wachsmuth thicknesss (91
meters)............................................................................................................174
Figure 63: Trishear forward models compared to observed fold
geometries: Configuration 2, greater Wachsmuth thicknesss
(340 meters) ...................................................................................................175
Figure 64: Cross section 1: Simple downward projection of structural
orientations observed at the surface...............................................................176
Figure 65: Cross section 2: Smoother detachment ..........................................................177
Figure 66: Cross section 3: Folding by trishear fault propagation folding ......................178

xiii
List of Tables
Table 1: Location, relative timing, and interpreted origin for fracture sets
in the stratigraphic sections...............................................................................93
Table 2: Optimized polynomial constants and results of statistical analysis
of formulaic models .......................................................................................100
Table 3: Location, relative timing, and interpreted origin for mesoscopic
structures in the Open Folds. .........................................................................128
Table 4: Results of statistical tests of fracture spacing in the Open Folds ......................133
Table 5: Location, relative timing, and interpreted origin for fracture sets
in Camp Syncline...........................................................................................138
Table 6: Results of statistical tests of fracture spacing in lower Camp
Syncline..........................................................................................................142
Table 7: Results of statistical tests of fracture spacing in Upper Camp
Syncline..........................................................................................................143

xiv
List of Other Materials
Plate 1: Geologic Map of West Porcupine Lake Valley Study area,
northeastern Brooks Range, Alaska.............................................Map Pocket
Plate 2: Simplified Geologic Map of West Porcupine Lake Valley Study
area showing the location of stratigraphic sections and
important structural features ........................................................Map Pocket
Plate 3: Detachment fold and fault propagation fold interpretations of East
Fork Box Anticline ......................................................................Map Pocket
Appendix A: Fracture Data............................................................................Enclosed CD
Appendix B: Trishear Forward Models .........................................................Enclosed CD
.

xv
Acknowledgements

I would like to acknowledge the support of the following individuals and
organizations that supported this research. Funding for this project was provided by
grants from the United States Department of Energy, BP Alaska, and the Geophysical
Institute.
Special thanks to field assistant Mackenzie Johnson for her tireless effort,
motivation, and support during the two month field season in the northeastern Brooks
Range.
Much of this research would not have been possible without the collaboration and
data provided by University of Alaska Fairbanks stratigraphers: Michelle McGee, Andy
Krumhardt, and Mike Whalen, who are defining the baseline stratigraphy of the Lisburne
Group in the Phillip Smith Mountains.
Much of the content and organization of this thesis are a result of guidance and
support from my committee, who provided excellent suggestions and ideas before and
during the composition of this thesis.
This research benefited significantly from the previous work, discussion, and
ideas of fellow University of Alaska Fairbanks graduate students Paul Atkinson, Joe
Brinton, Mike Hayes, and Margarete Jadamec.
Special thanks to Sean Bemis, Charlie Green, Margarete Jadamec, Ka’aiohelo
Jensen, Mackenzie Johnson, John Ryer, and Julie Scott for their friendship, motivation,
and encouragement during my time in Fairbanks.

1
1. Introduction
The processes that govern fracturing in folded rocks are not well understood.
Published conceptual models for fractures related to folding are often based on field
observations of folds with gently curved limbs, which is only one shape of fold that is
observed in nature. Further, conceptual models of fractures related to folding are often
based on the final geometry of a given fold without accounting for the entire development
of the fold. Different geometric and kinematic models for fold development, such as
detachment folding (Jamison, 1987; Dahlstrom, 1990; Homza and Wallace, 1995; Epard
and Groshong, 1995; Poblet and McClay, 1996; Atkinson, 2002), fault propagation
folding (Suppe and Medwedeff, 1990; Mitra, 1990; Erslev, 1991), and fault-bend folding
(Suppe, 1983) imply that the orientation and distribution of stress change throughout the
folding process. The changing orientation and distribution of stress during folding have
been hypothesized to produce fractures and other strain indicators that leave a record of
fold development (Stearns, 1968; Homza and Wallace, 1997; Jamison, 1987; Salvini and
Storti, 2000). Consequently, the distribution of fractures and other strain indicators has
been used to assess which geometric and kinematic models are applicable to real folds
(Homza and Wallace, 1997; Salvini and Storti, 2000).
The distribution of fractures can also be used to determine whether folds formed
by flexural slip, flexural flow, or homogenous flattening strain. Flexural flow folding
occurs when strain in a fold is distributed uniformly throughout a given mechanical
interval, and generally occurs in rocks that are of uniform rheology and have a pre
existing penetrative fabric (Ramsay and Huber, 1987). Flexural slip folding occurs when
strain is localized along distinct breaks or mechanical boundaries, and occurs in rocks
that have competent lithologies separated by distinct mechanical breaks (Ramsay and
Huber, 1987). Since fractures are commonly associated with slip along bed contacts,
fracture distribution in the mechanical stratigraphy can be used to determine whether bed
slip and mechanical breaks are present in the stratigraphy, although the relationship
between bed-parallel slip surfaces and fracture density is poorly understood (Cooke and
others, 2000; Underwood and others, 2003). In general, one might expect fracture
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density to be unevenly distributed throughout the stratigraphic section in flexural slip
folds, and more uniform in flexural flow folds.
Homogeneous flattening strain can occur in the late stages of detachment folding
when folds “lock up” and cannot tighten further by flexural slip or flexural flow
(Atkinson, 2002). Flattening strain is commonly accommodated by penetrative
deformation such as dissolution cleavage that thickens and thins different areas of a fold.
In extreme cases, penetrative deformation may overprint and anneal previous fracture sets
such that only fractures with significant fill may be recognizable in the field (Ramsay and
Huber, 1987).
The timing of fracture sets and strain indicators is critical to understanding the
relationship between fracturing and folding. Since fracturing may occur before, during,
and after folding, establishing which fractures are associated with folding can be
complicated by pre-existing fractures, fractures that post-date folding, and reactivation of
existing fractures. Terminating and cross cutting relationships between fractures and
other strain indicators give clues as to the relative timing of fracture sets. Additionally,
fracture orientation with respect to bedding can also be used to distinguish fractures that
form before, during, and after folding. If fractures maintain the same orientation
regardless of bedding orientation, it follows that they post-date folding.
The northeastern Brooks Range of Alaska (figure 1) is an excellent location to
study fractures in folds, since deformation occurred at relatively low temperatures and
under mostly brittle conditions, and a single folded stratigraphic unit (the Lisburne
Group) is exposed in a variety of different structural settings (Wallace and Hanks, 1990).
This study focuses on the Lisburne Group, which is an important oil and gas reservoir in
the subsurface of the Alaskan North Slope. Folded Lisburne Group carbonates in the
southern part of the northeastern Brooks Range differ from upright detachment folds in
the northern part of the northeastern Brooks Range in that they are strongly asymmetric
and most are truncated by thrust faults (Wallace, 1993) (figure 1). Wallace (1993)
interpreted these folds as thrust-truncated detachment folds; however, no detailed
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analysis of mesoscopic structures in these folds was completed to assess the mechanism
of folding.
The purpose of this research is to investigate the relationship between fracturing
and folding in asymmetrically folded Lisburne Group carbonates in the southern part of
the northeastern Brooks Range. The two goals are: 1) To understand the relationship
between mechanical stratigraphy and the density and character of fractures in folded
Lisburne Group carbonates, and 2) to use the distribution, density, and character of
fractures at different structural positions in the folds to understand the kinematic history
of asymmetrically folded Lisburne Group. This research will improve the general
understanding of fracturing in carbonate rocks, as well as enhance conceptual models of
fracture density and distribution in folded carbonate rocks.
The relationship between fracture density and fold geometry also has important
implications for hydrocarbon exploration and production, specifically in fractured
carbonate reservoirs, since fractures enhance permeability (and in some cases porosity) in
folded stratigraphic sequences. Since fractures enhance permeability in a rock,
understanding the relationship between mechanical stratigraphy and fracture development
in folded rocks will aid in the detection of permeable zones in fractured carbonate
reservoirs.
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Figure 1: Regional structure and tectonic map of the Brooks Range and North Slope of Alaska. Outlined area is illustrated in more detail in figure 3.
(modified from: Wallace and others, 1997)
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2. Geologic Setting
2.1. Regional stratigraphy
The stratigraphy of the northeastern Brooks Range consists of three major
depositional sequences (Bird and Molenaar, 1987) (figure 2). The Franklinian
“basement” sequence is Proterozoic to Lower Devonian in age and consists of weakly
metamorphosed sedimentary and volcanic rocks that were deposited, deformed, uplifted,
and eroded prior to deposition of the Ellesmerian sequence. The Franklinian sequence is
unconformably overlain by the Ellesmerian sequence, which is a Mississippian to Lower
Cretaceous sequence of marine clastic rocks, carbonates, and shales deposited on a south
facing passive continental margin (present day coordinates). The Ellesmerian sequence is
overlain by the Brookian sequence, a Lower Cretaceous to Cenozoic sequence of clastic
rocks derived from erosion of the main axis of the Brooks Range to the south (Moore and
others, 1994).
This research focuses on folds within the Carboniferous Lisburne Group
carbonates of the Ellesmerian sequence. The stratigraphy of the Lisburne Group has been
well studied both in the subsurface on the North Slope of Alaska and in the front ranges
of the northeastern Brooks Range (figure 3)(Watts and others, 1995; Krumhardt and
others, 1996). An unconformity truncates the uppermost Lisburne Group and is overlain
by the Sadlerochit Group, a Permian to Triassic clastic unit of variable composition
ranging from quartz sandstone to shale and siltstone. Previous studies have divided the
Lisburne into two separate units: the Wahoo Limestone, which is a cliff forming unit
consisting primarily of grainstone and packstone, and the Alapah Limestone, which is
generally more recessive and consists of variable carbonate lithology. A third unit, the
Wachsmuth Limestone, is locally present beneath the Alapah Limestone in the southern
part of the northeastern Brooks Range. The Lisburne Group thickens southward due to
thickening of both the Wahoo and Alapah Limestone, and the addition of Wachsmuth
Limestone to the south. The lower contact of the Lisburne Group with the Kayak Shale is
generally gradational and the upper part of the unit commonly contains a discontinuous
layer of bioclastic limestone (figure 3).
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The mechanical behavior of stratigraphic units in the northeastern Brooks Range
is summarized in figure 2. Major detachments are present below or within the
Franklinian sequence, in the Kayak Shale, in the Kingak Shale, and in the Pebble Shale.
The Kayak Shale is a significant detachment unit that thickens penetratively and by
second and third order folds and thrusts in the cores of anticlines in the detachment
folded Lisburne Group in the northeastern Brooks Range (Wallace and Hanks, 1990;
Homza and Wallace, 1997; Atkinson, 2002).
2.2. Regional structural history
The Brooks Range is the northernmost part of the Rocky Mountain fold-and
thrust belt, and can be divided structurally and geographically into the main axis of the
Brooks Range and the northeastern Brooks Range (figure 1). The northeastern Brooks
Range is bounded by the Dalton Highway to the west and the Continental Divide thrust
front to the south, forming a prominent arcuate salient into the North Slope foreland basin
(figures 1 and 4). The majority of shortening in the main axis of the Brooks Range foldand-thrust belt occurred in Middle Jurassic to Early Cretaceous time when a wide, southfacing late Paleozoic to early Mesozoic passive continental margin collapsed in response
to the collision of an intra-oceanic arc (Mayfield and others, 1988; Moore and others,
1994). The Colville basin formed in advance of, and was filled with sediment shed from,
the growing fold-and-thrust belt (Bird and Molenaar, 1992). Shortly after the main phase
of compressional collapse of the continental margin, rifting led to the eventual formation
of the Canada basin to the north (present geographic coordinates) in Early Cretaceous
time (Grantz and May, 1983; Moore and others, 1994). Cretaceous to Cenozoic postcollisional contraction in the Brooks Range increases eastward along strike and has
resulted in progradation of fold-and-thrust deformation northward toward, and locally
across, the Barrow arch and the Cretaceous rifted margin (figure 1, Grantz and others,
1990).
Structurally, the main axis of the Brooks Range (figure 1) is characterized by
north vergent, asymmetric thrust-truncated folds, duplexes and allochthons that record
hundreds of kilometers of shortening during the Middle Jurassic to Early Cretaceous
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(Moore and others, 1994). The northeastern Brooks Range, however, is characterized by
a passive roof duplex formed by horses of Franklinian sequence and Mississippian clastic
rocks with a roof of Lisburne and Sadlerochit Group rocks detachment folded over Kayak
Shale (figures 4 and 5, Wallace and Hanks, 1990). The majority of shortening in the
northeastern Brooks Range is thought to have occurred during Cenozoic time, and is
estimated to be less than 100 kilometers (Wallace and Hanks, 1990).
The west Porcupine Lake valley field area is in the Phillip Smith Mountains near
an important structural transition between the northeastern Brooks Range and the main
axis of the Brooks Range (figures 4 and 5). The northeastern Brooks Range is separated
from the main axis of the Brooks Range by the Continental Divide thrust front, which is
the northern boundary of stacked thrust sheets of Lisburne Group rocks. The Continental
Divide thrust front is defined primarily by the change in structural style across the thrust
front, although the nature of this structural boundary is not well understood. In this area
the main axis of the Brooks Range is characterized by asymmetric, north vergent, thrusttruncated folds that have been interpreted as thrust-truncated detachment folds (Wallace,
1993; Wallace and others, 1997).

Sequences Stratigraphic Units

Structural-Stratigraphic Units

Upper
Cretaceous
Lower
Cretaceous

Canning
Formation

Pebble Shale
Kemik sandstone

Kingak Shale

Permian
Pennsylvanian

Ellesmerian

Jurassic
Triassic

Shublik Fm + Karen Crk. sandstone
Fire Creek Siltstone
SadlerLedge Sandstone
ochit
Kavik Shale

Group

Lisburne
Group

Mississippian

Endicott
Group

Franklinian

Devonian
to PreCambrian

complex & disharmonic
short-wavelength folds,
thrusts & duplex anticlines

Hue Shale

Echooka Fm

Wahoo Limestone
Alapah Limestone
Kayak Shale
Kekiktuk Conglomerate

Nanook LS

Katakturuk
Dolomite

Devonian
Granitic
Intrusions

Paleocene

Brookian

Eocene

Mafic volc. rocks
Phyll, qtz
? ? ?
NW

?

imbricated
slate, phyllite,
quartzite,
carbonatite,
mafic volc.
rx & chert
complex
?

structural behavior controlled primarily by Lisburne Group:
(these units deform passively above the Lisburne)
south: thrust truncated folds

north: detachment folds

Anticlinoria formed
by large scale horses
West: single-horse
anticlinoria
East: multi-horse
anticlinoria

S&E
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Figure 3: Generalized lithostratigraphy of the Endicott, Lisburne, and Sadlerochit groups in the
northeastern Brooks Range. (Modified from: Watts and others, 1995)
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Figure 4: The geologic map of the western portion of the northeastern Brooks Range. The Continental Divide thrust front marks the boundary between
the main axis of the Brooks Range and the northeastern Brooks Range. Section lines correspond with the cross section in figure 5.
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3. Background Information on Fractures and Folds
Since the goal of this study is to use fracture orientation, character, and density to
understand the kinematic history of asymmetrically folded Lisburne Group carbonates in
the Phillip Smith Mountains, it is important to review significant background research
that has laid the groundwork for this study. Understanding the theory and laboratory
research that explains how and why fractures form, what stresses produce different
orientations of fractures, and what controls the density of fractures is of utmost
importance because fracture character and orientation in natural rocks can reveal clues as
to the magnitude and orientation of stresses that produce them. Previous research on
regional and fold-related fracturing in natural rocks provides explanations of potential
mechanisms that cause fracturing. Finally, different geometric models of folds call for
different kinematic evolutions of the folds, which would likely result in different stress
fields that vary with structural position within folds through time, so a discussion of the
implications of each geometric model for fracture distribution is included in this section.
3.1. Controls on fracture formation and orientation
Fracturing occurs when the difference between the minimum (σ3) and maximum
(σ1) principal stresses, or the differential stress, exceeds the cohesive strength of a given
body of rock (Atkinson, 1987). External controls such as pressure, temperature, rate of
deformation, and pore fluid pressure affect the cohesive strength of the rock (Atkinson,
1987; Ramsay and Huber, 1987). Pore fluid pressure reduces the normal stress on a rock,
thereby reducing the effective stress required to exceed the cohesive strength to initiate
brittle failure (Hubert and Rubey, 1959; Davis and Reynolds, 1996, p. 245).
The cohesive strength of a rock is strongly influenced by internal controls such as
heterogeneities in rocks (such as fossils or oversized grains) that could serve as
nucleation points for fracture propagation (Atkinson, 1987; Wu and Pollard, 1995;
Brinton, 2002). Of particular importance to this study is Brinton’s (2002) that lithologic
heterogeneity plays an important role in fracture initiation in Lisburne Group carbonates.
This finding is based on the observation that carbonate lithologies with greater grain scale
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heterogeneity have higher fracture densities in symmetrically detachment folded Lisburne
Group carbonates in the northeastern Brooks Range.
Fracture initiation is strongly influenced by the presence of pre-existing fractures.
Fracture theory shows that propagating fractures are bounded by a shadow zone of
reduced stress whose width is controlled primarily by the rheology and heterogeneity of
the rock (Narr and Suppe, 1991; Rives and others, 1992). Shadow zones hinder fracture
initiation since the stress within them is reduced by the adjacent fracture. Initial
fracturing in a body of rock propagates from Griffith cracks and other heterogeneities in
the rock, which are commonly randomly distributed (Davis and Reynolds, 1996). Further
fractures of a given set fill in the spaces between existing fractures, avoiding shadow
zones of reduced stress. Fracture saturation is said to occur when the rock is composed
entirely of shadow zones such that any new fractures must form in the shadow zones of
other fractures (Rives and others, 1992).
The magnitude of the difference between σ1 and σ3 determines the type and
orientation of a given fracture set (Atkinson, 1987; Davis and Reynolds, 1996, p. 230).
Laboratory rock deformation experiments show that at low differential stresses, mode I
(extensional) fractures develop parallel to the maximum principal stress (σ1) (figure 6A).
With increasing differential stress, shear fractures (small displacement faults) develop at
an oblique orientation (usually between 30° and 60° relative to σ1) (Griggs and Handin,
1960; Atkinson, 1987). Conjugate shear fractures may also form at oblique angles,
however, their acute bisector is generally parallel to the maximum principal stress (σ1)
(Griggs and Handin, 1960; Atkinson, 1987). Extension fractures are generally more
common than shear fractures in flat lying rocks because lower differential stresses are
required to generate extension fractures (Lorenz and others, 1991).
3.2. Mechanical stratigraphy and fracture development
The term “mechanical stratigraphy” or “mechanical layering” has been used to
describe the way in which a given package of lithologically heterogeneous rocks
responds to deformation (Narr and Suppe, 1991; Erickson, 1996). A description of
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mechanical stratigraphy usually takes into account 1) the rheology of each lithologic unit
and how rheology changes during deformation, 2) the relative thicknesses and nature of
interfaces between rock layers, 3) boundary conditions on the stratigraphic section, and 4)
the scale of the deformed layers (Ramsay and Huber, 1987). Fracturing is one particular
mechanical or rheological response of the stratigraphy to deformation.
Understanding the mechanical stratigraphy of a package of rocks is important for
studies of fracture density since laboratory experiments as well as field research have
shown that there is a general relationship between fracture spacing, lithology, and bed
thickness. In its simplest form, that relationship is that higher densities of fractures tend
to be found in finer grained lithologies and/or in thinner beds (Ladeira and Price, 1981;
Hancock and Engelder, 1989; Narr and Suppe, 1991; Hanks and others, 1997).
Therefore, in order to study the distribution of fracture density throughout a given fold,
one must have an understanding of both the mechanical stratigraphy and the distribution
of fracturing within that stratigraphy.
The nature of interfaces between layers plays an important role in fracture
propagation. In many cases, stratigraphic beds are not “seen” by fractures if the contacts
between beds are not significant mechanical contacts that affect fracturing. Well bonded
contacts commonly do not serve as mechanical contacts, whereas mudstone layers, slip
surfaces, and other lithologies that offer significant lithologic contrast to the surrounding
more competent rock commonly act as significant mechanical boundaries (Narr and
Suppe, 1991; Cooke and others, 2000; Underwood and others, 2003). Differential slip
and friction along bedding or mechanical contacts can concentrate stresses that favor
fracturing, such that bed contacts that are free to slip generally have significantly more
associated fractures (Narr and Suppe, 1991; Cooke and others, 2000).
3.3. Regional fractures
Regional systematic joint sets (extensional fracture sets) and shear fractures are
found throughout the world in flat lying rocks in advance of fold and thrust belts and in
deformed rocks within them (Engelder, 1985; Dunne, 1986; Pollard and Aydin, 1988;
Hancock and Engelder, 1989; Lorenz and others, 1991; Davis and Reynolds, 1996;
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Hanks and others, 1997; Lorenz and others, 1997). These fractures can be classified into
four major types (Engelder, 1985): 1) tectonic joints, 2) hydraulic joints, 3) unloading
joints, and 4) release joints. A discussion of each follows.
Tectonic joints are aligned parallel to the direction of maximum compressive
stress, penetrate multiple strata, and are generally perpendicular to the strike of a
mountain belt (Engelder, 1985; Lorenz and others, 1991; Davis and Reynolds, 1996;
Hanks and others, 1997). Engelder (1985) suggested that tectonic joints form as a result
of hydraulic fracturing due to abnormally high pore fluid pressure that exceeds the tensile
strength of the rock. In this case, σ3 is tensional and perpendicular to tectonic joints.
Lorenz and others (1991), however, suggested that tectonic joints do not form in this
manner since pore fluid pressures do not exceed the tensile strength of the rock. Instead,
they hypothesized that tectonic joints form in response to low differential stresses and
elevated fluid pressures (but not tensional σ3), similar to the manner in which extension
fractures developed parallel to the direction of maximum compressive stress at low
differential stresses in Griggs and Handin’s (1960) rock deformation experiments (figure
6A).
Engelder (1985) described hydraulic joints that form in a manner similar to
tectonic joints (elevation of pore fluid pressures above the tensile strength of the rock),
except that gravitational loading (burial) increases the vertical compression to initiate
abnormal pore fluid pressure (Engelder, 1985). In light of Lorenz and others’ (1991)
discussion, it is unclear whether elevation of pore fluid pressures above the tensile
strength of the rock is a valid mechanism to cause fracturing, however, vertical tectonic
loading must be considered as a possible explanation for regional fracture generation.
Unloading joints and release joints, or neotectonic joints, form as a result of
thermal contraction and elastic relaxation in response to the removal of overburden
(Engelder, 1985; Davis and Reynolds, 1996). Unloading joints are generally planar, near
vertical, may or may not penetrate bed contacts, and form in response to the stress field at
the time of uplift and erosion, usually the “present day” stress field (Engelder, 1985;
Hancock and Engelder, 1989). Release joints form in response to similar mechanisms as
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unloading joints, but are different from unloading joints in that their orientation is
controlled by pre-existing fabrics such as dissolution cleavages or foliation (Engelder,
1985). Release joints are also planar and may be parallel to axial surfaces, but post-date
active folding (Engelder, 1985). Figure 6B shows various configurations of neotectonic
joints and their relationship to the maximum and minimum principal stress axes.
3.4. Fractures related to normal faulting
The relationship between normal faulting and fracturing in brittlely deformed
sedimentary rocks is poorly understood (Gross and others, 1997). Stearns (1968)
suggested that the orientation of fractures can be used to determine the orientation and
dip of nearby normal faults. In this model, the observed strike of faults and associated
fractures is the same, but shear fractures associated with normal faults are commonly
conjugates with two possible dips; consequently, if the fault orientation and dip are
known, fractures related to normal faulting can be identified as parallel to or conjugate to
the fault plane orientation (figure 7) (Stearns, 1968).
The distribution of fracture spacing that is related to normal faulting is also
relatively poorly understood, but is most likely related to the amount of slip along fault
segments and the geometry of the fault (Gross and others, 1997). Lorenz and others
(1997) suggested that fractures related to normal faults are localized within 100 meters of
the fault plane in moderately deformed carbonate rocks; however, it is unclear what
controls the size of the area affected by fracturing near a normal fault. How normal
faulting affects highly deformed strata that have undergone compressive deformation is
also poorly understood since the majority of studies of fractures related to normal faulting
have been conducted either in flat lying rocks, or in only moderately deformed rocks
(Lorenz and others, 1997). Other authors have documented fracture density increasing
near normal faults in certain beds, but decreasing near normal faults in other beds, which
suggests that both mechanical stratigraphy and slip distribution play important roles in
fracture density related to normal faulting (Gross and others, 1997, Gross and others,
1998).
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3.5. Fold related fractures
The majority of conceptual models for fracturing related to folding are based on
the idea of tangential longitudinal strain within a homogenous layer (Stearns, 1968; Price
and Cosgrove, 1990). Tangential longitudinal strain occurs when a layer of a given
thickness is flexed, producing layer parallel compression on the inner arc and layer
parallel extension on the outer arc of the fold (figure 8). Extensional and compressional
domains are bounded by a neutral surface that may migrate toward the core of a fold as
stress is relieved and/or thickness changes within a given bed (or mechanical package)
(Price and Cosgrove, 1990). While the majority of tangential longitudinal strain occurs
due to flexure about the fold axis, flexure of a fold along its axis may also produce
tangential longitudinal strain. This process is especially important in folds whose plunge
changes significantly along strike. For purposes of simplicity, only fracture patterns
associated with cylindrical folds will be discussed here.
Stearns (1968) hypothesized that fractures in folded rocks consist of a set of three
fractures whose orientations are controlled by the orientations of the principal stress axes.
Each “set” consists of a joint perpendicular to σ3 and a set of shear fractures whose acute
bisector is perpendicular to σ3. Since tangential longitudinal strain may create different
stress orientations in different positions in the fold, Stearns (1968) and Stearns and
Friedman (1972) described four fracture sets that are commonly observed in real folds
(figure 8). The orientation of fractures in each set is based on the orientation of σ2 with
respect to bedding and the position of the fracture set with respect to the neutral surface.
For example, beds on the inner arc of a fold experience compression due to tangential
longitudinal strain, which commonly results in “cross joints,” or joints oriented
perpendicular the fold axis, when σ2 is perpendicular to bedding (Set 3 in figure 8).
When σ2 is parallel to bed strike on the inner arc of a fold, the predicted joint orientation
is parallel to bedding (Set 4 in figure 8). Conversely, beds on the outer arc of a fold
experience extension, resulting in strike parallel joints that are perpendicular to bedding,
(regardless of the orientation of σ2) (Sets 2 & 3 in figure 8). Stearns (1968) also noted
that some fractures of a given set, or the entire set of three fractures may be poorly

