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Abstract

Fractures form in foreland basin rocks during their progressive incorporation into 

fold-and-thrust deformation and subsequent uplift. This study investigates the 

relationship between fracture distribution and the evolution of the fold-and-thrust belt. 

This study identifies four fracture sets in pre-orogenic carbonates of the Brooks Range 

northward into foreland basin. Fracture distribution, structural style, and apatite fission- 

track (AFT) data define four structural domains. Domain I consists o f strongly deformed 

Mississippian through Triassic rocks. Fracture sets 1, 2 and 4 are present in domain I, 

reflecting Valanginian through early Tertiary deformation. Domains II-IV consist of 

clastic basin deposits hosting fracture sets 2-4. Domains II and IV share fracture set 

distributions (sets 3 and 4), AFT cooling ages (70-60 Ma) and deformational style of 

open -symmetric detachment folds. Domain III includes fracture sets 2-4, AFT cooling 

ages o f -100 Ma, reflecting thermal immaturity and south-vergent structures consistent 

with back thrusting. Restoration o f early Tertiary deformation is constrained by surface, 

seismic and thermal data. Reconstruction shows the importance of back thrusting within 

domain III during the early Tertiary, the northern extent of the orogenic wedge, and the 

relationship between fold-and-thrust deformation and the relative timing and distribution 

of fracture sets in the Brooks Range foothills.

iii



Signature Page........................................................................................................................... i

Title Page................................................................................................................................... ii

Abstract..................................................................................................................................... iii

Table of Contents..................................................................................................................... iv

List of Figures........................................................................................................................... x

List of Tables.......................................................................................................................... xii

Acknowledgements............................................................................................................... xiii

1 INTRODUCTION:................................................................................................................ 1

2 FRACTURES AND THERMAL HISTORY IN FORELAND BASIN SYSTEMS: ..7

2.1 Fold mechanics:............................................................................................................. 7

2.2 Evolution o f fractures in foreland fold-and-thrust belts:.......................................10

2.3 Fluid inclusion analysis:............................................................................................. 15

2.4 Fluid flow  in foreland basin environments:..............................................................16

2.5 Orogenic wedge theory:............................................................................................. 18

3 REGIONAL GEOLOGY:................................................................................................. 22

3.1 Tectonic setting:........................................................................................................... 22

3.2 Transect stratigraphy:................................................................................................ 22

3.2.1 EM A stratigraphy:...............................................................................................24

3.2.2 Brookian Sequence, Okpikruak Formation:.....................................................25

3.2.3 Brookian Sequence, Fortress Mountain Formation:...................................... 25

Table of Contents

Page

iv



3.2.4 Brookian Sequence, Tor ok Formation:............................................................ 26

3.2.5 Brookian Sequence, Nanushuk Formation:...................................................... 27

3.3 Current status o f  fracture studies in northern Alaska:...........................................27

3.4 Current status o f  apatite fission track studies in northern Alaska:...................... 29

3.5 Thermal analysis o f  northern A laska:...................................................................... 30

4 METHODS:..........................................................................................................................33

4.1 Surface mapping:......................................................................................................... 33

4.2 Subsurface mapping:...................................................................................................33

4.3 Fractures:..................................................................................................................... 43

4.4 Apatite fission-track data collection:........................................................................ 43

4.5 Fluid inclusions:.......................................................................................................... 45

5 OBSERVATIONS:..............................................................................................................50

5.1 Overall structural style and mechanical stratigraphy o f  the foothills transect: .50

5.2 Overall structural style- subsurface:........................................................................ 59

5.3 Fracture character and distribution:........................................................................ 60

5.3.1 Fracture Set 1- Observations:..........................................................................62

5.3.2 Fracture Set 2- Observations:..........................................................................62

5.3.3 Fracture Set 3- Observations:..........................................................................66

5.3.4 Fracture Set 4- Observations:......................................................................... 67

5.4 Apatite fission track- Observations:......................................................................... 67

6 ANALYSIS:........................................................................................................................ 70

V

Page



6.1 Classification o f structural domains:....................................................................... 70

6.2 Domain I : ...................................................................................................................... 70

6.2.1 Description:.......................................................................................................... 70

6.2.2 Structural s ty le:....................................................................................................71

6.2.3 Fracture characteristics:.................................................................................... 73

6.2.4 Apatite fission track data:................................................................................... 75

6.2.5 Fluid inclusions:.................................................................................................. 76

6.2.6 Interpretation:.......................................................................................................76

6.3 Domain I I : ....................................................................................................................82

6.3.1 Description:.......................................................................................................... 82

6.3.2 Structural s ty le: ....................................................................................................83

6.3.3 Fracture characteristics:.................................................................................... 83

6.3.4 Apatite fission track data:................................................................................... 85

6.3.5 Fluid inclusions:.................................................................................................. 85

6.3.6 Interpretation:.......................................................................................................85

6.4 Domain I I I ....................................................................................................................88

6.4.1 Description:..........................................................................................................88

6.4.2 Structural s ty le: ................................................................................................... 88

6.4.3 Fracture characteristics:.................................................................................... 92

6.4.4 Apatite fission track data:................................................................................... 93

6.4.5 Fluid inclusions:.................................................................................................. 93

Page



6.4.6 Interpretation:.................................................................................................... 94

6.5 Domain IV ..................................................................................................................... 95

6.5.1 Description:.......................................................................................................... 95

6.5.2 Structural s ty le: ....................................................................................................96

6.5.3 Fracture characteristics:.................................................................................... 96

6.5.4 Apatite fission track data:................................................................................... 97

6.5.5 Fluid inclusions:.................................................................................................. 97

6.5.6 Interpretation:.......................................................................................................97

6.6 Overall interpretation o f  exposed transect:..............................................................98

7 RECONSTRUCTIONS:...................................................................................................107

7.1 Introduction:...............................................................................................................107

7.2 Primary elements o f  the model:............................................................................... 107

7.3 Interpretation o f  restoration elements:................................................................... 108

7.3.1 Extent o f  the EM  A and orogenic wedge:........................................................109

7.3.2 Regional back thrusting and triangle zone development:............................ 110

7.4 Reconstruction o f  Tertiary Deformation:...............................................................I l l

7.4.1 Description o f the restoration:.........................................................................I l l

7.4.2 Assumptions fo r  balanced reconstructions:.................................................... 113

7.4.3 Sequential reconstructions:..............................................................................116

7.4.4 Total shortening:............................................................................................... 118

7.4.5 Effect on AFT da ta: ........................................................................................... 119

Page



Page

7.4.6 Deformed state, Stage (i):..................................................................................119

7.4.7 Stage (ii) deformation:....................................................................................... 121

7.4.8 Stage (iii) deformation:......................................................................................122

7.4.9 Stage (iv) deformation:......................................................................................123

8 DISCUSSION:................................................................................................................... 126

8.1 Discussion o f  deformational events by domain:.................................................... 126

8.2 Pre-Tertiary deformation (Neocomian):................................................................126

8.2.1 Overall Picture:..................................................................................................126

8.2.2 Valanginian deformation- Domain I : ..............................................................129

8.2.3 Pre-Tertiary deformation- Domains II-IV:.....................................................131

8.3 Deposition and deformation o f foothilL stratigraphy:......................................... 131

8.3.1 Deposition o f foothills stratigraphy:...............................................................131

8.3.2 Tertiary deformation- Overall p ic ture: .......................................................... 132

8.4 Tertiary deformation in Domain I : ..........................................................................132

8.5 Tertiary deformation in Domain II: ........................................................................ 133

8.5.1 Overall Picture:..................................................................................................133

8.6 Tertiary deformation in Domain III- Tor ok Formation:......................................135

8.6.1 Back thrusting:....................................................................................................135

8.6.2 AFT characteristics:..........................................................................................136

8.6.3 Fractures:........................................................................................................... 136

8.7 Tertiary deformation in Domain IV- Nanushuk Formation:............................... 137

viii



8.7.1 Detachment fo ld ing : .......................................................................................... 138

8.7.2 South-directed thrusting:...................................................................................138

8.7.3 AFT characteristics:.......................................................................................... 138

8.7.4 Set 3 and set 4 fractures:...................................................................................139

8.7.5 Fluid f lo w : ...........................................................................................................139

8.8 Late stage uplift and unroofing:............................................................................140

8.8.1 Summary o f reconstruction results:................................................................. 141

8.8.2 Fluid f lo w : ...........................................................................................................141

9 CONCLUSIONS:..............................................................................................................143

9.1 Future work:...............................................................................................................147

10 REFERENCES:...............................................................................................................149

11 APPENDIX:.................................................................................................................... 156

11.1 Apatite Fission Track:............................................................................................ 156

11.1.1 Fission track formation and destruction:..................................................... 156

11.1.2 Cooling ages from  fission tracks:.................................................................. 157

11.1.3 How to interpret apatite fission track dating:............................................. 158

Page



Figure 1: Terranes and tectonic elements of the Brooks Range and Colville Basin.............3

Figure 2: Simplified geologic map of the transect area........................................................... 4

Figure 3: Basic rock units and domain definitions................................................................... 5

Figure 4: Fundamentals of tangential longitudinal strain........................................................ 9

Figure 5: The basics of fracturing using a Mohr’s Circle...................................................... 11

Figure 6 : The four fold-related fracture sets associated with folding...................................14

Figure 7: The primary components of the orogenic wedge model.......................................19

Figure 8: Strati graphic column for the Central Brooks Range foothills..............................23

Figure 9: Geologic map o f Tiglukpuk anticline...................................................................... 34

Figure 10: Field map of fold-and-thrust deformation in domain II..................................... 35

Figure 11: Field map of the Torok Formation in domain III................................................ 36

Figure 12: Field map of the Nanushuk Formation in domain IV....................................... 37

Figure 13: Cross section o f domain 1...................................................................................... 38

Figure 14: Cross section o f domain II..................................................................................... 39

Figure 15: Cross section o f domains III and IV.....................................................................40

Figure 16: Seismic line WG 89-29..........................................................................................41

Figure 17: Photos of interlayer slip from Tiglukpuk anticline in domain 1....................... 53

Figure 18: Schematic distribution and orientation of fractures at Tiglukpuk anticline 54

Figure 19: Photographs of fracture set 1 and set 2................................................................ 55

Figure 20: Deformational style of the Fortress Mountain Formation................................. 57

List o f Figures

Page



Figure 21: Fracture orientation data, presented by domain...................................................63

Figure 22: Large, through-going set 4 fractures..................................................................... 68

Figure 23: Photos from the duplex zone in the core o f Tiglukpuk anticline...................... 72

Figure 24: Photos of unfilled fracture set 3 in domain II....................................................... 74

Figure 25: Photographs o f south-vergent structures in domain III.......................................89

Figure 26: Photograph of the Tuktu Escarpment.................................................................... 91

Figure 27: Time vs Temperature path for transect area....................................................... 102

Figure 28: Initial stages o f transect reconstruction............................................................... 112

Figure 29: The final stage of transect reconstruction............................................................114

Figure 30: Interpreted, depth converted seismic line WG 89-29........................................117

Figure 31: Schematic reconstructions of the transect area...................................................128

Page



List of Tables

Page

Table 1: Apatite fission track data............................................................................................44

Table 2: Preliminary results from fluid inclusion analysis....................................................47

Table 3: The characteristics, distribution, and relative timing of fracture sets 1-4............ 61

Table 4: Table 4. Domain (D) characteristics..........................................................................65

Table 5: Summary of collected surface data by domain....................................................... 127

xii



Acknowledgements

I would like to acknowledge the following organizations and individuals that 

supported this research. Financial support for this project was provided by The 

University of Alaska Fairbanks Department o f Geology and Geophysics, the Geophysical 

Institute, and AETDL.

This project would not have been successful without the support and guidance of 

many people in the Fairbanks community. My graduate committee provided me 

everything from technical assistance to a kick in the shorts whenever I needed it- and I 

needed both. I didn’t always enjoy, but always appreciated their honesty and tried to 

learn from it. I benefited tremendously from my involvement with the State Map project 

through Alaska Division of Geological and Geophysical Surveys Energy Section.

Thanks also to my field assistant and friend Peter Sniffen. There are three very important 

people who deserve the thanks of everyone in this department every day, Bill Witte, June 

Champlain and Pam Harris- thanks a ton.

Entering graduate school and finishing alive is not something you can do alone.

To Sara and all my friends- Thank you. You mean more to me than this stack of paper.

xiii



1

1 INTRODUCTION:

Fracture networks are important in foreland basin systems because fractures can 

enhance or hinder fluid flow and heat distribution throughout the basin system (Deming 

et al., 1992, 1996; Hanks et al., 2006). Fluid flow enhances heat transfer, redistributing 

heat throughout the foreland basin (Deming et al., 1992; Allen and Allen, 2005). 

Knowledge of open fracture networks that enhance regional permeability and heat 

distribution can constrain the variation of regional geothermal gradient in the past and is 

necessary to understand the maturation, migration and charge history of any potential 

foothills petroleum system (Bachu, 1995; Moore et al., 2004; Hanks et al., 2006).

Fractures commonly form in foreland basins either as a result of anisotropic 

horizontal stress in flat-lying units or due to stress associated with fold-and-thrust 

deformation. Fractures that occur in flat-lying units, called joints (or mode I extension 

fractures), form parallel to the direction of maximum tectonic compression and are 

usually perpendicular to bedding (i.e. vertical in flat-lying units) (Hancock and Engelder, 

1989). When fold-and-thrust deformation incorporates foreland basin units, the 

orientation of resulting fractures is dependent on variations in structural position, 

strati graphic position and mechanical stratigraphy (Cooper, 1992; Hanks et al., 1997; 

Florez-Nino et al., 2005). Conjugate compressional shear fractures (mode II and III) are 

common in this setting (Steams and Friedman, 1972).

The presence or absence of fracture fill is important to understanding the relative 

timing of fracturing and the fluid flow history of the basin (Deming et al., 1992, 1996;



Moore et al., 2004; Hanks et al., 2006). Filled fractures indicate that hot fluids with 

dissolved solids were present at some point during or after the time of fracturing. Fluid 

inclusions in fracture fill are used to determine temperature, pressure and fluid 

composition at the time of fracture filling (Roedder, 1984; Parris et al., 2003). Unfilled 

fractures can show signs o f fluid flow as well, if  the host rock is leached or there is 

evidence o f mineral alteration adjacent to the open fractures. Unfilled fractures that show 

no signs of fluid flow may indicate that fracturing occurred when no fluid was present or 

that the fluid flowed through the rock matrix rather than preferentially through fractures.

The primary objective o f this study is to constrain how the evolution of fracture 

sets in the Colville foreland basin relates to the structural evolution of the adjacent 

Brooks Range fold-and-thrust belt o f northern Alaska. This is accomplished by 

documenting changes in fracture set characteristics and distribution of fracture sets along 

a transect across a part of the foothills in the central Brooks Range fold-and-thrust belt 

(Figure 1).

The southern end o f the transect (Figure 2, A-A’) begins at the Brooks Range 

mountain front and continues north across a regional triangle zone into the adjacent 

sedimentary units of the foreland basin (Figure 2). In the study area, sets of regional 

joints and fractures are distinguished by fracture orientation and the presence or absence 

of fracture fill. These characteristics define the presence of four distinct fracture sets, two 

filled and two unfilled, that represent at least three regional fracturing events. Based on 

the distribution of fracture sets, general structural style, and apatite fission track (AFT) 

data, the transect can be divided into four distinct structural domains (Figure 3). These

2
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Figure 1. Terranes and tectonic elements of the Brooks Range and Colville Basin. The 
box represents the location of the study area and is the approximate location of Figure 2 
and 3. Modified from Figure 23 of Moore et al. (1994).
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152*00" W  151*3CfO"W

Figure 2. Simplified geologic map of the transect area. Map shows major structures and 
the location and cooling ages of apatite fission track data points. The transect line for this 
study runs between A and A ’. The bold white line shows the location of seismic line WG 
89-29.
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Figure 3. Basic rock units and domain definitions. Domains determined from the 
geologic map with surface data collected in 2004. Gray boxes are the field site locations 
within each domain shown in detail on figures 9, 10, 11 and 12. The approximate 
location of cross section lines (figures 13, 14 and 15) are included on the map.



observations and interpretations of the domains and fracture sets are combined with 

seismic and well data to constrain the timing of fracturing in the foothills relative to the 

regional evolution of the fold-and-thrust belt.

While this study focuses specifically on the central Brooks Range, the data and 

concepts presented are relevant to understanding the evolution of fracture networks in 

other foreland basins with analogous stratigraphic and structural styles. In particular, it 

demonstrates how integration of field, subsurface and thermal data is critical for 

documenting the relationship between the relative timing of fracturing, fluid flow and 

structural evolution of the fold-and-thrust belt.

6
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2 FRACTURES AND THERMAL HISTORY IN FORELAND BASIN SYSTEMS:

2.1 Fold mechanics:

The term ‘mechanical stratigraphy’ is used to describe the varied deformational 

response of individual sedimentary layers within a heterogeneous package of layered 

rocks (Ramsay and Huber, 1987; Tanner, 1989; Hanks et al., 2004; Hayes, 2004; 

Shackleton et al., 2005). Deformation is accommodated according to the mechanical 

properties of the individual sedimentary layers within a multi-layered package. When a 

multi-layered package of heterogeneous rocks is deformed, the properties of the 

individual layers control the resulting style and scale of deformation (Ramsay and Huber, 

1987; Narr and Suppe, 1991). The properties that control deformation are the rheological 

properties of the lithology, relative thickness o f units and the character of bedding or 

layer interfaces (Tanner, 1989).

Within a fold-and-thrust belt, deformation affects different lithologies over a large 

area and initiates micro-, meso- and macroscopic scale structures determined by the 

mechanical properties of each lithology. On a regional scale, weak units, such as shale or 

salt, provide detachment horizons, or decollements, that allow for regional displacement. 

Thick, continuous, mechanically rigid units such as thick limestone or sandstone 

packages form longer wavelength folds and have a lower average fracture density than 

smaller folds in weaker units (Laderia and Price, 1981; Ramsay and Huber, 1987; Narr 

and Suppe, 1991). Detachment folds commonly form when rigid units fold over 

incompetent units (Dahlstrom, 1990).



The presence of weak interbeds allows folds to form by interlayer flexural slip on 

discrete slip surfaces and by penetrative flexural flow through distributed shear in 

interbeds (Figure 4) (Tanner, 1989; Hayes, 2004; Shackleton et al., 2005). During 

folding, flexural slip occurs when slip is accommodated within mechanically weak 

interbedded shale, or along a bedding or layer interface that is not locked (Figure 4). 

Discrete slip surfaces are recognized by slip fibers, slickenlines and/or offset fractures or 

veins (Tanner, 1989; Davis and Reynolds, 1996). Flexural flow accommodates folding 

by allowing layer parallel flow or distributed shear across thick, weak layers. Both 

flexural slip and flexural flow allow a fold to tighten and accommodate shortening 

without change in bed thickness.

During folding, bending of individual competent layers results in lengthening and 

extension in the outer arc and shortening and compression in the inner arc and is defined 

as tangential longitudinal strain (Figure 4) (Ramsay and Huber, 1987). The zones of 

extension and compression are separated by a neutral surface (Figure 4). Since multiple 

rigid layers can occur within a single fold, sequences of compressional and tensional 

stress regimes can repeat in mechanical units that are separated by a flexural slip or flow 

boundary (Figure 4a). As the fold tightens and the mechanical layer thickness changes, 

the neutral surfaces within mechanical packages can migrate up or down within the fold 

(Ramsay and Huber, 1987; Hanks et al., 2004; Hayes, 2004; Shackleton et al., 2005).
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Tangential Longitudinal Strain 
Fold hinge

Figure 4. Fundamentals of tangential longitudinal strain. Tangential longitudinal strain 
that develops as a result o f folding and progressive fold tightening. A) This fold 
illustrates how tangential logitudinal strain can develop in multiple units within a single 
fold. The bedding units are separated by an interlayer slip surface along the bedding 
surface in this case. The lower bed illustrates inner and outer arc strain distribution 
separated by a neutral surface. The upper bed shows some of the deformational features 
associated with outer and inner arc tangential longitudinal strain. The outer arc has 
extension fractures, the inner arc has low-angle shear fractures and layer parallel 
extension fractures. B) The vertical strain distribution within a single mechanical layer 
during tangential longitudinal strain. Arrow length indicates strain magnitude (i.e., outer 
arc extension increases toward the upper bed contact, and inner arc contraction increases 
toward the lower contact). Modified from Hayes (2004).
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2.2 Evolution offractures in foreland fold-and-thrust belts:

Fractures can act as fluid migration pathways that increase permeability through 

fractured units. If fractures close or fill (e.g. due to decreased fluid pressure or lower 

temperatures), then fractures may act as baffles or barriers that produce flow anisotropy 

or may impede fluid flow entirely. Understanding the preferred direction of fluid flow is 

important because fluids in basins ( 1) are the primary method for redistributing and 

dispersing heat and (2) determine the migration paths for hydrocarbons from source to 

trap.

Fracture networks in foreland fold-and-thrust belts evolve progressively through 

several mechanisms that occur before, during, and after the main phases of fold-and- 

thrust deformation. Fractures form when differential stress (01-03) exceeds the cohesive, 

shear or tensile strength of the host rock (Steams and Friedman, 1972; Engelder, 1985; 

Ramsay and Huber, 1987; Davis and Reynolds, 1996; Hanks et al., 2004). The 

interaction of differential stress, pore fluid pressure, and the pressure and temperature 

conditions are responsible for determining if fractures are extensional tension fractures or 

compressive shear fractures (Figure 5). This concept is illustrated best using the Mohr’s 

circle. Figure 5 shows the conditions under which various types of fractures form. At 

low differential stresses, extension fractures form when o3 overcomes the tensile strength 

of the rock (Figure 5a). When differential stress increases and overcomes the cohesive 

shear strength of the rock, conjugate shear fractures are formed at 30°-60° relative to the 

orientation of 01 (Figure 5b). Figure 5d illustrates how fluid pressure reduces the 

effective magnitude of maximum and minimum stress (oj and C3)by the same amount,
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Figure 5. The basics of fracturing using a Mohr’s Circle. The size of the circle is dictated 
by the differential stress (cl-c3). a) Shear fracturing occurs under compressive stress 
when the differential stress overcomes the strength of the rock. The angle from the center 
of the circle to the point where the circle touches the fracture envelope is twice the angle 
(0) between ol and each shear fracture, shown on the conjugate set in b. b) Typical 
relationship of conjugate fractures and tensile acute bisectors, c) Tensile fractures form 
when differential stress is low and the minimum compressive stress becomes tensile, d) 
Hydraulic induced fractures form when increased fluid pressure reduces the magnitude o f 
a l and c3 by the same amount, lowering the effective stress. This slides the circle (still 
the same size) towards the fracture envelope. If differential stress is large, shear fractures 
will form. If differential stress is low, tensile extension fractures will form. When the 
fracture forms, it reduces the fluid pressure by creating space in which the fluid can 
reside. This instantaneously slides the circle back towards its original position. As fluid 
pressure increases again, the process repeats itself, e) Uplift and unroofing fractures form 
as rocks are brought to the surface, reducing the differential stress and effective stress at 
the same time. If differential stress remains high as rocks are unloaded, shear fractures 
can form, or if differential stress is low, tensile fractures (shown) can form as rocks cool, 
contract and extend perpendicular to maximum horizontal stress. Modified from Davis 
and Reynolds (1996).



thereby lowering the effective stress. Once the hydraulic fracture is formed, the fluid 

pressure instantaneously drops, returning the effective stress (in this case) to the original 

magnitude. Dissolved solids may precipitate at this time and fill the fracture. As 

pressure again rises, filled fractures may develop crack seal textures as the same fracture 

repeatedly fails and fills (Davis and Reynolds, 1996). Figure 5e shows how uplift and 

unroofing lowers the differential and effective stress until tensile fractures are formed.

The interconnectivity of fluid-filled pore space in sedimentary rocks exerts a 

positive pore fluid pressure on the rocks (Ramsay and Huber, 1987). Fluid pressure can 

increase in a variety of ways, including ( 1) burial and increased overburden, (2) tectonic 

compression and deformation, (3) agitation that results in tighter packing of sediments 

and subsequent expulsion of fluid from pore spaces and (4) thermal expansion of fluids 

with burial and proximity to higher temperature environments (Ramsay and Huber, 

1987).

When tectonic compression begins to affect a foreland basin setting, a stress 

regime develops in the sediments where O] is roughly parallel and c 3 is roughly 

perpendicular to the direction o f tectonic compression (Engelder, 1985; Lorenz et al., 

1991). In this stress regime, fractures form at depth parallel to the maximum stress 

direction (ci) and remain open due to low differential stress and high pore fluid pressure 

caused by dewatering (Lorenz et al., 1991; Hanks et al., 2006) and the ‘tectonic squeegee 

effect’ (Machel and Cavell, 1999). Regional fractures such as these can be recognized as 

sub-vertical fractures that cross-cut pre-existing structure, are oriented perpendicular to



the orientation of the thrust front and are subsequently deformed by later deformation and 

formation of local structure.

An alternative way to form extension fractures is by rapid denudation and 

unloading, which causes relaxation of stress stored in the rocks (Engelder, 1985; Davis 

and Reynolds, 1996; Hanks et al., 2004). As overburden is removed, Oi and <33 are 

reduced by the same amount, until a point at which the rocks are able to extend, 

producing significant horizontal tensile stress (Davis and Reynolds, 1996) and forming 

late stage unroofing fractures (Figure 5e).

As the thrust front advances into and incorporates the foreland strata into folding, 

earlier formed fractures can be overprinted by new conjugate shear and extension 

fractures that are caused by local fold-related stress. These new fractures can deform 

and/or reactivate existing fractures and structures. Fold-related fractures vary in 

orientation and reflect the different local stress field orientations (Figure 6) (Steams,

1968; Steams and Friedman, 1972). The orientation of each set is distinctive with respect 

to bedding, structural position and the effects of tangential longitudinal strain within the 

fold (Figures 4 and 6). The mechanisms responsible for fold-related fractures (described 

in Figure 6) are tangential longitudinal strain within flexed, rigid mechanical packages 

and/or the shear strain resulting from interlayer slip (Ramsay and Huber, 1987; Tanner, 

1989; Davis and Reynolds, 1996). In the context of fold-related fractures, common 

fracture characteristics such as height, length and spacing are interpreted to be influenced 

by layer thickness, the bed curvature, structural position and/or changing mechanical 

layer thickness during deformation (Cosgrove, 2000; Shackleton et al., 2005; Hanks et

13



Figure 6. The four fold-related fracture sets associated with folding. Each set comprises an extensional fracture parallel to o l 
and a conjugate set of shear fractures with a l as an acute bisector. Sets 1 and 2 have a2 oriented normal to bedding, and 
represent inner and outer arc tangential longitudinal strain in the limbs of the fold. Sets 3 and 4 have a2 oriented parallel to the 
fold strike and represent inner and outer tangential longitudinal strain in the hinge of the fold. Fracture orientation data for 
domains II-IV are predominantly consistent with sets 1 and 2. Modified from Hayes (2004).
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al., 2006). Fold-related fractures can be filled or unfilled, reflecting the environment 

during and after fracturing.

2.3 Fluid inclusion analysis:

As minerals precipitate within fractures, inclusions of solid, liquid or gas phases 

present are entrapped within gaps or holes in the growing crystal (Roedder, 1984;

Ramsay and Huber, 1987; Parris et al., 2003). Petrographic analysis of fracture cement 

reveals the presence of primary and pseudo-secondary inclusions trapped during crystal 

growth and secondary inclusions formed during subsequent fracturing after crystal 

growth (Roedder, 1984; Hanks et al., 2006). Fluid inclusion analysis of fracture fill is 

used to determine the environmental conditions at the time the fractures opened and filled 

(Hanks et al., 2006). These analyses measure the temperature at which different phases 

homogenize and the composition of the aqueous and/or gas phases present. This 

information can be interpreted to indicate temperature, pressure and the composition of 

the fluids that may have preferentially exploited open fractures as migration pathways 

(Roedder, 1984; Parris et al., 2003).

Petrography o f the textures and character of fill were used in this study to 

determine kinematic information about deformation that post-dates fracture formation. 

When multiple episodes of fracture opening and filling occur, the first generation of fill 

may be post-kinematic with respect to initial opening, but pre-kinematic with respect to 

future fracture events (Roedder, 1984; Parris et al., 2003; Hanks et al., 2006). This study 

references fill with respect to the initial fracture opening event.
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2.4 Fluid flow  in foreland basin environments:

Bachu (1995) outlined four mechanisms by which fluid migrates through porous 

and permeable settings: ( 1) hydraulic head gradients (hydraulic or topographic flow); (2) 

density differences (buoyancy flow); (3) variation of thermal fields; and (4) variations in 

chemical concentrations (osmotic flow). A fifth mechanism that affects the fluid 

migration at the basin scale is tectonically influenced pressure gradients (Bachu, 1995; 

Machel and Cavell, 1999). Hydraulic head and buoyancy flow are thought to be the 

primary flow mechanisms in foreland basin systems (Bachu, 1995) because exceedingly 

high temperatures and high chemical concentrations that would influence osmotic flow 

are not common in sedimentary basins. Furthermore, lab data on osmotic flow show that 

it has negligible effects (Bachu, 1995). Tectonically influenced pressure gradients appear 

to be important in deeper parts of foreland basins.

Fluid migration in foreland basins occurs in two dominant flow regimes: shallow 

and deep. In shallow parts o f the basin, fluid flow in upper strata is driven by hydraulic 

head and buoyancy flow and is characterized by localized, gravity driven circulation of 

meteoric waters (Deming et al., 1992; Machel and Cavell, 1999). These local flow 

regimes in shallow basin strata are caused by hydraulic or topographically-driven flow. 

These processes are important in the foothills of orogenic belts where the topographic 

variations influence local fluid flow regimes more than the overall basin scale fluid flow. 

Local, topographically influenced flow cells can overprint larger, regional flow regimes



that are driven by regional topography and differences in the water table elevation 

(Bachu, 1995).

In deeper parts of the basin, fluid migration is dominated by regional, tectonically 

influenced pressure gradients that transport fluid from the core of the orogen to the 

foreland basin and toward the distal basin. Tectonically influenced pressure gradients 

caused by loading, compaction and denudation result in vertical stress variations. This 

creates porosity variations and pressure gradients that lead to non-hydrostatic pressures 

(Bachu, 1995). Horizontal stress variations, such as tectonic compression at the basin 

margin and thrust loading, cause horizontal and vertical fluid migration towards the distal 

basin margins by creating structural highs that drive hydraulic flow.

The orogen and basin scale fluid flow regime is also driven by tectonically 

induced flow regimes (Machel and Cavell, 1999). The orogenic wedge acts as a “tectonic 

squeegee” that drives fluids from the orogen into the basin. This “tectonic squeegee” 

effect provides a driving mechanism for expulsion of connate formation fluids, 

hydrocarbons, and mineral-bearing fluids from the orogen and its stacked thrust sheets to 

the basin strata and the distal foreland basin (Machel and Cavell, 1999). The model 

described by Machel and Cavell (1999) for regional tectonically-induced fluid flow is 

based on thrust sheet loading and tectonic convergence. Deming (1992) showed that 

tectonic compression in the Alberta basin can induce flow and increase flow velocity to 

rates that are of the same order of magnitude as tectonic plate movement ( 1-10 cm/yr) 

(Bachu, 1995). In places with highly permeable aquifer units, flow velocity rates can
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increase to meters per year. However, pressure gradients formed in this way quickly 

dissipate after about 103- 104 years (Machel and Cavell, 1999).

Tectonically induced fluid flow gradients are relatively short lived in comparison 

to the residence time of fluids in the basin (Bachu, 1995; Machel and Cavell, 1999), 

which has led to the hypothesis that the most important mechanisms for hydrocarbon 

migration in the Colville basin are topographically induced hydraulic flow, with density 

and thermally driven flow acting as secondary processes. This hypothesis is based on 

numerical modeling studies in the Colville basin (Deming et al., 1992; Nunn et al., 2005) 

and synthesis of different techniques using the Alberta basin as an analog (Bachu, 1995; 

Machel and Cavell, 1999). The results of numerical modeling by Deming (1992) 

suggests regional basin-scale fluid velocities of 0.1 m/yr for the Colville basin and an 

effective basin scale permeability estimated at 10'14m2. This does not account for the 

local effects o f fractured reservoirs on regional permeability and local and intermediate 

flow regimes. Also, thermal data from the Colville basin indicate that the ground water 

system is likely responsible for second-order thermal variations in the basin (Deming et 

al., 1992).

2.5 Orogenic wedge theory:

The concept of the critically tapered orogenic wedge (e.g. Davis et al., 1983) has 

become a fundamental tool for understanding the evolution of orogenic belts (Figure 7). 

The primary assumption of the critically tapered orogenic wedge model is that the wedge 

is everywhere on the verge of failure, indicating the stress within the wedge is equal to
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Figure 7. The primary components of the orogenic wedge model. The force required to overcome the basal friction and 
transport a thrust sheet of constant thickness far exceeds the Coulomb strength of the rock. Therefore, the rocks deform 
internally by folding, faulting and thickening. This model satisfies two criteria that allow the wedge to slide: 1) By thickening 
at back of the wedge, the stress is transferred to a larger surface area thereby lowering the force per area and allowing the rock 
to transmit stress without breaking. 2) Thickening and shortening the unit into a wedge also reduces the frictional surface-area 
at the base of the wedge. Taper is defined as (a + (3). The critical taper, is the specific angle at which the wedge is strong 
enough internally to transmit stress and allow the wedge to stably slide without internal deformation. The taper is controlled 
by variations in rock strength, friction along the decollement, and (P) decollement dip. Modified from Dahlen and Suppe 
(1998).



the rock strength. If the wedge is subcritical, the stress in the wedge will exceed the 

material strength and the wedge will deform internally and thicken until the critical taper 

is reached (Dahlen and Suppe, 1988). The taper is defined as the sum of the detachment 

dip and the surface slope of the wedge (Davis et al., 1983). When the taper becomes 

critical the wedge is strong enough to slide stably over its decollement without internal 

deformation (Dahlen and Suppe, 1988).

The orogenic wedge model describes how crust in orogenic belts thickens, 

shortens, deforms, and transports material controlled by three primary variables (Davis et 

al., 1983). The primary components that control wedge geometry, development, and 

movement are: (1) the taper of the orogenic wedge, (2) the amount of basal friction 

within the regional detachment unit; and (3) the cohesive strength of the units contained 

in the deforming wedge (Figure 7) (Davis et al., 1983).

Interaction of these three components control wedge development. For example, a 

wedge’s strength (i.e. its ability to transmit stress and slide) is controlled by its taper—it 

must reach a critical taper before it can move stably without internal deformation. 

Therefore, if the wedge is eroded, then the resulting reduction of the taper requires the 

wedge to internally deform instead of moving along the detachment surface. The back 

end of the wedge must thicken until the critical taper is reached before the entire wedge 

can again slide along the detachment surface (Davis et al., 1983).

Syn-depositional deformation is an important additional process in the evolution 

of the orogenic wedge. The orogen is a wedge shaped load that forms the inner slope of 

the foreland basin, drives subsidence, provides source material to fill the basin, and



encroaches on, intrudes, and deforms the proximal basin sediments (Decelles and Giles, 

1996). Erosion of the orogen provides sediment for deposits on both the wedge-top (i.e. 

in piggy-back basins) that are syn-depositionally deformed by the wedge and in the 

adjacent proximal foreland basin (Decelles and Giles, 1996).

The wedge-top deposits are defined by Decelles and Giles (1996) as the sediments 

deposited in piggy-back basins on the wedge-top. This definition does not include 

sediments transported beyond the wedge and deposited in the foreland basin. However, 

proximal foreland basin sediments may subsequently be deformed by the advance of the 

orogenic wedge. Sediments deformed both on the wedge-top and in the proximal 

foreland basin are incorporated into the wedge and add to the taper of the wedge, which 

may allow forward movement of the wedge (Figure 7). Additionally, structural 

thickening also increases the taper of the wedge and causes uplift, unroofing, and cooling 

of wedge-top and proximal foreland basin strata.

If fluid pressure in the wedge is high, then both shear and extension fractures may 

form under low differential stress at shallow levels within the wedge. Alternatively, 

fractures may also form due to folding (Hanks et al., 2006).
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3 REGIONAL GEOLOGY:

3.1 Tectonic setting:

The Brooks Range is the northernmost part of the North American Cordillera 

(Figure 1). The formation of the main axis of the Brooks Range occurred in Late Jurassic 

to Early Cretaceous time in response to collision of an island arc from the south (Moore 

et al., 1994, 2004). The collision led to collapse of the broad, south-facing, late Paleozoic 

to early Mesozoic passive margin of the Arctic Alaska terrane and emplacement of at 

least seven allochthons (Moore et al., 1994). Allochthon emplacement loaded the 

lithosphere and created the strongly asymmetric foreland basin and distal flexural bulge 

known as the Colville basin and Barrow arch, respectively (Figure 1) (Coakley and 

Watts, 1991; Moore et al., 1994, 2004). After collision, rifting along the northern margin 

of the Arctic Alaska terrane led to the opening of the Canada basin (modem day Beaufort 

Sea) during the Early Cretaceous (Moore et al., 1994). Contraction during the Cretaceous 

and early Tertiary resulted in several episodes of fold-and-thrust deformation in the 

central Brooks Range (O’Sullivan et al., 1997, 1998a; Moore et al., 2004).

3.2 Transect stratigraphy:

The stratigraphy along the transect (Figure 8) consists of allochthonous units of 

the Endicott Mountains allochthon (EMA) and basin filling sediments derived from the 

Brooks Range (Brookian). Brookian sediments are deposited on the North Slope 

autochthon and on the Endicott Mountains allochthon (EMA) wedge-top as well as in
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Figure 8. Stratigraphic column for the Central Brooks Range foothills. Column showing 
the relationship between the Endicott Mountains allochthon (EMA), that forms the core 
of the orogenic wedge, and the stratigraphy of the North Slope autochthon. This column 
illustrates how the Colville basin sediments are deposited onto both the EMA and the 
North Slope autochthon. Abbreviations: MDk, Kekiktuk Cgl.; Mky., Kayak Sh.; Ko., 
Okpikruak Fm.; Kfmv., lower Fortress Mountain Fm; Kfm., Fortress Mountain Fm.; 
Kto., Torok Fm.; Kn., Nanushuk Fm. Modified from Moore et al. (2004)
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piggy back basins. Figure 8 shows the relationship between the stratigraphy of the EMA 

and that of the North Slope autochthon. The figure also demonstrates the degree to which 

foreland basin sediments are deposited on top of both the EMA and the North Slope 

autochthon. The stratigraphy of the units seen along the transect are discussed below as 

they occur from south to north.

3.2.1 EMA stratigraphy:

The oldest units, at the southern limit of the transect (Figures 2 and 8), are Lower 

Mississippian to Lower Cretaceous strata of the EMA. The dominant unit of the EMA in 

the transect area is the Carboniferous Lisbume Group, which represents a northerly 

derived carbonate platform and passive margin sequence of limestone, dolomite and 

interbedded shale (Figure 8). Locally, the Lisbume reaches a total stratigraphic thickness 

of about 900 m (Dumoulin et al., in press). The Lisbume Group is unconformably 

overlain by northerly derived, fine-grained clastic rocks of the Permian Siksikpuk and 

Triassic Otuk Formations. Local stratigraphic thicknesses o f the Otuk and the Siksikpuk 

Formations are -120 m (Kelly et al., 2007) and -70  m (Siok, 1985; Adams, 1991), 

respectively. The Lisbume, Siksikpuk, and Otuk were mapped separately but are 

considered as a single unit for subsurface analysis in this study.



3.2.2 Brookian Sequence, Okpikruak Formation:

Brookian clastic sedimentary rocks are dominantly of Cretaceous and Tertiary age 

and were derived from the growing ancestral Brooks Range at the southern margin of the 

Colville basin (Figure 1 and 8) (Moore et al., 1994, 2004). Earliest deposits of the 

Brookian sequence are turbidites and olistostromes of the Lower Cretaceous Okpikruak 

Formation (Ko) deposited into the foredeep and may have also been deposited into 

wedge-top piggy-back basins (Wallace et al., 2006; Peapples et al., 2007). Within the 

Okpikruak, large blocks of higher allochthons formed olistoliths that traveled down slope 

into the basin and are incorporated into a disrupted, deformed matrix of siliciclastic 

turbidite slope sediments (Peapples et al.,-2007). Subsequent deformation within the 

underlying orogenic wedge incorporated the Okpikruak into a tectonic melange. Because 

the Okpikruak Formation is highly heterogeneous and intensely deformed, no 

undeformed stratigraphic thickness has been determined.

3.2.3 Brookian Sequence, Fortress Mountain Formation:

The Fortress Mountain Formation (Kfm) was deposited onto the EMA above the 

Okpikruak Formation (Ko) (Figure 8) and into the proximal foreland basin (Wallace et 

al., 2006). The Fortress Mountain consists of immature, dominantly marine siltstone, 

sandstone and conglomerate with some non-marine components in the southernmost 

Colville basin (Bird and Molenaar, 1992; Mull et al., 2003). The overall increase in grain 

size and sediment maturity (with respect to the Okpikruak Formation) and depositional 

character indicate that the Fortress Mountain was deposited in a high energy environment
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close to the sediment source. Locally the Fortress Mountain Formation measures roughly

1,000 m (Peapples et al., 2007). Deposition of the Fortress Mountain is not uniform or 

laterally continuous. Drastic shifts in depositional character (i.e. bed thickness, grain size 

and sorting) are common over short distances and cause difficulty in mapping units along 

strike.

A compositional difference was recognized recently within the Fortress Mountain 

Formation. The formation can be subdivided into upper and lower members based on the 

presence of angular, volcaniclastic grains (Peapples et al., 2007). The lower volcanic 

member is estimated to make up the lower -300 m of the Fortress Mountain. Based on 

map relationships, the lower Fortress Mountain is thought to be older and underlie the 

upper Fortress Mountain. However the depositional relationship between the two 

members is unclear as the contact has not been observed (Peapples et al., 2007).

3.2.4 Brookian Sequence, Tor ok Formation:

The Torok Formation (Figure 8, Kto) is the deep-water, distal basin equivalent of 

the proximal Fortress Mountain Formation and is composed of marine siltstone and shale. 

The distal, shallow marine deposits of the Fortress Mountain Formation are laterally 

correlative with the Torok Formation and mark a gradational contact between the two 

formations. Early deposition of deep-water, basinal flysch occurred during Aptian- 

Albian time (Coakley and Watts, 1991). The Torok is gray to black, nonresistant silty 

shale, mudstone and clay shale with interbedded medium to fine grained sandstone (Mull 

et al., 2003). The number of sandy intervals increases upward and to the north as the



Torok grades vertically into the overlying lower Nanushuk Formation in the area of the 

Tuktu Escarpment (Figure 3) (Mull, personal communication, 2004). The Torok is the 

most volumetrically significant unit in the transect map area.

3.2.5 Brookian Sequence, Nanushuk Formation:

The Albian to Cenomanian Nanushuk Formation (Figure 8, Kn) consists of 

marine to non-marine molasse sediments that progressively filled the basin from west to 

east. The Nanushuk Formation is divided into upper and lower stratigraphic units that are 

regionally mappable. The lower Nanushuk is dominantly shallow marine sandstone, 

siltstone and silty shale deposited in coarsening and thickening upward successions and is 

interpreted as shorefront, delta front and pro-delta deposits (Mull et al., 2003; Finzel, 

2004). Successive upward inter-tonguing of marine and marginal to non-marine strata 

signals the transition to the upper Nanushuk (Peapples et al., 2007). The upper Nanushuk 

is mostly fluvio-deltaic sediments comprising interbedded resistant sandstone and 

conglomerate, mudstone, siltstone and local coal beds (Mull et al., 2003; Finzel, 2004). 