18
developed or absent in natural folds. The regional stresses that create folds may also
result in tectonic joints or shear fractures similar to those formed on the inner arcs of
folds by tangential longitudinal strain (Sets 1 and 4 in figure 8).
While fold curvature clearly affects fracturing in some folds, other processes such
as slip along bed contacts also enhance fracturing in folded and unfolded rocks. In
unfolded rocks, shear and slip along bed contacts may produce bed parallel opening mode
joints. Srivastava and Engelder (1990) documented such opening mode veins that they
interpreted to be the result of bed parallel slip in flat lying strata prior to significant
folding (Srivastava and Engelder, 1990: figure 14a). In folded rocks, flexural slip
commonly accommodates shear and displacement parallel to the dip direction of fold
limbs. Since differential slip along layers localizes extensional and compressional forces
in the limbs, joints parallel to bedding, and parallel and perpendicular to the fold axis are
commonly the result of flexural slip (Sets 1, 2, and 3 in figure 8). Cooke and others
(2000) recognized the importance of flexural slip in localizing fracturing related to
folding, citing joints that strike parallel to the fold axis and oblique to bedding in the
steep limb of East Kaibab Monocline in Utah. Differential flexural slip between layers,
which is likely in folds with distinct mechanical packages, can have the effect of
concentrating the stresses that produce fracturing (Narr and Suppe, 1991; Cooke and
others, 2000).
Hinge zones are areas of increased curvature that localize tangential longitudinal
strain, and likely favor the formation of fractures and other strain indicators (Homza and
Wallace, 1997; Salvini and Storti, 2000). The migration of hinges, or the passage of
strata through a synclinal or anticlinal hinge, is a requirement of many detachment fold,
fault propagation fold, and fault bend fold models (Suppe, 1983; Suppe and Medwedeff,
1990; Mitra, 1990; Erslev, 1991; Zehnder and Allmendinger, 2000; Salvini and Storti,
2000). Since hinge migration and flexural slip are both important processes in many
folded rocks, the final fracture sets at any given structural position in a fold may reflect a
variety of stress states related to shear and bed slip prior to folding, tangential
longitudinal strain in fold hinges and/or flexural slip during folding (figure 9). Since
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different geometric and kinematic models for detachment folding, fault propagation
folding, and fault bend folding imply a variety of different strain patterns during folding,
a discussion of each fold model and the distribution of strain in each model is presented
in the following subsections.
3.6. Detachment folds
Detachment folds form when a competent unit is shortened above a relatively
incompetent unit (Jamison, 1987; Dahlstrom, 1990; Homza and Wallace, 1995; Epard
and Groshong, 1995; Poblet and McClay, 1996; Atkinson, 2002). Various conceptual
models for the kinematic evolution of detachment folds differ in the parameters that are
assumed to remain constant, such as bed length of the competent unit, cross sectional area
of the competent unit, depth to detachment (fixed or variable), and hinge behavior (fixed
or migrating). Figure 10 shows four of these models and their relevant assumptions.
An aspect of detachment fold models that is important with respect to fracturing is
whether hinges migrate with respect to the competent unit. As discussed previously, the
distribution of fractures has been used to infer whether hinges have migrated in
detachment folds (Homza and Wallace, 1995; Brinton, 2000). In general, it has been
hypothesized that fixed hinge folding tends to localize fractures in the hinge regions
(Homza and Wallace, 1997; Brinton, 2000), although many fixed hinge detachment fold
models require rotation of hinges to account for flexure of the competent unit (figure 10b,
c, d) (Epard and Groshong, 1995; Poblet and McClay, 1996; Homza and Wallace, 1995;
Atkinson, 2002). Migrating hinge detachment folding (figure 10a) has been hypothesized
to produce uniform fracture distributions throughout both the hinges and limbs, since the
limbs of a fold must pass through the hinges (Homza and Wallace, 1997). Homza and
Wallace (1997) showed that fractures and other strain indicators tend to be localized in
the hinge regions of upright detachment folds in the Franklin Mountains, leading them to
conclude that those folds formed by fixed hinge buckling.
Wallace (1993) and Wallace and others (1997) interpreted asymmetric folds in the
Phillip Smith Mountains to be thrust truncated detachment folds, however, the geometric
models discussed above are for symmetric detachment folds. Relatively little has been
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published on geometric and kinematic models for asymmetric detachment folds, so the
kinematics of asymmetric detachment folds are poorly understood. Some of the major
concepts of symmetric detachment fold models, such as the variable detachment depth
model (Homza and Wallace, 1995), thickening of the competent unit (Epard and
Groshong, 1995; Atkinson, 2002), and the ideas of fixed vs. migrating hinges probably
also apply to asymmetric detachment folding, however, very little modeling or field
documentation to constrain asymmetric detachment fold models has been completed.
Field documentation of fracture patterns in asymmetric detachment folds may indicate
whether they formed with fixed or migrating hinges, which will constrain future models
for asymmetric detachment folds.
3.7. Fault propagation folds
Fault propagation folds form as a result of the propagation of a ramp tip up
stratigraphic section (Suppe and Medwedeff, 1990). Two important geometric models
for fault propagation folding are kink band fault propagation folding (figure 11) (Suppe
and Medwedeff, 1990) and trishear fault propagation folding (figure 12) (Erslev, 1991).
Kink band fault propagation folding is a geometric model that requires that all of the
hinges migrate with respect to the rock in order for bed thickness to remain constant
(figure 11). The geometry of kink band fault propagation folds is determined by the
cutoff angle (the angle between the ramp and bed contacts) of the propagating fault, and
follows strict geometric constraints defined by Suppe and Medwedeff (1990).
One problem with kink band fault propagation folding is that it does not easily
approximate the curved fold geometries and complex strain patterns observed in many
natural folds (Erslev, 1991). An alternative to kink band fault propagation folding is
trishear fault propagation folding (figure 12). Backlimb kinematics in trishear fault
propagation folding are similar to kink band fault propagation folding, however, trishear
fault propagation folding assumes a triangular zone of shear radiating from the fault tip to
account for deformation ahead of the fault tip (Erslev, 1991). The trishear model relaxes
the assumption of constant bed thickness by treating beds within the trishear zone as
layers of uniform rheology deforming by penetrative deformation (Erslev, 1991).
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The most significant difference between trishear fault propagation folding and
parallel kink band fault propagation folding is that area balance in the trishear model
requires non-parallel curved motion trajectories rather than parallel motion trajectories
(simple shear). Curved motion trajectories in the trishear zone that are not parallel to
bedding allow ductile thickness changes to occur in the hinges and limbs, creating curved
fold geometries like those that are observed in real folds. Since the model is an
approximation of real folds, penetrative deformation at the scale of the model may be
manifested in real rocks by significant faulting, fracturing and distributed folding if
trishear fault propagation folding occurred under relatively brittle conditions. Since
strain is concentrated in the trishear zone, fractures may be concentrated in areas that are,
or were previously in, the trishear zone during folding.
It is unclear whether or not asymmetric folds in the Phillip Smith Mountains
formed as a result of fault propagation folding. As discussed above, Wallace (1993) and
Wallace and others (1997) interpreted asymmetric folds in the area to be thrust truncated
detachment folds. However, one asymmetric fold along the Marsh Fork of the Canning
River has a ramp tip in the upper half of the Lisburne Group (Alapah Limestone) and
lacks a footwall syncline (Jadamec, personal communication, September, 2000), which
suggests that at least some folds in the Phillip Smith Mountains may have formed by fault
propagation folding.
3.8. Fault bend folds
Fault bend folds form as a result of the passage of the hanging wall over a ramp
on the thrust surface (Suppe, 1983). Like kink band fault propagation folding, fault bend
folding is governed by a set of geometric constraints defined by Suppe (1983) that
conserve area and bed length. Fault bend folding produces a unique strain pattern (figure
13) that is related to the passage of each unit through hinges that initiate at bends in the
thrust ramp. Backlimb fracturing associated with fault bend folding would likely be
uniform in density and distribution, similar to the backlimb in fault propagation folding
since the backlimb kinematics are similar for both fold types. Fracturing in the crest and
forelimb would likely be a result of flexure associated with hinge that extends upward
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from the ramp to flat transition in the Phillip Smith Mountains. The majority of folds at
the scale of the Lisburne Group probably did not form as a result of fault bend folding,
although superposition of fault bend fold geometries on detachment and fault propagation
folds is likely an important process after thrust truncation has occurred (Wallace and
Homza, in press).
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Figure 6: Principles of fractures in flat lying rocks. Part A: Diagram showing fracture orientation with
increasing strain (modified from: Griggs and Handin, 1960), Part B: Neotectonic joint systems. a)
Systematic joints with non-systematic cross joints. b) Systematic vertical extension fractures and steep
conjugate fractures. En echelon arrays display shear directions similar to conjugate fractures. c) Systematic
joints and vertical conjugate fractures. Non-systematic joints (cross joints) link systematic joints. s 1 =
maximum principal stress direction, s3 = minimum principal stress direction. (Modified from: Hancock
and Engelder, 1989)
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fault related fractures

a)

b)

Figure 7: Fractures related to normal faulting. a) Schematic cross section of conjugate fractures associated
with a normal fault. b) Rose diagram of fracture dips in the vicinity of a normal fault. Fault strike is
normal to the picture. (Modified from: Stearns, 1968)
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Figure 8: The four fracture sets associated with cylindrical folds. Tangential longitudinal strain produces strike-perpendicular extension above the
neutral surface and strike-perpendicular compression below the neutral surface. In folds with angular hinges and planar limbs, tangential longitudinal
strain may be localized in the hinge regions without affecting the limbs. Note that s2 is perpendicular to bedding on the left side of the diagram and
parallel to bed strike on the right side of the diagram. Each fracture set consists of an extensional fracture set parallel to s1 and/or a conjugate set of
shear fractures whose acute bisector is parallel to s1. In real folds some fractures sets may be better developed than others. (modified from: Price and
Cosgrove, 1990, Stearns, 1968)
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Figure 9: Example of temporal stress changes associated with migrating hinges. Arrows indicate the
magnitude and direction of stresses near kink axes. Note that the polarity of tangential longitudinal strain
reverses from the left hinge to the right hinge, leading to different strain histories above and below the
neutral surface. For example, as the unit is displaced up and over the ramp, circle A experiences
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first, followed by shear strain, and finally compressional tangential longitudinal strain. This could apply to
a single layer, or a mechanical package where shear strain could be accommodated by flexural slip between
individual layers.
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Figure 10: Four models for the kinematic evolution of detachment folds. Detachment units are light gray, competent units are dark gray. a) Poblet and
McClay, “Model 1” (migrating hinges): Note that the competent unit migrates through the hinges as the fold grows; b) Homza and Wallace model; c)
Epard and Groshong model: Note that no distinction is made between a detachment horizon and competent horizon. d) Atkinson's (2002), hybrid
model; a variation of the Homza and Wallace model that allows thickening of the competent unit similar to the Epard and Groshong model. Hinges are
fixed in b, c, and d, although they must rotate to accommodate anticlinal and synclinal bending. (modified from: Atkinson, 2002, and Poblet and
McClay, 1996))
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Figure 11: Parallel kink band fault propagation folding for an overturned anticline showing the distribution
of deformation. Multiply bent strata are likely to have significantly higher fracture densities than non-bent
or singly bent strata. Note that the upper panel is not bent. (modified from: Salvini and Storti, 2000)
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Figure 12: Trishear fault propagation fold model (Erslev, 1991). Strain ellipses are shaded according to
magnitude of strain: darker color = more strain. Models generated by Trishear 4.5 software, courtesty of
Richard Allmendinger 1998-2000. Trishear zone is indicated by two lines radiating from the fault tip.
Light colored strain ellipses in the backlimb are the result of migration of the backlimb through the flat to
ramp hinge. Strain ellipses ahead of the ramp are the result of curved motion trajectories in the trishear
zone. The dark ellipses ahead of the ramp are areas of significant compression and/or shear, where intense
faulting and fracturing would occur. The lighter ellipses show areas of minor compression and shear,
where minor faulting and fracturing would occur. Note that the amount of strain increases up section since
beds in the upper section are exposed to the trishear zone longer than beds lower in the section.
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Figure 13: Geometric model for fault bend folding according to Suppe, 1983. Strain ellipses are shaded
according to magnitude of strain, darker color = more strain. Models generated by Trishear 4.5 software,
courtesty of Richard Allmendinger 1998-2000.
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4. Methodology
4.1. Tasks
This project includes five major tasks. Each task focuses on documenting
different aspects of fracturing throughout the stratigraphy and in folds of various
interlimb angles. These tasks include:
1) Construct a 1:25,000 scale map of the field area in order to document the fold
geometries and sequence of deformation that may have affected fracture
development. This includes detailed photographic documentation and sketches of
fold geometries in order to produce restored cross-sections of the field area, as well as
to locate fracture sample locations relative to hinges and limbs of each fold.
2) Qualitatively define the mechanical stratigraphy of the Lisburne Group carbonates in
the area based on field observations of structural behavior of different mechanical
units. The goal of this task is to document the style of structural deformation in each
mechanical unit as it relates to fracturing and the mechanism of folding.
3) Characterization of fracture patterns within a relatively undeformed stratigraphic
section of Lisburne Group carbonates in order to understand the “background”
fracture patterns and the relationship of fracturing to lithology and bed thickness.
Since the field area contains asymmetric folds with long, planar backlimbs, these
backlimbs are used to examine relatively undeformed sections of Lisburne.
4) Characterization of fracturing within a folded stratigraphic section in order to
compare fracture patterns in relatively little folded and folded Lisburne Group
stratigraphy. Sections were measured in similar structural positions (steeply dipping
limbs of synclines) to eliminate effects of different structural position on fracturing.
5) Characterization of the fractures in a single stratigraphic horizon across individual
folds with various interlimb angles in order to understand the relationship between
fracturing and folding. This method normalizes the effects of bed thickness and
lithology on fracturing, and is aimed at understanding the relationship between
fracturing and folding for a single bed.
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4.2. Fracture sampling techniques
Measurement and description of fractures followed three major strategies
depending on the nature of data collected, the efficiency of data collection and the goal of
the data collection: detailed fracture sampling, generalized characterization of fracturing,
and surveys of fractures within the stratigraphic section. Each of these methods is
described below.
1) Detailed fracture sampling. This method of sampling was employed both along a
single stratigraphic horizon (task #5 above) and for selected representative lithologies in
the mechanical stratigraphic sections (task #4 above). The following information was
collected about the outcrop itself:
a. location (on map, in the stratigraphy, and on a photograph of each fold)
b. type of outcrop (pavement or cross-section)
c. oriented samples of representative lithologies for thin section
identification of lithology and/or strain analysis
d. photograph/sketch of relevant aspects of the outcrop
e. lithology
f. bed thickness
g. nature of contacts between layers
h. major diagenetic features (presence/shape of cherts, dolomitization, etc.)
i. orientation/characteristics of strain indicators
After the characteristics of the outcrop were documented, characteristics of each fracture
set were recorded. A measuring tape was placed across each fracture set and the
orientation of the measuring tape was recorded in order to determine the true spacing of
each fracture. Where it was possible, the measuring tape was placed orthogonal to the
fracture set to record the true spacing directly. If the tape was not perpendicular to the
fracture set, the orientation of the tape was noted so that the spacing of fractures could be
corrected. The following information was recorded at each fracture station:
a. orientation of fracture set
b. spacing between each pair of fractures
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c. aperture (width of the opening normal to the fracture) of each fracture
d. fill of each fracture (any mineral fillings of the aperture such as calcite)
e. height of each fracture (perpendicular to bedding)
f. length of each fracture parallel to bedding
g. terminations (how each fracture interacts with bed surfaces or other
fractures)
h. type of fracture (extensional or shear) where observable
Where possible, 25 fractures in each set were measured in order to obtain a statistically
significant sample at each outcrop. In addition, any en echelon sets were described along
with their direction of shear. Other features that were often recorded were timing
relationships between fractures and presence of other mesoscopic structures such as
slickenlines and slickensides, dissolution cleavages, strained fossils, folded veins, and
sheared stylolites.
2) Generalized fracture sampling. This method was very similar to the detailed method
of sampling in that all of the aspects of the outcrop were recorded, but the detailed
characteristics of each fracture set (spacing, aperture, fill, etc.) were not measured.
Instead, the average orientation of each major fracture set was recorded, as well as any
mesoscopic structures such as slickenlines and slickensides, dissolution cleavages,
strained fossils, etc. This method was used in sample locations that either did not have a
statistically significant number of fractures or were not conducive to detailed sampling
due to exposure or other factors.
3) Surveys of fracture characteristics in the stratigraphic section. Where possible, this
method was employed where University of Alaska Fairbanks stratigraphers (Mike
Whalen, Michelle McGee, and Andy Krumhardt) had measured a stratigraphic section.
Lithology and other stratigraphic information was recorded (by the UAF stratigraphers or
myself and field assistant) at a given interval. In order to understand how fracture density
changes throughout the section, the orientations of major fracture sets were measured, in
addition to a rough estimate of their spacing. This estimate was obtained by counting the
number of fractures of a given set in a 0.5 meter interval (measured perpendicular to the
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fracture set.) These data were generally collected every meter or every 0.5 meter within
the stratigraphic section. Approximate bed thicknesses and presence/absence of
diagenetic features or strain indicators were also noted.
4.3. Statistical analysis
Statistical analysis of fracture spacing is limited to exploratory data analysis of
fracture density in fold transects, non-parametric statistical tests to determine whether
fracture spacing is significantly higher or lower at different structural positions in folds,
and calculation of spherical variance of fracture sets to determine whether variance
increases or decreases after unfolding.
In order to test the hypothesis that fracturing may be localized in the hinges or
limbs, two non-parametric statistical tests were used.
1) The Mann-Whitney test is a non-parametric test of whether two independent samples
are drawn from a similar population, or in this case, whether two fracture sets have
similar median spacing. The Mann-Whitney test will reject a null hypothesis that two
samples are drawn from the same population if the difference between the two samples is
significantly different for a given confidence level (Swan and Sandilands, 1995). In all
cases, a 95% confidence level (or a significance level of 0.05) is used.
2) The Kruskall-Wallis test is also a non-parametric test of whether a set of independent
samples (>2) comes from a single population. The null hypothesis in the Kruskall-Wallis
test is that all samples are statistically similar; if one sample is significantly different
from any other sample, Kruskall-Wallis will reject the null hypothesis. In other words, if
the Kruskall-Wallis test rejects the null hypothesis, then the median spacing of one set of
fractures is significantly different than the median spacing of all other fracture sets in the
test (Swan and Sandilands, 1995). In all cases, a 95% confidence level is used.
Spherical analysis of fracture orientation is limited to rotations of fracture sets to
their orientation if bedding is rotated to horizontal about the fold axis and calculation of
variances of fracture sets to determine whether the variance of a given fracture set
increases or decreases as a result of unfolding. Variance is calculated and stereonets are
plotted using GeoOrient software (version 8.0, by R.J. Holcombe, 2001).
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5. General Geology of the Study Area
5.1. Introduction
The purpose of this chapter is to describe the relevant stratigraphic and structural
geology of the study area to provide a context for more detailed fracture analysis.
Specifically important to the understanding of the effect of mechanical stratigraphy on
fracture density is a thorough description of the lithostratigraphy and definition of the
mechanical stratigraphy in the study area. Since an important goal of this project is to
understand the relationship between fracturing and folding, accurate documentation of
the fold geometries in the study area is critical. The evolution of folds and cross section
construction and restorations are discussed in a later section since the distribution and
character of fractures places constraints on fold evolution and cross section construction.
The study area is divided into three separate structural domains based on the
geometry of map scale structures. The northernmost domain in the study area is a “flat
thrust panel” of Lisburne Group whose northernmost bounding thrust is approximately
correlative to the Continental Divide thrust front (Plates 1 and 2). The “northern fold
train” lies immediately south of the flat thrust panel and consists of north vergent
asymmetric folds with relatively closely spaced fold hinges. The “southern fold train” is
the southernmost domain in the study area and consists of a close anticline and a box
anticline (Plate 2). The study area is bounded to the north by the Continental Divide
thrust front and to the south by a “local” structural and topographic range front that is
probably the continuation of the range front of the central Brooks Range to the west
(figures 1 and 4).
5.2. Observations
5.2.1. Lithostratigraphy and Mechanical Stratigraphy
The lithostratigraphy of the Lisburne Group in the study area is somewhat
different from that previously studied in the Franklin Mountains and front ranges of the
northeastern Brooks Range. Since work on the stratigraphic section is still in progress,
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many of the stratigraphic units and correlations are still being defined (McGee and others,
2001). The locations and relative thicknesses of the various stratigraphic sections are
shown in figure 15. All thicknesses, lithostratigraphic descriptions, and interpretations of
Lisburne Group depositional environments are courtesy of Michelle McGee (McGee and
others, 2001).
The mechanical stratigraphy of the Lisburne Group is broken into two major units
(figure 14): 1) the upper Lisburne, which consists of the lower Wahoo Limestone and
upper Alapah Limestone, and 2) the lower Lisburne, which consists of the middle
Alapah, lower Alapah, and Wachsmuth Limestone. While the mechanical stratigraphy
roughly corresponds to the generalized lithostratigraphy, the mechanical stratigraphy is
defined on the basis of field observations of bed thickness, lithology, the nature of
interfaces between layers, and mechanical behavior (figure 14).
A. Devonian to Mississippian clastic rocks
This unit was not observed in the field area, although probable lateral equivalents
to the Kekiktuk and Ulungarat conglomerates depositionally underlie the Kayak Shale
elsewhere in the Phillip Smith Mountains area (Wallace, 1993; Anderson and others,
1994). Two stratigraphic sections have been measured in these rocks in the uppermost
Marsh Fork of the Canning River and the south fork of the Canning River (Paul
McCarthy, personal communication, April 2002). These sections consist primarily of
sandstones and conglomerates with some intervals of interbedded sandstone, shale and
conglomerate, and are between 140-184 meters thick (Paul McCarthy, personal
communication, April 2002).
Since the Devonian to Mississippian clastic rocks were not observed in the study
area, their mechanical behavior is uncertain at this time. The presence or absence of this
unit is important in discussions of the mechanism of folding since it is unclear whether
these rocks were involved in folding.
B. Kayak Shale
The Kayak Shale is not well exposed in the field area, although one possible
outcrop was observed in the north end of the field area (figures 14 and 16, Plates 1 and
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2). The meter scale outcrop consists of non-folded, relatively flat lying, highly fissile,
sulfurous black shale. The stratigraphic/structural relationship of this outcrop to the
overlying Lisburne is uncertain, although it is likely in stratigraphic succession below the
Wachsmuth Limestone. The closest measured section of Kayak Shale is 40 km along
structural strike to the east of the field area. This section consists of 99 meters of nonfolded, fissile black shale, with siderite nodules (up to 15 cm in diameter) and few
sandstone interbeds up to 50 cm thick. The section generally fines upward. The section
was measured from the top of the Devonian to Missisissippian clastic unit to the base of
the Lisburne (Paul McCarthy, personal communication, March 2002). Because it is not
exposed in the study area, the mechanical behavior of the Kayak Shale is uncertain. In
the ranges to the north, it acts as a very mobile regional detachment unit, containing tight
to isoclinal 2nd and 3rd order centimeter to meter scale folds and imbricate faults and
penetrative fabrics (Wallace and Hanks, 1990, Homza and Wallace, 1997).
C. Lower Lisburne: Wachsmuth, middle and lower Alapah
1. Wachsmuth Limestone
The Wachsmuth Limestone is a dark colored, recessive unit (figure 14). Only its
upper member (banded limestone member) is exposed in the field area. It consists
primarily of meter to 0.25 meter thick cycles with shale bases that coarsen upward to
crinoid grainstones. The thickness of the Wachsmuth Limestone has important
implications for the mechanical behavior of the entire lower Lisburne since the thickness
of a given mechanical unit in part determines the mechanical behavior of adjacent units
(Ramsay and Huber, 1987). Unfortunately, the contact between the Wachsmuth
Limestone and the Kayak Shale is not exposed in the field area, so the true thickness of
the banded limestone member of the Wachsmuth Limestone in the area is unknown. The
maximum measured thickness in the field area is 91 meters in the backlimb of East Fork
Box Fold (“EF” section on figure 15). 42 meters of Wachsmuth is exposed in the “FW”
section (figure 15) in the northernmost exposure of Lisburne Group in west Porcupine
Lake valley. However this is an incomplete section, since an unmeasured interval is
covered between the EF section and a small outcrop of possible Kayak Shale (figure 14).

38
An incomplete section of Wachsmuth was measured in the Marsh Fork area,
which is approximately 18 kilometers east of the west Porcupine Lake valley study area
(“MF” section on figure 15). Although the contact with the underlying Kayak Shale is
not exposed, the section contains 340 meters of Wachsmuth, giving a minimum thickness
for the Marsh Fork area. Since the Marsh Fork area lies behind a local range front
relative to the west Porcupine Lake field area, the depositional relationship between the
Wachsmuth in the two areas is unclear at this time. Since the Wachsmuth is not exposed
in any of the sections in the study area, there is a possibility that at least 340 meters of
Wachsmuth depositionally underlies the lower Alapah in the field area.
Cycle boundaries in the Wachsmuth display indicators of bed parallel slip such as
fault gouge, slickenlines and bed scale duplexing, indicating that cycle boundaries
correspond to mechanical boundaries. Other structural characteristics of the Wachsmuth
Limestone include parasitic folding and well developed dissolution cleavage, which were
observed in a flat thrust panel of Lisburne in the northwest end of the field area (figures
14 and 17, Plates 1 and 2).
2. Lower Alapah
The lower Alapah is 110 meters thick. The lower Alapah is very uniform in
lithology, consisting almost entirely of massively bedded, 0.25 to 1 meter thick
coarsening upward sequences (figure 14). These have dark colored mudstone at the base
and coarsen upward to rudstones and floatstones containing >1-3 cm rugose corals.
Grainstones and packstones are less common in the section.
The lower Alapah behaves as a competent or rigid unit in observed folds in the
study area. Bed contacts are well defined and correspond to mechanical contacts. Local
slip indicators such as fault gouge, en echelon vein sets, and even bed scale fault bend
folds suggest tectonic transport to the north within the lower Alapah in the flat thrust
panel of Lisburne (figure 14, Plates 1 and 2).
3. Middle Alapah
The defining characteristic of the middle Alapah is the thinly bedded nature of the
unit. The middle Alapah is approximately 70 meters thick and consists of 0.25 to 0.5
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meter thick cycles with shale and mudstone bases that coarsen upward to wackestones
and packstones.
The middle Alapah tends to behave less competently than the lower Alapah, and
appears to be the site of significant thickening within the lower Lisburne. Shales at the
bases of cycles are undeformed in the middle Alapah in the flat thrust panel of Lisburne
Group, but minor parasitic folding and/or bed parallel shear within this unit are observed
in the box anticline in the southern fold train.
D. Upper Lisburne: lower Wahoo and upper Alapah
1. Upper Alapah:
The upper Alapah is approximately 260 meters thick. The lithostratigraphy in the
upper Lisburne section is heterogenous in nearly all aspects, and consists primarily of
massively bedded, light gray colored grainstones and packstones (figure 14).
Stratigraphic bed thicknesses are decimeter scale, with cycles two to tens of meters thick.
Gradational contacts are also observed, usually in decimeter scale coarsening upward
packages. Nodular and lenticular chert are abundant in the section. Nodular cherts are
generally less than 0.5 meter in diameter and lenticular cherts are usually less than 1
meter long and are oriented parallel to bedding, although obliquely oriented lenses were
observed. Cherts are almost everywhere shattered by numerous fracture sets of variable
orientation.
The upper Alapah tends to be the most structurally competent unit in the section,
and defines the map scale fold geometry in the area. Mechanical boundaries commonly
correspond to stratigraphic cycle boundaries where major bed parallel slip has been
documented throughout the study area.
2. Lower Wahoo:
The lower Wahoo is relatively thin and discontinuously exposed, ranging from 0
33 meters, and consists of rubbly crinoid bryozoan limestones of unknown bed thickness
(due to poor exposure) (figure 14). Mechanically, the lower Wahoo is relatively
competent, although its thickness and proximity to the relatively incompetent Sadlerochit
Group probably affects its mechanical behavior.
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E. Sadlerochit Group
The Sadlerochit Group is Permian to Triassic in age and unconformably overlies
the upper Lisburne (Wahoo and upper Alapah) in the field area (figure 14). A few meters
of dark colored shale that are probably equivalent to the Echooka Formation were
observed above the contact with the Lisburne Group although most of the Sadlerochit in
the field area consists primarily of interbedded dark brown pyritic siltstones and
sandstones. Bedding is commonly obscured by strong axial planar foliation.
The Sadlerochit Group appears to behave relatively incompetently since fold
hinges commonly converge in this unit, although it is difficult to document the scale of
folding in the Sadlerochit due to poor exposure and lack of traceable bed surfaces.
5.2.2. Folds
The general structure of west Porcupine Lake valley is characterized by strongly
asymmetric, gently to moderately NE plunging folds that involve Sadlerochit siltstones,
Lisburne Group carbonates, and probably Kayak Shale (figure 16, Plates 1 and 2). These
are map scale (300-1000 m high in outcrop) folds with interlimb angles ranging from
approximately 130° to 30°.
Two different styles of folding are present in the two fold trains in the study area.
The northern fold train is characterized by west plunging (10-15°), north vergent
asymmetric anticlines with planar limbs and curved or bifurcated anticlinal hinges
(interlimb angles ~85-127°) (figure 18, Plate 2). Synclinal hinges are curved where
interlimb angles are large (127° in Open Syncline, figure 18), but angular where interlimb
angles are small (107° in Camp Syncline, figure 19). Two types of anticlines characterize
the southern fold train (figure 20, Plate 2). The northernmost anticline in the southern
fold train is a moderately west plunging, close symmetric anticline that is overturned to
the north (interlimb angle 36°). The backlimb of the close anticline shares a syncline
with the second type of anticline, which is a north vergent, asymmetric box anticline
(interlimb angles: ~90° between forelimb and crest, 35-45° between crest and backlimb)
(figures 16 and 20). The most obvious difference between folds in the northern and
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southern fold trains is the scale of folding: folds in the southern fold train have
significantly longer limbs (figure 16). Another obvious difference is that no box
anticlines are present in the northern fold train, whereas the largest fold in the southern
fold train is a box anticline. These folds are discussed in more detail in chapters 7 and 8.
Pervasive axial planar dissolution cleavage is present in the hinges and forelimbs
of steeply inclined anticlines in the northern fold train, as well as throughout the
Sadlerochit Group in the entire study area. Spaced dissolution cleavage is present in the
limbs of the southern fold train; however, the distribution of pervasive dissolution
cleavage was not completely documented in the southern fold train since the crest and
backlimb of the fold were not documented in detail. In the Lisburne Group, axial planar
dissolution cleavage maintains constant orientation regardless of bed dip in a variety of
different folds in the study area.
5.2.3. Thrust faults
The only major thrust fault in the study area lies in the northwest end of the field
area at the north end of a flat panel of Lisburne Group carbonates (Plate 2 and figure 16).
The next major thrust is south of the field area and forms the northern edge of the local
topographic and structural range front of the Phillip Smith Mountains (figure 15).
Exposures to the west of the field area show that the Sadlerochit Group underlies at least
the northern kilometer the flat panel of Lisburne Group, which constrains the minimum
displacement on the thrust to 1 km (figure 17 and 21). Significant top to north slip on
bed surfaces in the lower Alapah and Wachsmuth in this thrust panel is indicated by en
echelon vein sets, bed scale duplexing, and fault gouge between bed surfaces. Some
meter scale asymmetric folding is present in the Wachsmuth, although most of the
Wachsmuth in the flat panel is not folded.
5.2.4. Normal faults
Three sets of normal faults are present in the study area: Set 1) a NE-SW striking,
predominantly SE dipping set; Set 2) a NW-SE striking, SW dipping set; and Set 3) an E
striking; S dipping fault (Plates 1 and 2, figure 16). Normal faults of Set 1 are sub
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parallel to the regional strike, and appear to be concentrated both in the relatively gently
folded flat panel in the northwestern end of the field area (figures 16 and 17, Plates 1 and
2) and near the hinges of some of the major anticlines in both the northern and southern
fold trains (figures 16, 18 and 20). The displacement on faults of set 1 is usually a few
tens of meters, although the normal fault that truncates the forelimb of Open Anticline
may have more than 100 meters of displacement (figures 16 and 18). The flat panel and
the thrust are truncated by normal faults of Set 1 at the northern end of the panel (Plate 2,
figures 16 and 17). Set 2 normal faults are sub-perpendicular to the regional strike and is
best exposed in the southeast end of the field area (figure 20: “Transverse Structure”),
although many of these faults likely continue to the northwest (Plate 2). Fold geometry
changes across normal faults of this set, most obviously recognized by a general eastward
tightening of folds in the northern and southern fold trains. The transverse normal faults
are down to the west, with tens of meters of displacement. Set 3 actually includes only
one normal fault, but is included as a major “set” because of its anomalous orientation,
large displacement and lateral extent. This fault is oriented oblique to the regional strike
and has arguably the largest displacement of any of the faults in the study area (>100
meters), with a down-to-the-south sense of displacement.
Normal faults of all three sets contain coarse white calcite veins that range from
less than a meter to a few meters in thickness. White calcite veins locally enclose
brecciated fragments of the surrounding carbonates. Calcite crystals within the veins of
Sets 1 and 3 are brecciated, and contain brittle fabrics and polished fault surfaces
containing slickenlines and crystal fiber lineations indicating normal shear. One normal
fault of Set 1 that truncates the hinge of the box anticline in the southern fold train is
offset by flexurally slipped bed surfaces (figure 20). Brittle structures associated with a
well exposed normal fault (Set 1) at the southern end of the flat thrust panel in the
northern part of the field area include steeply dipping extension fractures that terminate at
the fault, numerous en echelon extension vein sets with normal senses of shear in the
hanging wall, and conjugate extension fractures along the hinge of a footwall drag fold
(figure 22).
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5.3. Interpretations
5.3.1. Stratigraphic thicknesses
In the study area, the relative thicknesses of are important in defining the
mechanical stratigraphy, interpretation of the geometry and mechanism of folding, and
cross section construction.
Relative thickness of the Kayak Shale vs. Lisburne Group
The mechanical behavior of the Kayak Shale is uncertain due to a lack of
significant exposure and poorly constrained thickness. In the northeastern Brooks Range,
it acts as a very mobile regional detachment unit; however, the Kayak Shale tends to be
stratigraphically thicker to the north (100-200 meters) (Wallace and Hanks, 1990,
Atkinson, 2002) than in the single measured section to the south (~100 meters: Paul
McCarthy, personal communication, March 2002). The Lisburne Group also is thicker in
the Phillip Smith Mountains than in detachment folds to the north. Approximately 500
meters of Lisburne are present in the northern northeastern Brooks Range (Atkinson,
2002); however, the Lisburne Group in the Porcupine Lake area ranges in stratigraphic
thickness from 515 meters to approximately 815 meters (Michelle McGee, personal
communication, March 2000).
Since the mechanical behavior of a given unit is affected by the relative
thicknesses of the adjacent units (Ramsay and Huber, 1987), an increase in stratigraphic
thickness of the Lisburne relative to the Kayak Shale could hamper disharmonic folding
and thickening in the Kayak Shale. The only suspected outcrop of Kayak Shale in the
study area, while only a few meters square, shows no evidence of small scale
disharmonic folding or thrust faulting. It is difficult to predict whether major
disharmonic folding and thickening occur in the Kayak Shale in the field area. If the
Kayak Shale is sufficiently thin with respect to the Lisburne and underlying clastic rocks,
then its effectiveness as a detachment unit might be reduced such that instead of
facilitating buckle folding its bed thickening or thinning, the Kayak Shale may facilitate
bed parallel slip (Erickson, 1996).
Relative thicknesses within the Lisburne Group
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The thickness of the upper Lisburne is assumed to be relatively constant across
the field area (figure 15) (McGee and others, 2001). Minor changes (22 meters) in
thickness of the Wahoo are likely related to erosion along an unconformity atop the
Lisburne. The full thickness of the upper Alapah was only measured at section EF2 in
the backlimb of East Fork Box fold (figures 15 and 20) (McGee and others, 2001), so any
thickness changes in that part of the Lisburne Group are unknown. The thicknesses of
the middle and lower Alapah are consistent across the field area, varying by only 4
meters.
The thickness of the Wachsmuth is somewhat unclear. The northern panel of
Lisburne in the field area appears to have a relatively complete section (including the full
Wachsmuth thickness) if the suspected Kayak Shale outcrop 1) is actually Kayak Shale
and not a shaly portion of the Sadlerochit and 2) is in normal stratigraphic order with the
overlying Lisburne above. The preferred hypothesis is that the Kayak Shale is in normal
stratigraphic order since 1) meter scale outcrops of sulfurous, fissile black shale have not
been observed in the Sadlerochit Group and 2) bedding orientation in the outcrop of
Kayak Shale is similar to that of the Lisburne that overlies it, implying a stratigraphic
relationship between the two outcrops.
5.3.2. Mechanical stratigraphy
The Kayak Shale is an effective regional detachment in the northeastern Brooks
Range (Wallace and Hanks, 1990), although only one possible, non-folded outcrop is
observed in the study area, leaving its mechanical behavior in the area uncertain. The
mechanical stratigraphy of the Lisburne Group in the study area can be separated into two
major packages: the upper Lisburne, which is the most competent structural unit that
defines the map scale folds in the area, and the lower Lisburne which behaves less
competently than the upper Lisburne (figure 16). The Sadlerochit Group in the field area
is predominantly siltstone and shale, has pervasive foliation, and is significantly less
competent than the Lisburne Group.
The effect of significant stratigraphic thickness changes on mechanical
stratigraphy in the study area appears to be relatively minor. Bed parallel slip is the
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dominant structural style. North vergent bed parallel slip is common, especially in the
flat thrust panel, and is likely associated with pre-folding thrust shear strain since bed slip
and bed scale duplexing increase near the base of the section in the flat thrust panel (Plate
2, figures 14 and 21). Thickening by disharmonic folding of units is rarely observed in
the field area, although preferential exposure of the competent upper Lisburne may bias
this observation.
5.3.3. Normal faults
Normal faults in the area fall into three sets: NE-SW striking (Set 1), NW-SE
striking (Set 2), and E-W striking (Set 3). Brecciated, faulted and foliated vein fill along
normal faults of Sets 1 and 3 indicate opening, probable displacement, and crystallization
of veins followed by brecciation and faulting under brittle conditions. This indicates that
normal faulting occurred either as a continuous process, or as two distinct events: one
during crystallization of calcite veins and one during brittle deformation.
Normal faults of Set 1 that truncate folds near anticlinal hinges (figures 18 and
20) are either 1) fold accommodation faults (Mitra, 2002) that formed during folding as a
consequence of shear and hinge collapse, 2) faults that modified folds during a postcompressional phase of extension, 3) thrust faults that were later reactivated as normal
faults, or 4) a combination of any of these three possibilities. Offset of one normal fault
of Set 1 along flexurally slipped bed surfaces indicates that minor folding post-dates at
least one phase of normal faulting. It is possible, albeit unlikely, that normal faults now
cutting hinges were present when the rocks were flat lying, although when unfolded, the
dip direction and sense of shear is consistent with many of the normal faults being north
dipping reverse faults.
NW-SE striking normal faults of Set 2 are perpendicular to the trend of fold axes
and consistently dip SW (Plates 1 and 2, figure 20b). Changes in fold geometry along
strike and across these faults indicate that they may have originated as transverse fold
accommodation faults that formed or were reactivated as normal faults. The E-W
striking normal fault (Set 3) cross cuts fold hinges and clearly post-dates folding,
indicating at least one phase of post-folding extension in the area (Plate 1).