The depositional setting for the upper Nanushuk is interpreted as a marine influenced, 

delta system that prograded from southwest to northeast (Bird and Molenaar, 1992; Mull 

et al., 2003; Finzel, 2004).

3.3 Current status o f  fracture studies in northern Alaska:

Research in characteristics and distribution of fractures in northern Alaska has 

been focused in the northeastern Brooks Range (NEBR) (Hanks et al., 2004; Hayes,



2004; Shackleton et al., 2005). Hanks et al. (2004) and Hayes (2004) recognized four 

fracture sets that fall into three general categories of 1) pre-fold, 2) syn-fold and 3) post

fold fractures. In the NEBR, pre-folding fractures are oriented normal to the thrust front 

and are interpreted to be the result o f far field tectonic compression causing filled 

fractures to form in flat-lying strata (Hanks et al., 2004; Hayes, 2004).

Syn-folding fractures formed in different orientations depending on the type of 

fold and the degree of progressive folding. Hanks (2004) interpreted two sets of syn-fold 

fractures. The early set o f syn-fold fractures is attributed to flexural slip early in the 

folding process. The later set is attributed to homogeneous flattening of the fold as the 

fold tightened. Hayes (2004) also identified two syn-fold fracture sets but attributed the 

sets to intermittent or continuous fracturing due to tangential longitudinal strain and 

flexural slip. The later formed syn-fold fractures were attributed to elastic strain 

accumulation propagated by unroofing. Post-fold fractures, recognized by both Hayes 

(2004) and Hanks et al. (2004), are parallel with pre-fold fractures (set 1) and identified 

as potential reactivations of set 1 fractures. These authors suggested two possible 

mechanisms for formation of late fractures. 1) Fractures may have formed within the 

thickening orogenic wedge at shallow depths as the older and more hindward (orogen 

proximal) sections of the orogenic wedge were uplifted. In this setting, extensional 

fractures may form as a result of low differential stress and increased pore fluid pressure 

and would resemble, reactivate, or overprint existing pre-folding fractures (Hanks et al., 

2004). 2) Another possible mechanism is that new fractures formed as the orogenic 

wedge was uplifted and unroofed. The orientation of fractures would maintain some
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relationship to the pre-existing horizontal stress fields that formed fold-related fractures 

(Figures 5 and 6). As the overburden was reduced, fractures began to propagate as the 

magnitudes of the maximum and minimum stresses were reduced by the same amount 

until rocks began to undergo significant tension (Engelder, 1985; Hanks et al., 2004; 

Hayes, 2004).

3.4 Current status o f  apatite fission track studies in northern Alaska:

Previous fission track studies show that the Brooks Range has undergone at least 

5 episodes of rapid cooling that can be recognized at various locations, from the core of 

the orogen to the distal fold-and-thrust belt and the northeastern Brooks Range (NEBR) 

(O’Sullivan et al., 1997). Only three of these events are recorded in the central Brooks 

Range and central foothills (Mull et al., 1997; O’Sullivan et al., 1997). The other two are 

exclusively related to the uplift and fold-and-thrust deformation of the NEBR (O’Sullivan 

et al., 1998b; O’Sullivan and Wallace, 2002).

The oldest cooling event recognized using apatite fission track (AFT) data is 

recorded in the core of the Brooks Range and the foothills. Samples from the Mt. 

Doonerak antiform yield cooling ages o f—100 Ma. This event is interpreted as cooling 

related to initial uplift of the core of the Brooks Range orogen (O’Sullivan et al., 1998a). 

The second regional event is recorded over much of the region from the core of the 

Brooks Range to the foothills and Colville basin. This event is regionally recognized as 

the timing of cooling associated with regional fold-and-thrust deformation that lasted 

from -70  to 60 Ma (Mull et al., 1997; O ’Sullivan et al., 1997, 1998a; Moore et al., 2004).
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North of the central Brooks Range, a third event is recorded in the distal Colville basin by 

cooling ages o f -25 Ma. This event is interpreted to represent Oligocene progression of 

fold-and-thrust deformation into the distal basin sediments (O’Sullivan et al., 1997; 

O’Sullivan, 1999). The remaining two events (of the 5) recorded in the northeastern 

Brooks Range (NEBR) occurred at -45 Ma and -35  Ma. These two events did not affect 

the central Brooks Range (O’Sullivan et al., 1998b; O ’Sullivan and Wallace, 2002).

3.5 Thermal analysis o f  northern Alaska:

The types of regional thermal maturity data most commonly used are based on 

low grade organic metamorphism. Vitrinite Reflectance data (VR reported as Ro values), 

thermal alteration index, and conodont alteration index data indicate the magnitude of 

maximum temperatures reached by units containing organic matter or conodonts, making 

them appropriate tools for determination of the depth, location and timing that rocks 

resided in the oil and gas window (Bird and Molenaar, 1992). In addition, filled fractures 

can be analyzed for fluid inclusion data or stable isotopes of oxygen or carbon to provide 

measures of the conditions (pressure and temperature and composition) at the time 

fracture fill precipitated (Roeder, 1984; Moore et al., 2004). AFT data yield cooling ages 

that, when used in combination with other thermal and structural data, can be interpreted 

to show the timing and possible process resulting in cooling (O’Sullivan et al., 1997).

Regional thermal history for the North Slope has been studied to locate the depth 

and location of the oil and gas window. Regionally, thermal maturity at any given depth 

is highest in the south near the orogen and decreases with distance to the north, indicating



deeper burial and, subsequently, greater amounts of uplift and erosion near the mountain 

front (Bird and Molenaar, 1992; Howell et al., 1992; Johnsson et al., 1994). The top of 

the oil window (Ro = 0.6%) and the bottom of the oil window (Ro = 2.0%) are separated 

vertically by 1.5 km in the northern basin to 4.5 km in the foothills as a result o f 

variations in geothermal gradient (Bird and Molenaar, 1992). Thermal maturity in the 

Brooks Range orogen was achieved by stacking of thrust sheets (Cole et al., 1997) and in 

the Colville basin by sediment deposition and burial (Bird and Molenaar, 1992; Johnsson, 

et al., 1994). Fold-and-thrust deformation and related uplift and erosion have exposed the 

oil and gas window at the surface throughout the southern foothills o f the Brooks Range 

(Bird and Molenaar, 1992; Howell et al., 1992). In the foothills, deformation of the 0.6% 

Ro isograd indicates that deformation continued subsequent to maximum burial 

(Johnsson, et al., 1994). Based on mapping of the 0.6% Ro isograd (the top of the oil 

window), hydrocarbon potential in the central and northeastern Brooks Range foothills is 

limited primarily to gas due to the high thermal maturity (Howell et al., 1992; Bird,

2001).

Moore et al. (2004) incorporated stable isotope data into a structural analysis of 

the central Brooks Range foothills farther west than this study. They concluded that the 

central Brooks Ranges has undergone two stages of deformation and associated fluid 

flow. Fractures that formed and filled during each event were identified by fracture 

cement with a unique isotopic and thermal signature. The first event is interpreted to 

have occurred between 160 and 120 Ma during the Late Jurassic to Early Cretaceous.

Fluids in filled fractures from the first event reached temperatures of ~250°-300°C. The
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second event is interpreted to have occurred during early Tertiary time. Maximum 

temperatures from fracture cement in Tertiary fractures indicate that fracture fill occurred 

at temperatures of ~150°C.
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4 METHODS:

4.1 Surface mapping:

I conducted surface mapping during the summer of 2004 in the Chandler Lake B- 

4 and C-4 quadrangle (Figures 9, 10, 11 and 12). Four representative map areas (shown 

on Figure 3) were chosen for the stratigraphic position, structural position and the quality 

of the known outcrop exposure. The -35 mile long, north-south trending transect line 

(Figure 3) is close to all four field areas. I compiled the remainder of the map (Figure 3) 

from mapping work done by Mull and Sonnemann (1975), Kelley (1990), and Peapples 

et al. (2007).

In each of the four map areas I mapped mesoscopic-scale structures, identified 

and surveyed fracture sets, and collected samples for AFT and fluid inclusions. I 

integrated surface mapping, structural data and thermal data to construct schematic cross 

sections for each map area (Figures 13, 14 and 15).

4.2 Subsurface mapping:

A 2D seismic reflection line (WG 89-29) (Figures 2 and 16) was provided by 

Western Geophysical, interpreted in two-way travel time and depth converted. Seismic 

velocities for depth conversion were derived from sonic log velocities for units penetrated 

and from published velocities from wells on the North Slope (Mauch, 1989).

Stratigraphic correlations between wells, seismic data and surface exposures are based on



Figure 9. Geologic map of Tiglukpuk anticline. The primary field area defining domain I along this transect. This map is 
based on field mapping performed during summer 2004 by A.S. Duncan and C.L. Hanks within the boxed area shown. Other 
data and manned units are coirmiled from Mull and Sonnemann (1975): Kellev (1990): and Peaonles et al. (2007).
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Figure 10. Field map of fold-and-thrust deformation in domain II. Mapping in the 
Fortress Mountain Formation performed by A.S. Duncan, W.K. Wallace and P. Sniffen 
during the summer of 2004 within the location boxes shown. Other data compiled from 
Mull and Sonnemann (1975); Kelley (1990); and Peapples et al. (2007).



Figure 11. Field map of the Torok Formation in domain III. Work done inside the 
location box is based on field work by A.S. Duncan and P. Sniffen during the summer 
of 2004. Other data and mapped units are compiled from Mull and Sonnemann (1975); 
Kelley (1990); and Peapples et al. (2007). This area does not have complete exposure 
and only bedrock units are shown. Outcrop mapping is shown on Peapples et al. 
(2007).
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Figure 12. Field map of the Nanushuk Formation in domain IV. Area inside field 
site box mapped by A.S. Duncan and P. Sniffen during the summer of 2004. Other 
data and mapping are compiled from Mull and Sonnemann (1975); Kelley (1990); 
and Peapples et al. (2007). The map shows bedrock units not exposure. Outcrop 
mapping is shown on Peapples et al. (2007).



Figure 13. Cross section of domain I. Cross section shows schematic interpretation of the subsurface at Tiglukpuk anticline 
and the surface data collected for field area. Location of line shown on Figure 2b. The Y axis is in meters and there is no 
vertical exaggeration.
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Figure 14. Cross section of domain II. Dotted folds show inferred detachment folding within the Okpikruak 
Formation. The depth to the top of the Endicott Mountains allochthon (EMA) is unknown and is drawn schematically 
here. Units on Y axis are in meters and there is no vertical exaggeration. Cross section line shown on Figure 11.



Figure 15. Cross section of domains III and IV. The subsurface interpretation of the cross section is schematic but 
the surface data collected and used for the interpretation are shown. The dotted folds beneath folds in the Nanushuk 
represent inferred penetrative deformation in the core of detachment folds. The X and Y axes are in meters and there 
is no vertical exaggeration. The Ko, Kfm and Kto are lumped in this interpretations because they are lumped in the 
subsurface. It is not possible to differentiate the units in seismic data. Location of the line shown on Figure 3.
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Figure 16. Seismic line WG 89-29. The line is annotated to show schematically the three primary structural 
stratigraphic packages in the subsurface. Major structural elements of the line are discussed in the text (location of line 
shown on Figure 2).



previous work done in the National Petroleum Reserve, Alaska (NPRA), Kumar et al. 

(2002), and other published data (Mauch, 1989; Bird and Molenaar, 1992; Moore and 

Potter 2003; Potter and Moore, 2003), as well as through personal communication with 

experienced North Slope geologists from the University o f Alaska Fairbanks, the Alaska 

Division of Geological and Geophysical Surveys, Alaska Division of Oil and Gas, U.S. 

Geological Survey and industry.

Seismic data interpretation and subsequent reconstruction of structural cross 

sections was performed using LithoTect software by GeoLogic Systems. LithoTect 

allows geometric modeling and balanced reconstruction constrained by surface or 

subsurface data. LithoTect is used to test viability by removing folding and faulting. 

Restoration to a reasonable undeformed state serves to validate and refine structural and 

stratigraphic interpretations (Ratliff, 1999-2006). The restorations can also be used to 

quantify vertical and horizontal displacement. In some cases, fold and fault geometry is 

forward modeled to achieve realistic geometric interpretations. Modeling identifies the 

most realistic geometry for faults and folds that will result in the deformed-state section.

Reconstruction of folds and faults in the transect area was performed primarily by 

maintaining equal area. A combination of various fault slip tools within LithoTect 

maintains area but does not always maintain line length. Maintaining area is more 

important than maintaining line length because clear seismic reflectors commonly are not 

identifiable for units along the transect (Figure 16); therefore, the length of the deformed- 

state stratigraphy is subject to interpretation itself and may have little or no bearing on the 

restored interpretation. In contrast, maintaining equal area was considered more



important. The resulting interpretation is the best solution identified within an infinite 

range of possible solutions that are consistent with available data.

4.3 Fractures:

Fracture data were collected using the straight scan-line fracture survey method 

(Shackleton, 2003). A straight line is drawn along a bedding surface, or exposed facture 

face, and every fracture that intersects the scan-line is described in terms of orientation, 

aperture, fill, height, length, morphology, the nature of the terminations, and any cross

cutting age relationships. Fractures were classified as mode I extension fractures, mode 

II conjugate shear fractures or en echelon fractures based on observations consistent with 

previous research on fracture morphology and modes of fracture formation (Steams,

1968; Engelder, 1985; Ramsay and Huber, 1987; Hancock and Engelder, 1989; Lorenz et 

al., 1991; Hanks et al., 2004). Fractures sets were defined using orientation, morphology, 

presence or absence of fill and relative age relationships. Defined sets were analyzed for 

true fracture spacing measured perpendicular to the average fracture orientation using 

basic geometric principles. Representative oriented samples of filled fractures and fault 

gouge were collected for fluid inclusion analysis.

4.4 Apatite fission-track clata collection:

During the 2004 and 2005 field seasons, 15 samples were collected for fission- 

track analysis (Figure 2, Table 1) from sedimentary units consisting of medium- to 

coarse-grained sandstone likely to have detrital apatite and/or zircon. Where possible,



track data. Analysis by Paul O’Sullivan and A-Z Inc.
Sample ID

05WKW047
05WKW052
05WKW104

Unit
Okpikruak
Okpikruak
Okpikruak

Domain ]
I
1
I

Mean Track Length (urn)
13.95 ±0.15 
14.00 ±0.13 
14.09 ±0.11

Pooled AFT Age
63.2 ± 4.0 Ma 
68.6 ± 3.9 Ma
61.2 ± 4.7 Ma

Data Quality*
5 
7
6

ASD 021-04A Lower Fortress Mtn II 13.86 ±0.15 61.0 ± 4.5 Ma 8
7

ASD 022-04A Lower Fortress Mtn II 13.55 ±0.16 55.7 ± 3.5 Ma 7

05ASD009 Lower Fortress Mtn 11 13.94 ±0.15 67.4 ± 6.3 Ma 6

05ASD021 Lower Fortress Mtn II 13.90 ±0.18 62.7 ± 4.4 Ma 6

05ASD052 Fortress Mtn. II 13.18 ±0.1.8 100.7 ±7.1 Ma 6

05ASD052* Fortress Mtn. II 13.21 ±0.16 75.7 ± 5.2 Ma 7

ASD 040-04 Tor ok III 13.72 ±0.16 101.5 ± 7.7 Ma 6

ASD 041-04 Torok III 13.70 ±0.18 96.7 ± 5.6 Ma 4

05ASD029 Torok III 12.79 ±0.41 114.6 ± 8.0 Ma 6

05WKW083 T orok Sandstone m 12.77± 0.27 77.5 ± 6.2 Ma 3

ASD 044-04 Nanushuk IV 13.58 ±0.33 63.9 ± 7.2 Ma 1

ASD 046-04 Nanushuk IV 12.86 ±0.93 60.6 ± 7.2 Ma 3
* 1 = poor, 10 = excellent



samples were collected near the base of the bed where the grain size is typically larger. 

For this study, samples were collected from both extreme topographic and structural 

highs and lows and across significant structural boundaries. A to Z Inc. and Paul 

O ’Sullivan did the apatite and zircon fission track analysis. Samples were pulverized and 

apatite and zircon grains were separated using heavy liquids. The temperature range for 

zircon fission track analysis is too high to record cooling due to shallow fold-and-thrust 

deformation, so only AFT results are shown and discussed herein. Regardless, many 

samples proved not to have enough zircon for analysis while detrital apatite was 

commonly abundant in most samples.

The most important use of AFT thermochronometry is to determine the difference 

in cooling history between sets of samples as a basis to interpret the history of burial and 

unroofing. AFT results for this study (Table 1) indicate cooling age discrepancies 

between groups o f samples along the transect. Cooling age differences can be interpreted 

when other structural data are available to substantiate an interpretation but can not stand 

alone to interpret regional structure. A more detailed discussion of the AFT analysis and 

procedure is located in the Appendix.

4.5 Fluid inclusions:

The most important structural use o f fluid inclusions containing hydrocarbons or 

water is that to provide information on the tectonic and pressure/temperature evolution of 

basinal units and potentially about the primary migration mechanism of fluids in basinal 

stratigraphy (Roedder, 1984). In this study, fluid inclusion analysis was performed on
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caicite and quartz filled fractures to determine the temperature and pressure conditions 

and the composition and density (i.e. salinity of fluids) of the fracture fill at the time of 

crystallization (Roedder, 1984).

Eight samples from the Lisbume Group and from the Torok Formation were 

analyzed for fluid inclusions by Marty Parris and Petrofluid Solutions (Table 2). Full 

analysis has not been completed at the time of writing. Inclusions were designated as: 1) 

primary inclusions (inclusions trapped during primary crystal growth during fracture fill), 

2) secondary inclusions (inclusions trapped after crystal growth in healed micro-cracks, 

for example), or 3) pseudo-secondary inclusions (inclusions trapped in microcracks 

within a growing crystal) (Parris et al., 2003). During crystal growth, primary and 

pseudo-secondary inclusions are trapped and provide information about the conditions 

during fracture filling. Secondary and pseudo-secondary inclusions are the most common 

inclusions that are trapped along healed microcracks after crystal growth and provide 

information about the fracture set after primary crystallization (Parris, personal 

communication). Inclusions can, and commonly do, have more than one phase present 

(i.e. solid, liquid and gas) and are described as single-phase or two-phase inclusions.

Heating and freezing fluid inclusion samples yields homogenization temperature 

data for the phases present in the inclusion. Formation temperature is determined by 

heating and freezing the sample until the inclusion bubble homogenizes, or merges, with 

the surrounding material (Roedder, 1984; Parris et al., 2003; Hanks et al., 2006). The 

maximum and minimum pressure conditions for inclusion formation are bracketed by a



Table 2. Preliminary results from fluid inclusion analysis. Samples with asterisk (*) have only been mapped and await 
analysis. Character of fracture and fill and Origin, room temp phase relation boxes contain preliminary thin-section mapping 
results. Key to abbreviations: Lisb. LS, Lisburne Group Limestone: Qtz., Quartz; CaCC>3, Calcium Carbonate (calcite); Frac, 
Fracture; ****, data not yet available; Th, Homogenization Temperature; Tm, Melting Temperature if ice (yields percentage 
of salt in liquid); XXX, Large difference in phase-change temperatures recorded. This is indicative of inclusions that leaked 
gas after initial inclusion entrapment.

Sample (Station #, 
Unit, Lith)

Frac
Set

Fluid inclusion results
Character of fracture and fill Origin, room temp 

Phase relations
Mean Th 
(aqueous)

Mean Tm  
(ice)/salinity

Mean Th 
(gas)

Lisb. LS 006-
04A*

1 or 2
Post k inem atic calcite fill, no crack-seal texture, 
well defined fracture w alls. C alcite  fill heavily  
tw inned.

Prim ary solid inclusions, aqueous tw o-phase 
and single-phase gas or liquid. Secondary 
solid and aqueous tw o-phase inclusions

**►<»(«

Lisb. LS
007- 
04D 

FI A#4
1 or 2

Two generations o f post k inem atic calcite fill 
w ith crack-seal tex ture. Cem ent grow th 
occurrcd in the p rcsencc of C O 2, CIHU, and 
aqueous fluids. All m easurem ents from 
younger fill generation.

Secondary aqueous tw o-phase inclusions 
along healed m icrocrack.

145°+ /- 
18°C 

(n= l 7)

-0.8° + /- 0 .4CC 
(n= 5)/

1.4 w t.%  NaCl 
equiv.

M*

007- 
04 D 

FIA//2
1 or 2 As above

S econdary aqueous tw o-phase inclusions 
along healed m icrocrack.

1 56°+ /-
23°C

(n -1 0 )

007- 
04 D 

FI A#3
1 or 2 As above

Possible prim ary  gas-rich  single-phase 
inclusions (azonal d istribution) in relatively 
untw ined calcite.

***>«

T m :o 2= -89.5 to - 
72.0°C (n=  3) 

ThcH4= *76.5 to - 
76.0 ( n = l )

007- 
04D 

FI A#5
1 or 2 As above Secondary gas-rich  single-phase inclusions 

along healed m icrocrack. >M <« >+< »fc>H s4«*4«

Tm C02-  -90° to - 
80°C (n=  2) 

ThCH4=  -89° to - 
76°C (n= 9)

007-
04D

FIA#7
1 or 2 As above Secondary aqueous tw o-phase inclusions 

along healed m icrocrack  in area o f FIA#3.

142°+ /-
18°C
(n=5)

-1.1° + /- 0 .3CC 
(n=7)/

1.9 w t.%  NaCl 
equiv.

Siksik-
puk

C a C 0 3

009-
04A* 1 or 2

Two possible generations o f fracture-fill. 
Fracture w /w id e st aperture filled  w / calcite 
follow ed by quartz and bitum en. Thinner fracs 
have sim ilar paragenesis, but no quartz.

C alcite and quartz  contain single- and two- 
phase aqueous, and possib le oil in lusions of 
secondary and unknow n origin. •(«»*«

Siksik-
puk

CaCC>3

m udstone

010-
04B*

1 or 2

1st generation is fine-grained  calcite along 
fracture w alls and coarse calcite in geopetal 
structure. 2nd generation cross cuts and 
cem ented w ith bitum en, calcite and quartz.