46
While some normal faults may be related to folding, the numerous normal faults
found in the field area are atypical for the Brooks Range. The prevalence of normal
faulting in the area at different orientations and structural positions implies that normal
faults are not all related to local fold related stresses, but to more regional extension at the
scale of the field area. Several hypotheses might explain the presence of both the
Porcupine Lake structural low itself and the normal faults associated with it. These
include some combination of the following (Wes Wallace and Cathy Hanks, personal
communications, September 2000): 1) extension above the trailing edge of the basement
thrust sheets that form the major structures of the northeastern Brooks Range; 2)
extension of the Mississippian and younger rocks over the buried edge of a Devonian
rifted continental margin; 3) normal faulting in the west associated with inversion of an
isolated Devonian basin in the east; and 4) segmentation of the thrust front by transverse
normal faults due to a combination of a complex basement topography and lateral
variations in the amount and distribution of shortening.
5.3.4. Relative timing of structures
The timing of thrusting relative to folding in the northern and southern fold trains
in the study area is unknown.
Pervasive axial planar dissolution cleavage in the northern fold train is interpreted
to occur in the late stages of folding, since the cleavage maintains constant orientation
regardless of bed dip. Further documentation of dissolution cleavage orientation in
different structural positions is required to determine whether axial planar dissolution
cleavage pre- or post-dates folding in the southern fold train.
Based on this study, the majority of normal faulting appears to have occurred after
at least one phase of compressional deformation. Normal faults of Sets 1 and 2 may have
been concurrent with or post-date folding. The normal fault in Set 3 post-dates folding
based on the fact that it cross cuts major fold hinges. Different orientations of normal
faulting may also correspond to different events in time since the relative timing of each
normal fault set is unknown.
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Figure 14: Generalized lithostratigraphy and mechanical stratigraphy in west Porcupine Lake Valley. With the exception of the Wachsmuth Limestone,
relative thicknesses in the stratigraphic section are accurate for units within Lisburne Group. Location of this section (“WF”) is shown in figure 15.
Descriptions, thicknesses, depositional environment interpretations and photo are courtesy of Michelle McGee.
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Figure 15: Location of stratigraphic sections in the West Porcupine Lake valley and Marsh Fork areas.
Notice the significant difference in thickness of the Wachsmuth Limestone at Marsh Fork field area
compared to the West Porcupine Lake Study Area. Map area outlined is shown in Plate 1. NF and FW
sections are labeled in the map area. Thicknesses and correlations are courtesy of Michelle McGee
(personal communication, March 2000, McGee and Whalen, 2001)
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Figure 17: Northwest view of the flat panel of Lisburne Group in the field area. a) Annotated version, b) Uninterpreted. Key to annotated lines: normal
faults-solid and dotted white, axial traces-dashed black, and stratigraphic contacts-dashed white. Normal faults with significant displacement (>10
meters to 10's of meters) are shown and are localized at the northern and southern ends of the flat panel. Small displacement normal faults (<10 meters)
are present throughout the flat panel (not shown). (Photos courtesy of Michelle McGee)
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Figure 18: Northeast view of Open Anticline and Syncline. a) uninterpreted, b) annotated. Key to
annotated lines: faults-solid white, axial traces-solid black, and representative bed surfaces: dashed white.
Locations (OS1-6 and OA1-3) correspond to fracture sampling locations. Detailed sampling of fracture
spacing was conducted at underlined sample locations. The interlimb angle across the frontal hinge of Open
Anticline is 50°, and 145° across the rear hinge. Open Syncline has an interlimb angle 125°.
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Figure 19: West view of Camp Syncline. a) Uninterpreted, b) annotated. Key to annotated lines: axial
traces-solid black, representative bed surfaces-dashed white. Locations (F5-12 and UCS1-7) correspond to
fracture sampling locations. Detailed sampling of fracture spacing was conducted at underlined sample
locations. The interlimb angle of the main hinge of Camp Syncline is 107°.
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Figure 20: East view of folds in the southern fold train. a) Uninterpreted, b) annotated. The box anticline in
this photo corresponds to East Fork Box Anticline on Plates 1 & 2. Key to annotated lines: faults-solid
white, axial traces-solid black, fold hinges (not angular hinges) dotted black, and representative bed
surfaces: dashed white. Dotted faults and hinges are inferred.
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Figure 21: Southwest view of the flat panel of Lisburne Group immediately to the west of the field area. a)
Uninterpreted, b) annotated. Key to annotation: normal faults-solid and dotted white, thrust faults-dotted
black, and representative bed surfaces-dashed white. Note that Sadlerochit Group is in thrust contact with
the overlying upright Lisburne Group carbonates for as far south as the Sadlerochit is exposed.
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Figure 22: Southernmost normal fault in the flat thrust panel. a) Uninterpreted, b) annotated. This normal fault is along strike
with the southernmost normal fault in the flat thrust panel of Lisburne in figure 21. Key to annotated lines in b: normal fault:
thick solid white with arrow, bed surfaces: dotted white, extension fractures, solid white with labels.
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6. The Relationship between Mechanical Stratigraphy and Fracture Density and
Character *
6.1. Introduction
The purpose of this chapter is threefold. The first goal is to provide an
introduction to the character and density of the major fracture sets in the study area and
their distribution in the stratigraphy. The second goal is to understand how mechanical
stratigraphy affects fracture spacing (density) by developing a simple numerical or
formulaic model to predict relative fracture density in a stratigraphic interval using three
attributes: lithology, bed thickness, and chert content. The objective of this method is to
accomplish two tasks: 1) to create a method of predicting fracture density based on
specific attributes of the mechanical stratigraphic section in flat lying and folded
stratigraphic sections, and 2) to identify attributes of the mechanical stratigraphic section
that may affect fracture density and determine which attributes (if any) actually affect
fracture density. The third goal is to investigate how structural position on folds affects
fracturing in the stratigraphic section by comparing fracture density in stratigraphic
sections in flat-lying stratigraphy to fracture density in stratigraphic sections in the steep
limbs of two asymmetrical folds with different interlimb angles.
The results of this part of the study suggest that predictive models of fracture
density in a stratigraphic section require knowledge of a number of attributes beyond
lithology, bed thickness, chert content, and structural position.
6.2. Observations of fracture orientation and character in the stratigraphic sections
Lithostratigraphic and fracture spacing data were collected at four stratigraphic
sections. Fracture data were collected using method 3 described in section 4.2; a rough
estimate of fracture spacing was obtained by counting the number of fractures
(perpendicular to the fractures) of each set in a half-meter interval. Sampling fracture
spacing at 0.5 or 1 meter intervals in a stratigraphic section gives a relative estimate of
the fracture density.
*

To be submitted for publication in the Geological Society of America Bulletin
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The four sections sample stratigraphy across a range of structural domains
representing variable amounts of shortening and flexural slip. “Forks Canyon” section
(figure 23) and “Forks Wahoo” section (figure 24) sample fracture density in the flat
thrust panel of Lisburne Group (figures 16 and 17). These sections are intended to
represent relatively non-folded stratigraphy; however, since the flat-lying rocks 1) may be
in the hanging wall above a thrust flat and 2) the actual footwall ramp is not exposed in
the field area (see section 5.2.3.), it is difficult to rule out the possibility that fracturing in
these sections may be affected by displacement through hinges resulting from bending
over a thrust lower flat to ramp transition, and un-bending over a ramp to upper flat
transition similar to the hindward hinges in a fault bend fold (figure 13). This process
passes rock units through a synclinal and anticlinal hinge, which would likely produce a
variety of strains throughout the thrusting process, including tangential longitudinal strain
parallel to the dip direction of the ramp. Since the transition from lower flat to ramp
requires a synclinal bend (figure 13), one might expect compression in the upper portions
of the section and extension in the lower portions, followed by the opposite sense as the
stratigraphic section passes over a ramp to upper flat, forming an anticlinal bend. While
both compressional and extensional structures were observed in the section, it is difficult
to identify these as the result of bending related to passage over a ramp.
“Forks Canyon” section and “Forks Wahoo” section are also in the footwall of
E-W to NE-SW striking normal faults with tens of meters of displacement (figure 17b).
Due to the proximity of the sections to normal faults, some fracture sets are likely related
to normal faulting. Fracture sets interpreted to be associated with normal faulting are
discussed later in this chapter.
“MS1” section in the backlimb of Camp Syncline (figure 25) and “MS2” section
in the backlimb of Open Syncline (figure 26) sample fracture density in similar structural
positions in two folds with different interlimb angles (figures 18 and 19). Open Syncline
represents a syncline with a relatively large interlimb angle (125°), while Camp Syncline
represents a syncline with a smaller interlimb angle (107°). A description of each
stratigraphic section and the fracture sets present in each section follows. See section
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5.2.1 for detailed discussions of the relevant lithostratigraphy and mechanical
stratigraphy of each unit.
6.2.1. Lower Lisburne in the Flat Panel:
The “Forks Canyon” section, hereafter referred to as “FC” section, samples 22
meters of lower Alapah and approximately 58 meters of middle Alapah (figure 17b). FC
section is in the flat panel of Lisburne and is primarily in the footwall of an
approximately E-W striking normal fault with less than 20 meters of displacement.
Two major fracture sets are present in the lower Lisburne section: a N-S striking
set and an E-W striking set (figure 27a). N-S striking fractures are generally steeply
dipping sets of extension fractures with generally between 1-5 mm, but up to 20 mm of
calcite fill, some of which have vertical slickenlines and crystal fiber lineations indicating
a normal sense of shear (figure 27a: B’s). N-S striking fractures in the lower Alapah
have large aperture (usually 1-10 mm), cross bed contacts, and usually terminate
internally within beds (figure 28). N-S striking fractures in the middle Alapah usually
have 1-5 mm calcite fill and terminate against bed contacts or other N-S striking
fractures. In cross section and pavement outcrops, N-S striking fractures are steeply
dipping sets of en echelon fractures, generally indicating normal and strike slip shear
(both sinistral and dextral).
E-W striking fractures are steeply dipping extension fractures with 1-3 mm of
calcite fill (figure 27a: G’s). E-W striking fractures are similar in character to N-S
striking fractures in that they terminate against bed contacts in the middle Alapah, but
cross bed contacts and occur in en echelon sets that indicate a normal sense of shear in
the lower Alapah. Vertical slickenlines and crystal fiber lineations indicating normal
senses of shear are present on the calcite fill of some E-W striking extension fractures,
indicating opening and fracture filling followed by later slip. E-W striking fractures
usually terminate against N-S striking fractures.
Other sets of extension fractures are observed, though the different sets do not
maintain consistent orientation throughout the stratigraphy, or are not present in
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significant enough numbers to break them out as a set (figure 27a: A’s). Fractures of
this type include: 1) “Low angle fractures,” which are defined as sets of en echelon
extension fractures at low angles with respect to bedding (5-25°), with the en echelon
sets oriented sub-parallel to bed-parallel slip surfaces. En echelon sets indicate top to
north shear parallel to and along bed contacts that are sub-horizontal. Low angle
fractures dip N and have up to 5 mm of calcite fill. 2) Small scale (<20 cm fracture
height) en echelon sets of extension fractures at various orientations are also present
throughout the stratigraphic section. Because these fracture sets are relatively
uncommon, but appear to be affected by mechanical controls like bed slip, these fractures
have been grouped as one set.
In general, N-S striking, E-W striking and other fracture sets appear to follow
similar trends with respect to fracture density in the stratigraphic section (figure 23). One
significant peak in the total number of fractures is present at the base of the middle
Alapah, and is mainly due to N-S and E-W striking fractures.
6.2.2. Upper Lisburne in the Flat Panel:
The “Forks Wahoo” section, hereafter referred to as “FW” section, samples the
lower portion of the upper Alapah (figures 17b and 24). The section is in the footwall of
a NE-SW striking, SE dipping normal fault with tens of meters of displacement (figure
17b). The upper third of the section approaches the normal fault where NE-SW striking,
S dipping (70-80°) shear fabrics, minor fault surfaces, and extensional fracturing are
present.
There are five major fracture sets in the FW section: 1) a N-S striking set, 2) an E
W striking set, 3) a NW-SE striking set, 4) a NE-SW striking set, and 5) an ESE striking
set (figure 27b).
1) N-S striking fractures are locally swarms of steeply dipping en echelon extension
fractures (figure 27b: B’s), with up to 25 mm of calcite fill (usually 0.5-3 mm). The
plane formed by en echelon fractures strikes N-S and is commonly near vertical, with
both down to the east and west shear senses. Some N-S striking fractures cross bed
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contacts, although most are localized within decimeter scale beds (figure 29). Due to the
differing character of N-S striking fractures, more than one generation of N-S striking
fractures is likely. N-S striking fractures are present throughout the stratigraphic section,
with peaks in fracture density associated with wackestones (figure 24).
2) E-W striking fractures are extension fractures (figure 27b: G’s), usually with 0.5-2
mm of calcite fill. E-W striking fractures usually terminate laterally against N-S striking
fractures and vertically against bed contacts, although some N-S striking fractures
terminate against E-W striking fractures. E-W striking fractures are present throughout
the stratigraphic section with peaks in fracture density associated with wackestones
(figure 24).
3) NW-SE (125-165° strike) fractures (figure 27b: H’s) are en echelon sets of extension
fractures with normal senses of shear at angles between 45-60° to bedding. The strike of
the en echelon set is similar to the strike of fractures, and the sets and fractures dip NE
and SW (figure 29). NW-SE fractures generally have 1-3 mm of calcite fill and cross bed
contacts. Fractures of the NW-SE striking set terminate against the N-S striking fracture
set in at least one location. NW-SE striking fractures are well developed between the 30
and 84 meter increments of the stratigraphic section, but are not present below that
interval (figure 24).
4) ESE striking fractures (100-125° strike) form en echelon sets of extension fractures,
with 1-5 mm of calcite fill (figure 27b: R’s). En echelon sets of extension fractures with
normal shear sense strike parallel to the fractures that form them, and generally dip 60
90° to the NE and SW. Fractures of the ESE striking set both cross and terminate against
bed contacts and exhibit mutually terminating relationships with the NW-SE striking set
(#3 in this section). ESE striking fractures are distinguishable from E-W striking
fractures due to their slight difference in orientation and the fact that ESE striking
fractures are found in meter scale swarms of en echelon sets of extension fractures with
normal shear sense, whereas E-W striking fractures are not found in en echelon sets
(figure 27b). The ESE striking set is well developed above the 33 meter increment in the
stratigraphic section (figure 24).
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5) A fifth fracture set striking NE-SW (210-230°, 50-60° SE) is locally present (figure
27b: A’s), although this set is not well developed. NE-SW striking fractures generally
have small apertures and little to no calcite fill and since no ornamentation is preserved
on fracture faces it is unclear whether these are shear or extension fractures. This fracture
set is better developed in the uppermost 20 meters of the section near NE-SW striking
shear fabrics of the same orientation.
6.2.3. Upper Lisburne in the backlimb of Open Syncline:
MS2 section samples the middle to upper part of the upper Alapah (figure 18b).
Although the section is in a relatively planar panel of the upper Alapah that was likely not
subject to large amounts of curvature, some other important observations deserve
attention. Bed parallel slip surfaces were documented throughout the section that
probably affect fracture density and character (figure 25). Slip surfaces contain fault
gouge, folded vein sets near the slip surface, numerous minor faults and shear fractures
likely associated with bed parallel slip, and many other minor features indicating that slip
was localized along these bed contacts. Slip sense is dominantly top to north, although
top to south shear was locally documented.
The scale of bedding in Open Syncline section appears to be much larger than in
the flat panel (figure 25). This observation may be somewhat misleading since the two
sections were measured using different methodologies for recording bed thickness. In the
flat lying section, carbonate cycle thickness, which is defined by lithologic changes and
not actual mechanical interfaces, was recorded (by stratigraphers). In the Open Syncline
section, cycle boundaries were ignored and only mechanical boundaries were recorded
(by a structural geologist).
Five fracture sets are present in MS2 section. Fracture sets have been divided
based on orientation, character and dip for the purposes of observing trends in fracture
density in the stratigraphic section. Fracture orientation and character in Open Syncline
are discussed further in chapter 7.
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1) NE-SW striking (55-85° strike), NW dipping fractures and veins, or “Low angle
fractures” (figure 30a: S’s), have between 2-10 mm of calcite fill, are at low angles with
respect to bedding, and are found in en echelon sets whose orientation is parallel to bed
surfaces on which slip has occurred (bed-parallel slip surfaces). Beds slip surfaces in the
backlimb of Open Syncline strike NE-SW and dip (~50°) NW and en echelon sets of
Low angle fractures always indicate a down to NW sense of shear. Low angle fractures
are 1-20 cm in height and commonly terminate at bed-parallel slip surfaces with apertures
that taper away from bed-parallel slip surfaces (figures 31 and 32). Fractures and veins
of this set are locally sheared and folded in a down to NW sense. Low angle fractures are
locally cross cut by NW-SE striking and ESE striking fractures (sets 3, 4, and 5 below) in
the stratigraphic section.
2) NE-SW striking (25-70° strike), SE dipping extension fractures (figure 30a: Q’s) with
1-5 mm calcite fill are generally 10 – 100 cm in height, are oriented at high angles with
respect to bed contacts, and commonly terminate against bed contacts (figures 31 and
32). Fractures of this set are abundant at bed slip contacts and are locally folded,
flattened, and penetratively deformed by dissolution cleavage. Fractures of this set are
present almost entirely throughout the stratigraphic section (figure 25).
3) ESE striking (90-120° strike), SW dipping extension fractures (figure 30a: A’s) with
0-2 mm calcite fill are commonly 1-5 meters in height and cross bed contacts. Fractures
of this set are not present throughout the stratigraphic section. ESE striking, NE dipping
fractures (#4 in this section) exhibit mutually terminating relationships with this set.
4) ESE striking (90-130° strike), NE dipping extension fractures (figure 30a: H’s) are
between 10 cm and 2 meters in height, commonly with 1-2 mm of calcite fill. ESE
striking fractures commonly form en echelon sets with normal shear sense parallel to
ESE striking, SW dipping fractures (#3 in this section). One approximately 5 meter wide
fracture swarm of this orientation is present near the 20 meter interval in the section.
Fractures of this set are present throughout the majority of the stratigraphic section
(figure 25).
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5) N-S striking extension fractures (figure 30a: B’s) with 0-3 mm calcite fill are present
in near vertical sets of en echelon fractures with normal shear (down to east and west
sense). Fractures of this set range in height from 5 cm to 1.5 meters. The majority of
fractures of this set cross bed contacts and terminate within beds or against other fractures
of similar orientation. Swarms of this set spaced 50-100 meters apart form steep gullies
that cross cut folds and dissolution cleavage in the area, commonly forming prominent
cliffs in the area (figure 31b). Similar N-S striking fractures are present throughout most
of the stratigraphic section (figure 25). N-S striking fractures exhibit mutually
terminating relationships with ESE striking fractures.
6.2.4. Upper Lisburne in the backlimb of Camp Syncline:
Despite limited exposure in MS1 section in the backlimb of Camp Syncline
(figure 19a), important observations can still be made. Bed parallel slip surfaces were
documented in the stratigraphic section, although exposure limits the documentation of
all of the important slip surfaces (figure 26). Perhaps most striking in the stratigraphic
section are the large peaks in fracture density in the stratigraphic section, which
correspond to shattered wackestones and packstones that commonly contain or are
adjacent to chert bearing beds (figure 26). Shattered horizons are not continuous,
tapering out laterally over a few meters with no apparent change in lithology, bed
thickness, or chert content. The magnitude of fracturing in the shattered intervals in
Camp Syncline is significantly larger than shattered intervals in other stratigraphic
sections in the field area. For example, the more shattered intervals in the Open Syncline
backlimb section generally contain approximately 40 fractures per 0.5 meters, whereas
the more shattered intervals in Camp Syncline area contain 60-100 fractures per 0.5 meter
(figures 24, 25 and 26).
Fractures in MS1 section are grouped into three sets: 1) N-S striking fractures, 2)
E-W striking fractures, 3) other fracture sets that do not maintain a consistent orientation
throughout the stratigraphic section. Other fracture sets are present in the backlimb of
Camp Syncline, but were not observed in the stratigraphic section. These fracture sets
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are discussed in a later chapter and include N-S and NW-SE striking fractures similar in
character to those observed in FW and MS2 sections.
1) N-S striking extension fractures (figure 30b: B’s) have 0.5-2 mm of calcite fill, are
generally less than a meter in height, and terminate against bed contacts. N-S striking
fractures are locally in sub-vertical sets of en echelon extension fractures. The en
echelon sets strike N-S with very little angular deviation between the strike of the set and
the strike of each fracture. Some N-S striking fractures in Camp Syncline cross cut
dissolution cleavage, indicating that there may be multiple generations of N-S fractures.
2) E-W striking fractures in MS1 section are highly variable in orientation (figure 30b:
G’s), and height, ranging from 10 cm to 3 meters, and in strike from ~55 to 90°.

Fractures of this set both terminate against and cross bed contacts, and have between 0
and 2 mm of calcite fill. E-W striking fractures exhibit mutually terminating
relationships with N-S striking fractures.
3) Other fracture sets consist of a variety of fracture sets (figure 30b: A’s), the majority
of which are extension fractures with 0-3 mm of calcite fill. This method of grouping is
similar to the method used in FC section, such that “other” fracture sets include the
following: 1) Low angle fractures, which are N dipping extension fractures with up to 5
mm of calcite fill. These fractures are at low angles with respect to bedding (5-25°) and
are present along bed-parallel slip surfaces with down to north sense of shear. 2) small
scale (<20 cm fracture height) en echelon sets of extension fractures at various
orientations that are commonly localized within beds.
6.3. Relative age and possible origin of fractures in the study area
Fractures in the study area can be distinguished by their relationship to axial
planar dissolution cleavage and penetrative deformation (table 1). As described in
section 6.2, N-S and E-W striking fractures exhibit mutually terminating relationships
and locally cross cut dissolution cleavage, which suggests that they are composed of
subsets of fractures with different timing and origin. These subsets were not
differentiated in section 6.2 since subsets of fractures cannot be differentiated easily on a
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fracture-by-fracture basis in the field. In this section, N-S and E-W striking fractures are
each subdivided into Sets A and B, which correspond to different sets with different age
and interpreted origin. N-S and E-W Set A are fractures that are interpreted to be early
fracture sets that formed before or during folding. N-S and E-W Set B are fractures that
are interpreted to post-date dissolution cleavage. Due to the association of N-S and E-W
Sets A and B, the timing and origin of the four subsets will be discussed together in
section 6.3.2.
Fractures that predate dissolution cleavage and penetrative deformation include
“Low Angle” fractures, “Filled NE” fractures, and possibly some fractures of N-S Set A
and some fractures of E-W Set A (table 1). Fractures that post-date dissolution cleavage
and penetrative deformation include fractures of N-S Set B, and E-W Set B, and possibly
some fractures of E-W Set A (table 1).
6.3.1. Fractures that pre-date dissolution cleavage
N dipping fractures at low angles with respect to bedding: “Low Angle” fractures
N dipping fractures at low angles with respect to bedding are only found along or
associated with bed-parallel slip surfaces (figure 30a: S’s). Documentation of this
fracture set is commonly difficult in the upper Lisburne, as these fracture sets are filled
and do not form prominent surfaces along which the rocks may break. Hence, their
presence is easily overlooked unless outcrop quality is excellent (table 1). Since these
fractures essentially form an en echelon set of fractures whose orientation is defined by a
bed surface, they are most likely related to differential slip and shear stress along bed
surfaces. In every case, this fracture set dips north, indicating top to north bedding plane
slip (figures 31 and 32). Folding of fractures of this set, as well as the orientation of
foliated fault gouge and slickenlines confirms top to north slip along bed contacts.
Interestingly, no top to south bedding plane slip was documented in the field area, even
where top to south bed slip is expected to account for flexural slip related to fold hinges.
Terminating relationships suggest that this fracture set predates some N-S and E-W
striking fractures. Folded fractures of this set indicate that at least some fractures of this
set pre-date penetrative deformation. These observations can be explained by an early
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phase of top to north shear and slip along bed contacts, possibly associated with thrusting.
It is unclear whether top to north shear occurred during folding.
NE-SW striking fractures: “Filled NE” fractures
NE-SW striking fractures are present in FC (figure 27a: A’s), FW (figure 27b:
A’s), MS1 (figure 30b: G’s), and MS2 sections (figure 30a: Q’s), but are more abundant

in MS1 and MS2, which are both in fold limbs (table 1). Fractures of this set do not cross
bed contacts and are characterized by large apertures with calcite fill (figures 31 and 32).
Folding of Filled NE fractures suggests that these fractures pre-date dissolution cleavage
and pervasive flattening strain, making them one of the earliest documented fracture sets
in the field area. The timing relationship to the Low Angle fractures is uncertain,
although they are similar in that both sets are calcite filled, have been penetratively
deformed, and usually require a freshly broken outcrop surface in order to observe the
set. Due to the association with bed-parallel slip surfaces and the documentation of this
fracture set as one of the earliest in the field area, they can be interpreted either to pre
date or be related to folding. Since these fractures are parallel to the strike of anticlines in
the field area (figure 33a), clearly pre-date penetrative deformation, and are usually
associated with bed-parallel slip surfaces in folded stratigraphic sections they are most
likely extension fractures (Sets 2 and 3 in figure 8) that are related to flexure and bedding
plane slip.
6.3.2. Fractures that post-date dissolution cleavage
N-S to NW-SE striking extension fractures:
N-S striking extension fractures: N-S Set A
N-S striking extension fractures are present throughout the field area (Table1, B’s
in figures 27 a & b and 30b). The most striking examples, and probably the most
uncharacteristic of the N-S striking fractures as a whole, are in the flat panel in the lower
Alapah (FC section),where they have large apertures and cross all bed contacts (figure
28). This is likely due to consistently thick (usually 0.5 meter or greater) beds in the
lower Alapah and relatively uniform lithologies (figure 23). In the middle and upper
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Alapah (FC and FW sections), fractures of the same orientation with smaller aperture (0
2 mm) occur both in sets of en echelon extension fractures that cross bed contacts and as
fractures localized within beds. The difference in character of N-S striking fractures
between the lower Alapah and the middle and upper Alapah is most likely due to the
abrupt changes in lithology and the decimeter scale bedding in the middle and upper
Alapah. The spacing of fractures is also slightly greater in the middle and upper Alapah
(figure 23), which demonstrates that at some level, mechanical stratigraphy does
influence fracture spacing.
N-S striking fractures exhibit mutually terminating relationships with E-W
fractures, which suggests that E-W striking fractures are coeval with N-S striking
fractures, or that there are multiple generations of N-S striking and E-W striking
fractures. Since N-S striking fractures locally cross cut dissolution cleavage, which is
interpreted to have occurred in the latest stages of folding, they must either 1) all post
date folding or 2) be composed of subsets, some of which pre-date, and some of which
post-date folding. The latter hypothesis is favored in this case since it seems unlikely that
no fractures perpendicular to regional strike would be generated before or during the
folding process.
N-S to NW-SE striking extension fractures: N-S Set B
Swarms of en echelon sets of N-S, NNW and NW-SE striking fractures are
common in the upper Lisburne in the flat panel, and in all of the folds observed in the
field area. This set of fractures can be distinguished from N-S Set A by small apertures
(0-2 mm) with little to no fill and the tendency of this set to be found in large swarms of
en echelon extension fractures that cross bed contacts. The orientation of en echelon sets
is commonly parallel to the fractures within the set, and the dip of the set ranges from
sub-vertical to moderately dipping at as low as 60° to the E and W. Unfortunately, the
similarity in orientation and character of some N-S and NNW striking fractures in the
field commonly precludes distinction of the two sets on a “fracture by fracture” basis. In
many places, the two sets must be grouped into one since separating out N-S Set A and
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N-S Set B is impossible without perfect field exposures where the aperture and bed
relationship can be documented for each fracture.
Examples of fracture sets that are dominated by fractures of N-S Set B include
“NW-SE striking fractures” in FW section (H's in figure 27b), and “N-S striking
fractures” in MS2 section (B’s in figure 30a). Other fractures of this set are present in
Camp Syncline, but are not well documented in the stratigraphic section.
The timing of N-S Set B is well documented in the field. In FW section, NW-SE
striking fractures (N-S Set B) consistently terminate against fractures of N-S Set A. In
the backlimb of Open Syncline (MS2 section), N-S to NW-SE striking fractures of
similar character cross cut dissolution cleavage, which suggests that N-S Set B post-dates
folding.
Four hypotheses for the origin of both N-S Sets A and B are listed below:
1) N-S striking fractures of Set A are tectonic joints that formed before folding in
response to low differential stresses and high pore pressures ahead of the advancing
deformation front (Lorenz and others, 1991; Hanks and others, 1997). This scenario is
likely because some N-S striking fractures of Set A appear to be the earliest set of
fractures that are found in the non-folded section, and high pore pressures would explain
how fractures with large aperture could be held open and filled with sparry calcite. Since
all fractures of N-S Set B are interpreted to post-date folding, they cannot be related to
this mechanism.
2) N-S striking fractures of Set A and B are extension fractures (cross joints, or Set 2 in
figure 8) related to extension along strike during folding or due to changes in plunge
along strike. This scenario is plausible since changes in plunge occur throughout the
field area, both in the northern and southern fold trains and in the flat thrust panel, and
since the strike of Open Syncline and Camp Syncline are sub-perpendicular to fractures
of either set (figure 34, Plate 2). Two problems with evaluating this hypothesis are: 1)
the three dimensional evolution of folds and thrusts in the area is very poorly constrained,
and 2) fold axes may have been rotated by NW-SE striking normal faults, such that it is
unclear whether strike perpendicular fractures are related to folding or normal faulting.
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N-S fractures of Set B could be related to this mechanism, although they would have to
form during the late stages of folding.
3) N-S striking fractures of Set B are extension fractures related to a post-folding normal
faulting event. Evidence for this hypothesis includes normal senses of shear on crystal
fiber lineations and en echelon sets of fractures in Set A and Set B. This is a preferred
hypothesis for N-S Set B since normal faulting appears to post-date folding and because
normal faults of Set 2 in the study area generally strike NW-SE (figure 34a).
4) N-S striking fractures are neotectonic joints that formed after the majority of
deformation (Engelder, 1985; Hancock and Engelder, 1989). This hypothesis is also
preferred since N-S striking fractures locally cross cut axial planar dissolution cleavage,
which appears to have formed after or in the latest stages of folding. N-S Set B is the
most likely candidate for neotectonic joints since they post-date folding.
The favored hypothesis is that N-S striking fractures in the field area consist of a
variety of fractures related to all four of these mechanisms, although the majority of N-S
fractures are fractures of N-S Set B, and are probably related either to normal faulting or
unroofing (neotectonic jointing). However, since all of these mechanisms can generate
extension fractures of similar character, distinguishing these fractures in the field is
difficult without the aid of other techniques.
E-W to NE-SW striking fractures
Like N-S striking fractures, E-W to NE-SW striking extension fractures are
present in all four stratigraphic sections and are highly variable in orientation and
character (figure 27a&b: G’s, figure 30: G’s, A’s). In many cases, the variance or spread
in orientation of these fracture sets overlaps with other fracture sets (such as Filled NE
fractures), making them difficult to distinguish in the field. However, two different sets
can be broken out based on orientation, character and distribution in the field area. The
diversity of orientation and character implies a variety of causes for E-W striking
fractures.
E-W striking fractures: E-W Set A
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In FC and FW sections, E-W fractures (27a&b: G’s) can be interpreted either as
cross joints, probably related to a local stress switch in response to the formation of N-S
fractures (Bai and others, 2002), or as fractures associated with normal fault Sets 1 and 3.
Evidence for a cross joint origin of E-W striking fractures includes the fact that E-W
striking fractures are generally found between, and terminating against N-S striking
fractures. Additionally, if E-W striking fractures are due to a regional tensile stress field
and not a local stress switch associated with N-S striking fractures, E-W striking fractures
should be present that do not terminate against N-S striking fractures since they are not
related to local stress fields associated with the N-S striking fractures (Bai and others,
2002). However the majority of E-W fractures seem to be associated with, and terminate
against N-S fractures. Evidence for a normal faulting origin of E-W striking fractures is
limited to the observation that some E-W striking fractures in the FC section are in en
echelon sets of extension fractures with normal senses of shear, which is consistent with
normal faulting. Slickenlines and crystal fiber lineations with normal shear indicate that
E-W striking extension fractures may have been reactivated as shear fractures, which
possibly are associated with normal faulting.
E-W striking fractures are also present in Camp Syncline (MS1) (30b: G’s) and to
some extent, in the backlimb of Open Syncline (MS2) (figure 30a: A’s and H’s near E-W
strike), although these fractures are likely overprinted to some extent by other near E-W
striking fracture sets such as fractures of E-W Set B.
ESE striking fractures: E-W Set B
ESE striking fractures in FW section (figure 27b: R’s) and MS2 section (figure
30a: A’s and H’s) form swarms of en echelon extension fractures with normal shear
sense. In cross sectional exposures in FW section, ESE striking fractures are conjugate
to and coeval with en echelon sets of N-S Set B. By association, this set is interpreted to
post-date dissolution cleavage since N-S Set B cross cuts dissolution cleavage.
Additionally, in FW section this set increases in occurrence and density (spacing
decreases) up-section as the measured section approaches a south dipping normal fault
(figure 24). In MS2 section, swarms of conjugate ESE striking fractures are present,
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although the scale of swarming is much larger in MS2 section, and the relationship to N
S set B is not well documented at this location. ESE striking fractures are most likely
related to an episode of normal faulting since they post-date folding, are sub-parallel to
nearby normal faults, locally increase in density near normal faults, and are found in en
echelon sets with normal shear sense (figure 33b). Curiously, ESE striking fractures of
this character are not present in FC section or in MS1 in the backlimb of Camp Syncline
even though these sections are relatively close to normal faults (figures 27a and 30b,
table 1).
6.4. Developing and evaluating predictive models of fracture density in a stratigraphic
section
Predictive models for fracture density in stratigraphic sections aid in predicting
subsurface fluid flow since fractures commonly serve as pathways for fluid migration.
The purpose of this part of the study is to attempt to develop formulaic models for
fracture density in a stratigraphic section using attributes of a stratigraphic section that
are thought to influence fracture density. Previous studies of fracture density in the
Lisburne Group have focused on the relationship between fracture spacing and carbonate
lithology and bed thickness, finding higher fracture density in finer grained lithologies,
and to some extent, in thinner beds (Hanks and others, 1997). Qualitative field
observations in the study area, such as higher fracture density in wackestones and some
thinly bedded units, are consistent with previous observations of fracture density in the
Lisburne Group. However, exploratory statistical analysis of fracture spacing in the
stratigraphic sections shows no obvious correlation or anti-correlation between lithology
and fracture density (spacing), or bed thickness and fracture density. This suggests that
other factors, or some combination of these factors affect fracture density in the
stratigraphic section.
One factor that may explain some of the variability in fracture density in
stratigraphic sections is the presence or absence of chert in a stratigraphic section.
Because chert is brittle relative to carbonate lithologies, contacts between chert and
carbonates may concentrate the remote stresses that facilitate fracturing. Qualitative field
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observations, such as higher density of fractures adjacent to nodular, lenticular, and
bedded chert, support this hypothesis.
6.4.1. Developing the models
Input variables for the stratigraphic models consist of carbonate lithology, bed
thickness, and chert content, assuming that each variable has an effect on fracture density.
Three different models have been developed that use lithology, bed thickness, and chert
content to predict fracture density. Each model has the same formula, but varies in the
treatment of the lithology variable. The following steps describe how each variable is
treated and normalized in the model. The following steps were completed for each
stratigraphic interval in the stratigraphic section:
Model Variables and Normalization:
A) Stratigraphic variable: Bed thickness
1) Bed thickness (B), a continuous variable, was normalized to 1 (Bn) using the
largest recorded bed thickness in the stratigraphic section (Bmax). Since fracture
spacing is usually proportional to bed thickness when bed thickness is less than a
meter or two (~1.5 meters) (Ladeira and Price, 1981), values were normalized
such that the smallest bed thicknesses have large normalized bed thickness values.
i) Bn = (Bmax – B) / Bmax
B) Stratigraphic variable: Chert content
1) Chert content (C) was ordered on an ordinal scale in order of decreasing
continuity: no chert = 0, bedded chert = 1, lenticular chert = 2, nodular chert = 3.
This scale is based on qualitative field observations of high fracture density near
chert nodules and lenses. Though chert content is a lithology variable, its
treatment as a separate variable is based on the assumption that chert is much
more brittle than carbonate lithologies, and that the large rheological contrast
caused remotes stresses to be amplified near chert-carbonate contacts.
2) Chert content (C) was normalized to 1 (Cn) by dividing each by the maximum
possible nominal value for chert (Cmax = 3).
i) Cn = C / Cmax
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C) Stratigraphic variable: Carbonate Lithology
1) Model 1: Grain Size Model. The lithology scale in Model 1 is based on the
assumption that fractures form more readily in lithologies with smaller grain
sizes. Stratigraphic information is recorded from a grain size or carbonate
lithology curve on a stratigraphic section. Lithologies in Model 1 (L1) were
ordered on a continuous scale (0-6) such that lithologies with smaller grain size
have larger values on the continuous scale. Gradations were also accounted for
using decimal values between whole numbers, such that the scale for various
lithologies is as follows: shale = 6-5.6, mudstone = 5.5-4.6, wackestone = 4.5-3.6,
packstone = 3.5-2.6, grainstone = 2.5-1.6, floatstone, rudstone = 1.5-0.
2) Model 2: Grain Scale Heterogeneity Model. The scale in Model 2 is based on
Brinton’s (2002) interpretation that carbonate grain scale heterogeneities serve as
initiation points for fractures. According to this reasoning, carbonate lithologies
with more heterogeneity of matrix vs grains will have higher fracture density.
Lithologies (L2) were given continuous values such that wackestones have high
values, followed by packstones, grainstones, floatstones and rudstones in
decreasing order. Mudstones and shales have the lowest values since they are the
most lithologically and mechanically homogeneous. Rudstones and floatstones
have lower values than packstones and grainstones since they have similar
characteristics, but larger grain sizes, possibly facilitating larger fracture spacing.
The scale for Model 2 is as follows: wackestones = 6-5.1, packstone = 5-4.1,
grainstone = 4-3.1, floatstone = 3-2.1, rudstone = 2-1.1, mudstone/shale = 1-0.
3) Model 3: Stratigraphic Changes in Lithology Model. The lithology scale in model
3 is based on the assumption that lithologic variation in the stratigraphic section
affects fracture spacing. This model uses the same nominal scale as Model 1
(shale = 6-5.5, mudstone = 5.4-4.6, wackestones = 4.5-3.6, packstone = 3.5-2.6,
grainstone = 2.5-1.6, floatstone, rudstone = 1.4-0), but takes the sum (L3) of the
absolute value of the differences between lithologies at a point in the section (Ly)
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and lithologies within 0.8 m sampled at 0.2 meter spacing (Ly – x meters)
according to the following formula:
i) ⏐L(y) – L(y + 0.2 m) ⏐ + ⏐L(y) – L(y + 0.4 m) ⏐ + ⏐L(y) – L(y + 0.6 m) ⏐ +
⏐L(y) – L(y + 0.8 m) ⏐ + ⏐L(y) – L(y - 0.2 m) ⏐ + ⏐L(y) – L(y - 0.4 m) ⏐ +
⏐L(y) – L(y - 0.6 m) ⏐ + ⏐L(y) – L(y - 0.8 m) ⏐ = L3
ii) This method assumes that the grain scale in Model 1 reflects a continuum of
lithologic and mechanical properties that are significantly different from one
another on a linearly increasing scale. For example, according to this
classification, mudstones (~4) are more rheologically different from
grainstones (~2), than they are from packstones (~3).
4) Lithologies were normalized to 1 (Ln) by dividing each by the maximum possible
nominal value (Lmax = 6).
i) Ln = Li / Lmax, where Li is the lithology value in each model.
Model Structure:
The structure of the predictive models for fracture density in the stratigraphic
section is a fourth order polynomial function as follows:
Fm = aLn4 + bLn3 + cLn2 + dLn + eBn4 + fBn3 + gBn2 + hBn + iCn4 + jCn3 + kCn2 + lCn + m
Where Fm = modeled number of fractures, Ln, Bn, and Cn are normalized lithology, bed
thickness, and chert values, and a, b, c,…, l, m, are constants. The values of the constants
were optimized for each stratigraphic section to give the least error between Fm and the
observed fracture density, Fo, which is the sum of the total number of fractures per 0.5
meters for all fracture sets at a given stratigraphic interval.

Model Validation:
The fit of each model can be evaluated by using the sum square residuals of the
observed fracture density and the modeled fracture density (SSR = square distance
between Fo and Fm) to calculate the goodness of fit statistic: R2 (Swan and Sandilands,
1995). Values of R2 that fall close to 1 suggest a good fit between the data and the
model, whereas values closer to zero suggest a relatively poor fit to the data. A less
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restrictive method of evaluating the fit of the model is to determine the percentage of
stratigraphic intervals for which the models predict fracture density to within one
standard deviation of the observed fracture density. This calculation was completed
using both the standard deviation of the modeled fractures (Fm) and the observed fracture
density (Fo). While this method is sensitive to the variance in the data, it is a more
realistic evaluation of the data since the variance in the data may affect the predictability
of a given data set.
6.4.2. Application of predictive models to stratigraphic sections
The three predictive models agree with the observed data in a gross way, although
each fails at different stratigraphic intervals in different stratigraphic sections(figures 35
38). A first order inspection of Models 1 and 2 shows that they fit the overall trends in
the data fairly well and offer a relatively “conservative” prediction of fracture density
(figures 35-38). Where Models 1 and 2 fail is in their prediction of some of the larger
individual peaks in the section. Model 3 highlights some of these individual peaks in the
section, suggesting that higher fracture densities at these locations may be due to changes
in lithology and/or presence of chert. Model 3 commonly over-predicts fracture density
and fits stratigraphic sections with more lithologic heterogeneity, such as FW and MS1,
better than the other sections.
Table 2 shows that R2 values for each of the models are very low, ranging from
0.10 to 0.53. In the most restrictive sense, this implies that the models are relatively
ineffective at predicting fracture density in the stratigraphic sections. Calculating the
percentage of sample locations for which fracture density was predicted to within 1
standard deviation of the models (fourth row from the bottom of Table 2) also suggests a
relatively poor fit; in all but one case for which the model variance is large (FW-3), the
models predict fracture density to within 1 standard deviation of the model at less than
70% of stratigraphic intervals. Since the standard deviation of the model is an artificially
generated statistic, the standard deviation of the observed fracture density data is also
used to evaluate the data. Since the standard deviation of the data is relatively large (≥6
fractures per 0.5 meter), the percentages of fractures predicted are relatively high (<70%).
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Three hypothesis for the relatively poor fit between the models and the data are:
1) the models did not correctly express the relationships between the explanatory
variables and fracture spacing; 2) other factors besides lithology, bed thickness, and chert
affect fracture density in the stratigraphic section, or 3) vertical fracture swarms that are
not related to mechanical stratigraphic variables account for peaks in fracture density in
the stratigraphic section that were not accounted for in the models. Dolomite and
mechanical packaging are two factors that were not accounted for in the models, although
their effects are likely not enough to produce such a significant scatter in the data.
Vertical fracture swarms, which are defined by changes in fracture spacing perpendicular
to fracture strike, are probably not affected by mechanical stratigraphy since many cross
almost all bed contacts and have similar density in the vertical direction. Unfortunately,
the origin of fracture swarms is unknown, making prediction of fracture swarms difficult
using the current methodology.
An alternative hypothesis for the discrepancy between the data and models may
lie in the grouping of all fracture sets by summing the fracture spacing measurements at
each stratigraphic interval. Since fracture sets in the stratigraphic sections clearly formed
during different stages in the structural history of the study area, variation in the data may
be due to tectonic influence and not mechanical stratigraphic factors. Similarly,
mechanical stratigraphic factors may have different influences on the spacing of each
fracture set that formed under different pressure and temperature conditions or at
different orientations.
Discussion by Section:
Lower Lisburne in the Flat Panel (FC section):
Stratigraphic modeling was most successful in FC section, with R2 values near
0.5, and approximately 80-90% of fracture density predicted to within one standard
deviation of the data (table 2). Since the standard deviation of the data is relatively small
in this case (6 fractures per 0.5 meter), all three models offer relatively good prediction of
fracture density.
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Uniformly low values of fracture density were observed in the lower Lisburne
section except in the 20-30 meter interval, where nodular, lenticular and bedded cherts
were observed (figures 23 and 35). Perhaps most important is that the nodular cherts are
located in mudstones, providing significant rheologic contrast to favor an increase in
fracturing. It is interesting to note that the only other location where chert was present
(near the bottom of the section) was found in rudstones, and corresponds to a relatively
low fracture density.
The relative effect of (stratigraphic) bed thickness on fracturing can be observed
in the upper part of the section (60-74 m: figure 23). This interval is composed of meter
thick mudstones interbedded with thinly bedded lime mudstones and shales (0.1-0.3 m).
Models for fracturing predict high fracture density in thinly bedded lithologies, however,
fracture density in the mudstone/shale interval is relatively low. This suggests either that
bed thickness has a relatively minor effect on fracture density in this section, or that
mechanical boundaries do not necessarily correspond to bed boundaries.
Upper Lisburne in the Flat Panel (FW section):
The upper Lisburne of FW section is characterized by heterogeneity of lithology
and chert content, and homogeneity of bed thickness (figure 24). Fracture densities are
characterized by intense fracturing at specific horizons, shown by peaks in the fracture
density throughout the stratigraphy (figure 24). Relatively higher fracture densities in the
upper Lisburne compared to the more lithologically homogeneous lower Lisburne
suggest a connection between lithologic heterogeneity and fracture density. An
alternative hypothesis is that high fracture density in FW section is the result of its
proximity to a south dipping normal fault with tens of meters of displacement. Higher
fracture density in FW section than in FC section is probably a result of both the
proximity to the normal fault and lithologic heterogeneity.
All three models are somewhat effective at predicting fracture density, but do not
predict some of the largest “peaks” in fracture density in FW section (figure 36). These
largest peaks are located at the boundaries of thick sections of uniform lithologies
(commonly rudstones) that probably represent mechanical boundaries where interlayer
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slip may have been localized. Unfortunately, none of the models seem to predict these
mechanical boundaries since they don’t take thick mechanical packages into account. R2
confirms the poor fit to the data, with values near 0.1 (table 2).
One interval of relatively high fracture density that is not explained by any of the
models is between 61-74 meters (figure 36). This interval is composed of rudstones of
relatively uniform thickness with no chert. Peaks in fracture density in this interval may
be due to factors that the models have not accounted for such as dolomite content and
mechanical boundaries, although dolomites are relatively rare in the upper Lisburne in
the study area (Michelle McGee, personal communication, March 2002).
Upper Lisburne in the backlimb of Open Syncline (MS2 section):
Visual inspection of a comparison between the models and the data in MS2
section suggests that Models 1 and 2 fit the overall trend of the fracture data relatively
well in MS2 section (figure 37: MS2-1 and MS2-2). However, R2 values between 0.21
and 0.25 show that all three models falter in the accurate prediction of fracture density
throughout the section (table 2). Models 1 and 2 also predict fracture density only to
within 1 standard deviation of the data at 76-77% of sample locations, when the standard
deviation is large (10 fractures). Model 3 does not predict fracture density as well as the
other two models, despite the lithologic heterogeneity of the section, suggesting either
that lithologic heterogeneity is not important in this section, or that the magnitude of
lithologic changes is not sufficient to facilitate fracturing.
The observed fracture density deviates significantly from the modeled fracture
density in areas 0-5 meters below and locally a few meters above the major bed parallel
slip surfaces. Note that the slip surface just below 30 meters, where “Low Angle
fractures” (section 6.3.1.) are observed, has relatively little total fracturing (figures 25 &
37). Instead, a dramatic increase in fracturing occurs 5-10 meters below the slip surface
(figure 37). This general trend is present below many of the slip surfaces. Some
increases in overall fracturing associated with these surfaces is due to increases in the
density of NE-SW striking fractures (figure 25), suggesting that these NE-SW striking
extension fractures are related to opening along the outer arc of each bed. However,
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fractures of E-W set B also are locally more dense in areas below bed-parallel slip
surfaces, which suggests that these fractures were either somehow influenced by folding
or that bed-parallel slip surfaces were reactivated, possibly during normal faulting. These
data suggest that bed parallel and flexural slip play an important role in increasing
fracture density in the stratigraphic section during and possibly after folding.
Upper Lisburne in the backlimb of Camp Syncline (MS1 section):
While Models 1 and 2 offered better predictions in MS2 section, Model 3 offers a
far better prediction in MS1 section, with R2 values of 0.53 compared to 0.19 and 0.21 in
Models 1 and 2 (figures 37, 38, and table 2). MS1 section is in a fold with smaller
interlimb angle than MS2, and therefore represents greater shortening and structural
complexity. While not all fracture sets included in the model are related to folding, the
significantly better fit of Model 3 over Models 1 and 2 suggests that greater shortening
may facilitate intense fracturing, possibly where lithologic contrasts are present (figure 38
and table 2). The observation that many shatter zones are lenticular in shape suggests
that other variables influence fracture density in this section, possibly interlayer slip that
creates amplification of local stresses during folding. Unfortunately, the section is poorly
exposed, making it difficult to evaluate the distribution of shatter zones relative to slip
surfaces.
6.5. Conclusions
Fractures observed in stratigraphic sections have been grouped into seven
different sets. NE-SW striking, NW dipping fractures at low angles to bedding (“Low
Angle fractures”) are interpreted as extension fractures related to differential bed slip that
probably occurred before and possibly during folding (table 1). NE-SW striking, usually
south dipping fractures (“Filled NE” fractures) are interpreted either to have been present
before folding or to be related to folding (table 1). However, NE-SW striking shear
fractures are observed in FW section that are associated with normal faulting, so only
NE-SW striking fractures that terminate against bed contacts and have undergone
penetrative deformation are classified as Filled NE fractures.
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The origin of N-S striking fractures that usually terminate at bed contacts (N-S
Set A) is somewhat unclear, but fractures of this set are probably a result of tectonic joint
formation or fold processes such as changes in plunge along strike (table 1). E-W
striking fractures that usually terminate at bed contacts (E-W Set A) are interpreted as
cross joints associated with these fractures. Since fractures of N-S Set A are probably a
result of multiple mechanisms, E-W Set A probably also has a complex history related to
different N-S striking sets. NNW striking fractures with small aperture that cross bed
contacts (N-S Set B) are most likely related to normal faulting or neotectonic joint
formation since they cross bed contacts and are found in en echelon sets of extension
fractures.
ESE striking en echelon extension fractures that cross bed contacts (E-W Set B)
are interpreted to be related to normal faulting since they have normal senses of shear on
en echelon sets and are associated with normal faults at FW section (figure 25 and table
1).
Predictive formulaic models of fracture density that incorporate bed thickness,
lithology, and chert content in the stratigraphic section predict the overall trends in the
data, but falter in their prediction of actual fracture density at any given stratigraphic
interval (figures 35-38 and table 2). In general, Model 1 is more accurate than Model 2,
which suggests that grain size variation is a more effective method of predicting fracture
density than grain scale heterogeneities. Model 3 provides the best prediction of fracture
spacing in the section that is suspected to have undergone the most shortening, but
commonly provides a poorer prediction than Models 1 and 2 in other stratigraphic
sections.
Observations of fracture density in the stratigraphic section, as well as predictive
modeling of the fracture density, suggests that the thickness of mechanical packages has
an important influence on fracture density in the Lisburne Group. Future studies that
address the relationship between fracture density and stratigraphy should recognize the
importance of mechanical boundaries and slip surfaces in the stratigraphic section. In
stratigraphic sections that have undergone bedding plane slip, whether it is fold related or
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not, highly shattered intervals seem to be significantly influenced by their location with
respect to bed-parallel slip surfaces and other mechanical boundaries.
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Figure 23: FC section showing stratigraphic attributes and fracture density in part of the lower and middle Alapah (lower Lisburne) of the flat panel.
Location of stratigraphic section is shown in figures 16 & 17b.
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Figure 24: FW section showing stratigraphic attributes and fracture density in the upper Alapah (upper Lisburne) of the flat panel. Location of
stratigraphic section is shown in figures 16 & 17b.
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Bed Slip Surfaces
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Figure 25: MS2 section showing stratigraphic attributes and fracture density in the upper Alapah (upper Lisburne) in the backlimb of Open Anticline
(location shown in figure 18b). Flexural slip surfaces were documented in the field by slickensides and fault gouge between bed contacts, and en
echelon vein sets along bed contacts.
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Figure 26: MS1 section showing stratigraphic attributes and fracture density in the upper Alapah (upper Lisburne) in the backlimb of Camp Syncline
(location shown in figure 19b). Flexural slip surfaces were documented in the field by slickensides and fault gouge between bed contacts, and en
echelon vein sets along bed contacts.
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FC Section: Lower & Middle Alapah in the
Flat Thrust Panel

Key to Symbols
B = N – S striking
(352-010�) fractures
G = E-W striking
(83-102�) fractures
A = Other fracture
orientations and en
echelon vein sets
± = Representative
bedding orientation

a)

FW Section: Upper Alapah in the Flat
Thrust Panel

Key to Symbols
B = N – S striking
(170-190�) fractures
G = E-W striking
(085-090�) fractures
H = NW striking
(135-165�) fractures
R = ESE striking
(105-120�), NE
dipping fractures
A = NE-SW
striking and other
fracture orientations
and en echelon vein
sets
± = Representative
bedding orientation

b)

Figure 27: Poles to planes of observed orientations of fracture sets found in the flat panel. a) lower
Lisburne stratigraphic section, b) upper Lisburne stratigraphic section. The symbols in this figure
correspond to the different fracture sets in figures 23 and 24.
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West

East
N-S striking fractures
- up to 20 mm aperture
- locally cross bed contacts
- some swarming

Figure 28: N-S striking fractures in the lower Alapah in the flat panel (FC section). View is north, along
strike with N-S striking fractures, which are distinguishable by white calcite fill against black coral
floatstones. In this photo, N-S striking fractures cross bed contacts. Elsewhere in the section, fractures of
similar character are also localized within beds. Geologist is standing on a bed surface.
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a)

West

East

N-S striking fractures
- variable aperture
- locally cross bed
contacts
- some swarming &
shattering of beds

wackestone bed with
nodular chert
shattered by N-S and
E-W fracture sets

b)

NW striking fractures
- variable aperture
- en echelon swarms
indicating normal shear
- cross bed contacts

Figure 29: N-S and NW striking fractures in the upper Alapah in the flat panel (FW section). a) un
interpreted, b) annotated. View is north.
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MS2 Section: Open Syncline Backlimb

Key to Symbols
S = 55-85� strike,
NW dip
Q = 25-70� strike,
SE dip
A = 90-120� strike,
SW dip
H = 90-130� strike,
NE dip
B = N – S striking
fractures
± = Representative
bedding orientations

a)

MS1 Section: Camp Syncline Backlimb

Key to Symbols
B = N – S striking
(180-195�) fractures
G = E-W striking
(060-090�) fractures
A = Other fracture
orientations and en
echelon vein sets
± = Representative
bedding orientation

b)
Figure 30: Poles to planes of observed orientations of fracture sets found in the backlimb of Open Syncline
(MS2) (a) and the backlimb of Camp Syncline (MS1) (b). The symbols in this figure correspond to the
different fracture sets in figures 25 and 26.

Figure 31a: NE view of part of MS2 section in the backlimb of Open Syncline (MS2 Section): Un-interpreted.
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Figure 31b: NE view of part of MS2 section in the backlimb of Open Syncline (MS2 Section): annotated. NNW striking fracture swarms form the face
of the outcrop in this photo.
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a)

NW

b)

NE striking, NW dipping
"Low Angle fractures"
-low angles with respect to
bedding
- large aperture
- localized at bed slip
surfaces

Be

dS
lip
Su
rfa
ce

SE

NE striking, SE dipping
"Filled NE Fractures"
- large aperture
- terminate at bed contacts
- localized at slip surfaces

Figure 32: Close up of bed-parallel slip surface in figures 31 a and b showing early fracture sets. (Also
from MS2 Section in the backlimb of Open Syncline). a) un-interpreted, b) annotated.