Quartz cem ent contains tw o-phase and 
single-phase o f probable  prim ary origin. 
S ingle-phase m ay  be gas or aqueous?

H< m >f;



Table 2. (continued).

Lisb. LS
012-

04A *
Fault
slicks

Slicks are m ed to  coarse- crystalline C a C 0 3 
spar that is m oderately  to heavily  tw inned.

A bundant secondary  aqueous tw o-phase 
inclusions and single-phase inclusions that 
are likely all liquid.

N o  U u  
* * * *

Kto/ Kfrn
026- 

04 A*
Fault
slicks

Slicks cem ented w ith  two generations o f fill.
(1) M inor heavily  tw ined ca lc itc a n d  quartz, (2) 
equant blocky untw ined calcite.

A queous tw o-phase and one-phase gas o f 
definite  secondary  and possible prim ary 
origin. Som e m ixing o f  single and two- 
phase inclusions is possib le evidence o f 
im m iscible trapping.

N> ?
voktfittt

Kto m ud
stone

036- 
04 A

2 Fill is authigenic, finely  g ranu lar or crystalline 
carbonate, contains no  organics from host rock.

Sam ple contains no w orkab le  inclusions

Kto Silty 
m ud
stone

040- 
04 C

2

Fracture narrow s and w idens possib ly  reflecting 
releasing bends in an extensional-shear fracture. 
Tw o or three generations o f  calcite. Early 
generation is feathery and bladed calcite. 
G eneration 3 is equan t b locky  calcite.

Inclusions sparse. E arly  gcncration(s) has 
abundant so lid  inclusions and possible single 
and tw o-phase inclusions that are too small 
to w ork . G eneration  3: single population o f 
possib le  p rim ary  aqueous single and two 
phase (gas or liquid).

H o n** i f * * *

0^10- 
04 C
m

2 As above
Prim ary  g row th-zoned single- and tw o-phase 
aqueous inclusions.

113°±11°
C

( n -  10)

-1.4°±0.6°C 
(n=  14)

2.4 w t. % N a C l 
equiv.

040- 
04 C 
#2

2 As above
Secondary  single- and tw o-phase aqueous 
inclusions along healed m icrocrack.

114°±12°
C ( n = 1 0 )

-1.2°±0.6°C (n= 
9)

2.4 w t.% N a C l 
equiv.

H i* * *



variety of fluid inclusion analyses based on experimentally determined, thermodynamic 

properties of fluids as described by Roedder, (1984).
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5 OBSERVATIONS:

5.1 Overall structural style and mechanical stratigraphy o f  the foothills transect:

The structural style of deformation seen in mesoscopic and map scale structures in 

the foothills is strongly influenced by the regional mechanical stratigraphy. The regional 

stratigraphy of the transect area in the central Brooks Range foothills is characterized by 

alternating rigid formations (i.e. Lisbume Group, Fortress Mountain Formation, and 

Nanushuk Formation) and interbedded weak formations (i.e. Kayak Shale, Siksikpuk 

Formation, Okpikruak Formation and Torok Formation) (Figure 8). Rigid carbonate, 

sandstone and conglomerate units are able to detach and deform above the weak siltstone, 

mudstone and turbidite lithologies (Figure 8). In general terms, the regionally 

interbedded mechanical stratigraphy allows formation of north-vergent folds and south- 

dipping faults to form in mechanically strong formations and small scale, tight, 

asymmetric and locally south-vergent folds to form in mechanically weak formations.

The Brooks Range fold-and-thrust belt transect can be divided into three 

structural/stratigraphic packages, 1) the orogenic wedge of the Endicott Mountains 

allochthon, 2) underlying rocks that consist o f relatively undeformed Paleozoic and lower 

Mesozoic passive margin sediments of the North Slope autochthon and 3) the Brookian 

wedge-top and proximal foreland basin deposits that are incorporated in fold-and-thrust 

deformation (Figure 16). The three stratigraphic packages are shown and annotated on 

seismic line WG 89-29 (Figure 16), the location of which is shown on Figure 2.



Fold-and-thrust deformation along the transect involves both the orogenic wedge 

of the Brooks Range and the overlying Cretaceous Brookian wedge-top and proximal 

foreland basin sediments. The structurally lowest and thickest allochthon of the central 

Brooks Range, the Endicott Mountains allochthon, forms the core of the orogenic wedge 

in the transect area (Wallace et al., 1997; Moore et al., 2004; Peapples et al., 2007). 

Deformation within the wedge shortens the sediments in wedge-top and proximal 

foreland basin deposits to form additional fold-and-thrust structures in the overlying 

basinal units. The deformed foreland basin sediments have been incorporated into the 

orogenic wedge, adding structural thickness and conserving the taper of the wedge 

(Figure 7).

Structural relief diminishes northward across the orogen. The axis of the Brooks 

Range is the structurally thickest part of the orogen. Northward the orogenic wedge 

tapers and thins beneath the declining topography. The overall structural style of the 

transect is dictated by the loss of structural relief between the orogen and the Colville 

basin and the fold-and-thrust related structures that formed as a result of internal 

deformation within the orogenic wedge.

At the southern end of the transect, near the mountain front, the rigid member of 

the EMA, the Lisbume Limestone (Figure 2 and 8) deforms into kilometer scale, fault- 

related folds that are detached from the underlying Kayak Shale (Mky) (Figure 8). North 

of the mountain front, the Lisbume Limestone deforms into a large, kilometer scale 

asymmetric, overturned anticline along Tiglukpuk Creek (Figure 2 and 9). Tiglukpuk 

anticline is a tight fold with evidence of inter-layer slip and tangential longitudinal strain.



This is facilitated by well defined bedding surfaces that are more easily activated as slip 

surfaces than massive carbonate with no clearly defined or disrupted bedding surfaces.

The Lisbume also contains minor amounts o f shale that act as zones of weakness that

promote layer-parallel slip.

Smaller structures observed at Tiglukpuk anticline indicate that tangential 

longitudinal strain was a major component of development of the structure. Low 

displacement normal faults (Figure 17) in the forelimb and backlimb of the fold suggest 

outer arc extension at Tiglukpuk anticline. Shear fractures and a duplex within the core 

of the fold (Figures 9, 13, and 18) can be interpreted to reflect inner arc compression.

In locations where the Lisbume contains significant chert nodules, fractures 

commonly occur within the carbonates and terminate against chert or within the chert.

Set 1 fractures (Figure 19) that cross-cut chert nodules locally show signs o f offset. As a 

result of subsequent deformation, chert nodules are rotated relative to the limestone 

matrix causing offset o f set 1 filled fractures. Offset of filled fractures indicates that 

deformation continued after fractures were filled during prolonged continuous 

deformation or multiple phases of deformation.

Above the Permian and Triassic units (Siksikpuk and Otuk), the turbidites of the 

Okpikruak Formation (Ko) acted as a weak mechanical layer (Figures 8 and 9). The 

Okpikruak Formation is observed in outcrop as coherent, bedded turbidites, non-coherent 

(or broken) turbidites where bedding is disrupted, and as a tectonic melange that contains 

olistoliths from the EMA and higher allochthons (Peapples et al., 2007). An asymmetric, 

overturned syncline is seen in bedded turbidites south of Tiglukpuk anticline. This
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Figure 17. Photos from Tiglukpuk anticline (domain I) that show the role o f and 
interlayer slip, (a) Photo taken from the back limb showing the parallel surfaces of 
unfilled north-south trending fractures (set 4). Bedding is offset by normal faulting 
indicative of extension in the outer arc of the fold during set 2 fracturing. Slicks are 
present on fault surface, (b) Annotated close up of off set bed (shaded), hammer handle 
is 30 cm. (c) Photo taken of the overturned forelimb of Tiglukpuk anticline showing 
evidence of interlayer slip as a result o f mechanically weak interbeds that allow slip and 
deformation, (d) Close up of area showing imbrication of weaker interbedded layer 
within the Lisbume.



Figure 18. Schematic distribution and orientation o f fractures at Tiglukpuk anticline. The distribution of fractures also 
represents the distribution of face forming fractures with changing structural position, as discussed in the text. Fractures with 
orientations as in the inner arc are also nresent in the duolex zone but not reDresented on this figure for claritv. 4̂
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Figure 19. Photographs of fracture set 1 and set 2. Fracture set 1 is shown in a and b and 
set 2 in photos c and d. a) En echelon and mode I extension fractures from the Lisburne 
in domain I. b) Set 1 fracture that cross cuts a chert nodule and is itself offset as the chert 
nodule rotated as a result of continued deformation, c) Set 2, bedding parallel, filled 
fracture from domain III in the Torok Formation. The fracture is from a resistant 
siltstone bed and is calcite filled, d) Set 2 filled fracture in the Torok near the southern 
boundary of domain III.



indicates that portions of the Okpikruak retain coherent bedding and deformed as 

coherent, structural packages (Figure 2). The Okpikruak also outcrops with severely 

disrupted bedding loosely contained within a green-gray, shale to siltstone matrix with 

anastomosing cleavage. These rocks are known as the Okpikruak broken formation 

(Wallace et al., 2006; Peapples et al., 2007) and formed by structural disruption of 

coherent turbidite beds. The most deformed parts of the Okpikruak, the melange, contain 

blocks of siltstone and sandstone in a green-gray fine grained matrix with anastomosing 

cleavage. Common large blocks (meters to hundreds of meters) incorporated within this 

part of the Okpikruak are interpreted to be derived from allochthonous rocks from the 

Brooks Range. The largest blocks are interpreted as olistoliths from the EMA and higher 

Brooks Range allochthons (Wallace et al., 2006; Peapples et al., 2007).

Above the detachment within the Okpikruak, the Fortress Mountain Formation 

folds and deforms coherently (Figure 14). Folds in the Fortress Mountain Formation are 

detachment folds that have been described as ‘rumpled rug’ folds (Figure 14). The 

Fortress Mountain Formation forms roughly symmetric, -0.5-1 km scale, open folds that 

are cut by mostly south-dipping faults (Figures 14 and 20). The Fortress Mountain folds 

are not simple, cylindrical folds (Figures 10 and 14). Folds generally plunge to the east, 

or are doubly plunging and plunges are commonly steep and abrupt.

To the north, the Fortress Mountain Formation grades into the Torok Formation 

which is the deep water, lateral equivalent of the Fortress Mountain Formation. The 

proximal foreland basin deposits of the Fortress Mountain Formation grade into the thinly 

bedded, fissile, marine mudstone of the Torok. The Torok is relatively mechanically
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Figure 20. Deformational style of the Fortress Mountain Formation, (a) Anticline- 
syncline pair with fold hinges (solid lines), axial plane (dashed line) and arrows 
indicating the plunge direction to the east. Boxed anticline in (a) is shown close up in 
(b). North limb of the syncline in the foreground is traced with dot-dash line, (b) 
Close up of anticline (from above) demonstrating the symmetric, open folds of the 
Fortress Mountain Formation. Dashed line traces the bedding of the anticline. North 
limb of syncline shown in foreground and traced with dot-dash line.



weak. In the Torok Formation, the dominant structural vergence observed in the small- 

scale (meters to tens-of-meters) structures is to the south (Figures 2 and 11). South- 

vergent deformation is dispersed over a large area of deformation rather than restricted to 

a discrete zone.

The Nanushuk Formation is deformed into kilometer-scale detachment folds 

(Figure 12). The hinge regions in Nanushuk folds typically are eroded and not exposed, 

leaving long and shallowly dipping limbs that form broad (km scale) flat-bottomed 

synclines (Figure 15). Detachment folds commonly display a narrow hinge region in 

anticlines and broad, flat-bottomed synclines (Dahlstrom, 1990). Both the fold geometry 

and mechanical contrast with the underlying Torok Formation indicate that the Nanushuk 

folds are likely detached. The southernmost exposure o f the Nanushuk Formation forms 

a resistant, linear ridge known as the Tuktu Escarpment (Figure 3) that is described and 

interpreted in more detail below.

South dipping, north-vergent faults that cut EMA stratigraphy in the subsurface 

(Figure 16), as well as Brookian clastic foreland basin deposits, and are exposed at the 

surface (Figures 2, 10 14 and 15) are referred to as breaching thrusts. Breaching thrusts 

are recognized at the surface by older over younger age relationships that post date EMA 

emplacement and cut foreland basin deposits, and by discordance of AFT cooling ages 

across the breaching thrust (Figure 2).



5.2 Overall structural style- subsurface:

The transect continues to the north in the subsurface and can be examined using 

seismic data. Seismic data from the foothills show three identifiable structural and 

stratigraphic packages in the subsurface. Figure 16 shows the depth converted seismic 

line WG-89-29 (location on Figure 2) and an annotated line. The three packages shown 

on Figure 16 are 1) the wedge of EMA, 2) the Brookian Colville basin stratigraphy and 3) 

the underlying North Slope autochthon (also on Figure 8).

In the subsurface, the EMA forms the main building block of the orogenic wedge 

(Bird and Molenaar, 1992; Moore et al., 1994). However, the detailed, internal 

stratigraphy and structure of EMA are not discemable in the seismic line and no well data 

are available (Figure 16). The wedge of EMA is characterized by chaotic seismic 

reflections. Higher in the wedge, at least three iold hinges are visible and are annotated 

on Figure 16. Low in the section, just above the North Slope autochthon, several 

ramping thrust faults appear to branch from a detachment near the top of the North Slope 

autochthon, but the faults disappear upward as the fault dip increases (Figure 16).

The North Slope autochthon that underlies the wedge of EMA is obvious in the 

lower part of the entire line as parallel ‘railroad track’ reflectors that remain relatively 

undeformed (Figure 16). The North Slope autochthon stratigraphy has a much greater 

total thickness at the northern end of the line (Figure 16). Increased thickness to the 

north probably reflects the northerly source of these sediments. Because it is relatively in 

place and underlies the entire North Slope foreland basin, the North Slope autochthon can



be traced in publicly available seismic data to wells at locations within the National 

Petroleum Reserve-Alaska (NPRA) (Mauch, 1989; Kumar et al., 2002).

The large amplitude folds of the Nanushuk Formation are visible at the northern 

end of the line at shallow depths (Figure 16). The Nanushuk Formation provides strong 

coherent reflectors that fade in intensity with depth, presumably as the lower Nanushuk

grades into the upper Torok Formation.

The Torok and Fortress Mountain Formations are lumped together in the seismic

interpretation (Figure 16). The character of the Fortress Mountain Formation in the 

northern subsurface is quite different than the proximal exposures in the south described 

earlier. The gradation in character between the two formations in the subsurface to the 

north makes the Torok and Fortress Mountain seismically indistinct because of 

similarities in grain size and composition. The southern, proximal exposures of the 

Fortress Mountain Formation are different in lithology, structural style and deformational 

character from the Torok Formation.

5.3 Fracture character and distribution:

Four fractures sets are present in the Brooks Range foothills and adjacent Colville 

basin. Fracture sets were defined based on their common characteristics including 

fracture morphology, the presence or absence of fracture fill, and structural position. 

Observations of fracture sets 1-4 are summarized in Table 3.
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Table 3. The characteristics, distribution, and relative timing of fracture sets 1-4. 
‘Domain present5 shows in which domains each fracture set is present and in what 
abundance in outcrop; A = Abundant; C = Common; R = Rare; M = Missing.

Set Domain
present

Fracture characteristics
Spacing and morphology in 

typical outcrop

Relative age with 
respect to defamation

V'alanginian Primary Latc- 
and earlier Tertiary stage

1

“  A

II = M

III "  M

IV ^ M

Calcite filled extension fractures, 
conjugate sets and en echelon fractures 
with closest average spacing o f  all 
orientations in EMA. Set 1 fracture 
orientations formed coeval with cach 
other as no clear cross cutting relation
ships are apparent. Set 1 fractures are 
-bedding normal

Only present in Domain I. 
cm-scale fracture spacing 
common. Fracturing occurs 
in the EMA stratigraphy of  
domain 1 only. Fracture 
orientation varies with 
structural position.

2

I -  A

II -  M

III -  R

IV -  M

Calcite filled fractures are closely spaced, 
sub-vertical fractures. Appearance is 
similar to set 1 fractures. Occur as both 
extension and conjugate conpression 
fractures in domain 1. In domain III 
fractures are bedding parallel and do not 
occur as conjugate fractures.

Only present in domains I 
and III. Hi 1 led fractures 
reactivate set 1 fractures. In 
domain III set 2 fractures are 
present but rare, occuring 
only in resistant iithologies.

-----------

3

I -  M

II C

III C

IV C

Unfilled fractures are highly irregular and 
vary with changes and variations in 
lithologic properties. Domain 11 &  IV 
fractures show no evidence o f mineraliza
tion or leaching around open fractures 
and no evidence o f  fill in open fractures. 
Domain 111 unfilled fractures are only 
surveyed in resistant beds.

Set 3 unfilled fractures are 
irregular in dimension and 
orientation depending on 
structural position and 
lithology. Fracture spacing is 
dependant on lithology and 
structural position.

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

4

I -  C

II = C

III -  c:

IV = C

Set 4 fractures are unfilled and are not 
constrained by bedding units. Average 
spacing is typically much greater than 
sets 1-3 . Fractures are north-south 
striking, cross-cut structure and are 
longer, higher and have larger aperture 
than set 1 -3 fractures.

Fractures in outcrop are 
widely spaced and are rarely 
represented in all fracture 
survey s but are apparent in 
all domains.

------

\
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5.3.1 Fracture Set 1- Observations:

Set 1 fractures are observed within EMA stratigraphy. Calcite filled fractures 

occur in four primary orientations: (1) north-south; (2) east-west; (3) northeast-southwest, 

and (4) northwest-southeast (Figure 21). Cross-cutting relationships between the four 

orientations are inconsistent and unclear, suggesting coeval formation. Set 1 fractures 

occur as extensional fractures, shear fractures in conjugate sets and en echelon fractures 

(Figures 19a and b). Set 1 filled fractures are commonly perpendicular to bedding, 

contained within a single bed, and terminate at the bedding boundaries or within the bed. 

Set 1 fractures range in length and height from <1 cm to many meters long and high. 

North-south and east-west striking fractures are commonly mode I extension fractures 

that are perpendicular to bedding, are centimeters to meters long and high, have typical 

apertures of 1-10 mm and are spaced at intervals of centimeters to meters. NE and NW 

striking fractures are commonly part of a conjugate set with an acute bisecting extension 

fracture. The relative timing of conjugate set formation with respect to formation of the 

acute bisectors is not clear. Orientation of set 1 conjugates varies considerably (Figure 

21). Conjugate fractures are most prominently observed in the core region of Tiglukpuk 

anticline. En echelon fractures are rare and only documented where bedding surfaces are 

well exposed.

5.3.2 Fracture Set 2- Observations:

Set 2 filled fractures commonly reactivate Set 1 fractures and are documented in 

EMA stratigraphy and within resistant, coherent units of the Torok Formation. In the
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n = 112
Figure 21. Fracture orientation data, presented by domain. Data are not representative of 
the distribution observed in the field because of sampling bias introduced by poor 
exposure and spacing relationships, thus, under-representing fractures with wider average 
set spacing. Filled fracture sets 1 and set 2 in domain 1 (D-I) can not be definitively 
distinguished by field relationships because set one fractures are reactivated and refilled 
during formation of set 2 fractures. The orientation of unfilled, set 3 fractures represents 
the range of conjugate fractures and acute bisectors. The orientation of filled and unfilled 
sets is discussed in the text. Unfilled fractures of set 4 are the only unfilled fractures 
present in domain I. Fracture orientations and distribution are discussed in the text.



EMA, set 2 fractures are difficult to distinguish from set 1 fractures because set 2 

fractures commonly reactivate or parallel pre-existing set 1 fractures and have the same 

four primary orientations as set 1 (Figures 19 and 21). Crack-seal textures and multiple 

generations of fracture fill are more easily documented in thin section where the 

composition and textural differences between generations of fill are more apparent. In 

the field, set 2 fractures are most easily recognized where filled fractures show little or no 

post-kinematic deformation, cross cut pre-existing fractures and/or display minor offset 

of an older fracture. However, additional petrographic analysis and fluid inclusion 

analysis o f fracture fill is necessary to definitively determine the relative age of fractures 

and whether a fracture belongs to fracture set 1 or set 2.

Identification of set 2 fractures in the field is made easier by clear cross-cutting 

relationships, while reactivation of set 1 fractures is more clearly defined by petrographic 

analysis. Due to the difficulty of separating set 1 and set 2 fractures in the field, the 

fracture characteristics and average fracture spacing characteristics of set 2 appear very 

similar to those of set 1 fractures (Figure 21). Average set 2 spacing is on the scale of 

tens of centimeters to meters, and fractures are typically contained within a single bed 

and terminate within a bed or at bedding boundaries. Set 2 fractures typically display no 

offset but locally cross cut or offset pre-existing fractures (set 1).

Set 2 fractures from the Siksikpuk Formation (EMA) occur in light brown 

dolomitic, crystalline carbonate with abundant recrystallized calcite and patches of 

pyritization. Fracture petrography (Table 2 and Table 4) indicates two clear fracture sets 

with the later set clearly Cross-cutting the earlier set (set 2 cutting set 1). Set 2 fractures
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Table 4. Domain (D) characteristics. Fracture Set 1 = Filled fractures, Valanginian and earlier deformation within EMA, Set 
2 = filled fractures, Tertiary fold-and-thrust deformation, Set 3 = Unfilled fractures, Tertiary fold-and-thrust deformation, Set 
4 = Unfilled unroofing, relaxation fractures. Fluid inclusion (FI) data = homogenization temperature from fluid inclusions in 
filled fractures. AFT data = cooling age (Ma) and avg. maximum modeled temperature for samples from each domain.
D Set Petrographic Characteristics FI AFT Structural Style

I

1

Set 1 are filled fractures in domain I carbonates. Low average fracture 
spacing with compressional shear fractures in the core of Tiglukpuk 
anticline and mode I extension fractures in the outer arc. Fractures have 
crack-seal textures and calcite fill. Set 1 filled fractures are coeval. 147°C±

20°
61-68 Ma 

~180°-200°

Multiple generations of intense 
deformation. Within the Lisbume, km- 
scale, north vergent asymmetric, 
overturned Tiglukpuk anticline with 
duplex zone in its core. Bedding surface 
define planes o f interlayer slip.

2 Set 2 filled fractures not distinguishable from Set 1 fractures in domain I.
3 Set 3 absent
4 Unfilled fractures do not terminate at bed boundaries

II

1 Set absent

None
present 75-100 Ma 

55-67 Ma
Broad, open, upright, -symmetric folds 
and north vergent faults.

2 Set absent

3
Fractures in Fortress Mtn. Fm. are all unfilled, no surface morphology or 
evidence of fluid flow. The fractures have irregular wavy nature. 
Orientation and avg. spacing vary with lithology and bed thickness.

4 Unfilled regional fractures

III

1 Set absent

114°
±12°C

96-114 Ma
~100°C

Meter to 10’s o f m eters scale folds and 
faults, generally south vergent in 
mechanically weak Torok Formation.

2 Filled fractures are sparse and are bedding-parallel writhin rare, coherent 
siltstone beds. Fractures contain several generations calcite fill.

3 Unfilled fractures only identifiable in coherent beds. Friable, fissile 
siltstone and shale not conducive to fracture analysis.

4 Unfilled regional fractures present but hard to find in fissile mudstone.

IV

1 Set absent
None

present
60-64 Ma

Km-scale, broad, open, low amplitude, 
-symmetric folds defined within 
mechanically competent Nanushuk 
Formation.

2 Set absent
3 Similar to domain II, Set 2. Fracture orientation consistent
4 Difficult to discern between Set 2 and Set 4



here are cemented with calcite and quartz. Bitumen is also observed that clearly resides 

more prominently in the fractures than the host rock.

Set 2 filled fractures are so sparse in the Torok Formation that it was impossible 

to record spacing data, as no two filled fractures were observed in the same survey 

location. Set 2 filled fractures are recognizable in the Torok as the only filled fractures 

present. Set 2 fractures are bedding parallel, calcite filled extension fractures that are 

contained within single bedding units. Filled fractures in the Torok are not interpreted as 

belonging to set 1 because the fractures are observed in rocks that were deposited after 

the emplacement of the EMA and before Tertiary fold-and-thrust deformation.

5.3.3 Fracture Set 3- Observations:

Fracture set 3 is observed at the surface throughout the Brookian clastic sediments 

of the Cretaceous Fortress Mountain, Torok and Nanushuk Formations. Set 3 is 

characterized by unfilled fractures that most obviously and commonly strike northeast 

and northwest in an apparent conjugate relationship and have an acute bisector striking 

roughly north-south (Figure 21). An east-west striking set is present but under

represented as orientation data are not representative of the overall distribution in set 3. 

Sample bias is present in orientation data due to the quality of exposure, the orientation of 

outcrops and the fracture set spacing. No clear cross-cutting relationships are observed 

that would define the relative ages of set 3 fracture orientations. Set 3 fractures display 

highly variable orientations in poorly sorted, coarse grained or conglomerate units of the 

Fortress Mountain Formation and Nanushuk Formation and where fracture faces have
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undergone considerable erosion, making accurate measurement of orientation difficult. 

Spacing of set 3 fractures is highly variable and can range from tens of centimeters in 

thinly bedded siltstone to meters or tens of meters in conglomerate beds 5-10 meters 

thick. Set 3 fractures are commonly roughly perpendicular to bedding and span multiple 

beds terminating at bedding surfaces where bedding is well defined as well as within beds 

where lithology is more massive.

5.3.4 Fracture Set 4- Observations:

In the transect area, set 4 fractures are unfilled, orogen normal, cross-cut younger 

sub-vertical set 1-3 fractures and span multiple beds with near vertical fractures (Figures 

21 and 22). Where set 4 fracture faces are exposed in well sorted lithologies, plumose 

structures are locally evident on fracture faces. The orientation data (Figure 21) show 

that set 4 fractures (Figure 22) generally strike north-south (N10-20°E) and dip steeply 

(80°-90°) east or west. Set 4 fractures are more widely spaced (1-5 m) than sets 1-3 in the 

rest o f the transect area. Set 4 fractures are not constrained to a single bed and rarely 

terminate within a bed.

5.4 Apatite fission track- Observations:

Cooling age results from AFT dating reveal that Brookian clastic units of the 

Okpikruak Formation, the Fortress Mountain Formation and the Nanushuk Formation 

attained temperatures between 60°C and ~110°C or greater (Figure 2 and Table 1). At 

the same time, samples from the Torok Formation only reached temperatures between
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Figure 22. Large, through-going set 4 fractures, a) Fractures of this type are common in Tiglukpuk anticline in domain I and 
are spaced several meters apart and, therefore, are not well represented in fracture data, b) Unfilled set 4 fractures from the 
upper Nanushuk Formation in domain IV. The bluff is -10  m high and annotated fractures are roughly north-south striking 
as shown on Figure 21.
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60°C and less than 110°C and apatite grains were not thermally reset (Figure 3 and Table

1). The AFT ages from Okpikruak Formation, the Fortress Mountain Formation and the 

Nanushuk Formation were reset to indicate a cooling age around 60-65 Ma (Table 1). 

Non-reset AFT samples from the Torok Formation maintain a cooling age o f -100 Ma. 

The AFT sample location and cooling ages are shown on Figure 2.
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6 ANALYSIS:

6.1 Classification o f structural domains:

The transect area is divided into four characteristic structural domains (Figure 3) 

based on the following surface data 1) fracture characteristics (Tables 2, 3 and 4), 

including the presence or absence of fracture fill, 2) structural style of deformation 

(Figures 13, 14 and 15), and 3) AFT cooling ages (Table 1) and fluid inclusion 

microthermometry data from filled fractures (Table 2). Structural style in fold-and-thrust 

belts is based largely on how shortening is accommodated by variations in structural 

position, mechanical stratigraphy and lithology (Hanks et al., 2004; Hayes, 2004). The 

specific determinants of structural style are fold geometry, symmetry, scale of folding 

and faulting and vergence direction. Examples of the representative structural style of 

each domain are detailed in the domain descriptions below. AFT samples were collected 

in the foothills during the 2004 and 2005 field seasons (locations on Figures 2, 9, 10, 11 

and 12). AFT cooling ages are presented on Table 1.

6.2 Domain I:

6.2.1 Description:

Domain I consists of the Lisbume Limestone at Tiglukpuk anticline and the 

overlying Siksikpuk and Otuk Formations (EMA) and Okpikruak Formation (Brookian) 

and is located at the southern end of the transect (Figures 3, 9 and 13). For the purpose of



this study domain I is bounded to the south by the mountain front and to the north by the 

appearance of the Fortress Mountain Formation.

6.2.2 Structural style:

The Lisbume Limestone at Tiglukpuk anticline deforms as a rigid structural 

package and is folded into a doubly-plunging, north-vergent, overturned, asymmetric 

anticline (Figures 9, 13 and 18). The tight folding and intense deformation of such a rigid 

unit is accommodated by brittle deformation and interlayer slip along bedding planes. 

Interlayer slip highlights the role of mechanical stratigraphy at Tiglukpuk anticline. 

Tiglukpuk anticline can be separated into essentially three mechanical structural packages 

which are 1) an outer arc, 2) an inner arc, separated by a neutral, interlayer slip surface 

and 3) a core duplex zone observed in the field (Figures 9, 18 and 23). Figure 18 shows 

how the inner and outer arcs reflect the basic concept of tangential longitudinal strain 

(Figure 4), where the outer arc undergoes extension while the inner arc undergoes 

compression (Ramsay and Huber, 1987). The outer arc o f the fold has extensional 

fractures that strike -north-south, parallel to the direction of compression (Figure 22a), 

and normal faults (Figure 17a and b) striking parallel to the hinge of the fold (-east- 

west). The inner arc of the fold exhibits conjugate sets of fractures striking northeast and 

northwest and consistent with bed-parallel compressional stress. An interlayer slip 

surface is seen where thin shale or mechanically weaker lithology is present in the 

Lisbume. Here, interlayer slip separates mechanical units and can create shear fabric 

reflecting the sense of motion (Figure 17 c and d).
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Figure 23. Photos from the duplex zone in the core o f Tiglukpuk anticline, (a) Fault 
related fold in the hanging wall o f duplex structure. Fault contained slickenlines and 
fault gouge indicating a top-to-the-north movement. In the duplex zone, the faults and 
bedding steepen with successive fault horses to the south, consistent with forward (north) 
propagating duplex structure, (b) Imbricated shear fabric indicating top to the north 
displacement in duplex zone, (c) A closer look at bedding in the duplex zone shows how 
individual layers are displaced over a shaly shear fabric (thick gray lines above water) 
and are faulted and imbricated, shortening and thickening the core of the fold (bear spray 
for scale).



The core of the structure has undergone shortening due to compression related to 

the degree of folding, resulting in the formation of a duplex (Figures 9 and 23). Lisburne 

stratigraphy in the core o f the fold is shortened by duplication, forming a series of fault- 

bounded thrust horses and minor fault-bend folds (Figure 23). The dip of the thrust faults 

bounding these horses becomes progressively steeper towards the south (beneath the back 

limb of the structure), indicating a forward (north) propagating duplex. Figures 23b and 

23c show how duplication is accommodated in the core o f Tiglukpuk anticline.

The deformation in the duplex at the core of Tiglukpuk anticline indicates 

relatively low displacement on the order o f -100 m total shortening. The geometry and 

scale of the duplex zone could account for, and are consistent with, flexural slip 

shortening with the possible addition of a simple shear gradient in the backlimb of the 

anticline. The geometry of the duplex zone shown on figure 18 overstates the scale and 

displacement of the duplex zone for the purposes of illustration, but accurately represents 

the context for shortening and duplex formation in the core of the anticline.

6.2.3 Fracture characteristics:

Fracturing in the Lisburne, Siksikspuk and Otuk Formations of Domain I is very 

dense across Tiglukpuk anticline with both filled and unfilled fractures present (Tables 2, 

3 and 4; Figures 19, 22 and 24). Fractures were not surveyed nor data collected from the 

Okpikruak Formation. The filled fractures represent set 1 and set 2 (Tables 2 and 3).

Set 1 and set 2 fractures are filled fractures that are not easy to distinguish from each 

other in outcrop within the EMA because they have the same orientation distribution.



Figure 24. Photos of unfilled fracture set 3 in domain II. (a) Unfilled conjugate sets of fracture set 3 from the lower 
Fortress Mountain Formation that are interpreted as fold-related, (b) Deformation in the Fortress Mountain Formation 
showing offset on a minor svn-fold normal fault.



Fracture petrography from fluid inclusion analysis shows a fracture with well defined 

fracture walls and only one generation of fracture fill (Table 2). This fracture (Sample # 

006-04A) could belong to fracture set 1 or fracture set 2 but the identity of the set is 

undefined until homogenization temperatures results from fluid inclusion analysis are 

complete. One hypothesis is that set 2 fractures reactivated the filled fractures of set 1 

making determination possible only through complete fluid inclusion data and additional 

stable isotope analysis of the fill. This interpretation is based on fracture analysis and 

fracture fill formation temperatures performed by Moore et al. (2004) near the Lisburne 

test well to the west of this study area. The earliest generation of fracture fill 

temperatures reported by Moore et al. (2004) are between 250°C and 300°C, which is far 

hotter than temperatures recorded from second generation fracture fill at Tiglukpuk 

anticline (as discussed below). The unfilled fractures represent set 4 fractures that are 

interpreted to have formed as the result of uplift, unloading and relaxation of stresses in 

the EMA. These fractures clearly post-date filled fractures of sets 1 and 2.

6.2.4 Apatite fission track data:

Apatite fission track (AFT) samples were collected from the Okpikruak 

Formation to the south of Tiglukpuk anticline and provide an indirect measurement of the 

thermal history of the EMA (Figure 2, Table 1). Okpikruak samples all indicate rapid 

cooling with ages of 68-60 Ma. These data indicate that the Okpikruak Formation was 

buried to depths sufficient to provide temperatures (> 110°C) to fully anneal apatite
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crystals. The Okpikruak was then uplifted, unroofed and cooled at around 68-60 Ma 

(Table 1).

6.2.5 Fluid inclusions:

Fluid inclusions in filled fractures from domain I are from the Lisbume Group 

and the Siksikpuk Formation and record the homogenization temperature of multi-phase 

fluid inclusions and yield temperature information indicative of conditions at the time the 

fracture fill precipitated. These data are summarized on table 2. The fractures 

dominantly exhibit crack-seal textures and aqueous and solid, single- and two-phase 

inclusions. These data indicate that fluids responsible for the latest generation of fracture 

fill reached temperatures of 147°C ± 20° (Table 2).

No fluid inclusion data from the Lisbume of domain I records homogenization 

temperatures of the earlier generation of fill.

6. 2.6 Interpretation:

Two episodes of deformation at Tiglukpuk anticline are recorded by two fracture 

events during Early Cretaceous and Tertiary fold-and-thrust deformation. The first 

deformational event was the emplacement of the EMA onto the North Slope autochthon. 

The emplacement of the EMA continued sporadically throughout the deposition of the 

Okpikruak Formation because the Okpikruak is deposited onto the EMA and deformed 

into a tectonic melange through internal deformation and shortening of the EMA.



Emplacement of the EMA may have begun prior to deposition of the Okpikruak, but the 

only control on the timing of EMA emplacement is the deformed Okpikruak Formation 

overlying the EMA.

EMA emplacement is recorded in domain I by closely spaced, set 1 filled 

fractures. At least two generations of fracture fill are seen in filled fractures in domain I. 

Based on fluid inclusion data, the highest temperature recorded in post-kinematic (i.e. 

second generation) fracture fill is ~150°C (Table 2), which is interpreted to have occurred 

at ~6 km depth. A geothermal gradient of 25°C/km is assumed based on average 

geothermal gradients in foreland basin settings and on the North Slope (O’Sullivan, 2006 

personal communication). This temperature is corroborated by conodont data from 

Tiglukpuk anticline (Dumoulin, 2005, personal communication) that yield a conodont 

CAI (Color Alteration Index) of 1.5-2.0, which translates to temperatures of 60°C-140°C 

(Epstein et al., 1977). Conodont samples from Tiglukpuk anticline were hydrothermally 

altered as well, indicating the presence of hot fluids of the same temperature range as the 

fracture fill (Dumoulin, 2005, personal communication). This may indicate that fluid 

inclusion temperatures were hotter than the maximum temperature recoded by conodont 

samples. However, currently no fluid inclusion results yield homogenization 

temperatures for conditions during formation of the first generation fractures (i.e. set 1).

The second set o f filled fractures (fracture set 2) (Table 3) formed during the 

second recognized deformation event, which was early Tertiary fold-and-thrust 

deformation. It remains possible that the fluid inclusion homogenization temperatures 

(Table 2) reflect deformation in domain I during early Tertiary fold-and-thrust



deformation rather than the pre-Tertiary age deformation responsible for fracture set 1. 

Without definitive temperature data indicating the conditions at which set 1 fractures 

filled, it is not possible to rule out that set 1 fractures may represent an earlier phase of 

Tertiary fold-and-thrust deformation.

Offset filled fractures that cross the contact between limestone and chert nodules 

indicate that deformation continued after formation of filled fractures of set 1 (Figure 19). 

Filled fractures are cut by unfilled fractures (of set 4), indicating the unfilled fractures 

post-date the filled sets.

The high density of filled fractures forming at depth suggests that high fluid 

pressures were likely the primary cause of fracture formation. This is consistent with 

zones of overpressure that are common in fold-and-thrust belts and orogenic wedges 

(Deming et al., 1992; Bachu, 1995; Ferket et al., 2000). The presence of crack-seal 

textures in fracture fill also implies that fluid pressure played an important role in 

repeated fracturing. Increased fluid pressure in a rock lowers the effective pressure on 

the rock in all principle stress directions (Figure 5d). If the differential stress remains 

high while the effective stress is lowered by increased fluid pressure, then the rock will 

eventually fracture, thus temporarily lowering the fluid pressure (Figure 5d). When the 

fluid pressure increases again, the process is repeated, either forming a new fracture or 

reactivating an existing one.

The surfaces of dominant fracture sets tend to form the exposed faces of outcrops. 

Face forming fractures are important because they, 1) clearly indicate the dominant 

fracture sets, 2) illustrate how the principle stress orientations change through the



structure, and 3) illustrate how tangential longitudinal strain and mechanical stratigraphy 

affect the formation of fractures depending on the structural position. Tiglukpuk Creek 

provides a transect through the anticline and reveals that face forming fractures are 

related to the mechanical stratigraphy and development of tangential longitudinal strain 

in Tiglukpuk anticline. Along Tiglukpuk Creek, the dominant fracture sets change with 

structural position. Figure 18 shows how the dominant face-forming fractures along 

Tiglukpuk Creek vary along a transect through the structure.

In the forelimb and backlimb of the fold the face forming fractures strike north- 

south and east-west (Figure 18). North- and east-striking fracture sets are interpreted as 

forming coevally as no definitive Cross-cutting relationships were observed. Evidence 

for extension in the back limb (outer arc) is expressed by normal faulting that typically 

offsets bedding units in the Lisbume on the scale of tens of cm (Figure 19). In the 

forelimb and back limb the filled face forming fractures are likely a combination of set 1 

and set 2 fractures as set 1 fractures are reactivated by set 2 fractures. An interlayer slip 

surface between the outer and inner arc is seen clearly in the overturned forelimb of 

Tiglukpuk anticline where imbrication occurs between bedding units (Figure 17). The 

sense of shear is consistent with the mechanical stratigraphy of a tightening fold (Figure

The inner arc of the fold shows evidence consistent with compression and 

shortening. Inner arc compression at Tiglukpuk anticline is expressed as conjugate 

(northeast and northwest striking) fracture sets with -north striking acute bisectors. 

Coeval northeast and northwest conjugate sets consist of both filled and unfilled



fractures. Filled fractures are more likely to belong to fracture set 2 because compression 

would increase within the inner arc of the anticline as the fold tightened.

A zone of horses forms a duplex thrust system in the core of the anticline, 

exposed on the east side of the creek (Figure 22). The duplex zone likely developed as a 

result o f flexural slip (Figure 17) as Tiglukpuk anticline tightened and loss of space in the 

core of the fold was accommodated by duplication. The duplex contains filled set 1 and 

2 fractures and unfilled set 4 fractures.

Unfilled fractures at Tiglukpuk anticline belong to set 4 based on fracture 

orientation, the absence of fill and the fracture characteristics. Unfilled fractures o f set 4 

share the same orientation as filled fractures across the anticline. In the inner arc and 

core of the anticline, unfilled fractures are northeast- and northwest striking, but are not 

constrained to a single bed, as filled fractures commonly are. In the outer arc of the 

anticline, unfilled fractures strike north and east and cut multiple beds remaining 

-perpendicular to bedding. Set 4 unfilled fractures are interpreted to have formed as a 

result o f uplift and unroofing that released accumulated stress in rocks. Release fractures 

can form at similar scales and orientations to existing fractures (Engelder, 1985; Hanks et 

al., 2004; Hayes, 2004) in the rocks but are unfilled and cross cut filled fractures 

indicating different conditions and later time of formation than filled fractures of set 1 

and 2.

Evidence that Tiglukpuk anticline formed prior to Tertiary time is circumstantial. 

It is unlikely that the fracture characteristics between Tiglukpuk anticline and the 

Brookian sedimentary units would be so drastically different if Tiglukpuk anticline had



formed exclusively during Tertiary fold-and-thrust deformation. It is unlikely that fluid 

responsible for filling fractures at Tiglukpuk anticline would not also have entered the 

Okpikruak and Fortress Mountain Formations, leaving fractures unfilled and showing no 

evidence of fluid flow. Deformation and offset o f filled fractures at Tiglukpuk anticline 

also suggest that more than one stage of deformation occurred there. This is more 

difficult to determine in domain II of the Fortress Mountain Formation because it is more 

difficult to define relative age relationships o f fractures when no fill is present and 

fractures have undergone erosion on the fracture faces.

The difference in fracture characteristics between domain I and domain II may 

indicate a difference in burial depth, mechanical stratigraphy, and detachment with 

different fluid pressure and flow regimes separated by the Okpikruak Formation, which 

would act as a sealing unit. The differences between the maximum temperatures 

experienced by domains I and II (while not well constrained by AFT data in this study 

directly) is not large enough to rule out the possibility that fractures formed in both 

domains during early Tertiary fold-and-thrust deformation. However, two generations of 

fracturing clearly took place based on fractures from Tiglukpuk anticline containing 

multiple generations of fracture fill and crack seal textures, as well as fractures that are 

significantly deformed and fractures from the west with homogenization temperatures of 

250°-300°C (Moore et al., 2004).
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6.3 Domain II:

6.3.1 Description:

Domain II is located north of Tiglukpuk anticline along Tiglukpuk Creek (Figure 

3). The primary units in domain II are the Fortress Mountain (Kfm), lower Fortress 

Mountain (Kfmv) and Okpikruak Formations (Ko) (undifferentiated) (Figure 8). The 

southern boundary of domain II is defined by the southernmost occurrence of the Fortress 

Mountain and/or the lower Fortress Mountain Formation. The northern limit of domain 

II is defined by the location of the contact with the Torok Formation. The stratigraphic 

bedding units within domain II do not deform the same as rocks with constant thicknesses 

of bedding and rock type. Abrupt facies changes over short distances allow mechanical 

and structural packages of highly variable lithology to deform based on the rheological 

properties of the package, not individual beds (Figure 10). Coarse-grained clastic rocks 

of the Fortress Mountain and lower Fortress Mountain are detached from the fine-grained 

units of the Okpikruak Formation (Figure 14).

The stratigraphic and age relationships between the three primary units of domain 

II are not fully understood. The nature of the contact between the Okpikruak Formation 

and the lower Fortress Mountain is not known because nowhere is this contact exposed. 

The lower Fortress Mountain is thought to be older than the Fortress Mountain Formation 

primarily on the basis of its texturally and compositionally more immature character, its 

apparent stratigraphic position and AFT data (Table 1).