Table 1: Location, relative timing, and interpreted origin for fracture sets in the stratigraphic sections. Shaded boxes indicate the preferred hypotheses
for the origin of fractures. Symbols with question marks indicate fractures that may have been overprinted by fractures of similar orientation. Symbols
are labeled by stratigraphic section and correspond to symbols on figures 23-27 & 30.
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Key to Symbols
A = NE striking
fractures in FC and FW
sections
G = ENE striking
fractures in MS1 section
Q = NE striking
fractures in MS2 section
] = Fold Axis of Camp
Syncline
W = Fold Axis of Open
Syncline

a)

Key to Symbols
R = ESE striking
fractures in FW section
H and A = ESE
striking fractures in MS2
section
a = Normal Faults

b)
Figure 33: a) Filled NE fractures compared to faults and fold axes, b) fractures of E-W Set B compared to
nearby normal faults.

95

Key to Symbols
B = N – S striking
fractures in MS2 section
H = NW striking
fractures in FW section
a = Normal Faults
= Fold Axis of Open
Syncline

W

a)

Key to Symbols
B = N – S striking
fractures in FC, FW and
MS1 sections
] = Fold Axis of Camp
Syncline

b)
Figure 34: a) Fractures of N-S Set A compared to nearby normal faults and fold axes, b) fractures of N-S
Set B compared to nearby normal faults and fold axes.
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Figure 35: Lower/middle Alapah fracture stratigraphy in the Flat Panel (FC Section): Sum of All Fractures (*’s) compared to models with residuals
(observed- predicted.) Note that the gridlines correspond with one standard deviation of the fracture data (Sum of all fractures).
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Figure 36: Upper Alapah fracture stratigraphy in the Flat Panel (FW Section): Sum of all fractures (*’s) compared to models with residuals (observed
predicted.) Note that the gridlines correspond with one standard deviation of the fracture data (Sum of all fractures).
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Figure 37: Upper Alapah fracture stratigraphy in the backlimb of Camp Syncline (MS2 Section): Sum of all fractures (*’s) compared to models with
residuals (observed- predicted.) Note that the gridlines correspond with one standard deviation of the fracture data (sum of all fractures). Note the
relatively good fit of the overall trend of the data, despite inaccurate prediction of the large "peaks" in the data.
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Figure 38: Upper Alapah fracture stratigraphy in the backlimb of Open Syncline (MS1 Section): Sum of all fractures (*’s) compared to models with
residuals (observed- predicted.) Note that all three residuals plots are superimposed on one plot, with the symbols in the residuals plot corresponding to
the symbols in each model. Gridlines correspond with one standard deviation of the fracture data (Sum of all fractures). Note that all three models
predict some of the major peaks in fracture density in the stratigraphic section.
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Table 2: Optimized polynomial constants and results of statistical analysis of formulaic models. Nomenclature and symbols for the polynomial formula
is described in section 6.4.1 In the Residuals Analysis, R² values close to 1 imply a good correlation between the model and the data.. Note that the
standard deviation of the model is significantly smaller than the standard deviation of the data.
Stratigraphic Section:
Polynomial Constants*:
a
b
c
d
e
f
g
h
i
j
k
l
m

FC-1

FC-2

59.73
-94.11
-9.72
53.53
90.21
-128.13
37.97
4.23
122.89
-126.29
-77.93
85.92
-2.89

110.58
-121.50
-18.00
41.09
-18.75
95.40
-86.40
17.28
109.03
-111.65
-66.10
69.48
4.80

FC-3

FW-1

-71.99 98.80
-62.75 -98.22
148.18 22.74
-40.94
6.52
94.68 -43.04
-41.13 -28.82
-47.50 21.01
16.40 43.51
44.16 109.20
-16.24 -87.84
-81.63 -64.41
47.51 49.39
11.31
-1.72

FW-2

FW-3

-155.71 1394.12
231.73 -1480.69
-27.59 440.46
-70.83
-24.39
-74.47 -127.61
6.84
33.35
18.13
18.79
39.50
42.54
77.85
260.05
-12.54 -262.00
-119.91 -86.33
61.00
93.70
22.42
9.62

MS2-1 MS2-2 MS2-3

MS1-1

MS1-2

MS1-3

-76.89
16.40
39.83
12.96
-47.29
23.28
7.59
11.22
62.33
-41.71
-38.29
18.11
-2.67

-277.51
112.19
128.37
16.22
162.43
47.10
-272.20
98.64
-0.78
-47.27
70.80
-31.35
-17.31

-329.46
352.80
262.29
-334.85
1146.75
-1498.22
429.82
15.24
-62.18
99.98
-30.38
-15.86
76.91

934.15
-1128.34
180.39
62.23
2978.21
-4540.59
2023.72
-243.19
477.16
-1071.93
769.85
-190.14
22.45

-99.41
133.46
23.02
-66.45
5.38
-90.34
86.24
-5.81
86.78
-95.27
-2.93
11.45
22.06

506.00
-797.34
362.69
-50.53
-142.84
134.78
1.03
0.78
124.71
-135.93
-7.76
19.73
11.73

* polynomial formula: Fm = aLn4 + bLn3 + cLn2 + dLn + eBn4 + fBn3 + gBn2 + hBn + iCn4 + jCn3 + kCn2 + lCn + m
Residuals Analysis:
number of observations
Sum of Squares Residuals:
R² (1-SSR/(n-1)/Var(Y)):
% of fractures predicted within:
±1 standard deviation of the MODEL:
standard deviation:
±1 standard deviation of the DATA:
standard deviation:
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FC-3
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FW-3

MS2-1 MS2-2 MS2-3

MS1-1

MS1-2

MS1-3

45
45
45
88
88
88
74
74
74
42
42
42
825.74 951.61 936.16 6741.73 6713.47 6922.18 5445.69 5621.84 5707.89 15308.93 14842.79 8526.09
0.52
0.45
0.47
0.13
0.13
0.10
0.25
0.22
0.21
0.19
0.21
0.53
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62%
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89.4%
6.2
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6.2
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67%
4.2
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6.2
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8.9
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7. Fracturing and Folding in the Northern Fold Train
7.1. Introduction
The purpose of this chapter is to present and discuss the results of fracture surveys
in folds in the northern fold train in the study area (figure 16). Fracture studies presented
in this chapter are localized in a single bed that can be traced across a fold in order to
determine the distribution of fracture density at different structural positions. Sampling
within a single bed normalizes the external effects of lithology and bed thickness on
fracture density (Ladeira and Price, 1981; Hanks and others, 1997). The goal of this part
of the study is to determine which fractures are related to folding and whether fractures
related to folding are localized at different structural positions, or if the distribution of
fold related fractures is relatively constant at different structural positions. The
distribution of fold related fractures can give clues to the mechanism of folding, and may
help evaluate whether hinges have migrated with respect to the rock or remained fixed
throughout the folding process. The nature of hinges (fixed or migrating) provides
constraints on which geometric and kinematic models may apply to folds in the northern
fold train.
Three folds in the northern fold train provide relatively accessible examples of
folds with a range of interlimb angles. These three folds are: Camp Syncline, Open
Anticline, and Open Syncline, whose location with respect to each other is shown in
figure 16. Figures 18 and 19 show photos of the three folds with fracture sample
locations. Only the upper parts of the upper Lisburne section (mostly upper Alapah) are
exposed in the Open Folds and Camp Syncline.
Many of the fracture sets in the mechanical stratigraphic sections were also
observed in bed surveys of the Open Folds and Camp Syncline. Since these fracture sets
are described and discussed in detail in chapter 6, the same nomenclature for these
fracture sets is used in this chapter.
7.2. Observations of mesoscopic structures in the Open Folds
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Open Anticline and Syncline lie between Camp Syncline to the north and the
southern fold train to the south (Plate 2, figure 16). The forelimb of Open Anticline is cut
by a normal fault that is sub-parallel to its axial surface and shares its forelimb with
Camp Syncline to the north (figure 16). Open Anticline has an interlimb angle closer to
Camp Syncline, but it will be discussed along with Open Syncline because the same bed
could be traced through Open Anticline and Open Syncline. Exposure in Open Anticline
also permitted the observation of primarily only one hinge (figure 18), which has a large
interlimb angle (≅145°) similar to the interlimb angle of Open Syncline.
Fracture sets in the Open Folds can be distinguished by their orientation,
character, and relationship to penetrative deformation and dissolution cleavage (figure
39). Fractures that pre-date dissolution cleavage are limited to N-S Set A, “Low Angle”
fractures and “Filled NE” fractures (table 3). Fractures that post-date dissolution
cleavage include N-S Set B, fractures that parallel dissolution cleavage, and the majority
of E-W striking fractures in the Open Folds (table 3). A more detailed discussion of
fracture sets and other mesocopic structures follows.
Filled NE fractures:
NE-SW striking extension fractures that have undergone penetrative deformation
are present only in the steeply dipping limbs of the Open Folds (figure 39 and table 3).
This set of extension fractures is present in the MS-2 section and is described in sections
6.2. and 6.3.1. Unfortunately, fractures of this set are not present throughout the survey
bed in the steep limb of Open Syncline (location OS6). Similar fractures are present in
the forelimb of Open Anticline (at sample location OA3), where they are the earliest set
of fractures that are cross cut by all other fracture sets (figures 39 and 40). No cross
cutting relationship between dissolution cleavage and this fracture set was observed,
although fractures of this set are folded near bed-parallel slip surfaces at this location.
When rotated about the fold axis to restore bedding to horizontal, fractures of this set
rotate to orientations sub-parallel to NE-SW strike, suggesting that they are the same as
Filled NE fractures in MS2 section (figure 41a&b).
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The density of Filled NE fractures in the steeply dipping limbs of the Open Folds
is relatively low compared to other fracture sets in the Open Folds (locations OA3 and
OS6, figures 39 and 41c). The number of E-W striking fractures in the fracture survey
bed in the backlimb of Open Syncline (location OS6) is statistically insignificant,
whereas fractures in the forelimb of Open Anticline are statistically significant (location
OA3, figure 41c). Consequently, the apparent higher fracture density in the forelimb of
Open Anticline is misleading since Filled NE fractures are abundant in beds
stratigraphically above and below the fracture survey bed in the backlimb of Open
Syncline (at location OS6). The spacing of Filled NE fractures was not measured in the
backlimb of Open Syncline (location OS6) since they are in beds with different lithology
and bed thickness.
Bed-parallel slip surfaces and associated Low Angle fractures:
Bed-parallel slip surfaces are localized in the steeply dipping limbs of the Open
Folds (figure 31, OS6 in figure 39, and table 3). Slip along bed surfaces is indicated by
slickenlines, fault gouge, and folded Low Angle fractures. Folded Low Angle fractures
are strongly asymmetric and everywhere indicate top to north shear. It is unclear whether
top to north shear pre-dates or is associated with folding in the Open Folds.
Penetrative strain and dissolution cleavage:
Pervasive NE-SW striking, SE dipping axial planar dissolution cleavage with mm
scale spacing is well developed in the hinge of Open Anticline (sample location OA2,
figure 39 and table 3). The abundance of dissolution cleavage gradually decreases away
from the hinge of Open Anticline, such that the limbs immediately adjacent to the hinge
are only slightly affected by dissolution cleavage (sample locations OA1 and OA3, figure
39 and table 3). In the hinge of Open Anticline (sample location OA2), multiple
generations of dissolution cleavages are present and, in general, more gently dipping
dissolution cleavage is cross cut by axial planar (NE-SW striking, SE dipping)
dissolution cleavage (figure 42). Poorly developed axial planar dissolution cleavage is
present in the backlimb of Open Syncline (OS6 in figure 39 and table 3). With the
exception of widely spaced, gently dipping dissolution cleavage in the hinges of Open
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Anticline, the majority of dissolution cleavage in the Open Folds maintains constant
orientation regardless of bed orientation, suggesting that axial planar dissolution cleavage
post-dates folding.
Flattened skeletal grains are present in the hinges and steeply dipping limbs of the
Open Folds. Flattening is commonly associated with dissolution cleavage and the two
are sub-parallel, although the relative timing of dissolution cleavage and flattening strain
is unknown.
N-S striking fractures:
Fractures of N-S Sets A and B are present in the Open Folds (table 3). The
majority of N-S striking fractures in the Open Folds are NNW striking swarms of en
echelon sets of extension fractures that cross cut dissolution cleavage and have been
interpreted as fractures of N-S Set B (figure 39 and table 3). As discussed in section
6.3.1, fractures of N-S Set A are commonly difficult to distinguish from N-S Set B.
Because of the difficulty in distinguishing fractures of N-S Sets A and B on a fracture by
fracture basis, these two sets were measured in many places as one set and are presented
hereafter as one set unless otherwise noted.
Boxplots of N-S fracture spacing in the Open Folds show no obvious trend with
respect to higher fracture density in the hinges or limbs (figure 43a). The Mann-Whitney
and Kruskall-Wallis tests for similarity of median show that N-S fracture spacing is
variable in the Open Folds, and not significantly higher in density in the hinges or limbs
of the folds (table 4).
E-W striking fractures:
E-W striking extension fractures are present at all sample locations in Open
Anticline and Syncline (figure 39 and table 3). In general, E-W striking fractures are less
than 0.5 m in height with between 0 and 2 mm of calcite fill and are composed of
conjugate sets of extension fractures that dip north and south. North and south dipping
fractures exhibit mutually terminating relationships. South dipping, E-W striking
fractures are well developed in the gently dipping limb of the Open Folds, whereas north
dipping fractures are better developed in the steeply dipping backlimb of Open Syncline
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(figure 39 and table 3). Both north and south dipping E-W striking fractures are
generally localized within beds, and form en echelon sets of extension fractures that
locally cross bed contacts in both limbs of Open Syncline (locations OS2, OS3, OS4 and
OS6, figure 39). Slickenlines on N and S dipping E-W striking fracture fill in the hinge
of Open Syncline (location OS4) indicate a period of opening followed by later normal
shear. E-W striking fractures of this set terminate against both N-S and NW-SE striking
fractures at locations OS1 and OS6. Terminating relationships of E-W striking fractures
at the other sample locations are not well documented.
N dipping, E-W striking fractures maintain constant orientation regardless of bed
orientation (figure 39). N dipping E-W striking fractures in Open Syncline are at higher
angles with respect to bedding (68-69°) in gently dipping limbs, but are at lower angles to
bedding in more steeply dipping limbs (32-56°). Rotating N dipping, E-W striking
fractures about the fold axis so that bedding restores to horizontal significantly increases
the variance (δ = 0.03 to 0.11: figure 44) of the fracture set. It is unclear whether rotating
S dipping, E-W striking fractures so that bedding restores to horizontal decreases the
variance in the set since poles to planes of fractures change dip direction and consist of
two different groups of fractures with different dip direction after rotation (figure 45).
Some E-W to NE-SW striking fractures are parallel to, and are associated with,
axial planar dissolution cleavage (figure 46a). These fractures are localized in areas near
pervasive dissolution cleavage, such as sample locations in and near the hinge of Open
Anticline (locations OA1 and OA2, figures 39 and 40). Sample location OA1 is
characterized by minor axial planar dissolution cleavage, but is dominated by swarms of
en echelon extension fractures (10-50 cm high) with 0-1 mm of calcite fill that are sub
parallel to the dissolution cleavage (figure 45a). En echelon sets of extension fractures
have a down to the south sense of shear.
The spacing of E-W striking fractures is relatively small (mean and median
spacing is less than 10 cm), and is constant across the gently dipping limb and hinge of
the Open Folds (figure 47 and 48). Fractures that are parallel to dissolution cleavage at
OA1 are included in figure 47 to show the consistency of fracture spacing in the Open
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Folds. The Kruskall-Wallis test indicates that the median spacing of each fracture set in
figure 47 is statistically similar. In other words, the median fracture spacing of each
fracture set in the gently dipping limb and hinge of the Open Folds is constant (table 4).
7.3. Observations of mesoscopic structures in Camp Syncline
Camp Syncline (figures 16 and 19) is a relatively open fold (interlimb angle =
107°) that is very accessible in terms of the availability of outcrops for measuring
fractures. Due to the accessibility of exposures in Camp Syncline, two beds were
surveyed for fracture spacing (figure 19b). Curiously, the character of fracturing is
dramatically different in the upper and lower beds of Camp Syncline; hence the two bed
surveys are discussed separately (figures 49 and 50). Backlimbs and forelimbs of both
folds are well documented, although the hinge of the lower bed is a cliff exposure that is
too steep to sample fracture density. Qualitative field observations suggest that the hinge
of the lower bed in Camp Syncline has experienced less fracturing, less calcite veining
and internal bed shear than the hinge of the upper bed in Camp Syncline (figures 49 and
50).
The majority of fracture sets in Camp Syncline can be distinguished by their
relationship to axial planar dissolution cleavage and penetrative strain. Fractures that
pre-date penetrative strain and dissolution cleavage are limited to N-S Set A and Low
Angle fractures (table 5). Fractures that post-date dissolution cleavage include: 1) N-S
Set B, 2) E-W to NE-SW striking fractures that are parallel to dissolution cleavage, and
3) unfilled NE-SW striking fractures (table 5). The timing of two other E-W striking
fracture sets in the upper bed of Camp Syncline is unclear.
7.3.1. Mesoscopic structures observed in both the upper and lower beds in Camp
Syncline:
Low Angle fractures:
Low Angle fractures are present at sample locations F9 and F12 (in MS1 section)
in the backlimb of the lower bed in Camp Syncline (figure 19b and table 5), and are
folded in the hinge of the upper bed in Camp Syncline. As discussed in chapter 6, Low
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Angle fractures are commonly observed near bed-parallel slip surfaces, and consistently
exhibit a top to north sense of shear throughout the study area. Sample location F12,
however, is characterized by two sets of Low Angle fractures: one with a top to north
sense of shear, and one with a top to south sense of shear, although the timing of the two
sets is unknown. This is the only place where a top to south sense of shear is observed.
Crystal fiber lineations on all nearby bed surfaces are sub-parallel to the dip direction of
the bed surface, and indicate top to south (or “out of syncline” shear).
Dissolution cleavage and penetrative deformation:
Evidence for penetrative deformation in Camp Syncline includes axial planar
dissolution cleavage and folded Low Angle fractures in the hinge of the upper bed in
Camp Syncline. Pervasive axial planar dissolution cleavage is well developed in the
upper portions of the backlimb of Camp Syncline, in both the upper and lower beds
(figures 49 and 50, and table 5). In both beds, pervasive axial planar dissolution cleavage
in the backlimb gradually decreases in abundance toward the hinge of Camp Syncline
(figures 49 and 50). Low Angle fractures in the hinge of the upper bed in Camp Syncline
are intensely folded, whereas Low Angle fractures in the limbs are not folded.
N-S striking fractures:
The majority of N-S and NW-SE striking fractures in the backlimb of Camp
Syncline (locations F5, F6, UCS1, UCS2, UCS3, and UCS4 in figures 49 and 50) cross
cut dissolution cleavage and are interpreted as fractures of N-S Set B (table 5); however,
these fractures are probably an overprint and contain some fractures of N-S Set A that are
indistinguishable from N-S Set B on a fracture by fracture basis. N-S Set B is
differentiated where possible. The spacing of fractures of N-S Sets A and B in Camp
Syncline is shown in figure 43b and 43c.
The Kruskall-Wallis test suggests that median fracture spacing is constant at all
sample locations in the lower bed in Camp Syncline except F5, where spacing is much
smaller than at the other sample locations (figure 43b). Table 6b shows that MannWhitney tests comparing N-S fracture sets at each location in the lower bed of Camp
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Syncline all indicate similar median spacing with the exception of F5, which confirms the
consistency of N-S striking fracturing.
Overall, N-S fracture density is much higher in the upper bed in Camp Syncline
than in the lower bed (figure 43c and table 7). The Mann-Whitney statistical test
suggests that N-S striking fracturing is constant in the hinges and limbs (table 7a);
however, the Kruskall-Wallis test suggests that N-S striking fracture spacing is highly
variable in the upper bed in Camp Syncline (table 7b). The discrepancy is because
fracture sets are grouped into a hinge group and a limb group for the Mann-Whitney test,
such that the groups do not reflect trends at each sample location. Testing each fracture
set individually with Mann-Whitney shows that on a case by case basis, many of the N-S
fractures in the upper bed in Camp Syncline are not statistically similar to one another,
including tests where hinge samples are compared to limb samples (table 7b).
7.3.2. Mesoscopic structures in the lower bed in Camp Syncline
E-W striking fracture sets:
The majority of E-W striking, S dipping fractures in Camp Syncline is parallel to
dissolution cleavage and is localized in the backlimb and near the hinge at sample
locations F6 and F7 (figure 46b and 49). Fractures parallel to dissolution cleavage
gradually increase in abundance toward the hinge of the lower bed in Camp Syncline
(from location F6 to F7, figures 19b and 49) as pervasive dissolution cleavage decreases
in abundance (figure 49).
E-W striking, N dipping fractures are only observed in statistically significant
numbers at location F9 in the forelimb of the lower bed in Camp Syncline. These
fractures have a slightly different strike direction than fractures that parallel dissolution
cleavage (figure 49). The majority of ESE striking extension fractures at F9 are 10-70
cm in height, have 0-2 mm of calcite fill, and terminate at bed contacts. Some curved E
W striking, N and S dipping shear fractures and E-W striking to ESE striking extension
fractures have sub-vertical slickenlines with normal senses of shear. One ESE striking
extension fracture terminates against a sheared stylolite that has a top to north sense of
shear.
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The spacing of E-W striking fractures at F9 is anomalously low compared to the
spacing of fractures parallel to dissolution cleavage (locations F6 and F7, figure 51a).
Kruskall-Wallis and Mann-Whitney tests for similarity of median fracture spacing
suggest that fracture spacing at F9 is significantly lower than at F7 or F6 (table 6).
Unfilled NE-SW striking fractures:
The most consistently observed fracture set in the lower bed of Camp Syncline is
a NE-SW striking, NW and SE dipping set, which was observed at all sample locations
(figure 49 and table 5). NE-SW striking fractures are at high angles to bedding (63-90°,
usually 75-90°) and are usually observed in en echelon sets that exhibit a normal sense of
shear in variable directions. Fractures of this set usually have small aperture (0-2 mm)
and calcite or no fill and terminate against bed contacts or other fractures. NE-SW
striking fractures terminate against NNW striking fractures at one sample location.
Kruskall-Wallis tests suggest that median NE-SW striking fracture spacing is
constant in the lower bed in Camp Syncline, although sample locations F6 and F9 have
statistically insignificant numbers of fracture spacing due to separation of NE-SW
striking fractures from other fracture sets (figure 51b and table 6).
7.3.3. Mesoscopic structures in the upper bed in Camp Syncline:
Fracture orientation and character is somewhat similar in the forelimbs of the
upper and lower beds in Camp Syncline, but markedly different in the hinge and
backlimb of the upper and lower beds. Only one location (UCS7) samples the forelimb
of the upper bed in Camp Syncline (figures 19a and 50). The backlimb and hinge of the
upper bed in Camp Syncline are covered by sample locations UCS1-UCS4 (backlimb)
and UCS5 and 6 (hinge) (figure 19a and 50).
Forelimb:
Sample location UCS7 is approximately 20 meters north of the hinge in the
forelimb of Camp Syncline, and has anomalously low fracture density (figure 50). No
fracture spacing was measured at UCS7 due to the general lack of fracturing, which
prevents a statistically significant sample of 25 fractures. Less than 10 fractures of any
given set were observed in the entire outcrop. The most defining characteristic of sample
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location UCS7 is the presence of two E-W striking normal faults with less than 1 meter
offset that form a small graben structure. Sub-vertical crystal fiber lineations on the fault
surfaces indicate normal senses of shear and the south dipping fault offsets a bed contact
in a sense consistent with the slickenlines. Sparse N-S striking fractures with small
aperture and 0-2 mm of calcite fill are also present at UCS7. N-S striking fractures are in
en echelon sets of extension (and shear?) fractures with normal senses of shear; however
it is unclear if these fractures are genetically related to the small normal faults at UCS7.
Hinge and Backlimb: E-W striking fracture sets:
Two sets of E-W striking fractures are present in the upper bed in Camp Syncline:
1) Extension fractures at high angles to bedding (70-90°) with variable dip. These
fractures have small apertures, little to no calcite fill, and generally abut against bed
surfaces (as opposed to terminating within the bed) (figure 50). Fractures of this set
appear to cluster when bedding is rotated to horizontal about the fold axis, although the
variance does not change significantly (figure 52).
The Kruskall-Wallis test indicates that extension fractures at high angles to
bedding do not have consistent spacing across the upper bed in Camp Syncline (table 6a
and figure 53a). This is primarily due to slightly lower values of fracture spacing at
UCS4 (figure 53a) that make fracture spacing at UCS4 and 5 unequal (due to a difference
in median spacing of 7 cm). In other words, fracture spacing for this set is slightly higher
in the backlimb side of the hinge than in the rest of the backlimb.
2) N dipping, E-W striking extension fractures with intermediate angles with
respect to bedding (50-60°) (figure 50). These fractures have large apertures (1-3 mm),
calcite fill, and terminate internally within bedding. These fractures are also very small
relative to other fractures (usually 5-30 cm in height) and terminate against and cross cut
E-W fractures at high angles to bedding. N dipping extension fractures at intermediate
angles with respect to bedding are only present near the hinge at UCS5 and UCS6,
although the minor N dipping E-W striking fault at UCS7 is similar in orientation to
fractures of this set at UCS6 (figures 50 and 54a, and table 5). Rotation of the set about
the fold axis to restore bedding to horizontal decreases the variance of the set, even if
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shear fractures at UCS7 are included in the rotation (figure 54b). The Mann-Whitney test
suggests that the spacing of E-W striking fractures at intermediate angles to bedding is
not statistically similar (table 7a).
High density of both sets of E-W striking fractures in the upper bed of Camp
Syncline is not localized to one sample location, but is found in a zone of intense
extension fracturing and penetrative deformation indicated by folded Low Angle
fractures at UCS4-6 (figures 50 and 55). It is possible that pervasive axial planar
dissolution cleavage may have healed pre-existing E-W fractures in the backlimb of the
upper bed in Camp Syncline; however, this scenario is unlikely since most E-W fractures
in the upper bed in Camp Syncline have abnormally large apertures, calcite fill and high
fracture density (low spacing), making them easy to distinguish, even after penetrative
deformation.
Box plots of E-W striking fracture spacing in the upper bed in Camp Syncline
show that in general there is one fracture set at each sample location with higher fracture
spacing and another with lower fracture spacing (figure 53). When spacing values from
both sets are combined and tested using the Kruskall-Wallis test, fracture spacing is
statistically similar at the three sample locations (figure 53a: “E-W grouped by sample
location”.) This shows that the overall fracture spacing at UCS4-6 is uniform, but that
one fracture set at each sample location is usually better developed.
7.4. Interpretation of the relative age and possible origin of mesoscopic structures in the
Open Folds and Camp Syncline
Fracture sets in the study area have been distinguished both by their relationship
to penetrative strain and by structural setting. The purpose of this section is to outline the
history of penetrative strain and fracturing in the study area by discussing each set of
mesoscopic structures in the order that they are interpreted to have formed. Since the
origin of some N-S and E-W striking fractures is uncertain and may pre-date or post-date
dissolution cleavage, their origin will be discussed along with fractures that post-date
dissolution cleavage.
Low Angle fractures:

112
Low Angle fractures are observed randomly throughout the study area. Low
Angle fractures are only exposed in the best outcrops, so the actual distribution of this
fracture set in the study area is not well constrained. Low Angle fractures are interpreted
to be the result of early top to north shear along bed contacts (section 6.3.1). It is unclear
whether top to north shear on bed contacts associated with Low Angle fractures occurred
during folding or earlier thrusting. The preferred hypothesis is that top to north shear pre
dates folding, and was associated with thrusting since top to north shear is observed in
different structural positions in the study area, even where top to north shear is opposite
to the slip direction expected for flexural slip (out of the fold core). The one exception to
this rule is one sample location in the backlimb of Camp Syncline (F12, figure 55), where
two sets of Low Angle fractures are present: one with a top to north sense of shear, and
the other with a top to south sense of shear. The Low Angle fractures that indicate top to
south shear are interpreted to be associated with flexural slip during folding since top to
south shear is consistent with “out of syncline” flexural slip. Since crystal fiber
lineations commonly record the last slip on faults, “out of syncline” bed slip is interpreted
to post-date top to north slip.
Filled NE fractures:
Filled NE fractures are only observed in the steeply dipping limbs of the Open
Folds and are associated with bed parallel slip surfaces (table 3). Folded Filled NE
fractures in MS-2 section suggest that this set pre-dates penetrative deformation and
dissolution cleavage. Fractures of this set are sub-parallel to one another after rotation of
bedding to horizontal about the fold axis, which suggests that they formed when bedding
was at or near horizontal, or formed as a result of extension perpendicular to bedding
regardless of bed orientation (figure 41). The former hypothesis is favored since it is the
simplest explanation. The fact that these fractures are found only in the steeply dipping
limbs implies a connection between these fractures and folding; however, if this is the
case, they are most likely the earliest set of fold related fractures since they are parallel
when bedding rotated to horizontal about the fold axis.
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The spacing of Filled NE fractures at OA3 is larger than other E-W and ENE
striking fractures in the Open Folds, which suggests that the density of fractures related to
folding is significantly lower than fracturing related to later processes (figures 41c and
47). Unfortunately, Filled NE fractures are poorly exposed in the backlimb of Open
Syncline such that measurement of the set was not possible, so spacing in both limbs
cannot be compared.
E-W striking fractures associated with the hinge of the upper bed in Camp Syncline:
E-W fracturing in the hinge and backlimb of the upper bed in Camp Syncline is
drastically different from E-W fracturing in the lower bed in Camp Syncline, in both
orientation and general fracture character. In the upper bed, extension fractures at
intermediate angles with respect to bedding have a smaller variance in orientation after
rotation to horizontal and terminate against extension fractures at high angles with respect
to bedding (figure 54). The timing of these fracture sets can be interpreted in one of two
ways: 1) these sets of fractures formed before or in the earliest stages of folding, or 2)
these fractures are related to bed parallel extension and could have formed at any bed
orientation.
Three hypotheses for the formation of E-W striking fractures in the upper bed in
Camp Syncline include:
1) E-W striking fractures in the upper bed in Camp Syncline formed before
folding. This is supported by the observation that they have smaller variance after
rotation of bedding to horizontal. However, in light of the increased fracture density in
the hinge region, this hypothesis is not favored since it is unlikely that intense extension
fracturing would be localized in one area before folding.
2) Both sets of E-W striking fractures in the upper bed in Camp Syncline are
related to flexure and shear associated with a fixed synclinal hinge. This is supported by
the fact that fracture density is greater in the hinge region than in the limbs. This is the
preferred hypothesis.
3) E-W fracturing in the hinge of Camp Syncline is due to hinge parallel normal
faulting. Fold hinges are natural planes of weakness along which normal faults have
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been observed to form in the field area, leaving open the possibility that extension
fractures in the hinges could be related to normal faulting. This hypothesis is not favored
since dense extension fracturing of this type is not observed in the hinge of the lower bed
in Camp Syncline, or at any other sample location in the upper or lower beds in Camp
Syncline, even where they are as close or closer to the normal fault in the backlimb of the
syncline. Furthermore, all of the major normal faults that are associated with fold hinges
in the upper Lisburne truncate the hinges of anticlines, not synclines (figures 16, 18, and
20).
The abnormally high density of E-W striking fractures in the hinge zone in the
upper bed in Camp Syncline is drastically different from the hinge of the lower bed in
Camp Syncline, which displays little E-W striking fracturing, little fracturing overall, and
less calcite veining (figures 49, 50, and 55). One possible hypothesis for why fold related
fracture density is greater in the upper bed in Camp Syncline than in the lower bed is that
the upper and lower beds are in different parts of two different mechanical packages that
have experienced tangential longitudinal strain (figure 56). In a single mechanical layer,
tangential longitudinal strain is extensional on the outer arc of a fold and compressional
on the inner arc of a fold (figure 8) (Stearns, 1968; Price and Cosgrove, 1990). Extension
and compression in a flexed layer are controlled by the location of a neutral surface and
the bounding surfaces of the unit (figures 8 and 9). In the case of Camp Syncline, a
“mechanical unit” would be a package of beds within which bed contacts do not slip
significantly. Since slip surfaces have been observed in the backlimb of Camp Syncline
(MS-2 section), it is likely that slip surfaces with large displacement form the bounding
surfaces of major mechanical packages. Each mechanical package has inner and outer
arcs that experience compression and extension (respectively).
Since fractures generally form more readily under tension than compression, high
fracture densities might be expected in extensional “outer” hinges (shaded areas of figure
56). Conversely, little to no extension fracturing, and/or increased shear fracturing would
be expected at compressional inner hinges. Using this model, the hinge in the upper bed
in Camp Syncline is interpreted as an extensional hinge since it has a high density of
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extensional fracturing. Conversely, the hinge in the lower bed is interpreted as a
compressional hinge or near a neutral surface since it has a low density of extensional
fracturing (figure 56). Since asymmetric synclines in the study area have planar panels,
strain associated with flexure should be localized in hinges, in this case producing
compressional areas on the “inner” hinges, and extensional areas on the “outer” hinges.
One method to test this hypothesis would be to measure fracture density
continuously along the axial surface and the distribution of mechanical boundaries (major
slip surfaces). If this hypothesis is correct, higher extensional fracture density would be
expected to be found near mechanical boundaries, producing an alternating pattern of
increasing and decreasing fracture density along the axial surface (figure 56).
Dissolution cleavage:
Pervasive axial planar dissolution cleavage is localized in the hinge of Open
Anticline and in the backlimb of Camp Syncline (figure 48). Minor axial planar
dissolution cleavage is present in the steeply dipping limb of the Open Anticline (figure
48). It is worthy to note that pervasive dissolution cleavage is not present in the hinge or
backlimb of Open Syncline. Since the majority of axial planar dissolution cleavage
maintains constant orientation regardless of bed orientation throughout the study area, it
is interpreted to have accommodated flattening strain in the latest stages of folding.
Gently dipping dissolution cleavage in the hinge of Open Anticline is interpreted
to be axial planar dissolution cleavage that formed in the early stages of folding and has
been rotated and cross cut by axial planar dissolution cleavage during the later stages of
folding (figure 42). Since the majority of dissolution cleavage is not significantly rotated,
the majority of compression in the hinge of Open Anticline probably occurred in the
latest stages of folding. The lack of pervasive dissolution cleavage in the hinge of Open
Syncline (figure 48), which has a larger interlimb angle, also suggests that compression
in the hinges occurred in the late stages of folding.
Pervasive axial planar dissolution cleavage in the backlimb of both the upper and
lower beds in Camp Syncline is interpreted to be due to compression during the latest
stages of folding after fold lockup (figure 49, 50, and 55) (Poblet and McClay, 1996,
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Atkinson, 2002). Flattening strain may accommodate continued shortening in the latest
stages of folding after flexural slip and flexural flow cease due to fold lockup. The
asymmetry of folds in the study area may play a role in localizing axial planar dissolution
cleavage in the steeply dipping limbs of folds.
N-S Sets A and B:
As discussed in section 6.3.1, N-S Sets A and B are most likely related to multiple
generations of fracturing. The majority of N-S and NW-SE striking fractures in the Open
Folds post-date folding and dissolution cleavage and are interpreted as N-S Set B. Box
plots of fracture spacing of N-S and NW-SE striking fractures (figure 43a) suggest that
the magnitude of mean and median spacing of N-S and NW-SE striking fractures in the
Open Folds shows no relationship to position in the fold. Statistical tests on N-S and
NW-SE striking fracture spacing in the Open Folds show that N-S and NW-SE striking
fracture spacing is not uniform across the fold and that increased fracture density doesn’t
appear to be localized in the hinges or limbs (table 4). These observations can be
explained by intense swarming in the N-S and and NW-SE fractures and the fact that
sample locations are usually arranged in a progression that crosses the strike of the
fracture swarms. Some sample locations were located in or near fracture swarms, while
others were between fracture swarms, producing high and low fracture densities that do
not correlate with position in the folds (figure 39).
The distribution of N-S and NW-SE striking fracture spacing in Camp Syncline
suggests that the spacing of N-S and NW-SE striking fractures is strongly affected by the
spacing of dissolution cleavage. N-S and NW-SE striking fracture spacing in the lower
bed in Camp Syncline is consistent at all sample locations except F5 in the backlimb of
Camp Syncline, where pervasive dissolution cleavage is present and fracture spacing is
smaller (figures 43 and 55, and table 6). Since N-S and NW-SE striking fractures of Set
B cross cut dissolution cleavage at F5, it is likely that the small spacing of dissolution
cleavage affected the spacing of N-S and NW-SE striking fractures, such that higher
density of N-S and NW-SE striking fractures is found where dissolution cleavages are
more closely spaced. This relationship is probably due to increased number of nucleation
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sites along dissolution cleavage since N-S and NW-SE striking fractures are subperpendicular to dissolution cleavage. Constant larger fracture spacing at other sample
locations in the lower bed in Camp Syncline may be due to 1) poorly developed or no
dissolution cleavage, and 2) the possibility that sample locations in the lower bed in
Camp Syncline are between N-S and NW-SE striking fracture swarms. If sample
locations in the lower bed of Camp Syncline are between fracture swarms, the spacing of
N-S and NW-SE striking fracturing in that bed transect should be relatively consistent.
N-S and NW-SE striking fracture sets (N-S Set B) in the backlimb of the upper
bed in Camp Syncline cross cut closely spaced dissolution cleavage (figure 50). Very
few N-S and NW-SE striking fractures and poorly developed dissolution cleavage are
present in the upper bed in the forelimb of Camp Syncline (UCS7: figure 50). These
observations are consistent with the hypothesis that the spacing of N-S and NW-SE
striking fractures is affected by the small spacing of pervasive dissolution cleavage. N-S
and NW-SE striking fractures in the upper bed in Camp Syncline were measured across a
number of different closely spaced fracture swarms, which explains the variability of
median fracture spacing in the upper bed in Camp Syncline.
E-W striking fractures in the Open Folds and the lower bed in Camp Syncline:
With the exception of previously discussed fractures in the upper bed of Camp
Syncline, E-W striking fractures in the Open Folds and Camp Syncline are probably the
result of a variety of different mechanisms, the vast majority of which post-date folding
(figure 40 and table 5).
In the Open Folds, N dipping, E-W striking fractures have a higher variance after
rotation of bedding to horizontal about the fold axis, which suggests that these fractures
post-date folding (figures 44 and 45). Since N and S dipping E-W striking fractures in
the Open Folds exhibit mutually terminating relationships and are conjugate fractures at
the majority of sample locations, S dipping fractures are also interpreted to post-date
folding. S dipping fractures that are parallel to dissolution cleavage in Camp Syncline
are also interpreted to post-date folding since they are similar to those in Open Anticline
in orientation, character, and proximity to pervasive dissolution cleavage.
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Four hypotheses for the formation of E-W striking fractures are discussed below:
1) The preferred hypothesis for the majority of E-W striking fractures in the Open
Folds is that they are related to an episode of normal faulting. Two lines of evidence
support this hypothesis: A) E-W striking, N dipping fractures in the Open Folds form en
echelon sets of extension fractures, and the orientations of the en echelon sets indicate a
normal sense of shear in a similar sense to E-W striking normal faults in the area. B)
Both N and S dipping fractures in the Open Folds strike sub-parallel to nearby normal
faults in the area (figures 44c and 45c).
2) An alternative hypothesis is that E-W striking fractures in the Open Folds are
unloading and release joints that are related to uplift and erosional unroofing (Engelder,
1985). This hypothesis is likely since E-W striking fractures post-date folding and
dissolution cleavage. Release jointing is the preferred hypothesis for fractures in Open
Anticline that are parallel to and associated with dissolution cleavage (figure 46a) since
release joints, by definition, post-date and are controlled by penetrative fabrics such as
foliation and/or dissolution cleavages (Engelder, 1985). The majority of E-W striking, N
and S dipping fractures probably are not release joints since they are not oriented parallel
to dissolution cleavage; however, these fractures could be interpreted as unloading joints,
which usually form in response to the “present day” stress field or the stress field that was
present during uplift and erosional unroofing (Engelder, 1985).
3) A third possibility is that E-W striking fractures in the Open Folds are cross
joints (Bai and others, 2002) associated with either early N-S striking fractures (Set A) or
late N-S and NW-SE striking fractures (Set B), or both N-S Sets A and B. Bai and others
(2002) showed that regional vertical extension fractures can create stress fields that favor
the formation of a second set of extension fractures at high angles to existing vertical
fractures in flat lying strata. Bai and others (2002) outline a field test to determine
whether a given set of fractures originated by this mechanism. According to the test, if a
given fracture set originated as cross joints they should consistently terminate against,
and fill the spaces between, larger extension fractures (Bai and others, 2002). N-S and E
W striking fractures in MS1 and MS2 sections (see chapter 6) exhibit mutually
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terminating relationships, which suggests either that no E-W striking fractures are cross
joints, or that one set of systematic joints (N-S Set A?) with associated cross joints (E-W
Set A?) has been overprinted by later N-S and possibly E-W fractures.
4) A fourth hypothesis is that some E-W striking fractures in the study area are
the result of folding processes such as tangential longitudinal strain. If present, these
fractures have been overprinted by fractures that post-date folding. Since the majority of
evidence suggests that E-W striking fractures in the study post-date folding and there is
little evidence for E-W striking fractures that are related to folding (except in the upper
bed in Camp Syncline), this hypothesis is not preferred.
The preferred hypothesis is that E-W striking fracturing is a result of all four of
the mechanisms described above. Since the majority of E-W striking fractures in the
study area post-date folding, the first three hypotheses are favored. Fractures related to
the fourth hypothesis (folding) are interpreted to be relatively uncommon in the study
area.
The spacing of E-W striking fractures in the gently dipping limb and hinge of the
Open Folds have statistically uniform spacing. The preferred hypothesis for this
uniformity of E-W fracture spacing is that fracture “saturation” has been reached (Wu
and Pollard, 1995) due to multiple generations of fracturing. In this case, secondary
stresses associated with N-S Sets A and B, fold related processes, unroofing and/or
normal faulting caused fracturing during different episodes, the sum of which has
saturated the rock with respect to fracturing. This scenario requires that different
mechanisms of fracture formation all produce fractures of similar character and
orientation, which is possible since the fold axes and normal faults are sub-parallel in
strike.
Control by normal faulting is an alternate hypothesis for the uniformity of E-W
fracture spacing in the backlimb and hinge of the Open Folds; however, whether the
stress field responsible for the normal faulting can create a uniform stress field over a
large enough area to generate uniform fracture spacing is unclear. It is worthy to note
that very few E-W striking fractures were observed at OA3, which is the sample location
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closest to the normal fault that truncates the forelimb of Open Anticline. A possible
explanation for this is that bedding at OA3, which is near parallel to the normal fault,
accommodated strain that generated fractures in other beds. Similarly, reactivated
dissolution cleavage, oriented sub-parallel to normal faults, may have slipped to
accommodate significant amounts of strain, thereby preventing proliferation of E-W
striking fractures at OA2. Evidence for this lies in calcite filled dissolution cleavage at
OA2, which indicates opening along dissolution cleavage planes (figure 41).
Furthermore, fractures oriented parallel to dissolution cleavage increase in density and
occurrence from OA2 to OA1, which suggests that extension accommodated along
dissolution cleavage at OA2 is accommodated as fractures elsewhere (figure 39).
NE-SW striking fractures
NE-SW striking fractures are localized in the lower bed in Camp Syncline, and
appear to post-date folding based on their termination against fractures of N-S Set B that
post-date dissolution cleavage. The orientation and sense of en echelon sets of NE-SW
fractures are consistent with normal faults to the north of Camp Syncline, but are oblique
to the fold axis of Camp Syncline (figure 49), suggesting that the NE-SW striking
fractures in Camp Syncline are related to normal.
NE-SW striking fracture spacing is statistically uniform and statistically similar to
both N-S and NW-SE striking fractures when F5 is excluded from the statistical tests
(table 6 and 51a). The similarity in spacing of the three fracture sets could represent a
saturation of the lower bed with respect to fracturing, since all three different orientations
of fracturing have similar fracture spacing.
7.5. Similarities and differences between mesoscopic structures in the Open Folds and
Camp Syncline
7.5.1. Similarities between the Open Folds and Camp Syncline
Both the Open Folds and Camp Syncline show evidence of penetrative
deformation, including dissolution cleavage, folded Low Angle fractures, and flattened
skeletal grains. Penetrative deformation is localized in the hinges of both Open Anticline
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and the upper bed of Camp Syncline, although the anticlinal hinge is characterized by
pervasive axial planar dissolution cleavage, whereas the synclinal hinge is characterized
by folding of Low Angle fractures. No evidence of penetrative deformation is present in
the hinge of Open Syncline, which suggests that penetrative deformation in the hinges of
synclines occurs at a smaller interlimb angle than that of Open Syncline (145°).
The Open Folds and Camp Syncline also share some fracture sets including Low
Angle fractures, fractures parallel to dissolution cleavage, and N-S Sets A and B. Low
Angle fractures are present throughout the field area, both in folds and in the flat lying
thrust panel, and are interpreted to be associated with an early phase of top to north shear.
E-W striking fractures parallel to dissolution cleavage are localized near areas of
pervasive dissolution cleavage (OA1: figure 39, F6 and F7 figure 49), post-date folding,
and are most likely release joints. N-S Sets A and B are also present both in folded rocks
and in the flat lying thrust panel, and are dominated by fractures of N-S Set B, which
post-date folding and dissolution cleavage.
7.5.2. Differences between the Open Folds and Camp Syncline
The distribution of E-W striking fractures in the Open Folds and Camp Syncline
is dramatically different (figure 39, 48, 49, and 50). Early fold related fractures (Filled
NE fractures) are present in the steeply dipping limbs of the Open Folds, but not in the
steeply dipping backlimb of Camp Syncline, which is also the forelimb of Open Anticline
(tables 3 and 5). The apparent absence of Filled NE fractures may be due to the fact that
the backlimb of Camp Syncline is poorly exposed, or to the presence of pervasive axial
planar dissolution cleavage, which may overprint and obscure Filled NE fractures in
Camp Syncline.
E-W striking fractures that post-date folding dominate in the Open Folds, but not
in Camp Syncline (figures 39, 49, and 50). Similarly, post folding NE-SW striking
fractures are present in Camp Syncline, but not in the Open Folds (figures 39, 49, and
50). The reason for the absence of E-W fractures in Camp Syncline and the absence of
the NE-SW striking fracture set in the Open Folds is uncertain.
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Intense E-W striking fracturing in the hinge of the upper bed in Camp Syncline
differs from fracturing in the hinge of Open Syncline (figures 39 and 50). Fracture
density in the hinge of Open Syncline is not significantly higher than in the limbs, and the
majority of fractures appear to post-date folding (tables 3 and 4). In the upper bed of
Camp Syncline, the opposite is the case; fractures are localized in the hinge and are
interpreted to be associated with flexure in the synclinal hinge (tables 5 and 7). This
difference is best explained by the smaller interlimb angle in Camp Syncline as compared
to Open Syncline.
7.6. Implications for fold mechanism
The distribution of fractures and other mesoscopic structures in the Open Folds
and Camp Syncline has significant implications for the mechanism by which these folds
developed.
Key points:
A) Flexural slip played an important role early during folding. Filled fractures
that pre-date penetrative deformation (Filled NE fractures) appear to be localized in the
steeply dipping backlimb of Open Syncline and are associated with major bed-parallel
slip surfaces that occur along mechanical packages that are tens of meters thick (figure
48). The association with bed-parallel slip surfaces suggests that flexural slip played an
important role in the early stages of folding and fracturing. This is consistent with the
observation that these fractures are localized in the steeply dipping limbs of folds where
more flexural slip would be expected.
B) The hinge of Camp Syncline has remained fixed throughout the folding
process. High fracture density in Camp Syncline is localized in the hinge zone, but only
in the upper bed of the syncline (figures 48, 49, 50, and 55). Fractures interpreted to be
related to folding are significantly less dense (almost non-existent) in the forelimb of the
upper bed of Camp Syncline (figure 50). These observations suggest that hinges have not
migrated through the forelimb of the upper bed. It is uncertain whether the hinge of
Camp Syncline migrated through the backlimb since the backlimb of Camp Syncline is
overprinted by pervasive dissolution cleavage. The favored hypothesis is that the hinge
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of Camp Syncline has not migrated through the backlimb since the part of the backlimb
that has not been affected by dissolution cleavage is not highly fractured (location F6,
figure 49).
An alternative hypothesis is that the hinge of Camp Syncline migrated through the
backlimb during relatively ductile conditions, and fracturing in the hinge occurred during
brittle conditions, possibly during later stages of folding. Indirect evidence for this
hypothesis is that relatively few fracture sets can be attributed to folding in Camp
Syncline or the Open Folds, which suggests that folding occurred under semi-ductile
conditions. Indirect evidence against this hypothesis includes planar fold limbs and sharp
synclinal hinges since it is unlikely that hinges would migrate through the rock without
some bending of limbs.
C) Pervasive dissolution cleavage is localized in the hinges of anticlines in the
early stages of folding, but migrates into the steeply dipping limbs after fold lockup.
Gently dipping dissolution cleavages in the hinge of Open Anticline are interpreted as
early axial planar dissolution cleavages that have been rotated to gentle dips by folding
(figure 41). Since gently dipping dissolution cleavage is found only in the hinges, and is
cross cut by later axial planar dissolution cleavage, the anticlinal hinge probably
remained fixed with respect to the rock during the early stages of folding and
accommodated flattening strain in the late stages of folding.
Pervasive axial planar dissolution cleavage is localized in the steeply dipping
backlimb of Camp Syncline and is interpreted to have occurred in the latest stages of
folding (figures 48, 49, and 50). This dissolution cleavage is probably associated with
fold lockup in the latest stages of folding and may precede thrust truncation, since folds
in the area are commonly truncated in the steeply dipping limbs of anticlines (Wallace,
1993; Jadamec, 2001). The lack of pervasive axial planar dissolution cleavage in the
backlimb of Open Syncline suggests that flattening strain does not occur in the forelimb
until folds have reached an interlimb angle that is smaller than the interlimb angle of
Open Syncline. Further documentation of dissolution cleavage in the hinges and
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forelimbs of anticlines with different interlimb angles is needed to confirm this
hypothesis.
D) E-W striking fractures are due to a variety of possible mechanisms, the
majority of which post-date folding, and therefore cannot be directly related to folding.
E-W striking fractures are most likely due to multiple mechanisms including pre- and
post-fold cross jointing related to N-S striking fractures, fold related fracturing, uplift and
unroofing, and normal faulting. The majority of E-W striking fractures in the forelimb
and hinge of Open Syncline are interpreted to be associated with unroofing and/or normal
faulting. For these reasons, the uniform distribution of fracture density cannot be
attributed solely to folding, but is most likely a result of fracture saturation by a
combination of factors listed above (figure 48).
E) The density of fractures related to folding is relatively low compared to
fractures that post-date folding. For example, fractures that post-date folding in Open
Anticline and Syncline generally have median spacing of 3-5 cm, whereas Filled NE
fractures in the forelimb of Open Anticline have a median spacing of 17 cm (figures 41c
and 47). Very few fractures that can be attributed to folding processes were observed in
the lower bed of Camp Syncline, which is consistent with observations in the Open Folds
(figure 48). This could be because folding occurred under relatively ductile conditions or
at low strain rates that were not favorable to fracturing. An alternative hypothesis is that
fold-related fractures of similar orientation to post-fold fractures are present in Camp
Syncline and therefore cannot be distinguished from fractures that post-date folding.
7.7. Conclusions
Mesoscopic structures in the northern fold train are the result of a variety of
different mechanisms that occurred before, during and after folding. Fractures that are
interpreted to have formed before or in the early stages of folding include Low Angle
fractures, N-S Set A, and Filled NE fractures (tables 3 and 5). Early Low Angle fractures
are probably associated with thrusting since they are also present in the flat thrust panel,
but some Low Angle fractures may have formed in response to top to north slip during
folding. Late Low Angle fractures are also locally associated with out of syncline shear
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in the backlimb of Camp Syncline, indicating that flexural slip played an important role
during folding. Filled NE fractures are also associated with flexural slip during folding,
but some also may have been present before folding. The spacing of Filled NE fractures
is large compared to fractures that post-date folding. N-S Set A also formed before or
early during folding. Possible origins for N-S Set A include early tectonic jointing or
strike perpendicular jointing associated with folding (“cross joints” or Set 1 in figure 8).
Fractures related to folding in Camp Syncline are localized with high density in
the hinge zone of the upper bed in Camp Syncline, whereas few fractures are present in
the hinge zone in the lower bed of Camp Syncline. The difference between the upper and
lower beds in Camp Syncline is probably due to tangential longitudinal strain in
mechanical units whose boundaries are major bed-parallel slip surfaces (figure 56).
Fracturing in the hinge zone and folded Low Angle fractures are evidence for a fixed
synclinal hinge in Camp Syncline.
Early fold related fracturing was followed by penetrative deformation in the
hinges of the tightest folds. Axial planar dissolution cleavage in Open Anticline is
interpreted to reflect the localization of strain in a fixed anticlinal hinge. Compression in
the hinge of Open Anticline probably migrated into the forelimb after fold lockup, as
indicated by dissolution cleavage in the backlimb of Camp Syncline (which is also the
forelimb of Open Anticline) (figure 48). Dissolution cleavage in the forelimbs of
anticlines may precede thrust truncation.
Fractures that post-date folding and dissolution cleavage include N-S Set B, E-W
striking fractures in the Open Folds, NE-SW striking fractures in Camp Syncline, and
fractures parallel to dissolution cleavage in all three folds (tables 3 and 5). Fractures of
N-S Set B are either related to NW-SE striking normal faults in the area, or are unloading
joints related to uplift and unroofing. The spacing of N-S Set B is strongly influenced by
the presence of pervasive dissolution cleavage, with higher fracture densities in areas
with pervasive dissolution cleavage. Like N-S Set B, E-W striking fractures are related
to a variety of different mechanisms including cross jointing associated with N-S striking
fractures, uplift and unroofing, and E-W striking normal faults. E-W to NE-SW striking,
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S to SE dipping fractures that are parallel to dissolution cleavage are interpreted as
release joints (Engelder, 1985). NE-SW striking fractures in Camp Syncline are
interpreted to post-date folding and may be related to uplift and unroofing, or normal
faulting.
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Figure 39: Schematic illustration of fracture character in Open Anticline and Syncline. N-S striking fractures are dotted fracture swarms. Stereoplots
are poles to planes of fractures and bedding. Fold axes are plotted as lines. Numbers labeled with degree symbols represent the angle between bedding
and preferred orientation of fractures. Note that north dipping fractures have variable orientation with respect to bedding.
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Table 3: Location, relative timing, and interpreted origin for mesoscopic structures in the Open Folds. Shaded boxes indicate the preferred hypotheses
for the origin of fractures. Symbols with question marks indicate fractures that may have been overprinted by fractures of similar orientation. Symbols
correspond to those in figure 39.
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Figure 40: Relationship between fracture sets at OA3 (forelimb of Open Anticline). a) annotated photo, b) un annotated photo. Stereoplot shows poles
to planes of fractures sets and bed surfaces.
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Open Anticline and Open Syncline
Un-Rotated “Filled NE” Fractures

Key to Symbols
� = upright bedding at OS6
� = overturned bedding at OA3
� = early calcite filled fractures at OA3
� = “Filled NE” fractures from MS2
(also observed near OS6)

a)
variance (�) = 0.08, n = 41 (n = 10 at
OA3, n = 31 in MS2 section)
Rotated “Filled NE” Fractures

Box plot of "Filled NE" fracture spacing at OA3
n=9
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c)

dotted line on boxplot represents mean
fracture spacing, median spacing is
represented by the solid line in the middle of
the boxplot

variance (�) = 0.04 (NW dipping, n =
38) & 0.26 (SE dipping, n=3)
Figure 41: Orientation and spacing of “Filled NE" fractures. Poles to planes of bedding and early fractures
at OA3 compared to Filled NE fractures in stratigraphic section MS2: a) un-rotated b) rotated to horizontal
about the fold axis. c) Box plot of fracture spacing at OA3. Filled NE fractures are present
stratigraphically above and below, but not in the fracture survey bed at OS6.
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Figure 42: Relationship between fractures and dissolution cleavage at location OA2. a) annotated. NE striking, SE dipping extension fractures and
calcite fill between dissolution cleavage surfaces indicate that fractures of this set post date dissolution cleavage. NE striking, SE dipping fractures also
cross cut “Low Angle Fractures.” b) un-annotated. Note the shallowly dipping dissolution cleavage at the top of the photo that is cross cut by steeply
dipping dissolution cleavage.
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Box plots of N-S and NW-SE striking fracture spacing in the Open Folds
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Figure 43: Boxplots of fracture spacing of N-S Sets A and B in the Open Folds and Camp Syncline. a) Box
plots of N-S and NW-SE striking fracture spacing in the Open Folds, b) Box plots of N-S and NW striking
fracture spacing in the lower bed of Camp Syncline, c) box plots of N-S and NW-SE striking fracture
spacing the upper bed of Camp Syncline. Dotted lines on boxplots represent mean fracture spacing,
median spacing is represented by solid lines in the middle of the boxplots. Unfilled and filled circles
represent outliers and extremes respectively.

Table 4: Results of statistical tests on fracture spacing in the Open Folds. All tests are at the 95% confidence level. a) tests for higher density in hinges
vs. limbs, b) Results of non-parametric tests (Mann Whitney) by fracture set at each sample location: S = same fracture set, U = Unequal, E = Equal
(median) fracture spacing.

a)
Fractures included in the test
Mann-Whitney
N-S and NW fractures:OS hinge/limb
not equal
N-S and NW fractures: all OS+OA1 hinge/limb
not equal
OS&OA NS and NW

Kruskal-Wallis

Mann-Whitney
equal
equal

Kruskal-Wallis

not equal

n=
28hinge, 66limb
28hinge, 83limb
minimum n=17

n=
24hinge, 59limb
24hinge, 83limb
equal
minimum n=16
not equal
minimum n=9,26
*if either OA3 frac set is included in Kruskall-Wallis then
the result is "not equal."

Fractures included in the test
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all OS & OA E-W (including OA3 fracs)*

b)
OA3 NW
OA1 N-S
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U
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Open Anticline and Open Syncline
Un-Rotated N dipping E-W striking
fractures

Key to Symbols
� = OA1 (shallow limb of Open Anticline)
� = OS1 (shallow limb of Open Syncline)
� = OS2 (shallow limb of Open Sycnline)
� = OS3 (shallow limb of Open Syncline)
� = OS4 (hinge of Open Syncline)
� = OS6 (steep limb of Open Syncline)
� = Normal Faults
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variance (�)=0.03, n = 49
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fractures

b)

c)
variance (�) = 0.11, n = 49

Figure 44: Poles to planes of N dipping E-W striking fractures in the Open Folds: a) un-rotated, b) with
bedding rotated to horizontal about the fold axis, c) un-rotated showing E-W striking normal faults.
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Key to Symbols
� = OA1 (shallow limb of Open Anticline)
� = OS1 (shallow limb of Open Syncline)
� = OS2 (shallow limb of Open Sycnline)
� = OS3 (shallow limb of Open Syncline)
� = OS4 (hinge of Open Syncline)
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variance (�)=0.03, n = 74
Rotated S dipping E-W striking
fractures

b)
variance (�) = 0.03, n = 67 (S dipping)
variance (�) = 0.26, n = 3 (N dipping)

c)

Figure 45: Poles to planes of S dipping E-W striking fractures in the Open Folds: a) un-rotated, b) with
bedding rotated to horizontal about the fold axis, c) un-rotated showing E-W striking normal faults.
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Figure 46: Poles to planes of fractures associated with dissolution cleavage: a) OA1 and b) F6 & F7.