In the seismic data, the three primary units of domain II show similar seismic 

signatures with discontinuous, inconsistent reflectors. Compositionally, each unit is



similar enough and boundaries gradational enough that clear unit tops can not be 

distinguished in the subsurface. These units are also interpreted as strongly deformed in 

the subsurface, making coherent reflectors less likely.

6.3.2 Structural style:

In surface exposures, the structural style of domain II is characterized by open, 

symmetrical, map-scale folds within the Fortress Mountain and lower Fortress Mountain 

Formations (Figure 20) that are detached from the underlying Okpikruak Formation 

turbidites and melange.

Faulting in domain II usually cannot be directly observed due to poor exposure, 

but can be inferred via juxtaposition of units. Faults are highly eroded and fault surfaces 

are not well preserved. Where small scale faults are seen in outcrop, they generally dip 

south toward the mountain front, display no slickenlines or fault gouge and display offset 

from centimeters to meters. Regional faults are identified by age relationships and AFT 

cooling ages (Figure 10) and are typically concealed by tundra. South dipping, north- 

vergent regional faults are inferred to have significantly more offset based on the 

disparities between cooling ages (see below).

6.3.3 Fracture characteristics:

In domain II, fracture sets observed include the unfilled fractures of set 3. 

Fractures are irregular in outcrop, unfilled and eroded. Average fracture spacing is



highly variable and changes significantly with variations in lithology and bed thickness. 

Figure 24 shows two outcrop photos that illustrate the highly variable nature o f the 

Fortress Mountain Formation and the fracture network variability.

Fracture orientations for domain II (Figure 21) show a scatter of data that does not 

define any clear patterns but also is obviously not entirely random. Orientations are 

taken from fracture surveys in the Fortress Mountain Formation and the lower Fortress 

Mountain exclusively. The rose plots suggest two possible conjugate sets, one containing 

fractures oriented -N25W  x N15E and the other containing fractures oriented N35E x 

N65E (Figure 21). Each conjugate set contains less abundant fractures along acute 

bisectors and displays considerable scatter. The scatter can be attributed to the following 

characteristics of domain II: 1) erosion of fractures makes accurate measurement of 

original orientation difficult, 2) variation in bed thickness, lithology, grain size and 

sorting over short distances has an effect on fracture morphology, 3) outcrop exposure 

and quality biases data collection, and 4) fracture orientation of fold-related fractures may 

vary with the structural position of the fracture survey.

Set 4 fractures are present in domain II as well and are distinguishable from set 3 

fractures by their dimensions and the nature of the terminations. Set 3 fractures typically 

are confined to a single bedding unit and terminate at or near bedding boundaries, 

whereas set 4 fractures cross cut multiple beds, separating set 4 fractures from acute 

angle bisectors of set 3. Both sets are unfilled.
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6.3.4 Apatite fission track data:

Location of AFT samples and their respective cooling ages are identified on 

Figures 10 and 14 and Table 1. Domain II is divided (Figures 2 and 10) into two 

different but thermally similar regions. The southern part of domain II (referred to as 

domain II-S herein) yields cooling ages of 55-67 Ma from the lower Fortress Mountain. 

To the north, the Fortress Mountain Formation (Domain II-N) yields cooling ages of 75- 

100 Ma (Table 1). Domain II-S is separated from domain II-N by a south-dipping thrust 

fault o f regional significance (Figure 10).

6.3.5 Fluid inclusions:

No filled fractures or fault gouge containing workable inclusions were found in 

domain II.

6.3.6 Interpretation:

The general nature of the set 3 fracture orientations in domain II is consistent 

with the Steams (1968) model of fold related fractures (sets 1 and 2, Figure 6). In this 

model, two conjugate sets are formed depending on structural position and mechanical 

stratigraphy (Steams, 1968). The two apparent conjugate sets could vary in orientation 

for several reasons. 1) The orientation of the conjugate sets changes with changing 

structural position, 2) the orientation of the conjugate sets indicates the two types of fold- 

related fractures (Steams set 1 and set 2, see figure 6) documented by Steams (1968).

The appearance of two apparent conjugate sets and no evidence of fracture fill, secondary



mineralization, or leaching along fractures suggest the conclusion that set 2 fractures in 

domain II are fold-and-thrust related fractures that formed at shallow depths in the 

absence o f fluids.

Set 4 fractures are also apparent in thick structural packages o f domain II. As in 

domain I, these fractures are not well represented in orientation data because they are 

more widely spaced. Orogen normal (-north striking) fractures are commonly observed 

Cross-cutting structure and multiple bedding units with average spacing of meters to tens 

of meters. These fractures are consistent with unroofing fractures formed by thermal 

contraction as units cool as they near the surface, forcing c 3 to become tensile and 

fractures to form parallel to O). The orientation of set 4, unfilled, conjugate fractures form 

when stored elastic strain is released during unroofing.

The structural interpretation of domain II is strongly influenced by the addition of 

AFT cooling ages to structural mapping and fracture characterization. AFT cooling ages 

identify two separate thermal signatures within domain II that are separated by a south- 

dipping breaching thrust (Figures 10 and 14).

North of the fault that separates domain II-N from domain II-S (Figures 10 and

14), the Fortress Mountain Formation yields two AFT samples that constrain the 

maximum temperature attained in the anticline where the samples were collected (Figures 

10 and 14). The samples yield cooling ages of 100.7 ±7.1 Ma from the structurally and 

topographically highest point of the anticline and 75.7 ± 5.2 Ma from the structurally and 

topographically lowest point. Apatite from the highest sample (100.7 ± 7.1 Ma) 

maintains remnants o f fission tracks that were not totally annealed. This sample stayed



slightly cooler (i.e. was not buried quite as deeply) as the lower sample. The second 

sample (75.7 ± 5.2 Ma) contains apatite crystals that record the -100 Ma cooling event 

and the 60-65 Ma cooling event. These crystals attained slightly higher temperatures or 

spent more time in the partial annealing zone (PAZ), and may have reached the total 

annealing temperature o f 110°C. We can infer that the 110°C isotherm was likely 

constrained between the elevations of these two samples during maximum burial, 

indicating -4 .4  km of unroofing at this location (assuming a 25°C/km geothermal 

gradient). These observations also indicate that these units were folded prior to the time 

of maximum burial because the higher sample did not reach the maximum temperature 

attained by the lower sample.

South of the fault, domain II-S yields two AFT cooling ages from the lower 

Fortress Mountain Formation of 55.7 ± 3.5 Ma and 61.0 ± 4.5 Ma. The higher 

temperatures indicated by the annealed apatite from the lower Fortress Mountain 

Formation indicate that the south dipping breaching thrust uplifted domain II-S relative to 

domain II-N. The southern samples attained hotter temperatures than samples of domain 

II-N and the cooling ages reflect the age and greater degree of uplift, denudation and 

resulting cooling.

Deformation, shortening and uplift of the Fortress Mountain and lower Fortress 

Mountain was driven by internal deformation of the underlying orogenic wedge. This 

interpretation is supported by breaching thrust faults that cross cut subsurface, deformed 

EMA stratigraphy (Figure 16) and cut Brookian foreland basin stratigraphy exposed at
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Figure 25. Photographs of south-vergent structures in domain III. Photos a) and b) 
showing small-scale, south-vergent structures in fissile Torok mudstone. Upper left 
photo (a) is annotated on the upper right (b) to the show fault plane, hanging wall fold 
and deformed drag fabric in the foot wall. Photos (c) and (d) show open chevron folds 
demonstrating the intense nature of deformation in the Torok Formation. Dashed lines 
are approximate axial planes of chevron folds and solid lines trace folded bedding (Peter 
Sniffen for scale).



are usually related to resistant beds of siltstone or fine sandstone interbedded with fissile 

mudstone and shale.

The generalized structural style of domain III is shown on the data/schematic 

cross section (Figure 15) of the Torok and Nanushuk map areas. The section shows the 

mechanically weak Torok Formation between the underlying EMA wedge and the 

overlying Nanushuk Formation. The Fortress Mountain Formation in the subsurface of 

domain III is sufficiently similar to the Torok Formation in grain size and lithology, and 

hence size and character of structures, that it is not distinct in seismic data. The cross 

section also illustrates how southward displacement (i.e. back thrusting) is dispersed over 

a wide zone throughout domain III rather than on a single fault plane (Figures 2, 11 and

15).

An important topographic feature with structural significance in the transect area 

is the Tuktu Escarpment (Figure 3). The Tuktu Escarpment is a linear topographic high 

that resulted from differential erosion across the regional, north-dipping contact between 

the relatively resistant Nanushuk Formation and the weak Torok Formation (Figure 26).

A significant mechanical contrast also exists across the contact between the Torok and 

Nanushuk, making the base o f the Tuktu Escarpment an ideal place for faulting and 

deformation to occur. The Tuktu Escarpment marks the northern boundary and the top of 

the south-vergent zone of deformation in the Torok Formation.

Displacement also likely occurs regionally across the mechanical boundary 

between the Nanushuk and Torok Formations (Figure 13) based on the geometry of 

Nanushuk folds that suggests detachment folding (Dahlstrom, 1990). The mechanical



Figure 26. Photograph of the Tuktu Escarpment. The Tuktu Escarpmenta is significant, linear topographic feature separating 
domain III, to the south, from domain IV to the north. The surface trace of the back thrust beneath the Nanushuk Fm. lies 
between the dashed lines as a diffuse zone of displacement. The back thrust zone is shown on the transect geologic map 
(Figure 2) and the domain III geologic map (Figure 11). The location of the Tuktu Escarpment, Autum Creek, and the 
Siksikpuk River are shown on Figure 3.
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contrast allows the weak Torok Formation to deform by penetrative strain and flow into 

the hinge regions of detachment folds in the overlying Nanushuk (Figure 15).

6.4.3 Fracture characteristics:

The thinly bedded, fissile mudstone and shale of the Torok is weathered and 

intensely deformed and shattered, making the unit less than ideal for fracture studies 

(Figure 25). However, the Torok contains rare beds of siltstone and sandstone that are 

laterally continuous enough (10’s of meters) to perform fracture surveys and to document 

some basic fracture characteristics. Set 2 fractures commonly exhibit plumose structures 

and fractures are generally confined to one bed and terminate at the bed boundary (are 

not continuous within adjacent shale). Unfilled, conjugate set 3 fractures are present and 

fractures are oriented approximately N35E and N65E (Figure 21). The conjugate 

relationship is similar to that seen in domain II. Fractures in the second conjugate set are 

oriented -N25W  and N15E, and are not apparent in the data, potentially because of 

sample bias imposed by limited outcrop exposure.

The primary observation differentiating domain III from surrounding domains is 

the presence of rare set 2 filled fractures. In domain III, filled fractures are found in 

coherent siltstone beds and none are observed in the surrounding mudstone (Figure 19). 

These filled fractures are commonly parallel to bedding, several centimeters in length, 

<3mm in aperture and filled with fine grained calcite (Figure 19). Orientation data for 

domain III filled fractures are shown on figure 16 but are not statistically significant 

because only four fractures were observed.



Set 4 unfilled fractures are present in domain III and are commonly orogen 

normal, near vertical, more widely spaced and difficult to observe and measure because 

of the fissile nature of the Torok. Set four fractures are not well represented in fracture 

surveys because they are more widely spaced and, therefore, underrepresented in the

data.

6.4.4 Apatite fission track data:

Samples for AFT analysis were collected from sandy beds within the Torok 

Formation in domain III (Figures 2 and 11, Table 1). Cooling ages indicate that domain 

III remained thermally immature relative to domain II to the south and domain IV to the 

north (Table 1). AFT cooling ages from the Torok in domain III indicate detrital apatite 

samples did not reach temperatures hot enough to anneal fission tracks that record the 

initial -100 Ma cooling event. AFT data indicate that the samples did reach the PAZ but 

did not reside long enough and/or at high enough temperatures to fully anneal tracks 

recorded in detrital apatite since -100 Ma.

6.4.5 Fluid inclusions:

Fluid inclusion analysis was performed on set 2 filled fractures in domain III 

(Tables 2 and 4). Only four filled fractures were identified in domain III and only one 

contained workable inclusions. The single fracture parallels bedding and contains at least 

two and possibly three generations of calcite cement and inclusions (Table 2). The fluid



inclusion data only report workable inclusions from the last generation of calcite fill. The 

data represent two sets of inclusions. Inclusions taken from the first set are probable 

primary aqueous single- and two-phase inclusions and from the second set are secondary 

aqueous single- and two-phase inclusions along a healed micro-crack. The first set yields 

mean homogenization temperatures of 113°C ± 11°C (n=10) and the second set yields 

mean homogenization temperatures of 114°C ± 12°C (n=10). The similarity between 

these two sets of inclusions suggests that they developed under the same conditions and 

possibly temporally close to each other.

6.4.6 Interpretation:

Domain III is differentiated from domain II, to the south, and domain IV to the 

north by its distinctive structural style (Figures 14 and 15, Table 4 ), the presence of set 2 

filled fractures (Table 3 and 4, Figure 19), and the thermal immaturity of the Torok 

Formation (Table 4, Figure 2). The abundance of south-vergent structures in the Torok 

suggests that the Tuktu Escarpment marks the top of a major zone of back thrusting 

associated with the formation of a triangle zone in the footwall (Figure 15). The regional 

mechanical stratigraphy of the foothills allows the formation of a triangle zone within the 

Torok Formation. This differs from the pattern of deformation to the north (domain IV) 

and south (domain II) where folds are symmetric and deformation is generally north- 

vergent or symmetric.

The mechanical contrast between the Torok and the surrounding units makes it 

the ideal location for a stratigraphically controlled back thrust, or triangle zone (Couzens
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and Wiltschko, 1996; Jones, 1996). South directed displacement in domain III is 

dispersed across a zone of deformation due to the structural incompetence of the Torok, 

resulting in small scale deformation over a large area south of the Tuktu Escarpment

(Figures 2, 15 and 26).

One of the most significant observations in domain III is the appearance of set 2 

filled fractures. While set 2 filled fractures are not common, their appearance indicates a 

significant difference between domains II and IV and domain III. Set 2 filled fractures 

are dominantly bedding parallel, which suggests that o3 was vertical when set 2 fractures 

formed and horizontal when set 3 fractures formed. The variation of in situ stress will be 

addressed in more detail in section 6.5.

6.5 Domain IV

6.5.1 Description:

Domain IV is bounded to the south by the Tuktu Escarpment at the northern 

boundary of domain III and extends north for the remainder of the transect and is 

represented by the Nanushuk Formation (Figures 2 and 15). The map area (Figure 12) is 

north of the Tuktu Escarpment along both sides of the Siksikpuk River and is entirely 

within the upper Nanushuk Formation.
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6.5.2 Structural style:

To the north o f the Tuktu escarpment, the Nanushuk Formation forms trains of 

kilometer-scale, low amplitude, open folds that continue far to the north into the basin. 

Anticline hinges are narrow and commonly broken. In some locations, Torok Shale is 

exposed in the core of the anticlines (Peapples et al., 2007). Fold limbs are planar and 

exhibit relatively constant dip (10°-15°), and synclines are broad, open and flat-bottomed.

Faulting is present in the Nanushuk but is typically difficult to recognize because 

fault zones have been eroded. Slickensides are present on some meter-scale, low 

displacement fault planes, but these planes rarely contain fault gouge. Nanushuk faults 

are most commonly thrust faults that support fold-and-thrust deformation (south-dipping, 

north-vergent thrusting). Map-scale faults are commonly identified by offset of 

stratigraphy (Figure 16), but evidence for the direction and magnitude of displacement is 

not clear (Figure 16). Folds in the Nanushuk are roughly symmetrical and indicate no 

strong or consistent sense of vergence.

6.5.3 Fracture characteristics:

Fracture morphology in domain IV is very similar to that of domain II (Tables 2 

and 3). The fractures in domain IV belong to sets 3 and 4. Fractures are unfilled, easily 

eroded, and have variable orientation and dimensions dependent on the host lithology. 

Bedding of the upper Nanushuk is consistently several meters thick, resulting in average 

fracture spacing that is consistently on the scale of >1 meter. Fractures in domain IV 

consistently strike northeast or north (Figure 21, Table 3).
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6.5.4 Apatite fission track data:

The thermal signature of domain IV, much like the fractures and structural style, 

is very similar to that of domain II (Figure 2). Samples for AFT were collected north of 

the Tuktu Escarpment (Figure 3) to capture the largest difference in elevation possible. 

Apatite fission track cooling ages from the Nanushuk Formation indicate that the 

Nanushuk attained temperatures hot enough to anneal fission tracks. The samples record 

a cooling age of around 64-60 Ma, similar to the cooling ages from domain II (Table 1).

6.5.5 Fluid inclusions:

No filled fractures were observed in domain IV and there was insufficient fault 

gouge to provide samples for fluid inclusion analysis.

6.5.6 Interpretation:

Domain IV Nanushuk fold trains are interpreted as detachment folds based both 

mechanical contrast between the Torok and Nanushuk and on the geometry of Nanushuk 

folds described in the structural style section above (Dahlstrom, 1990). Shortening o f the 

more competent Nanushuk is interpreted to be above a triangle zone (Figure 15) within 

the less competent Torok. According to this interpretation, the Nanushuk has been 

transported southward (relative motion) (Figures 15 and 16) above a regional back thrust



and along a detachment surface at the base of the Nanushuk Formation (Figures 2 and 

26).

Set 3 fractures in domain IV are similar to those in domain II in that the fractures 

are fold-related and unfilled. Orientation data (Figure 21) suggest that set 3 unfilled 

fractures are fold related fractures exhibiting conjugate relationships with acute bisectors, 

that is -parallel to the direction of shortening, similar to those reported by Steams (1968). 

The fractures surveyed in domain IV appear to have a different orientation distribution 

than in domain II because of the lack of exposure in the hinge region of Nanushuk folds.

Similar findings by Hanks et al. (2004) and Hayes (2004) indicate that similar 

fold-related fractures formed in the northeastern Brooks Range. The unfilled set 3 

fractures in both domains II and IV suggest that fracturing occurred under conditions 

where hot fluids were not preferentially exploiting open fracture networks.

6.6 Overall interpretation o f exposed transect:

The evolution of structural style of the transect can be summarized in two main 

deformational stages. The first deformational stage is the emplacement o f the EMA and 

is recognized by fracturing of Mississippian through Triassic units of the EMA and the 

tectonic melange of the Okpikruak Formation in the southern transect area. The second 

stage of deformation (early Tertiary) affected the entire transect area by forming north- 

directed fold-and-thrust structures in the EMA wedge, the Okpikruak Formation and 

Cretaceous foreland basin stratigraphy of the Colville basin. During early Tertiary fold- 

and-thrust deformation a regional back thrust developed within the Torok Formation,



uplifting and transporting the Nanushuk Formation to the south (relative motion). 

Evidence for the early Tertiary age o f fold-and-thrust deformation is recorded in AFT 

data collected in the transect area.

Thermal modeling of AFT samples from domain II suggests that samples from the 

Torok reached temperatures in the PAZ (between 60°C and 110°C) but did not reach high 

enough temperatures or reside long enough to anneal fission tracks from the -100 Ma 

event. The combination of northward directed folding and uplift in domain II (Figure 14) 

and southward directed folding and uplift in domain IV (Figure 15) above a regional back 

thrust is the simplest solution that remains consistent with surface, subsurface and 

thermal data. This interpretation will serve to constrain the reconstruction of Tertiary 

foothills deformation in the next section.

Back thrusting at the southern margin of domain IV, near the base of the Tuktu 

Escarpment, provides a straight-forward method to reconcile structural and thermal 

observations that is well documented in analogous deformed foreland basin systems. 

South-directed (relative motion) displacement of the Nanushuk Formation provides 

between 2.4 km and 4.4 km of vertical uplift along the north dipping back thrust. The 2 

km range would represent the depth range consistent with the top and bottom of the PAZ 

assuming a geothermal gradient of 25°C/km. The combination of vertical and horizontal 

displacement allows thermally reset Nanushuk samples to cool as material is removed by 

erosion while placing them in close proximity to Torok samples that have stayed 

relatively cool and shallow. This is supported by the observation that no exposures of the 

Nanushuk Formation are present south of the Tuktu Escarpment, suggesting that the
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Nanushuk Formation was never deposited above the Torok samples in domain III (Figure

2) and that structural displacement is responsible for the close proximity and thermal 

disparity between domains III and IV.

There are alternate hypotheses to explain the cooling age discrepancies between 

domains II and IV and domain III. One possibility is that domain III resides on a paleo- 

topographic high and, as a consequence, was never buried as deeply. Seismic data 

(Figurel6) show a relative high in the North Slope autochthon beneath domain III. 

However, the high may be an artifact o f poor seismic data and the lack of subsurface 

control that would allow for the most accurate seismic velocity data and depth 

conversion. Another hypothesis is that sedimentation in domains II and IV was 

significantly higher than in domain III. Domain II received significantly more material 

deposited as a result of proximity to the mountains. Domain IV was deposited as fluvial 

systems filled the basin, bypassing domain III and depositing material to the north. Both 

hypotheses provide methods to adequately bury domains II and IV while maintaining 

shallow depths and cool temperatures in domain III. South dipping breaching thrusts 

may have then uplifted domains II and IV preferentially. Neither hypothesis adequately 

explains why samples from domains III and IV are thermally so different, yet now 

located in such close proximity to one another. South dipping breaching thrusts would 

transport the Nanushuk of domain IV farther north, placing more distance between the 

locations. To maintain the observed distance between AFT samples of domains III and 

IV and provide the required vertical uplift of domain IV (minimum of 2.2 km), a major 

fault zone is required that is not seen in domain IV.



Triangle zone formation explains the cooling age disparity among three 

successive structural domains (II-IV). The observed pattern of cooling ages is explained 

by the deformation and uplift o f domains II and IV relative to domain III. AFT data 

indicate domains II and IV were buried deeply enough to reach temperatures greater than 

110°C (Figure 2, Table 1). Data from domain III indicate that, due to lack o f overburden, 

the Torok Formation never attained temperatures as high as domains II and IV despite the 

spatial and stratigraphic location of domain III between domains II and IV (Figures 2 and 

8, Table 1). This difference is accounted for in domain IV by back thrusting near the 

base of the Tuktu Escarpment that provides the horizontal and vertical displacement 

necessary to explain the different AFT thermal signatures of domains III and IV.