Box plots of E-W striking fracture spacing in gently dipping limb of the Open Folds
(OA1 is in the same fold limb as OS 1-4)
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Figure 47: Boxplots of E-W striking fracture spacing in the gently dipping limb of the Open Folds. Kruskall-Wallis test for similarity of mean fracture
spacing indicates that each set of E-W striking fractures shown above has statistically similar median spacing (table 4). Note that the scale of fracture
spacing is relatively small compared to N-S striking fracture spacing (figure 43). E-W striking fractures were not observed in the fracture survey bed at
OS6 in the backlimb of Camp Syncline, but are present in beds stratigraphically above and below the fracture survey bed. Dotted lines on boxplots
represent mean fracture spacing, median spacing is represented by solid lines in the middle of the boxplots. Unfilled and filled circles represent outliers
and extremes respectively.
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Table 5: Location, relative timing, and interpreted origin of fracture sets in Camp Syncline. Shaded boxes indicate the preferred hypotheses for the
origin of fractures. Symbols with question marks indicate fractures that may have been overprinted by fractures of similar orientation. Symbols
correspond to those on figures 49 & 50.
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(fold geometry also changes slightly along strike since
Camp Syncline is West of the Open Folds
little to no fracturing,
penetrative deformation
dominated by dissolution
cleavages
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Figure 48: General distribution of fracturing and penetrative strain in the Open Folds and Camp Syncline.
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Figure 49: Schematic illustration of fracture character in the lower bed in Camp Syncline. N-S striking fractures are dotted fracture swarms. Stereoplots
are poles to planes of fractures and bedding. Fold axes are plotted as lines. Numbers labeled with degree symbols represent the angle between bedding
and preferred orientation of fractures.
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Figure 50: Schematic illustration of fracture character in the upper bed in Camp Syncline. N-S striking fractures are dotted fracture swarms. Stereoplots
are poles to planes of fractures and bedding. Fold axes are plotted as lines. Numbers labeled with degree symbols represent the angle between bedding
and preferred orientation of fractures.
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Table 6: Results of statistical tests of fracture spacing in Lower Camp Syncline. All tests are at the 95%
confidence level. a) tests for higher density in hinges vs. limbs, b) Results of non-parametric tests (Mann
Whitney) by fracture set at each sample location: S = same fracture set, U = Unequal, E = Equal (median)
fracture spacing. Unequal values are in bold to show the consistency of fracture spacing at all sample
locations except for N-S fracturing at F5 and EW fracturing at F9.
Lower Camp Syncline
Fractures included in the test
Mann Whitney Kruskal-Wallis
n=
N-S striking fractures
not equal
minimum n=10
NW striking fractures
equal*
minimum n=12
N-S with NW striking fractures
not equal
minimum n=10
NE striking fractures
equal
minimum n=19
N-S, NW and NE striking fracs: excluding F5
equal
minimum n= 6
E-W striking fractures
not equal
minimum n=14
N-S, NW, NE, and E-W striking fracs: excluding F5
not equal
minimum n= 6
N-S, NW, NE, and E-W striking fracs:
equal
minimum n= 6
excluding F5 and E-W fracs at F9
*Mann-Whitney since there were only two groups
a)

b)
F5 N-S
F6 N-S
F9 N-S
F6 NW
F4 NW
F6 NE
F7 NE

F5 F6 F9 F6
N-S N-S N-S NW
S U U U
U S E E
U E S E
U E E S
U E E E
U E E E
U E E E

F4
NW
U
E
E
E
S
E
E

F6
NE
U
E
E
E
E
S
E

F7
NE
U
E
E
E
E
E
S

F9
NE
U
E
E
E
E
E
E

F4 F6 F7
F9
F9
NE E-W E-W E-W (N dip)(low angle)
U U U
U
U
U
U
E E E
U
U
E E E
U
U
E E E
U
U
E E E
U
U
E E E
U
U
E E E

F9 NE
F4 NE
F6 E-W

U
U
U

E
E
E

E
E
E

E
E
E

E
E
E

E
E
E

E
E
E

S
E
E

E
S
E

E
E
S

E
E
E

U
U
U

U
U
U

F7 E-W
F9 E-W (N dip)

U
U

E
U

E
U

E
U

E
U

E
U

E
U

E
U

E
U

E
U

S
U

U
S

U
E

F9 (low angle)

U

U

U

U

U

U

U

U

U

U

U

E

S

Table 7: Results of statistical tests of fracture spacing in Upper Camp Syncline. All tests are at the 95% confidence level. a) tests for higher density in
hinges vs. limbs, b) Results of non-parametric tests (Mann Whitney) by fracture set at each sample location: S = same fracture set, U = Unequal, E =
Equal (median) fracture spacing. Bold values are Mann Whitney tests comparing EW fractures at high angles to bedding. Underlined values indicate
Mann Whitney test of EW fractures at intermediate angles to bedding.

Upper Camp Syncline
Mann-Whitney
equal

a)
Fractures included in the test
N-S striking fractures in hinges vs limbs
N-S striking fractures (all)

Kruskal-Wallis

n=
25hinge, 82limb
minimum n=13

not equal

E-W striking fractures in hinges vs limbs
E-W striking fractures (all)
E-W at high angles to bedding
E-W at intermediate angles to bedding
E-W grouped by sample location

equal

88hinge, 39limb
minimum n=14
minimum n=14
minimum n=21
minimum n=35

not equal
not equal
not equal*
equal
*Mann-Whitney because there are only two sets to test

b)
UCS1 NNW
UCS2 NNW
UCS3 NNW, NE dip
UCS3 NNW, SW dip
UCS4 N-S
UCS5 NNW

UCS1 UCS2
UCS3
UCS3
UCS4 UCS5 UCS4
UCS4
UCS5
UCS5
UCS6
UCS6
NNW NNW NNW, NE dip NNW, SW dip N-S NNW E-W (high) E-W (low) E-W (int) E-W (high) E-W (int) E-W (high)
S
E
E
E
E
E
U
U
U
U
U
U
E
S
U
U
U
U
U
U
U
U
U
U
E
U
S
U
E
E
E
U
U
E
U
E
E
U
U
S
U
E
U
U
U
U
U
U
E
U
E
U
S
E
E
U
U
E
U
E
E
U
E
E
E
S
U
U
U
E
U
U

UCS4 E-W (high)
UCS4 E-W (low)
UCS5 E-W (intermediate)

U
U
U

U
U
U

E
U
U

U
U
U

E
U
U

U
U
U

S
U
E

U
S
U

E
U
S

U

E
U
U

E

E
U

UCS5 E-W (high)
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U
U

U
U

E
U

U
U

E
U

E
U

U

E
U

U
U
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U

U
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E

E
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U

U

E

U

E
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Box plots of EW striking fracture spacing in the lower bed of Camp S yncline
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Box plots of NE striking fracture spacing in the lower bed of Camp S yncline
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Figure 51: Boxplots of NE and E-W striking fracture spacing in the lower bed of Camp Syncline. a) E-W
striking fractures, b) NE striking fractures. Note change in vertical scale for NE striking fractures, which
reflects much larger spacing of NE striking fractures. Dotted lines on boxplots represent mean fracture
spacing, median spacing is represented by solid lines in the middle of the boxplots. Unfilled and filled
circles represent outliers and extremes respectively.
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Upper Bed of Camp Syncline
Un-Rotated E-W striking fractures at
high angles with respect to bedding

Key to Symbols
� = UCS7 (forelimb)
� = UCS6 (forelimb side of hinge zone)
� = UCS5 (backlimb side of hinge zone)
� = UCS4 (backlimb)

a)
variance (�) = 0.03 (N dip, n =18)
variance (�) = 0.04 (S dip, n = 56)
Rotated E-W striking fractures at high
angles with respect to bedding

Key to Symbols
� = UCS7 (forelimb)
� = UCS6 (forelimb side of hinge zone)
� = UCS5 (backlimb side of hinge zone)
� = UCS4 (backlimb)

b)
variance (�) = 0.02 (N dip, n = 56)
variance (�) = 0.02 (S dip, n = 18)
Figure 52: Stereoplots of E-W striking fractures at high angles with respect to bedding in the upper bed of
Camp Syncline a) un-rotated, b) with bedding rotated to horizontal about the fold axis.
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Camp Syncline: Upper Bed - fracture spacing of high angle EW
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Figure 53: Boxplots of E-W fracture spacing in the upper bed of Camp Syncline. a) E-W striking fractures
at high angles with respect to bedding. b) Low Angle fractures and E-W striking fractures at intermediate
angles with respect to bedding. Note that no fracture spacing was measured at UCS7 (forelimb) due to the
fact that less than ten fractures of a given set are present at this location. Dotted lines on boxplots represent
mean fracture spacing, median spacing is represented by solid lines in the middle of the boxplots. Unfilled
and filled circles represent outliers and extremes respectively.
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Upper Bed of Camp Syncline
Un-Rotated E-W striking fractures at
intermediate angles with respect to
bedding

Key to Symbols
� = UCS7 (forelimb)
� = UCS6 (forelimb side of hinge zone)
� = UCS5 (backlimb side of hinge zone)

a)
variance (�) = 0.04 (n = 31)
Rotated E-W striking fractures at
intermediate angles with respect to
bedding

Key to Symbols
� = UCS7 (forelimb)
� = UCS6 (forelimb side of hinge zone)
� = UCS5 (backlimb side of hinge zone)

b)
variance (�) = 0.01 (n =31)

Figure 54: E-W striking fractures at intermediate angles with respect to bedding in the upper bed of Camp
Syncline a) un-rotated, b) with bedding rotated to horizontal about the fold axis.
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Figure 55: General patterns of fracturing in Camp Syncline.
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Figure 56: Interpretive model of Camp Syncline. Dark lines are bed traces from the photograph in figure 55, dotted beds are schematic and are
constructed to show how mechanical boundaries might localize tangential longitudinal strain, favoring extensional fracturing on the outer arc of
mechanical packages and compressional deformation on the inner arc.
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8. Evaluation of applicable fold models using fracture data and field documentation
of fold geometry
8.1. Introduction
Since one of the objectives of this research is to understand how folds in the study
area developed, this chapter has three goals. The first goal is to discuss how the results of
fracture studies in the northern fold train place constraints on which geometric and
kinematic fold models are applicable. The second goal is to address the applicability of
detachment fold and fault propagation fold models for folds in the southern fold train.
The third goal is to integrate the results of fracture studies and geometric fold modeling
to produce three end member cross section interpretations of the subsurface structure of
the study area.
The previous chapter describes how fractures and other mesoscopic structures can
give clues to the mechanism of folding, which has implications for fold development.
This method is effective in the northern fold train because the folds are relatively
accessible to field measurement of mesoscopic structures, and because the geometry of
folds in the northern fold train is relatively poorly constrained (figure 16). Folds in the
southern fold train are well exposed in cliff outcrops that favor field documentation of
fold geometry, but are relatively inaccessible to field measurement of fractures and other
mesoscopic structures. Because of the nature of exposure in the southern fold train,
modeling fold geometry is more effective in evaluating how these folds developed.
This chapter addresses the applicability of different detachment fold models for
folds in the southern fold train. Detachment fold geometries have been constructed using
different geometric models (figure 10) to compare with the natural fold geometries.
Further geometric modeling and comparison of forward models of asymmetric
detachment folds with the observed fold geometries would be needed to address more
completely whether detachment folding is applicable to folds in the southern fold train.
However, forward modeling of detachment folds is beyond the scope of this study given
that computer programs are not available to facilitate the expedient creation of multiple
models of asymmetric detachment folds.
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This study addresses the applicability of two different geometric models for fault
propagation folding in the southern fold train: constant thickness (Suppe and Medwedeff,
1990) and trishear (Erslev, 1991). The applicability of constant thickness fault
propagation folding was evaluated by using a constant thickness fault propagation fold
model to construct folds comparable to the observed fold geometry in the southern fold
train. The observed fold geometries were tested against the geometric requirements
governing constant thickness fault propagation folds as defined by the Suppe and
Medwedeff model (1990). The applicability of trishear fault propagation folding to folds
in the northern and southern fold trains was evaluated by forward modeling to match
observed fold geometries (Erslev, 1991). Forward models generated by Trishear 4.5
forward modeling software constrain the range of possible ramp angles, trishear angles,
slip magnitudes and stratigraphic thicknesses that can produce the fold geometries
observed in the field area (Trishear 4.5 software is courtesty of Richard Allmendinger ©
1998-2000).
Since the fold geometries presented here are based on cross sections that are not
corrected for plunge and are constrained only by mapped contacts and measured
attitudes, this study is intended only to be a first approximation of forward modeling;
much more accurate documentation of fold geometries is necessary to validate the fit of a
given forward model to the data.
8.2. Constraints on geometric fold models from fracture studies in the northern fold train
The interpretation that hinges in Camp Syncline and Open Anticline remained
fixed during folding places important constraints on which fold models are applicable.
Neither fault bend folding nor either leading model for fault propagation folding allow
hinges to remain fixed, which suggests that folds in the northern fold train did not form
according to these models. The Epard and Groshong (1995), the Homza and Wallace
(1997), and the Atkinson (2002) hybrid models for detachment folding allow hinges to
remain relatively fixed, which suggests that any of these three models for detachment
folding is possible for folds in the northern fold train. It is unclear which geometric
model for detachment folding is most applicable to folds in the northern fold train, since
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1) the magnitude of thickening by layer parallel shortening in the upper Lisburne is
uncertain, 2) the mechanical behavior of the lower Lisburne is uncertain, and 3) the actual
thickness and mechanical behavior of the Kayak Shale are unknown. Qualitative field
observations such as bed-parallel slip surfaces and the lack of disharmonic folding or
thrusting within the upper Lisburne suggest that folding in the upper Lisburne was
accommodated primarily by flexural slip folding with no significant thickness changes
until the onset of flattening strain in the hinges and steeply dipping limbs during the late
stages of folding.
An alternative hypothesis is that folding in the northern fold train is the result of
fault propagation folding. This hypothesis is not favored since the leading models for
fault propagation folding usually require a migrating synclinal hinge and a box fold
geometry, neither of which are observed in the northern fold train (Suppe and
Medwedeff, 1990; Erslev, 1991). However, Jadamec (2001) documented a probable fault
propagation fold with a ramp tip in the upper Alapah approximately 20 km to the ESE of
the study area, which suggests that (fixed hinge?) fault propagation folding is possible for
the northern fold train.
8.3. Map scale geometry of the southern fold train
From north to south, the southern fold train consists of three major folds: 1) a
close, NE-SW striking, moderately NE plunging, overturned anticline (interlimb angle =
36°), 2) a gently NE plunging, overturned syncline that is similar in geometry to the close
anticline, and 2) a gently NE plunging (10-12°), north vergent, asymmetric box anticline
to the south (“East Fork Box Anticline,” figure 20). All three folds in the southern fold
train have relatively planar limbs with curved hinges and are overturned to the north.
This study focuses on the southern fold train in the cliffs east of the east fork of an un
named creek in the study area (“East Fork Box Anticline,” Plates 1 and 2, figures 16 and
20), which is the most complete cross sectional exposure of the southern fold train near
the cross section line. At this location, East Fork Box Anticline is truncated near its
northern anticlinal hinge by a normal fault with small displacement (less than 50 meters).
Very little internal thickening of units is observed in East Fork Box Anticline, although
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thickening in the middle Alapah is observed in the forelimb of the same box anticline
along strike to the west. In general, only the upper Lisburne is exposed in the close
overturned anticline and syncline, whereas the lower Lisburne is exposed as deep as the
Wachsmuth Limestone in the box anticline to the south (figure 16).
8.4. Projection of surface geometries in the southern fold train into the subsurface using
detachment fold and fault propagation fold models
The surface geometry of the southern fold train is shown in figure 57. This
profile is a vertical cross section, perpendicular to strike, through the southern fold train.
The section is relatively well constrained by surface orientations, mapped contacts and
fold hinges, and photographs and field sketches. Possible sources of error in the cross
section include mis-mapped contacts and error in measurement of surface orientations,
although the error associated with these data are probably negligible. Since the vertical
cross section plane is not normal to the 10-12° plunge of East Fork Box Anticline, slight
angular distortions in the fold geometry may arise. Error associated with these factors is
assumed to be negligible, although more detailed documentation of the geometry of these
folds is necessary to determine whether this is a valid assumption. The normal fault in
the box anticline has been restored assuming that the fault is planar, and that normal
faulting has not significantly rotated the forelimb of the box anticline.
Reconstruction of the subsurface geometry of the southern fold train using various
detachment fold and fault propagation fold models is shown in Plate 3. Constant
thickness is assumed in all cases for simplicity of section construction, and specifically to
test whether constant thickness fault propagation folding is a valid model for East Fork
Box Anticline. The basal detachment surface is assumed to be at the base of the Kayak
Shale, and is assumed to be parallel to the upper flat crest of East Fork Box Anticline.
Since the thickness of the Wachsmuth Limestone in the field area is unknown, two end
member thicknesses are used to construct the cross sections: 1) the maximum measured
thickness of the Wachsmuth Limestone in the study area (91 meters in EF section, figure
15), and the thickness of the Wachsmuth measured in the Marsh Fork area (340 meters in
MF section, figure 15). The Kayak Shale is assumed to be 100 meters thick, based on the
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nearest measured section of Kayak Shale (Paul McCarthy, personal communication,
April 2002).
8.4.1. Subsurface interpretations based on the detachment fold model:
Detachment fold interpretations are shown in Plate 3A and B. Plate 3A shows
that when the lesser thickness of Wachsmuth Limestone is used to construct the
detachment fold, there is not enough Kayak Shale to fill the fold core. This is not
surprising since some detachment fold models allow thickness changes either in the
competent unit (Kayak Shale?) or both the incompetent and competent units to
accommodate such area discrepancies (Kayak Shale and Lisburne Group) (Epard and
Groshong, 1995; Homza and Wallace, 1995; Atkinson, 2002).
Plate 3B shows that when the larger thickness of Wachsmuth Limestone is used to
construct the detachment fold, there is no deficiency in area, and the synclinal and
anticlinal hinges converge near the base of the Kayak Shale. This implies that shortening
decreases to zero at the level of the basal detachment, and the shear gradient accounts for
the lack of line length balance.
8.4.2. Subsurface interpretations based on the parallel (constant stratigraphic thickness)
fault propagation fold model:
The subsurface geometry has been reconstructed according the assumptions
described above. The geometry of the fault propagation folds in Plate 3C-F is controlled
by the location of the southern synclinal hinge below the close anticline in the upper
Alapah. It should be noted that the location of this hinge is not constrained by surface
data, but is constructed to conserve stratigraphic thickness without violating the
assumption of a detachment surface that is parallel to the crest of the box anticline at the
base of the Kayak Shale. A significantly different geometry and much deeper basal
detachment would result if the basal detachment is not assumed to be at the base of the
Kayak Shale, or if the basal detachment is not assumed to be parallel to the crest of the
box anticline. These assumptions have been made both for simplicity in reconstructing
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fold geometries, and because the Kayak Shale is known to be a regional detachment
surface on which slip is likely to occur.
Ramp Configuration 1:
The subsurface geometry of a parallel fault propagation fold can be inferred from
geometries observed in the field using a variety of different methods (Suppe and
Medwedeff, 1990). Suppe and Medwedeff (1990) suggest that a first approximation of
the ramp angle for an undisrupted (constant thickness, no thrust truncation) fault
propagation fold can be obtained by determining the angle between the backlimb and the
basal detachment surface, or by the relationship between the axial angles of the fold.
Since the basal detachment below East Fork Box Anticline is assumed to be parallel to
the flat crest of the box anticline, the ramp can also be assumed to be parallel to the
backlimb, giving a ramp angle of 38°. Plate 3C and D are constructed using this method
for determining the ramp angle.
The amplitude of folding in a constant thickness fault propagation fold is directly
related to the amount of displacement on the thrust ramp (Suppe and Medwedeff, 1990).
Therefore, if constant thickness fault propagation folding is a valid model for East Fork
Box Anticline, the displacement at the base of the ramp should balance with the
horizontal shortening of the line length in the box anticline unless a significant shear
gradient occurs during folding. The displacement at the base of the ramp in Plate 3C and
D is small compared to the shortening in the anticline, which suggests that these are
unlikely subsurface geometries unless a significant shear gradient added northward
displacement upsection during folding.
Ramp Configuration 2:
Another method to determine the ramp angle in constant thickness fault
propagation folding is to use the axial angles (γp) of the fold (Suppe and Medwedeff,
1990). Suppe and Medwedeffs’ (1990) model is governed by trigonometric equations
that relate the axial angle to the ramp angle, such that if the axial angles (γp: Plate 3E and
F) are known, the ramp angle can be calculated or derived from a table. According to the
constant thickness fault propagation fold model, the axial angles in East Fork Box
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Anticline (γp = 44° and 46°, Plate 3E and F) require a ~25° ramp angle. Since the basal
detachment is assumed to be parallel to the crest of the box anticline, the ramp originates
from the rear hinge of the backlimb.
If a ramp angle of 25° is assumed, the assumption of constant thickness must be
relaxed in order to create a fault propagation fold since the backlimb of the anticline is no
longer parallel to the thrust ramp. This is best illustrated in Plate 3E, which shows that a
discrepancy in area occurs above the thrust ramp due to the difference between the
backlimb and ramp angle. Plate 3D shows that when the larger thickness of Wachsmuth
is included, the displacement at the base of the thrust ramp is very small relative to the
fold shortening. Both of these subsurface geometries are unlikely since they do not area
balance, and do not balance ramp displacement with shortening in the box anticline.
8.5. Subsurface interpretations of the southern fold train based on trishear forward
modeling
The fold geometry to be matched by the trishear forward models is shown in
figure 57. Since the main fold in the southern fold train is a box shaped anticline, the
target geometry of trishear forward models is the box anticline with an overturned
forelimb. The geometry of the close anticline and syncline to the north were not
considered during construction of the model, but in some cases, could potentially
explained by layer parallel shortening in the northern syncline of the box fold.
The method for forward modeling using Trishear 4.5 software is to create an un
deformed two dimensional thrust flat using representative thicknesses for units to be
deformed, then incrementally increase displacement on a basal detachment that feeds
displacement to a propagating ramp tip. In all cases, the basal detachment is assumed to
be at the base of the Kayak Shale, since this is the most likely detachment surface in the
region, unless underlying Devonian to Mississippian clastic rocks were involved in
folding. Recall from section 3.7 that the trishear model treats beds within the trishear
zone as beds of uniform rheology, so the trishear model does not take into account
mechanical stratigraphy. Trishear 4.5 allows a variety of ramp angles, trishear angles,
and propagation/slip ratios, so trishear angle and propagation/slip ratio were held constant
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for comparison between the different trishear models (the “default” values in the Trishear
4.5 software were used for trishear angles and propagation/slip ratios: 60° and 1.5
respectively).
8.5.1. Starting configurations of the trishear models:
Two basal detachment configurations are tested: 1) a horizontal basal detachment
(figure 57: “true horizontal”) and 2) a basal detachment that is parallel to the flat crest of
the box anticline (figure 57, “reference line”). Configuration 1 requires the modeler to
determine the ramp angle indirectly, since the fit of the model to the observed fold
geometries determines the ramp angle. Configuration 2 is a much simpler method of
forward modeling this fold because the assumption is made that the backlimb of the box
anticline is parallel to the ramp, and that the flat crest of the box anticline is parallel to the
basal detachment. This assumption allows the exact ramp angle to be calculated (by
measuring the angle between the flat crest and backlimb of the box anticline, figure 57)
and used in a forward model.
Both basal detachment configurations are tested with two different end member
Lisburne Group thicknesses: 1) the thickest possible stratigraphic thickness of the
Lisburne Group in the study area, and 2) the minimum thickness of Lisburne Group
measured in the Marsh Fork area. Since the thickness of the Wahoo and Alapah are
relatively constant, and the thickness of the Kayak Shale is assumed to be 100 meters, the
uncertainty in stratigraphic thickness lies in the Wachsmuth Limestone and Kayak Shale.
The maximum measured thickness of the Wachsmuth Limestone in the study area is 91
meters (EF section, figure 15), and the minimum thickness for the Wachsmuth measured
in the Marsh Fork area is 340 meters (MF section, figure 15).
8.5.2. Discussion of the trishear forward models
Configuration 1: Horizontal basal detachment:
If a horizontal basal detachment is assumed, two trishear fault propagation folds
must form out of sequence to match the observed geometry of the box anticline (figures
58 and 59). Formation of a northern fold first, followed by a second fold to the south has
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the effect of shearing and tilting the flat crest of the box anticline. The trajectory of the
second ramp is assumed to be parallel to the first ramp, and the location of the ramp is
chosen such that the ramp propagates up the backlimb of the first anticline, toward the
basal contact of the upper Alapah. The position of the second ramp tip controls the
amount of shearing and tilting of the flat crest of the box anticline as well as the geometry
and position of the next anticline to the south. Figures 58 and 59 show how forming
folds out of sequence in the forward model has the effect of shearing and tilting the
northern anticline, resulting in a north dipping crest to the box anticline.
When the maximum thickness of Wachsmuth that was measured in the study area
(91 meters) and a horizontal basal detachment configuration is used in a forward model,
limb lengths generated by the forward model are too short to fit the observed limb
lengths, especially in the flat crests of the box fold (figure 60). Since the scale of trishear
fault propagation folds is largely a function of the thickness of units (or the distance the
fault tip propagates up-section), a greater depth to detachment might produce the
observed scale of folding. Hence, when the same forward models are produced using the
full thickness of the Wachsmuth Limestone that is observed in the Marsh Fork area (340
meters), the scale problem is partially solved, although the modeled box anticline is still
slightly smaller than the actual box anticline (figure 61). With a horizontal basal
detachment, a ramp angle of 25° produces a relatively good fit to the real fold profile,
although a thicker stratigraphic section with the same parameters would likely generate a
closer match (figure 61). The “best fit” horizontal basal detachment model with a 25°
ramp angle is the model shown in figures 58 and 59.
The most significant problem with the model in configuration 1 is that it predicts
significant thickening in the backlimb and rear synclinal hinge of the box anticline. This
contradicts qualitative field observations that suggest that the box anticline formed
primarily by parallel folding of the upper Lisburne, middle Alapah, and lower Alapah.
Configuration 2: Basal detachment parallel to the flat crest of the box anticline:
The acute angle between the backlimb and flat crest of the box anticline is 38°.
Consequently, if the backlimb of the box anticline is assumed to be parallel to a thrust
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ramp, and the flat crest is assumed to be parallel to the basal detachment, then the ramp
angle is 38° (assuming parallel folding of the backlimb).
Forward modeling using the observed thickness of Wachsmuth in the study area
(91 meters) creates similar problems to those with configuration 1: limb lengths are too
short due to the scale of the box anticline (figure 62). As in the horizontal detachment
configuration, increasing the thickness of the Wachsmuth to 340 meters in configuration
2 solves the scale problem such that limbs have the correct length (figure 63). The
problem with configuration 2 is that the dip of the forelimb of the box anticline is
insufficient to fit the observed forelimb dip (figure 63).
8.6. Implications of different fold models on construction of cross sections of the southern
fold train
8.6.1. Detachment folding:
Detachment folding of the Lisburne Group above a detachment in the Kayak
Shale is plausible for East Fork Box Fold; however, it is unknown whether the Kayak
Shale is thick enough to permit detachment folding. The thickness ratio of the Lisburne
Group to Kayak Shale plays an important role in the mechanical behavior of the Kayak
Shale as a detachment unit (Ramsay and Huber, 1987). The ratio of Lisburne Group to
Kayak Shale is between 5:1 and 2.5:1 for upright detachment folds in the Franklin
Mountains (Atkinson, 2002). If the thickness of the Kayak Shale is assumed to be 100
meters thick, this ratio is larger south of the Continental Divide thrust front (5:1 to 7:1).
This larger ratio provides important constraints on which detachment fold models are
plausible, although further modeling of detachment folds would help constrain whether
East Fork Box Anticline could have formed by detachment folding.
While the majority of detachment fold models are for symmetric folds, the same
general principles may apply for asymmetric folds. If a Homza and Wallace (1995)
model is assumed for folds in the southern fold train, a thinner incompetent unit relative
to the competent unit may have the effect of favoring very early “lockup” of folds due to
a lack of sufficient area in the mobile detachment unit to fill the cores of anticlines. Plate
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3A suggests that there is not sufficient area to fill the core of East Fork Box Anticline,
although the excess area could be accounted for by movement of the Kayak Shale below
adjacent synclines into the core of the anticline, or by a slightly thicker Kayak Shale.
Atkinson’s (2002) hybrid model or Epard and Groshong’s model (1995) would
require significant thickening of the Lisburne Group to compensate for the relatively thin
Kayak Shale. Since the exposed Alapah in East Fork Box Fold is essentially parallel
folded, neither of these two models is consistent with field observations that suggest
parallel folding of the upper Lisburne, middle Alapah and uppermost lower Alapah.
Significant thickening may occur in the Wachsmuth Limestone, although the uncertainty
in the thickness of the Wachsmuth Limestone in the field area leaves a wide range of
possible subsurface configurations.
Migrating hinge detachment folding (Dahlstrom, 1990; Poblet and McClay, 1995:
“Model 1”) is also a viable alternative since it allows a constant depth to detachment.
Assuming the Kayak Shale is thin compared to the Lisburne, the migrating hinge model
solves the problems that the thickness of the Kayak Shale creates for the Homza and
Wallace (1995) and Atkinson (2002) models. Comparing geometric models of migrating
hinge detachment folds to East Fork Box Anticline might constrain the range of possible
stratigraphic thicknesses that could produce the geometry of the real fold. A detailed
strain analysis would also give clues as to whether hinges have migrated in East Fork
Box Anticline.
One problem with the detachment fold interpretations shown in Plate 3: A and B
is that neither interpretation addresses the discrepancy in shortening between the upper
Lisburne (upper Alapah and Wahoo) in the close anticline north of East Fork Box
anticline and the flat panel of lower Lisburne and Kayak Shale below the close anticline.
The discrepancy in shortening between the anticline and the underlying flat panel is
artificial, being primarily a result of the assumption that bedding is parallel to the basal
detachment below the point where synclinal hinges converge in the upper Alapah in the
flat panel beneath the close anticline. If the assumption is made that the box anticline and
close anticline formed by detachment folding, then shortening associated with the close
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anticline (and possibly the box syncline) could be accommodated by structural thickening
of the lower Lisburne and Kayak Shale in the flat panel below the close anticline.
8.6.2. Constant thickness fault propagation folding:
Constant thickness fault propagation folding is an unlikely mechanism for folds in
the field area since the model requires either an unreasonable shear gradient in order to
account for the amplitude of East Fork Box Anticline (Plate 3D and F), or requires
relaxation of the assumption of constant bed thickness (Plate 3C and E). Like the
detachment fold interpretations above, constant thickness fault propagation folding does
not address the discrepancy in shortening between the upper Lisburne (upper Alapah and
Wahoo) in the close anticline north of East Fork Box anticline and the flat panel of lower
Lisburne and Kayak Shale below the close anticline. Therefore, if the assumption is
made that the box anticline formed by constant thickness fault propagation folding, then
shortening associated with the close anticline in the upper Alapah and Wahoo must be
accounted for by shortening that is not associated with the constant thickness fault
propagation fold model.
8.6.3. Trishear Fault Propagation Folding:
The most significant implication of the trishear forward models is that at least the
full thickness of Wachsmuth Limestone (340 meters) is required to generate the scale of
folds in the southern fold train using the trishear model (figures 61 and 62). This
suggests that if the trishear model is valid, the thickness of the actual mechanical package
that forms the box anticline in the southern fold train must be as much as or greater than
the modeled thickness. The same geometry of trishear fault propagation fold could be
modeled using the full thickness of Wachsmuth Limestone, or an equivalent thickness of
underlying units. For example, if the Wachsmuth Limestone is not 340 meters thick in
the study area and the basal detachment lies in or below the Devonian to Mississippian
clastic rocks, then the thickness of the mechanical package that forms the southern fold
train could be comparable to the modeled thickness.
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Forward models using the full thickness of Wachsmuth Limestone in the Marsh
Fork area (340 meters) and configuration 1 produce a reasonably good fit to the observed
box fold geometries (figure 61b). Configuration 1 is favored over configuration 2 (figure
63) because it offers a better fit to the observed box anticline geometry, and provides
significant shortening ahead of the box anticline to account for formation of the close
anticline to the north (figure 61b). The biggest problem with configuration 1 is that it
produces thickening of the backlimb and rear synclinal hinge of the box fold that is not
observed in the field.
The close anticline-syncline pair north of the box anticline can be interpreted to
be the result of thickening in the forward hinge of the box syncline in trishear
configuration 1 (using 340 meters of Wachsmuth). The Trishear 4.5 program does not
account for differences in mechanical behavior since the model treats beds as
homogeneous inelastic media. For this reason, thickening produced by the trishear zone
is manifested as uniform thickening within the beds or fold hinges. Since significant
mechanical stratigraphic differences have been documented in the Lisburne Group, it is
likely that it would not thicken uniformly, but might respond to the deformation by
“parasitic” folding within one or more units. Configuration 1 suggests that significant
layer parallel shortening occurs in the syncline adjacent to and ahead of the box anticline.
In real rocks that have layers with different mechanical properties such as the Lisburne
Group, this would likely produce folds ahead of the box anticline (figure 61b). In this
case, parasitic folding and thickening of the upper Alapah would likely accommodate the
layer parallel shortening in the model.
8.7. Cross Section Construction
Three interpretive cross sections are shown in figures 64, 65, and 66. Each of the
three cross sections is an “end member” interpretation of the subsurface geometry of
folds in the field area. The actual fold geometries are probably some combination of
these interpretations and possibly other interpretations. Cross section 1 is constructed by
projecting dips downward into the subsurface without interpretation of the basal
detachment configuration, producing an irregular detachment surface. Cross section 2
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assumes that the basal detachment is relatively flat below the northern and southern fold
trains. Cross section 3 is schematic and assumes that folds in the southern fold train
formed as a result of trishear fault propagation folding and that folds in the northern fold
train formed by detachment folding.
Cross sections 1 and 2 assume parallel kink folding, but are not balanced. Area is
conserved where planar panels meet angular hinges, but since the observed fold
geometries are curved, and anticlinal hinges converge downward in the Lisburne, area is
not constant in all areas of the cross section. As discussed in sections 5.2.1 and 5.3.1, the
thickness of the Wachsmuth in the field area is uncertain. Cross sections 1 and 2 are
constructed using the measured thickness (91 meters) for the Wachsmuth in the study
area. While the true thickness is probably greater, this is meant to represent a minimum
thickness. Parallel kink folding is assumed in cross sections 1 and 2 because significant
internal thickening or thinning of the Alapah was not observed along the section line,
although the middle and lower Alapah were only observed in the flat thrust panel and
East Fork Box Anticline (figures 16, 17 and 20).
Cross section 3 integrates the results of trishear forward modeling to fit the
observed fold geometries and carrries the assumptions of the “best fit” horizontal basal
detachment model presented in section 8.4. for folds in the southern fold train. This cross
section is schematic since it was built by fitting the “best fit” horizontal basal detachment
trishear model into downward projections of the flat panel and northern fold train. For
these reasons, thicknesses are not constant in the northern or southern fold trains, the
section is not balanced, and does not directly honor the field data since the geometry of
the observed folds differs slightly from the modeled folds.