The characteristics of the four fracture sets (Tables 2 and 3) and four structural 

domains provide an important line of evidence for understanding the relationship 

between the deformational history and the relative timing of deformation in the transect 

area. Filled set 1 and set 2 fractures are unique in domain I because of their quantity, 

density and distribution. Set 1 fractures are interpreted to indicate deformation associated 

with the formation of Tiglukpuk anticline that occurred as late as Valanginian time prior 

to deposition of the Fortress Mountain and younger Brookian clastic units. Set 1 

fracturing is interpreted to pre-date all other fracture sets because fracture fill, subsequent 

deformation and proximal thermal data confirm conditions that are not represented in 

domains II-IV. Figure 27 shows the relative timing and conditions of fracture set 

formation. Figure 27 (A) shows the relative uncertainty with respect to the temperature 

and depth of formation of fracture set one. Subsequent and continued deformation,
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Figure 27. Time vs Temperature path for transect area. Numbered ovals along curve 
indicate the timing and conditions of formation of fracture sets (1-4) with respect to 
temperature. Question marks early in set 1 indicate that there is no constraint on the 
timing of the beginning of fracture set 1 and fluid inclusion data may not constrain the 
maximum temperature during fracture filling events in domain I.



reactivation and formation of fractures at Tiglukpuk anticline indicates that fluid was 

involved with fracturing during Tertiary deformation of Brookian sediments. Crack seal 

textures and multiple generations of fracture fill are consistent with fractures formed by 

pore fluid pressure that exceeds the strength of the host rock.

Set 2 filled fractures occur only in domains I and III where hot fluids with 

dissolved solids were present. Fracture characteristics, structural characteristics and 

thermal observations are consistent with fold-and-thrust deformation during Tertiary 

time. Figure 27 (B) shows that set 2 fractures formed during fold-and-thrust deformation 

at temperatures between ~150°-100°C.

Set 3 unfilled fractures are interpreted to have formed during the primary phase of 

fold-and-thrust deformation because fracture orientations are consistent with fold-related 

fracturing and AFT data indicate cooling occurred between 70 and 60 Ma consistent with 

regional fold-and-thrust deformation (Figure 27 (C)). Unfilled, fold related fractures are 

present in the sedimentary units of domains II-IV. Set 3 fractures provide the evidence 

that set 1 and 2 fractures must have formed first and early because filled fractures are not 

present in the proximal Okpikruak and Fortress Mountain Formations. Set 3 fractures 

formed under conditions that were devoid o f hot fracture filling fluids.

Fluids flowing through domains II and IV during the time of formation of fracture 

sets 3 and 4 were likely meteoric waters recharging into the basin through the 

topographic highs created in the foothills. If hot fluid had been migrating through open 

fractures, it likely would have resulted in leaching or mineral alteration adjacent to open 

fractures. However, these characteristics are not seen in unfilled fractures in domains II



or IV. One model for foreland basin fluid flow suggests that shallow fluid flow in 

foreland basin systems is driven by areas of recharge in topographically higher areas (the 

foothills) and discharge in the distal basin (Majorwicz et al., 1984; Deming et al., 1992; 

Nunn et al., 2005). Based on this well documented model, shallow flow in the Colville 

basin would (both presently and during deformation) enter the basin through the 

topographically high Fortress Mountain and Nanushuk Formations and flow to 

topographic lows like the Torok Formation in domain III and the distal basin to the north 

of the study area.

Structural observations and thermal data present an apparent contradiction. The 

presence of set 2 filled fractures in domain III indicates two very different fluid flow 

settings in domains II and IV versus domain III. The lack of filled set 2 fractures in 

domains II and IV suggests that hot fluids were not present and fractures were likely 

related to folding in relatively shallow settings. Flowever, AFT data indicate that 

domains II and IV reached high temperatures where fluid would likely be present. One 

hypothesis is that fractures in domains II and IV, despite relatively deep burial, were not 

filled because they were already established as zones of regional fluid recharge. Influx of 

cool, meteoric waters that contained no dissolved solids would enter the basin through 

topographically higher areas established in domains II and IV. Warm fluids from the 

basin that contain dissolved solids would be o f higher density and not able to overcome 

the hydraulic head and density contrast to enter the Fortress Mountain Formation and 

Nanushuk Formation or fill fold-related fractures.



A second possible hypothesis is that the unfilled fractures that are interpreted as 

early Tertiary fold-and-thrust related fractures actually formed during uplift and 

unroofing after maximum temperatures were reached, or as they neared the surface. 

Apparent fold-related fractures may have formed by the release of residual stress as units 

were unroofed, similar to the interpretation for unfilled set 4 fractures in domain IV.

A similar contradiction occurs in domain III where AFT data indicate thermal 

immaturity despite the presence of hot fluids that resulted in filled fractures. One 

hypothesis is that bedding parallel fractures in domain III resulted from fluid that was 

expelled from the deep basin upwards towards the surface along the back thrust zone.

The regional back thrust zone may have provided a conduit for hot fluids to migrate 

upwards to shallow, cooler levels in the Torok Formation within coarser grained siltstone 

and fine sandstone beds. Another hypothesis is that the Torok in domain III was buried 

more deeply than suggested by AFT data. However, as quickly as the Torok was buried, 

it was rapidly uplifted and did not reside at sufficient temperature for long enough to 

anneal detrital apatite crystals, but filled fractures did form.

Set 4 fractures represent regional uplift and unroofing. This event was a 

consequence of crustal thickening resulting from fold-and-thrust deformation. Isostatic 

uplift and unloading driven by erosion allowed removal of overburden and release of 

residual stress stored in units. Also, as units cool they undergo thermal contraction that 

can allow o3 to become tensile, forming fractures that cross cut existing structures and 

multiple beds in nearly horizontal orientation (Engelder, 1985). Similar fractures are 

recognized by Hanks et al. (2004) and Hayes (2004) in the northeastern Brooks Range
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and affected the entire transect area, resulting in the formation of unfilled fractures area- 

wide.

Field observations of structural style, fracture characteristics, AFT and fluid 

inclusion data and subsurface interpretation can be combined into a coherent structural 

history of the transect. AFT and fluid inclusion data are in relative agreement that the 

Torok in domain III is thermally less mature than the rocks of the rest of the transect 

(Tables 1 and 4). AFT data indicate that domain III never reached the high temperatures 

seen by domains II and IV because AFT samples from the Torok did not record the 60-65 

Ma event that is recorded to the north and south.
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7 RECONSTRUCTIONS:

7.1 Introduction:

I have constructed a model that incorporates important structural and thermal 

observations to provide a simplified geologic and geometric explanation for the evolution 

of Tertiary fold-and-thrust deformation. I constructed this sequential, area balanced 

restoration to incorporate fracture observations and AFT cooling ages with the timing and 

evolution of related map-scale, fold-and-thrust deformation. The model is constrained by 

surface data, subsurface data and comparison with analogous orogenic fold-and-thrust 

belts.

Understanding and characterizing the observations in domains I-IV provides a 

framework for understanding the sequence of deformational events from Early 

Cretaceous allochthon emplacement to the final uplift and unroofing that resulted from 

fold-and-thrust deformation in the early Tertiary. The following section presents the 

observations from each domain as they are related to the deformational event that caused 

them.

7.2 Primary elements o f  the model:

The proposed model for the evolution of the central Brooks Range fold-and-thrust 

belt incorporates five primary structural elements: the North Slope autochthon 

(subsurface only), the EMA wedge (Domain I), Brookian ‘wedge-top deposits’ (Domain 

II), the Torok Formation (Domain III), and the Nanushuk foreland basin deposits 

(Domain IV). Domains I-IV sample four of the five primary structural elements of the



transect exposed at the surface. Structural interpretation o f the North Slope autochthon is

based on seismic data for the transect.

The primary observations from each domain are incorporated into the 

reconstruction of the model. The observations that are integral to the reconstruction are 

as follows: 1) Domain I developed through a significantly different deformational, 

fracture and fluid flow history than the other three domains, 2) the uplift history of the 

four domains is not a simple south to north, older to younger progression, 3) a regional 

back thrust separates domains III and IV and is the simplest way to reconcile the 

differences in thermal and uplift history and remain consistent with the observed 

structural style and fracture distribution, 4) the EMA wedge is observed on seismic data 

to extend considerably farther into the foreland basin than previously thought.

7.3 Interpretation o f restoration elements:

The deformational, fracture and fluid flow history of domain I differs from 

domains II-IV in that domain I has undergone at least two episodes of deformation, the 

first occurred during the Early Cretaceous and the second in the early Tertiary. Both 

deformational events caused fold-related fractures resulting from tangential longitudinal 

strain at Tiglukpuk anticline. Fluid-related fractures occurred during both deformational 

events as suggested by crack-seal textures and multiple generations of calcite fill. Set 1 

and set 2 fractures are more extensive in domain I than anywhere else along the transect.

The evolution and development of the central Brooks Range fold-and-thrust belt 

is complicated by out-of-sequence deformation. If simple south-to-north, older-to-



younger uplift occurred, the thermal characteristics o f the transect (reflected by AFT 

data) would differ from the reported cooling ages for the transect in that cooling ages 

would be older near the mountain front and get progressively younger to the north. 

However, restoration of the transect indicates that out-of-sequence deformation is 

necessary to reconcile AFT and fluid inclusion data with structural observations. Out-of

sequence deformation accounts for uplift of the thermally mature Fortress Mountain 

Formation of domain II relative to the thermally immature Torok Formation of domain 

III.

Within domain III, south-vergent structures suggest that displacement within a 

back thrust zone is distributed throughout much of the Torok Formation. However, the 

area of greatest displacement lies near the contact between the Torok Formation and the 

lower Nanushuk Formation at the base of the Tuktu Escarpment. Displacement along 

this back thrust allows uplift of the Nanushuk Formation and domain IV relative to the 

Torok Formation. Restoration of displacement along the back thrust allows burial of 

Nanushuk to sufficient depth to account for AFT data while still assuming a reasonable 

paleo-erosion surface. With little faulting observed in the Nanushuk, back thrusting 

within the Torok is the most obvious explanation that is consistent with all available data.

7.3.1 Extent o f the EMA and orogenic wedge:

Little previous consideration has been given to the extent of the orogenic wedge 

in the central Brooks Range or the fundamental concept that sedimentary units of the 

foreland basin are deposited on top of the wedge itself. The extent of the EMA wedge is
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crucial to the restoration of the model because internal deformation within the wedge 

during early Tertiary fold-and-thrust deformation acted to shorten the overlying wedge- 

top and proximal foreland basin deposits thereby incorporating them into the wedge. The 

northern extent of the wedge is also important in early Tertiary formation of the regional 

triangle zone in the Torok Formation. The implications of this are that the units that 

comprise the wedge change over time as more sedimentary units become accreted and 

incorporated into the wedge through deformation.

In the central Brooks Range transect area, surface observations, seismic 

observations and gravity data (Brown and Saltus, 2007 in prep) suggest that the EMA 

orogenic wedge extends far beyond the mountain front and southernmost foothills to a 

point beneath the Tuktu Escarpment (Figures 15 and 16). The length of the EMA 

orogenic wedge affects the development of the fold-and-thrust belt in wedge-top and 

proximal foreland basin deposits and the location of back thrust formation.

7.3.2 Regional back thrusting and triangle zone development:

A regional triangle zone in the Torok Formation is interpreted to have formed as a 

result of early Tertiary fold-and-thrust deformation. Emplacement of the EMA served to 

both strengthen EMA stratigraphy by internal deformation, and to translate the northern 

limit of the EMA wedge far beyond the mountain front into the foreland basin. When the 

Fortress Mountain Formation was deposited above the EMA wedge (and Okpikruak 

Formation) the strength of the composite wedge contrasted sufficiently with the 

incompetent Torok Formation to allow the back thrust zone to form (Figure 15). The
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extent of the EMA wedge is important in the development of the triangle zone because o f 

the influence of regional mechanical stratigraphy on triangle zone formation (Couzens 

and Wiltschko, 1996).

7.4 Reconstruction o f  Tertiary Deformation:

7.4.1 Description o f  the restoration:

Interpretation of the foothills reconstruction begins with the present-day deformed 

section interpreted on Figure 28 (i). The three dominant structural packages (EMA,

North Slope autochthon and foreland basin deposits) are annotated roughly on Figure 16 

and are incorporated on Figure 28 (i) with some minor adjustments due to the 

requirement of the modeling software to use only a single stratigraphic column. 

Therefore, the units of the stratigraphic column (Figure 28 (i)) relate to the three 

structural packages as follows: EMA stratigraphy is consolidated into a single composite 

unit including the Kanayut Conglomerate through the Otuk Formation; units shown 

separately in the North Slope autochthon stratigraphy include pre-Mississippian 

basement, Lisburne Group, Sadlerochit Group, Shublik and Kingak Formations, and 

pebble shale unit; and units shown separately in the foreland basin stratigraphy include 

Okpikruak, Torok/Kfm (Fortress Mountain) and Nanushuk Formations. Breaching 

thrusts (discussed earlier) are annotated on Figure 28 (i) with the letter A. The back 

thrusts are not annotated but cut the Torok/Kfm beneath the Nanushuk and Tuktu 

Escarpment (Figure 28 (i)).
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• • A TVkFigure 28. Initial stages o f transect reconstruction, (i) Primary deformed state section. Annotations (A, B and D) are 
discussed in the text, (ii) Step one of the reconstruction. This step removes slip from high-angle thrust faults within the 
orogenic wedge of the EMA (A). Displacement along the back thrust and along the Torok-Fortress Mountain and Nanushuk 
contact is removed. Step one removes the primary effects of fold-and-thrust deformation in the foothills.
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The general progression of the structural restoration begins with removal of the 

major displacement on the high angle breaching thrust faults (Figure 28 (ii)) in the wedge 

of Endicott Mountains allochthon and cover (Figure 16). Removal of this dip-slip creates 

topography on the restored section in the Torok/Fortress Mountain above the wedge top, 

which is likely unrealistic, but results because of geometric constraints of the modeling 

program (Figure 28 (ii)). The next two stages are combined in a single illustration 

(Figure 29 (iii)). The first of these stages restores slip along the back thrust in the Torok 

and between the Torok and Nanushuk Formations. The last stage restores imbrication in 

the Kingak Shale and removes penetrative strain and structural thickening from the Torok 

Formation and Shublik Formation, which returns the stratigraphy to assumed original 

thicknesses and structural positions (Figure 29 (iii)). The restored thickness of the Torok 

was assumed by removing the amount of thickening required to restore the Nanushuk to 

-horizontal. It is important to recognize that, while I describe the order in which I have 

restored deformation along breaching thrusts and back thrusts, these two events likely 

happened at the same time and the order that I have restored them is not crucial to the 

outcome of the restoration.

7.4.2 Assumptions fo r  balanced reconstructions:

The model o f Tertiary deformation for the transect area combines surface and 

subsurface observations on a regional cross section and palinspastic reconstruction 

(Figure 2). The data were interpreted and reconstructed using LithoTect software to 

create a geometrically consistent model of the evolution of the central fold-and-thrust



Figure 29. The final stage of transect reconstruction. (111) 1 he tinal stage ot reconstruction snowing naucimig 01 me 
Nanushuk above the Torok/Fortress Mountain Fm. which has structural thickening removed while maintaining equal area, 
and removal of the structural thickening in the Kingak Shale and the Shublik. (iv) Integration of thermal data. Time vs. 
Temperature uplift curves by domain, interpreted from modeled thermal history of AFT data, see text.
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belt. Thermal data from AFT analysis were used to constrain the relative amount of 

vertical displacement and unroofing. The stages of model reconstruction are described 

below and illustrated on Figures 28 and 29. The necessary assumptions and 

extrapolations that were made in the restoration of this model are listed below:

1) The interpretation is extrapolated 13.5 km north from the seismic line to include 

well data from Tulugak #1 and 13.7 km south of the seismic coverage to include 

domain I in the restoration (Figure 25).

2) Structural evidence suggests that the folding event responsible for the majority of 

structural relief at Tiglukpuk anticline occurred prior to Tertiary time. However, 

the lack o f seismic data makes accurate reconstruction of Tiglukpuk anticline 

geometrically unconstrained.

3) The Fortress Mountain Formation and Torok Formation are lumped together as a 

single unit in the seismic interpretation because the two units are seismically 

indistinguishable (Figure 28).

4) During detachment folding, the Torok/Fortress Mountain underwent penetrative 

deformation at the scale o f the section by flowing into the hinge regions of folds 

in the overlying Nanushuk. Therefore, the consolidated Torok and Fortress 

Mountain Formations are area balanced beneath detachment folds in the 

Nanushuk, which serves to flatten the Nanushuk Formation.

5) A paleo-ground surface is included in the final step (Figure 29 (iv)) to indicate the 

minimum amount of overburden that must have been removed to explain the
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thermal data from AFT sample locations projected onto the cross section line 

along strike assuming a geothermal gradient o f 25°C/km.

6) Surface observations from domain III indicate that slip along the back thrust is 

distributed over a wide zone of deformation rather than a single fault plane.

Using Lithotect, slip must occur on one fault plane at a time; therefore, multiple 

fault planes were used to replicate the distribution of slip over a larger area.

7) In the subsurface, the Endicott Mountains allochthon is treated as a single unit 

because the degree of internal deformation makes reflectors incoherent and 

unreliable. The consolidated EMA is given a constant seismic velocity because 

the internal stratigraphy cannot be distinguished in seismic data and no reliable 

subsurface data are available to provide a sonic velocity for the different structural 

and stratigraphic levels within the EMA.

7.4.3 Sequential reconstructions:

The model shows three stages of restoration. Figure 28 (i) shows the present day, 

deformed state cross section based on interpretation of surface data and seismic line WG 

89-29. An annotated version of the seismic data is shown on Figure 30. Figure 28 (ii) 

represents an intermediate step at -60-70 Ma, and Figure 29 (iii) shows a final restoration 

to a time after emplacement of the EMA and deposition of the Fortress Mountain, Torok, 

and Nanushuk Formations. Figure 29 (iv) is the same stage of deformation as Figure 29

(iii), but restores all thermal data points to a minimum burial depth with respect to an 

assumed paleo-ground surface. Figure 29 (iv) includes quantitative time vs. temperature
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Figure 30. Interpreted, depth converted seismic line WG 89-29. This figure shows how seismic data for the transect are 
extrapolated both north and south of the seismic coverage to Tulugak test well #1 to the north, and to include surface data 
from Tiglukpuk anticline to the south (location on Figure 2). Tops from Tulugak #1 are provided by Alaska Division of Oil 
and Gas (Decker, 2006, personal communication).
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burial/uplift paths for each domain based on the AFT and fluid inclusion data for each 

domain.

Vertical lines were added to the topographic profiles to indicate the location of the 

AFT samples and projected along strike to the transect line. The height of the lines 

represents the amount of overburden necessary (2.4 km) for samples to reach 60°C. 60°C 

is the temperature at which apatite begins to anneal fission tracks and the depth (2.4 km) 

assumes an average geothermal gradient of 25°C. If a sample is annealed and records the 

70-60 Ma cooling age, then the top of the line must be below the assumed paleo-ground 

surface in the final stage of the reconstruction (Figure 29 (iv)) to indicate that it was 

buried to greater than 2.4 km. If samples were not annealed and still maintain a -100 Ma 

cooling age, then the top of the line must remain above the assumed paleo-ground surface 

line. The resulting assumed paleo-ground surface (in Figure 29 (iv)) indicates the 

minimum amount of unroofing necessary to be consistent with the thermal history 

recorded by AFT results at each data point.

The following discussion refers to Figures 28 and 29, and will detail the changes 

between each step.

7.4.4 Total shortening:

Deformation in the wedge accounts for 6.8 km of horizontal shortening. 

Displacement and deformation in the EMA that occurred south of the seismic line (Figure 

30) likely adds to the total amount of shortening but with no data to determine the 

amount, this displacement is not added to the total for the transect. The Nanushuk



Formation is shortened -14.6 km both above the south-directed back thrust in the Torok 

Formation and by detachment folding within the mechanically weak Torok. Total 

shortening of the Nanushuk Formation, including the area north of the transect, is likely 

greater, but is limited for this study to deformation seen and inferred with existing data 

for the transect area.

7.4.5 Effect on AFT data:

Reconstruction of the transect restores the vertical changes produced by folding 

and faulting between AFT sample locations. AFT sample locations are restored to depths 

that are consistent with the thermal signature history for each sample. In the first stage of 

reconstruction (Figure 28 (ii)), restoration of high angle thrust faulting in the Endicott 

Mountains allochthon creates vertical relief between the AFT samples in the Fortress 

Mountain Formation and changes in elevation of samples of the Torok and Nanushuk 

Formations. In the final stage of restoration (Figure 29 (iv)), the vertical distance 

between the AFT sample locations and the assumed paleo-ground surface (discussed 

below) was set to be consistent with the AFT data.

7.4.6 Deformed state, Stage (i):

Some important observations about the deformed state cross section (Figure 28 

(i)) are crucial to understanding the steps taken in the subsequent restorations.
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1) High angle breaching thrust faults in the Endicott Mountains allochthon are 

interpreted as early Tertiary fold-and-thrust deformation because the faults 

(dashed lines, Figure 16) clearly cross cut incoherent, internally deformed 

EMA stratigraphy and are exposed at the surface cutting Brookian 

stratigraphy of the Okpikruak, Fortress Mountain and Torok Formations.

These high angle breaching thrust faults reduce the overall horizontal 

displacement of the wedge during fold-and-thrust deformation by 

accommodating a significant proportion of strain by vertical, rather than 

horizontal, displacement. High angle faults in the wedge serve to thicken the 

wedge, which may facilitate the orogenic wedge itself to slide along its 

detachment.