8.7.1. Cross section 1: Simple downward projection of structural orientations observed at
the surface:
This cross section is constructed by projecting surface orientations into the
subsurface, assuming that all maintain constant orientation and thickness into the
subsurface.
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The most striking aspect of this cross section is the irregularity of the basal
detachment surface (figure 64b). The extreme irregularity can be reduced by assuming
that synclines in the lower Alapah and Wachsmuth Limestone are curved at depth,
although the basal detachment is still not planar (figure 64c). Irregularity of the basal
detachment surface can be accounted for in a number of different ways. Since the
displacement on the major thrust fault in the field area is unknown, it is unclear whether
the northern and southern fold trains sit stratigraphically above Devonian to
Mississippian clastic rocks, or structurally above the Sadlerochit and Lisburne Groups.
Therefore, the dramatic thickness changes that are required for such an irregular
detachment surface could be accounted for by structural thickening of either the
Devonian to Mississippian clastic rocks, the Kayak Shale, the Lisburne Group, or the
Sadlerochit Group.
This cross section produces a reasonable line length restoration with a “top to
north” shear gradient in the upper Alapah and a “top to south” shear gradient in the lower
Alapah, Wachsmuth and Kayak Shale. This cross section also implies approximately
1500 meters of displacement due to folding alone; this does not include the displacement
related to thrusting (figure 64a). The interpreted shear gradient is based on the relatively
consistent orientation of fold hinges and normal faults that have been deformed as loose
lines. The shear gradient might account for the asymmetry of folds in the area since
shear gradients are often used to explain asymmetry in fold trains (Hudleston and Lan,
1993; Tripathi and Gairola, 1999). The source of the shear gradient can be attributed to
bending of the hanging wall over a thrust ramp, drag on the thrust surface, and/or shear
associated with northward thrusting on higher thrusts to the south.
8.7.2. Cross section 2: Smoother detachment:
Cross section 2 (figure 65) was constructed by assuming that the basal detachment
below the southern fold train is parallel to the crest of the box anticline and the north
dipping limb of the adjacent anticline to the south. The box anticline and folds in the
northern fold train are interpreted as detachment folds in this cross section.
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Smoothing the detachment surface essentially reduces line length in the lower
Lisburne and Kayak Shale since anticlinal hinges converge in the upper Lisburne (figure
65b). The result is a deficiency in restored line length of the lower Lisburne and Kayak
Shale, and a “top to north” shear gradient in the southern part of the field area indicated
by the orientation of the loose line (figure 65a). In addition to the deficiency in line
length, there is not enough area available to fill the cores of anticlines (gray shading in
figure 65a). Both the deficiency in line length and the deficiency in area suggest that
either the assumption of parallel folding in the lower Lisburne and Kayak Shale is not
valid, or that the Wachsmuth Limestone is thicker. Constructing the cross section with a
thicker Wachsmuth Limestone is one method to reduce the deficiency in area, since a
greater thickness of Lisburne allows anticlinal hinges to converge downward (as in Plate
3B). Disharmonic folding of the Kayak and/or minor disharmonic folding, bed scale
duplexing, and layer parallel shortening in the lower Lisburne could also reduce the
deficiency in area. Alternatively, transport of material into the plane of section could also
reduce the deficiencies in area.
Cross section 2 shows an alternative solution for the space problem below the
northern and southern fold trains. This interpretation suggests that thickened Devonian to
Missisissippian clastic rocks and/or basement are present in normal stratigraphic order
below the Kayak Shale. Thickening of the Devonian to Mississippian clastic rocks could
be manifested as duplexing within the unit or as fault bend folding similar to the
structural style of the northeastern Brooks Range. The location and geometry of the
footwall ramp in the Lisburne Group is uncertain. The footwall ramp location shown in
cross section 2 was chosen since the geometric profile of the Lisburne appears to change
structural levels at that point, possibly indicating the location of a gently dipping thrust
ramp.
8.7.3. Cross section 3: Folding by trishear fault propagation folding:
Cross section 3 assumes that East Fork Box Anticline is a result of trishear fault
propagation folding (figure 66a). This cross section relaxes the assumption of parallel
folding, and is not area balanced. Since trishear fault propagation folding produces more
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widely distributed strain up section, units higher in the stratigraphy accommodate more
internal shortening in the cross section. For example, close folds in the upper Alapah
north of East Fork Box Anticline are interpreted to be the result of thickening of the
forward synclinal hinge in the trishear forward models (figure 66b).
Folds in the northern fold train are interpreted to have formed as a result of
detachment folding with the majority of thickening occurring in the middle Alapah
(figure 66b). When structural attitudes in Camp Syncline and Open Anticline are
projected into the subsurface, hinges converge in the lower part of the upper Alapah.
This suggests that a significant amount of shortening occurs near the contact between the
upper and middle Alapah. Since disharmonic folding has been documented in the middle
Alapah, significant thickening of this unit is a reasonable interpretation (figure 14).
The thickness of the Wachsmuth in cross section 3 differs from the thickness
observed in the northern part of the field area. The modeling described in section 8.5
suggests that forward models that include 340 meters of Wachsmuth in the total Lisburne
thickness can produce trishear fault propagation folds of the geometry observed in the
field area. This 340 meters of Wachsmuth is shown in the cross section; however, field
observations suggest that the Wachsmuth is not 340 meters thick below the flat thrust
panel (section 5.3.1, Plate 2). Southward depositional thickening of the Wachsmuth
could account for the thickening between the thrust panel and the northern and southern
fold trains (figure 16, Plate 2), but would require an apparent depositional ramp angle of
1.5-2° (calculated using the minimum restored distance between the two measured
sections from cross section 2). While 2° is a relatively large angle for a depositional
ramp surface, an abrupt depositional southward thickening of the Wachsmuth might help
explain the drastic change in structural style between the northern and southern fold
trains.
8.8. Conclusions
Field observations suggest that folds in the northern fold train formed by fixed
hinge detachment folding. Cross section construction and interpretation suggest that
fixed hinge detachment folding is a valid model, but it is unclear if the lower Lisburne
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and Kayak Shale have been structurally thickened. Anticlinal hinges in the northern fold
train converge downward above the middle Alapah, which suggests that detachment folds
may form by thickening in the middle Alapah. Fault propagation fold models are
unlikely for folding in the northern fold train since they do not adequately fit the
geometry of folds in the northern fold train and require migrating hinges, contradicting
field observations that suggest fixed hinges.
The kinematic history of folds in the southern fold train remains unresolved,
although acceptable models for East Fork Box Anticline have been limited to trishear
fault propagation folding or detachment folding. Constant thickness fault propagation
folding probably is not a valid model for East Fork Box Anticline in the configurations
presented here since it requires unreasonable shear gradients to account for the observed
fold amplitude, which is more indicative of detachment folding than fault propagation
folding. Trishear modeling to fit observed fold geometries suggests that at least the full
thickness of the Lisburne Group observed in the Marsh Fork field area (340 meters), or
an equivalent or greater thickness of Devonian to Mississippian clastic rocks is required
to reasonably fit fold geometries in the southern fold train. Trishear fault propagation
folding offers a relatively simple explanation for the close anticline-syncline pair ahead
of the box anticline in the southern fold train since the trishear forward model requires
thickening in the forward synclinal hinge of the box anticline.
Due to limited exposure of middle Alapah, lower Alapah, Wachsmuth Limestone
and Kayak Shale, the subsurface geometry of these units is difficult to resolve. Simple
downward projection of the units in cross section 1 results in an irregular basal
detachment surface that requires irregular thickening of the Devonian to Mississippian
clastic rocks to conserve area in the cross section. Cross section 2 is the most likely
configuration if the southern fold train formed by detachment folding, and the Devonian
to Mississippian clastic rocks and basement(?) rocks are fault bend folded as they are in
the adjacent northeastern Brooks Range. Cross section 2 would be more realistic, and
might also smooth the shear gradient in the restored section if the assumption of parallel
folding of the lower Lisburne and Kayak Shale were relaxed, since these units probably
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thicken internally by small scale duplexing, parasitic folding, and layer parallel
shortening.
The subsurface geometry shown in cross section 3 is a plausible configuration if
folds in the southern fold train formed by trishear fault propagation folding. This cross
section is somewhat artificial in that it assumes an arbitrarily horizontal basal detachment
surface and uses the geometry from the trishear model in the southern fold train. The
basal detachment in this cross section requires a large amount of displacement (at least 6
kilometers), which is possible if the study area is in an allochthonous thrust sheet. This
cross section provides a mechanism for forming the close anticline in the southern fold
train by assuming that layer parallel shortening in the trishear model would be manifested
in real rocks as non-parallel folding of the Alapah, and possibly the Wachsmuth
Limestone and Kayak Shale. Cross section 3 also shows a more plausible subsurface
geometry of the northern fold train than cross sections 1 or 2 by relaxing the assumption
of parallel folding and constant stratigraphic thickness. Significant internal thickening of
the middle Alapah is supported by the downward convergence of fold hinges above the
middle Alapah.
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Figure 57: Observed fold geometries in the southern fold train from the observed cross section through the West Porcupine Lake Valley study area
(figure 16). Limits of exposure are shown in figure 16. The small displacement normal fault that truncates East Fork Box Anticline has been restored
assuming that the normal fault is planar and did not rotate the forelimb.
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Figure 58: Detail of Trishear forward model with horizontal basal detachment (Configuration 1), 25° ramp angle, and
340 meters of Wachsmuth Limestone. The thickness of the Wachsmuth Limestone is the full thickness measured in the
Marsh Fork area (340 meters), southeast of the field area. Model parameters: 25° ramp angle for both faults, 60°
trishear angle (symmetric trishear), propagation/slip ratio: 1.5. Slip values for frames 1 & 2 are 60 and 100 units
respectively on the first fault. Slip values for frames 3, 4, & 5 are 60, 100, & 140 units respectively for the second
fault. Relative thicknesses of the Lisburne Group and Kayak shale are shown. Models generated by Trishear 4.5
software: courtesty of Richard Allmendinger 1998-2000.
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Figure 59: Detail of Trishear forward model with horizontal basal detachment showing strain ellipses shaded by
strain. Model parameters are the same as in the previous figure: 25° ramp angle, 60° trishear angle
(symmetric trishear), propagation/slip ratio: 1.5. Slip values for frames 1 & 2 are 60 and 100 units
respectively on the first fault. Slip values for frames 3, 4, & 5 are 60, 100, & 140 units respectively for the
second fault. Models generated by Trishear 4.5 software: courtesty of Richard Allmendinger 1998-2000.
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Figure 60: Trishear forward models compared to observed fold geometries: Configuration 1, lesser
Wachsmuth thicknesss (91 meters). Model parameters: 25° ramp angle, 60° trishear angle (symmetric
trishear), propagation/slip ratio: 1.5. Slip values for frames 1 & 2 are 20 and 50 units respectively on the
first fault. Slip values for frames 3, 4, & 5 are 60, 100, & 130 units respectively for the second fault.
Models generated by Trishear 4.5 software: courtesty of Richard Allmendinger 1998-2000.
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c)
Figure 61: Trishear forward models compared to observed fold geometries: Configuration 1, greater Wachsmuth thicknesss (340 meters). Observed fold
geometries overlaid (in grey) at the same scale. Model parameters: 60° trishear angle (symmetric trishear), propagation/slip ratio: 1.5 for all models. a)
30° ramp angle, b) 25° ramp angle, c) 20° ramp angle. Models generated by Trishear 4.5 software: courtesty of Richard Allmendinger 1998-2000.
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Figure 62: Trishear forward models compared to observed fold geometries: Configuration 2, lesser
Wachsmuth thicknesss (91 meters). Model parameters: 38° ramp angle, 60° trishear angle (symmetric
trishear), propagation/slip ratio: 1.5, total slip: part 1) 10; part 2) 20; part 3) 30; part 4) 40; part 5) 46. Part
6 shows the same geometry as part 5 with the observed fold geometries overlain (in grey) at the same scale.
The observed fold geometries have been rotated to the orientation of the basal detachment. Note that the
crest of the box anticline is too short to fit the observed fold geometries. Models generated by Trishear 4.5
software: courtesty of Richard Allmendinger 1998-2000.

175

1)

2)

3)

4)

5)

6)

Figure 63: Trishear forward models compared to observed fold geometries: Configuration 2, greater
Wachsmuth thicknesss (340 meters). Model parameters: 38° ramp angle, 60° trishear angle (symmetric
trishear), propagation/slip ratio: 1.5, total slip: part 1) 10; part 2) 20; part 3) 30; part 4) 40; part 5) 46. Part
6 shows the same geometry as part 5 with the observed fold geometries overlain (in grey) at the same scale.
The observed fold geometries have been rotated to the orientation of the basal detachment. Note that the
observed dip of the box anticline forelimb is much steeper than the dip of the forelimb in the forward
model. Models generated by Trishear 4.5 software: courtesty of Richard Allmendinger 1998-2000.
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Figure 64: Cross section 1: Simple downward projection of structural orientations observed at the surface. a) restored version of b, b) partially restored,
c) partially restored with alternate deep syncline geometry. In the partially restored cross section, normal faults that cross cut fold hinges have been
restored for simplicity of viewing fold geometry. The Kayak Shale has been folded along with the Lisburne although significant thickening is very
likely in this unit as well as in the Wachsmuth Limestone and middle Alapah. The presence and/or configuration of the Lisburne Group (in gray) below
the thrust is entirely unconstrained. In the line length restoration shown above, fold hinges and normal faults have been deformed as loose lines.
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Figure 65: Cross section 2: Smoother detachment. a) restored, b) partially restored. This cross section assumes that the detachment surface below folds
in the southern end of the field area is flat. This detachment surface can be used to build upward. In the partially restored cross section, normal faults
that cross cut fold hinges have been restored for simplicity of viewing fold geometry. The Kayak Shale has been folded along with the Lisburne
although significant thickening is very likely in this unit as well as the Wachsmuth Limestone and Middle Alapah. Area gaps in the cross section exist
below Open Syncline and East Fork Box fold (shaded gray areas). Area gaps can be accounted for by disharmonic folding in the Kayak Shale and/or
disharmonic folding, bed scale duplexing, and layer parallel shortening in the Lower Lisburne. The presence and/or configuration of the Lisburne
Group (in gray) below the thrust is entirely unconstrained. In the line length restoration shown above fold hinges and normal faults have been deformed
as loose lines (passive markers).
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Figure 66: Cross section 3: Folding by Trishear fault propagation folding. a) Final stage of Trishear forward model (mirrored horizontally from the
previous diagrams) showing stratigraphic units. b) Cross section 3: Trishear forward model spliced into observed cross section. Normal faults that cross
cut fold hinges have been restored for simplicity of viewing fold geometry. Since fold geometries generated by the model fit the observed geometry of
East Fork Box fold (figures 16 & 20) the model values have been used for the interpretive cross section, hence the cross section does no directly honor
the data. No restoration is shown because the geometry of the southern fold train is derived from a forward model and does not directly honor the data.
The tops of the Upper Alapah and Wahoo from the observed cross section are displayed for comparison. The interpretive cross section is not balanced.
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9. Conclusions
9.1. Controls on and modeling of fracturing in the Lisburne Group stratigraphy
Surveys of fracture density and character in the Lisburne Group stratigraphy
suggest that the primary controls on fracture density in the Lisburne Group are the nature
and thickness of mechanical packages. In folded stratigraphic sections, fracture density
seems to be associated with, but not necessarily localized along, bed-parallel slip
surfaces. Decreasing interlimb angle increases the magnitude of fracturing in
asymmetrically folded Lisburne Group, probably due to displacement along flexural slip
surfaces and development of shattered horizons within the stratigraphy.
Predictive formulaic models of fracture density that use lithology, bed thickness,
and chert content are relatively ineffective at predicting fracture density in the Lisburne
Group stratigraphy. Models 1 and 2, which predict fracture density based on grain size
and grain scale lithologic heterogeneity respectively, are effective at predicting the
general trends in fracture density in the stratigraphic section, but commonly do not
accurately predict the number of fractures at a given stratigraphic interval (figures 35-38).
Model 3 in some cases highlights mechanical boundaries and peaks in fracture density,
and appears to be more effective in stratigraphic sections that are suspected to have
significant slip along bedding both during and possibly after folding.
9.2. Fractures and strain indicators that pre-date or are related to folding
Fracturing in the study area is related to a variety of different mechanisms that
occurred before, during and after the folding process. Fracturing that pre-dates
dissolution cleavage and folding appears to be relatively sparse, both in terms of the
number of different orientations and the spacing within each fracture set. This
observation may be misleading due to overprinting of pre-fold and fold related fractures
by post-fold fractures. These syn- to post-folding fractures obscure the earlier fractures.
Three fracture sets pre-date pervasive dissolution cleavage and penetrative deformation.
One set of E-W to NE-SW striking extension fractures (Low Angle fractures) is
interpreted to be associated with top to north bedding plane slip. Fractures of this set
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probably pre-date folding, but may also be locally associated with fold processes. Some
filled and unfilled N-S striking fractures (N-S Set A) are interpreted to be either early
tectonic joints that pre-date folding or strike perpendicular joints associated with folding.
Extension fractures that are at high angles with respect to bedding and are parallel to the
strike of folds in the study area (Filled NE fractures) are localized in the steeply dipping
limbs of the Open Folds in the study area. These fractures are most likely associated with
bedding plane slip in the earliest stages of folding. The spacing of fractures that pre-date
or are related to folding is relatively large compared to fractures that are interpreted to
post-date folding.
Two sets of E-W striking fractures interpreted to be syn-folding are localized in
the hinge of the upper bed in Camp Syncline, but not in the limbs, and are interpreted to
be a result of a fixed synclinal hinge. A possible explanation for why E-W striking
fracturing is localized in the hinge of the upper bed, but not in the lower bed, is that
tangential longitudinal strain in mechanical units whose boundaries are major bedparallel slip surfaces has extensional and compressional areas at different places in the
hinge of Camp Syncline. Higher fracture densities are localized in extensional areas of
the hinge because rocks fracture more readily under tension than compression.
Dissolution cleavage in the study area is localized in the hinges of anticlines and
in the steeply dipping limb of Camp Syncline and Open Anticline. Gently dipping
dissolution cleavages cross cut by steeper axial planar dissolution cleavages in the hinge
of Open Anticline (and not in the limbs) suggests that strain was localized in the hinge of
the anticline during folding. Pervasive dissolution cleavage is probably localized in the
hinges of anticlines during folding and migrates into the forelimb after folds lock up.
Pervasive dissolution cleavage tends to increase the density of fractures that are
orthogonal or near orthogonal to dissolution cleavage planes.
9.3. Post-folding fractures
The majority of fractures in west Porcupine Lake valley appear to post-date
folding. The most pervasive post-folding fractures are N-S to NW-SE striking sets of
extension fractures that are in swarms of en echelon extension fractures that cross cut all
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bed contacts (N-S Set B). These N-S to NW-SE striking fractures are probably related to
a variety of mechanisms including normal faulting and neotectonic jointing. E-W
striking fractures in the Open Folds, and NE-SW striking fractures in Camp Syncline are
also en echelon sets of extension fractures with small aperture. Both of these fracture sets
post-date folding and are interpreted to be related to a variety of mechanisms including
normal faulting, uplift and unroofing, and cross jointing associated with N-S striking
fractures.
9.4. Mechanism of folding in the study area
The distribution of fold related fracture density in the Open Folds and Camp
Syncline implies that the upper Lisburne has responded to shortening by fixed hinge
detachment folding. Three important observations support this interpretation: 1)
Fracture density related to folding is low or absent in the gently dipping limbs of folds as
compared to the hinges. Further, fracture density is lower in the gently dipping limbs
than in the hinges. 2) Fracture distribution and other observations suggest that flexural
slip surfaces are localized in the steeply dipping forelimbs of the Open Folds and not in
the gently dipping limbs. 3) A cross section of the northern fold train suggests that
significant thickening occurs in the lower part of the upper Alapah and probably in the
middle Alapah since fold hinges converge in the lower part of the upper Alapah.
Detachment fold models consistent with folding in the northern fold train include the
Epard and Groshong (1995) model, the Homza and Wallace (1995) model, or the
Atkinson (2002) hybrid model.
Modeling fold geometries suggest that detachment folding or trishear fault
propagation folding are plausible models to describe the development of folds in the
southern fold train. While detachment folding is a valid model for box folds in the
southern fold train, it is unclear whether the thickening required in the anticline core
occurs predominantly in the Kayak Shale, in the lower Lisburne, or in the Sadlerochit
Group underlying a basal thrust. Determining the thickness of the Kayak Shale and
documenting the nature of deformation in the lower Lisburne would aid in determining
the applicability of detachment fold models in asymmetric folds in the southern fold train.
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Constant thickness fault propagation folding according to the subsurface
configurations presented here is an unlikely model to describe the development of the
southern fold train. Subsurface interpretations of East Fork Box Anticline using the
parallel fault propagation fold model yield unreasonable ramp configurations, or do not
balance horizontal shortening with displacement accommodated by folding.
Trishear fault propagation folding is a valid model to describe the development of
folds in the southern fold train based on forward modeling to fit observed fold
geometries. Out of sequence formation of two trishear fault propagation folds with a
horizontal basal detachment offers a relatively good fit to the box anticline in the
southern fold train and provides a mechanism to form the close anticline/syncline pair to
the north. The scale of the box anticline in the field area requires either the full thickness
of the Lisburne Group observed in the Marsh Fork field area to the east, or an equivalent
thickness of underlying Devonian to Mississippian clastic rocks to generate observed fold
geometries using this model.
9.5. Future work
9.5.1. Future formulaic modeling of fracture density in a stratigraphic section:
Predictive formulaic modeling of fracturing in a stratigraphic section was largely
unsuccessful using only three attributes: lithology, bed thickness, and chert. A more
detailed analysis of where fracture density is accurately predicted in the stratigraphic
section by the three models would aid in refining the models and identifying factors that
were not accounted for. Future studies that attempt to relate these three attributes to
fracture density in a stratigraphic section should further explore the relationship between
bed-parallel slip surfaces and fracture density. Further, detailed documentation of the
location of bed-parallel slip surfaces and mechanical boundaries with respect to carbonate
cycle boundaries might allow more accurate predictive modeling of fracture density in a
stratigraphic section.
9.5.2. Future studies of fracturing in folds:
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The most significant problem with studying the relationship between fracturing
and folding the west Porcupine Lake valley field area is the possibility of fracture
overprints related to post-folding processes such as normal faulting and uplift and
unroofing. This problem can be solved by accurately documenting the timing of each
fracture set. Since there are very few pavement outcrops that illustrate the timing of
fractures in west Porcupine Lake valley other methods of distinguishing fracture sets,
such as isotope studies of fluid inclusions and detailed petrographic analysis may be
employed. Fluid inclusions of normal fault vein fill and fracture fill may provide clues to
temperature conditions under which fracture fill formed. Detailed petrographic analysis
of filled fractures and normal faults may also aid in establishing a link between normal
faults and related fractures.
Future studies can also test the hypothesis that hinges have different areas of
extension and compression that result from tangential longitudinal strain in a large scale
mechanical unit. This hypothesis can be tested by documenting extensional fracture
density up and down section along fold axial surfaces and documenting the locations of
major bed-parallel slip surfaces. Comparing hinge fracture density to the locations of
major bed-parallel slip surfaces could confirm or deny the validity of this hypothesis.
Another important question is whether synclinal hinges are similar to anticlinal hinges in
this respect. Further, hinges of folds of different interlimb angles should be examined in
order to understand how the kinematic history of the hinge relates to fracturing.
9.5.3. Future studies to evaluate the kinematic history of folding in the southern fold
train:
As discussed in chapter 8, the question of whether folds in the southern fold train
formed by detachment folding or trishear fault propagation folding remains unresolved.
Detailed documentation of fold geometry in the southern fold train is needed to validate
or reject some of the assumptions made in this study, such as parallel folding of the
Lisburne Group. Comparing geometric models of detachment folds to East Fork Box
Anticline might constrain the range of possible stratigraphic thicknesses that can produce
the geometry of the real fold.
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An indirect method of testing whether trishear fault propagation folding is a valid
model for folds in the southern fold train is to determine whether a full 340 meter section
of Wachsmuth can be documented along strike, or whether the basal detachment that
forms box folds in the southern fold train is in or below the Devonian to Missisissippian
clastic rocks. The majority of evidence suggests that the thickness of the Wachsmuth in
the field area is considerably less than 340 meters in the north end of the field area, which
suggests either that Devonian to Mississippian clastic rocks are involved in trishear fault
propagation folding, or that another mechanism of folding is likely.
A possible method for testing the validity of both the trishear model and
detachment fold models in box anticlines in the southern fold train would be a detailed
strain analysis of the East Fork Box Anticline in the field. The trishear model makes
specific, testable predictions with regard to the distribution of strain in the box anticline
(figure 59). The strain distribution produced by the forward models can then be
compared to the actual strain distribution in East Fork Box Fold, which would address the
validity of the model. Geometric models of detachment folds also make testable
predictions as to whether or not thickening occurs in the competent units, and whether
hinges remain fixed or migrate with respect to the rock.
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uL

Open Anticline
& Syncline

a
a
a

]

Sy

`

Z

p
Cam

S

Z

]

]Z

ne
ncli

Z

FC section

Contacts, faults, and fold axes are solid where precisely located,
dashed where approximate, dotted where inferred (see below).
Faults

S

]

FW section

^

lL

Legend

Northern
fold train

`

a

uL

`

a

a
a

a

a

Z

Domain Boundaries

``

a

a
a
a
a
a
a

a
a
K aa
S

Flat thrust
panel

a

N

a
a

Aa

Plate 2:
Simplified Geologic Map of West
Porcupine Lake Valley Study Area,
showing the location of stratigraphic
sections and important structural features.

Miles
0
Kilometers

0

1

1/2
1/2

1

1 1/2

2

a

a

Minimum thickness of Wachsmuth Limestone
measured in Marsh Fork area (340 meters)

Maximum thickness of Wachsmuth
Limestone in the study area (91 meters)

North

A

B
Wah
oo

Wah
oo

Detachment folding

Upp

Upp

er A

-surface dips projected
downward
-discrepancy in area: not enough area to fill the core
of the anticline (excess area shaded gray)
-does not line length balance

er A
lapa
h
Mid
dle A
Low
lapa
er A
h
lapa
h
Wac
hsm
uth

lapa

Mid
d
Low le Alap
a
er A
lapa h
Wac
h
hsm
uth
Kay
ak S
hale

h

-hinges converge near the base of the Kayak Shale
-does not line length balance

C

D

Parallel Fault Propagation
Folding

Wah
oo

-ramp angle (cutoff angle)
=38°, assumed to be parallel
to the backlimb of box
anticline

Upp

er A

- defaults to detachment fold
- geometry predicted by Suppe and Medwedeff's
model is shown as gray lines below the Kayak Shale

E

g = 46°

Wah
oo

p

-ramp is not parallel to the backlimb
-does not line length balance
-discrepancy in area (excess area shown in gray)

Upp

er A

hale

Wah
oo

g = 46°

Upp

h

gp*= 26°
-too little shortening on thrust ramp to account for fold
amplitude without a large shear gradient (does not line
g balance)
lenth

er A
lapa
h
Mid
dle A
Low
l
er A apah
lapa
h
Wac
hsm
uth
Kay

ak S

hale

gp= 44°

g = 46°

Wah
oo

p

lapa

Mid
d
Low le Alap
a
er A
lapa h
Wac
h
hsm
uth
Kay
ak S
hale

ak S

p

F

gp= 44°

Kay

gp= 44°

lapa

Mid
d
Low le Alap
a
er A
lapa h
Wac
h
hsm
uth
Kay
ak S
hale
Dev
on
Clas ian to M
tic r
ocks iss.

Parallel Fault Propagation
Folding
-ramp angle (cutoff angle)
determined by the observed
p
axial angle: g = ~45°
according to the rules of
Suppe (1983) for constant
thickness fault propagation
folding
(ramp angle = ~25°)

South

h

North is to the left in all cross sections.
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fold geometries (figure 57) using the
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Shale, 3) the normal fault that
truncates the anticline (solid dashed
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