2) Duplication and structural thickening in what is interpreted to be the Kingak 

Shale (Jk) is seen on seismic data beneath the frontal part of the wedge tip 

(Figure 28 (i), B). The Kingak is interpreted as the basal detachment unit 

above which the orogenic wedge was emplaced. Structural thickening of the 

Kingak provides vertical relief at the wedge tip. Restoration to an assumed 

original thickness lowers the wedge tip flat onto the Kingak detachment layer. 

The Kingak Shale has thickened by penetrative deformation and structural 

imbrication, so a constant original thickness is difficult to determine. An 

original thickness for the interpretation was based on the interpreted thickness 

at the northern end of the line on the assumption that the Kingak there is least 

deformed and most closely represents the original thickness.
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3) The Nanushuk Formation is shortened -14.6 km along the transect (Figure 29

(iv), location C). Part of this shortening occurred above the south-directed 

back thrust in the Torok Formation. Nanushuk shortening was also 

accommodated by detachment folding within the mechanically weak Torok. 

This interpretation is based on the change in total length of the Nanushuk 

Formation from the deformed state, as seen in the seismic data, to the 

reconstructed state.

4) The original thickness of the Okpikruak Formation (Figure 28 (i) D) is not 

known because topography of the wedge top at the time of deposition is 

unknown and because the Okpikruak Formation is now a tectonic melange.

For this reason, the Okpikruak Formation maintains equal area but is not

restored.

7.4. 7  Stage (ii) deformation:

The first stage of reconstruction (Figure 28a (ii)) removes the major displacement

on the high angle breaching thrust faults (Figure 28, (i) locations A) in the EMA wedge 

and cover (Figure 16). Where faults are difficult to interpret from seismic data, fault 

geometry was forward modeled to reproduce the deformed-state geometry. The Brookian 

units not cut by breaching faults are allowed to passively deform above the reconstructed 

wedge deformation.

The second major reconstruction included in this stage is restoration of slip along 

the back thrust in the Torok and across the Torok/Nanushuk contact. Fault geometry of
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the back thrust was geometrically modeled to produce the deformed state section. 

Restoration of the back thrusting alone in this stage of deformation was not sufficient to 

return AFT data points to an appropriate depth.

7.4.8 Stage (in) deformation:

In figure 29 (iii), penetrative strain (at cross sectional scale) and structural 

thickening in the Torok, Kingak and Shublik Formations was restored by area balancing 

of the Torok and underlying units and by restoration of the Nanushuk to original 

horizontality. I chose not to restore the base of the Nanushuk to a horizontal plane 

because the final geometry of the unit (and as a result, the underlying units) was very 

unrealistic. LithoTect produces final geometry of the unit based on restoration of a 

deformed line. Structural thickening in the Kingak Shale and Shublik Formation was 

removed and restored assuming an original thickness based on the total thickness of the 

units where they appear least thickened at the northern end of the seismic line, vertically 

lowering the wedge tip and overlying strata. Extrapolating the thickness of the Shublik 

from the north end of the seismic line to the Tulugak well, and using the depth to 

formation tops and average unit thickness from Tulugak well (north end of interpretation) 

supports the assumption that the Shublik is deformed by penetrative strain in the northern 

end of the transect. Restoration of the Kingak involved removal of structural thickening 

by imbrication beneath the toe of the EMA wedge that is interpreted from seismic data 

and required a corresponding restoration of the overlying units to the south. Area 

balancing of the Shublik restored inferred structural thickening of Shublik in the area



north of seismic data coverage. The following discussion will address these steps and

their consequences in greater detail.

The total vertical change needed to reconcile AFT data points in stage iv was 

achieved by the combination of restoring slip along the back thrust planes, restoring the 

contact between the Torok and the Nanushuk and area balancing of underlying units 

(Torok, Kingak and Shublik).

7.4.9 Stage (iv) deformation:

Stage iv (Figure 29 (iv)) is different from iii because it adds qualitative

interpretation of AFT data points for each domain to the reconstruction. Each domain 

has a time vs. temperature cooling curve representing multiple AFT data points that 

summarizes the samples collected within each domain. Each cooling curve represents the 

timing of unroofing, uplift and cooling of AFT samples (Figure 29). As part of AFT 

sample analysis, the AFT cooling history was modeled using the fission track lengths and 

track density for apatite populations in each sample. Each cooling curve quantitatively 

summarizes the overall trends from samples in each domain.

In domain I, which represents the EMA structural element, AFT samples from the 

Okpikruak Formation are fully annealed, indicating maximum temperatures above 

110°C. AFT data from domain I indicate total annealing of AFT samples before rapid 

cooling due to uplift and unroofing of the EMA between 70 and 60 Ma (Table 3). The 

paleo-ground surface is located 7.2-8 km above the sample location to reconstruct the 

amount of calculated overburden necessary to achieve the fluid inclusion homogenization
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temperatures recorded at Tiglukpuk anticline (Table 2). Samples from domain II indicate 

maximum temperatures < 110°C and uplift and cooling between 70 and 60 Ma. The 

domain III cooling curve indicates relative thermal immaturity of the Torok as the 

samples dipped into the PAZ but temperatures were not hot enough to anneal and 

overprint the thermal signature of cooling at -100 Ma. The samples then were quickly 

uplifted and cooled between 70 and 60 Ma and never fully annealed. Domain IV AFT 

samples achieved maximum temperatures > 110°C and were uplifted and cooled between

65 and 60 Ma.

Domains II and IV have very similar time vs. temperature cooling profiles, 

indicating the similarity between the AFT data from the two domains. Domain II 

represents the wedge-top deposits above the orogenic wedge and domain IV represents 

the foreland basin deposits of the Nanushuk Formation. The domain II profile more 

closely reflects the data from the lower Fortress Mountain (Table 1) as the Fortress 

Mountain Formation samples are less annealed and did not reach the bottom of the PAZ 

(Figure 29). Two Fortress Mountain samples north of the high-angle breaching thrust 

fault in domain II restored below the paleo-ground surface to a depth consistent with the 

AFT samples just entering the PAZ but likely not spending enough time there to anneal

and fully reset the sample.

Fission track samples from the Torok Formation of domain III that remained 

anomalously cool (Figure 29 (iv» may simply have resided on a paleo-high or in an area 

that underwent little vertical displacement relative to the major uplift to the north and 

south. This does not overshadow the importance of burial depth in formation of the AFT
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cooling age pattern observed. This requires significant burial in domains II and IV and a 

,esser sedimentary bunal of Torok samples in domain III. Domain II likely received 

significant sediment due to its proximity to the mountain front, where material o f h.gher 

parts of the Fortress Mountain Formation provided sufficient burial depth but thinned to 

the north. Domain IV would require a significant load of Nanushuk and younger 

sediments above Nanushuk samples. No evidence for the Nanushuk exists south of the 

Tuktu Escarpm ent. The thermal low in Torok of domain III may represent a mimmum in 

deposition^ thickness between the north-tapered sedimentary wedge of the Fortress 

Mountain Formation and the south-tapered sedimentary wedge of the Nanushuk

Formation.
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8 DISCUSSION:

8.1 Discussion o f  deformational events by domain:

Fractures, in conjunction with surface structural style, AFT data and fluid 

inclusion data define four distinct structural domains that constrain the relative timing of 

deformation within the orogenic wedge of the Brooks Range foothills. Deformation in 

the foothills can be subdivided into three separate deformational stages: 1) deformation 

within the orogenic wedge during Early Cretaceous time, lasting at least into Valanginian 

time, 2) reactivation of the wedge driving fold-and-thrust deformation and back thrusting 

between 70 and 60 Ma and 3) late stage, post tectonic uplift and unroofing driven by the 

isostatic response to erosion. Evidence of each of the three deformational stages is seen 

within each of the four structural domains in the transect area. The following sections 

will discuss the time-transgressive observations and interpretations of each deformational 

event by domain. The data that are used to interpret domains and the relative and 

absolute timing of deformational events are shown on Table 5. Each of the three 

deformational events is discussed along with its effect on domains I-IV (Figures 28, 29,

and 31 and Table 5).

8.2 Pre-Tertiary deformation (Neocomian):

8.2.1 Overall Picture:

Pre-Tertiary deformation is interpreted to have occurred as late as Valangiman- 

time, prior to deposition of foreland basin stratigraphy (Figure 31). Evidence for minor



T a b le  5 . S u m m a r y  o f  c o l l e c t e d  s u r f a c e  d a ta  b y  d o m a in .  T h is  d a ta  d r iv e s  in te r p r e ta t io n s  p r e s e n t e d  in  
th e  d i s c u s s i o n  s e c t io n  o f  th e  t e x t .  I n te r p r e ta t io n  a n d  t im in g  o f  d e f o r m a t io n a l  e v e n t s  i s  d i s c u s s e d  in  
th e  t e x t .  ___________________________ ___________________________ ____________________________________________________

I.UhOlOgV PM A Krtrlri'ci: M in  XmivA Kir.™ trKi1 .ilhologvv

event
EMA 

D om ain 1
Fortress M tn . 

D om ain 11
Torok 

Dom ain III
Nanushuk 
D om ain IV

Valangin ian 
E M  A  

em placem ent

Set 1 filled  fractures. 
F lu id  inc lusion temps o f  
-150C0*

Occurred p rio r to 
deposition 

N ot represented

Occurred prio r to 
deposition 

N ot represented

Occurred p rio r to 
deposition 

N o t represented

E arly  T e rtia ry  
fo ld -and -th rus t 

de fo rm ation

Set 2 fractures reactivated 
and offset set 1 fractures 
A F T  coo ling  ages 70-60 
M a F lu id  inc lus ion  temps 
o f  ~150C °*

Set 3 un filled , fo ld - 
related fractures.
N o  evidence o f  flu id  
flow . Sym m etric, open 
fo ld in g  A F T  coo ling  ages 
70-60 M a

Set 2 fille d  fractures 
present. Set 3 u n filled  
fractures present. F lu id  
inc lus ion  temps -1 0 0 C . 
A F T  coo ling  ages 100 
M a. Meter-scale south 
vergent structures 
represent regional back 
thrusting .

Set 3 un filled  fold-related 
fractures. N o  evidence o f  
f lu id  flow . Broad 
detachm ent folds. A F T  
coo ling  ages 70-60 M a.

Late stage, 
post tecton ic- 

u p l if i  and 
u n ro o fin g

O rogcn-norm al, u n fille d  
set 4 fractures cross 
cu tting  structure and set I 
and set 2 fractures. Exact 
t im in g  unknow n.

O rogen-nonna l, u n fille d  
set 4 fractures cross 
cu ttin g  structure. Exact 
t im in g  unknow n.

O rogen-norm al, u n fille d  
set 4 fractures cross 
cu ttin g  structure. Exact 
tim in g  unknown.

O rogen-nonna l, u n filled  
set 4 fractures cross 
cu ttin g  structure. Exact 
t im in g  unknow n.

* fluid inclusion data o f-l50T  from domain I likely represent fill from a set 2 fracture. Set I fracture fill likely formed at slightly higher temperatures 
as reported by Moore et al. (2004).



distribution along tire transect Stratigraphy is simplified to show deformation, (a): Deposition of Okp.kruak ont°  e
wedge deformation and formation 1 filled frac.ures in domain I. (b) S.age 2 deforma.,on

begins as the wedge thickens and deforms the overlying Ko during deposition of the foreland basin stratigraphy (c )Contmu“ > 
fold-and-thrust deformation (stage 2) is responsible for Set 2 and Set 3 fractures in the foreland basin. Defo™ atl“n * e Wedge 
uplifts the Fortress Mtn (Kim) in domain II and back thrusting in the Torok (Kto) shortens and uplifts the Nanushuk (Kn) in 
domain IV ^tage  3 is  driven by isostatic uplift and is not the result o f tectonic deformation. Eros,on of the foo.ht.ls results m 
regional unroofing, forming late-stage, unfilled set 4 fractures in all domains.
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deformation is seen within the Aptian-Albian Fortress Mountain Formation and at least 

the Albian part of the Nanushuk Formation but is not widespread. At the time of 

Valanginian (and earlier?) emplacement of the EMA, Tiglukpuk anticline was forming as 

supported by set 1 filled conjugate set fractures at Tiglukpuk anticline (Figures 3, 9 and 

13). The exact timing of deformation at Tiglukpuk anticline is not well constrained, but 

apparently occurred largely prior to deposition of foreland basin sediments and 

deformation of domains II, III and IV.

8.2.2 Valanginian deformation- Domain I:

In the central Brooks Range, the evidence for deformation within the orogenic 

wedge is seen in the Lisbume Group, Siksikpuk Formation, and Otuk Formation (EMA) 

and the overlying tectonic melange in the Okpikruak Formation of domain I and reflects 

significant shortening and thickening of the EMA wedge. The chaotic seismic signature 

of the southern end of line WG 89-29 (Figure 16) is also probably related to the intense 

internal deformation that occurred within the orogenic wedge during EMA emplacement 

and continued during early Tertiary deformation. Undisturbed EMA stratigraphy should 

look similar to the seismic character of the North Slope autochthon stratigraphy at the 

northern end of the line because o f the stratigraphic similarities (Figure 8). Instead, the 

undifferentiated EMA is characterized by a non-descript wedge of incoherent and 

discontinuous reflectors that probably represent structurally disrupted stratigraphy and 

faults (Figurel6). The lack of coherent reflectors in the wedge is likely due to multi

phase internal deformation and over-steepening of fold limbs and faults. The apparent



out-of-sequence high angle thrust faults that clearly cross cut the disrupted wedge are 

interpreted to have formed during a later stage of fold-and-thrust deformation (Figure 28

(i), label A).

Set 1 filled fractures in domain I are interpreted to have formed during this phase 

of deformation and suggest that deformation occurred in either a long lived episode or 

multiple episodes. This is based on crack-seal textures in filled fractures and the 

presence of multiple generations of fracture fill (Table 2). The structural position and 

number of filled fractures in domain I and the crack-seal textures are consistent with 

fracture formation as a result o f increased fluid pressure in an actively deforming 

antiform. Fluid pressure in the orogenic wedge presumably increased with depth and 

with increased horizontal stress. When fluid pressure increased beyond the tensile 

strength of the rock, hydraulic fractures formed (Figure 5d), increasing permeability. In 

this interpretation, fluids derived in the core of the orogen could have been transported 

through the porous, permeable and fractured strata of the EMA stratigraphy of the 

orogenic wedge.

Thermal data from fluid inclusion and conodont analysis indicate that the 

maximum temperature achieved at Tiglukpuk anticline was ~150 C. Filled fractures 

from domain I contain methane, indicating that gas generation may have been active 

within the orogenic wedge. These data suggest that the fracture network acted as a 

migration route for hydrocarbons generated at depth within the wedge.
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During the Neocomian, siliciclastic turbidites of the Okpikruak Formation were 

deposited onto the wedge top. AFT samples from these sediments yielded cooling ages 

for this part of the transect.

8.2.3 Pre-Tertiary deformation- Domains 1I-IV:

EMA emplacement during the Valanginian and deformation of the overlying 

Okpikruak Formation occurred prior to deposition of the Fortress Mountain, Torok and 

Nanushuk Formations in domains II-IV and thus did not play a role in the history of these 

units other than providing a source for sediments. However, minor deformation likely 

continued before deposition was complete as illustrated by syn-depositional structures 

evidences by growth folds (Finzel, 2004). This evidence indicates tectonic quiescence 

after the Albian, lasting until the latest Cretaceous or Paleocene time. Syn-depositional 

deformation of the Fortress Mountain likely played a role in controlling the extreme and 

abrupt facies variations within the Fortress Mountain Formation.

8.3 Deposition and deformation o f  foothills stratigraphy.

8.3.1 Deposition o f foothills stratigraphy:

During mid-Cretaceous time, the Brookian clastic units of the southern foothills 

and foreland basin (Fortress Mountain, and Torok and Nanushuk) were deposited on top 

of the leading edge of the orogenic wedge and basinward into the adjacent foreland basin 

(Figure 31b). Significant fold-and-thrust deformation in the central foothills began again 

at around 70 Ma and lasted until approximately 60 Ma (Mull et al., 1997; O’Sullivan et



al., 1997; Moore et al., 2004). AFT cooling ages indicate that uplift, probably related to 

this stage of deformation, occurred during Tertiary time at around 65-60 Ma.

8.3.2 Tertiary deformation- Overall picture:

The second stage is the primary deformational event responsible for most of the 

fold-and-thrust deformation seen along the transect. Early Tertiary deformation is 

reflected across the entire transect by both unfilled and filled fractures (sets 2 and 3 

respectively), map- and mesoscopic-scale structures and the pattern of AFT cooling ages

across the transect.

Early Tertiary fold-and-thrust deformation resulted in 1) northward propagating 

folds and faults that contributed to internal deformation within the EMA orogenic wedge 

and 2) progressive transport of the orogenic wedge farther into the basin, which drove 

shortening and deformation in all overlying cover sediments. The alternating strong and 

weak lithologies in the foreland basin allowed triangle zone formation within the Fortress 

Mountain and Torok and back thrusting and shortening of the overlying Nanushuk

Formation.

8.4 Tertiary deformation in Domain I:
Seismic data from north of domain I indicate that the internally deformed wedge

(EMA) and overlying mid-Cretaceous clastic stratigraphy are cut by steep south-dippmg

thrust faults that crosscut the deformed wedge and breach the foreland basin stratigraphy

(Figures 28(i) and 30). These breaching thrusts are interpreted as south-dipping thrust
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faults that formed to accommodate additional internal thickening of the orogenic wedge 

(Figure 28). The breaching thrusts contribute vertical displacement to the total uplift 

needed to unroof and cool AFT samples from the Okpikruak Formation in domain I. The 

available evidence indicates pre-Tertiary deformation in domain I, but it is possible that 

Tiglukpuk anticline itself renewed its growth or even originated during early Tertiary

deformation.

In domain I, set 2 fractures are interpreted to have formed by reactivation of set 1 

fractures. Prior to early Tertiary deformation, domain I was still relatively deep and still 

in the presence of hot fluids with dissolved solids that could fill fractures. Stable isotope 

analysis of fracture fill is necessary to determine definitively where these fluids 

originated and if they are of the same origin as fluids in domain I.

Fracture set 2 comprises filled fractures that are interpreted here to be the result of 

early Tertiary deformation based on similar fluid inclusion temperatures in filled 

fractures in both domains I and III. Set 2 fractures likely are reactivated set 1 fractures in 

domain I and are, consequently, difficult to separate in outcrop from set 1 filled fractures. 

Additional data are necessary to conclusively determine the fracture fill characteristics of 

set 1 and set 2 fractures in domain I.

8.5 Tertiary deformation in Domain II:

8.5.1 Overall Picture:

The units of domain II (Okpikruak, lower Fortress Mountain and Fortress

Mountain Formation) were deposited on top of the EMA wedge in Early Cretaceous time
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and were affected by early Tertiary deformation (Figure 31b and c). The units were 

deposited on top of the EMA wedge and were shortened by fold-and thrust deformation 

both during and after their deposition, so burial o f domain II units was limited prior to 

Tertiary deformation. Total burial was, however, sufficient to anneal detntal apatite

crystals deposited in the units of domain II.

The southern area of domain II (ITS) may have attained higher temperatures for 

two reasons: 1) domain II-S is closer to the sediment source resulting in deeper burial 

and/or 2) domain II-S was subsequently uplifted more by the breaching thrust that

separates it from domain II-N.

Early Tertiary structures found in domain II include map-scale open, -symmetric 

folds and south-dipping breaching thrusts. Folds in domain II formed in the relatively 

competent intervals of the Fortress Mountain Formation in which folds can be described 

as “rumpled rug” folds that overlie the relatively weak Okpikruak Formation. Breaching 

thrusts are interpreted to have formed from internal thickening within the EMA orogenic 

wedge. Breaching thrusts served to shorten and thicken the orogenic wedge and the

wedge-top deposits of domain II.

Early Tertiary fracture orientations from domain II suggest that set 3 unfilled 

fractures are consistent with fold related fracturing. Apparent conjugate sets recognized 

in orientation data suggest a genetic relationship to folding. Set 3 fractures are unfilled 

and highly variable in orientation, height, length and aperture due to abrupt facies 

changes within the Fortress Mountain Formation. Set 4 fractures in domain II are 

unfilled fractures with greater height, length, spacing and aperture as well as Cross-



cutting multiple bedding units. Orientations of these fractures are consistent with

regional fractures in other domains as well.

Fluid flow in domain II was likely driven by gravity and a hydraulic head gradient

that formed local, shallow fluid flow regimes. Localized fluid flow regimes are common

and well documented in the Colville Basin and in the analogous Canadian foreland basin

system (Deming et al., 1992; Bachu, 1995; Deming et al., 1996; Ferket et al., 2000).

However, unfilled set 3 fractures suggest that no fluids were available to exploit open

fracture networks.

8.6 Tertiary deformation in Domain III- Torok Formation.

Domain III shows considerable variation in AFT results, structure and 

stratigraphy. These variations raise the question of whether domain III should be further 

subdivided into more than one domain. However, for this interpretation, the variation 

itself is enough to separate domain III from the consistent and similar charactenstics 

shared by domains II and IV. The important structural data used to interpret early 

Tertiary deformation in domain III are: 1) evidence for back thrusting, 2) AFT results and

3) the development of set 2 and set 3 fractures.

8.6.1 Back thrusting:

Surface evidence for stage II fold-and-thrust deformation is present in domain III

and manifests itself as small scale, south-vergent folds and thrust faults and set 2 and 3 

fractures.
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The main zone of back thrusting was probably located just south of the Tuktu 

Escarpment (Figures 3 and 31). Small scale, south-vergent structures are present across 

domain III, but these structures are most common and best developed in the area 

immediately south of Tuktu Escarpment. This zone has been interpreted as a regionally 

significant back thrust based on surface and AFT data.

8.6.2 AFT characteristics:

AFT samples from domain III did not reach maximum annealing temperatures

(~110°C), and samples did not record the 65-60 Ma cooling event. These data are

interpreted as representing minor burial before, and little uplift as a result of, fold-and-

thrust deformation (Figures 29 (iv) and 31c). Figure 29 (iv) interprets the burial and

uplift of samples in domain III with a time/temperature path. AFT thermal data indicate

that samples from domain III did reach temperatures in the PAZ, however, track

annealing was not sufficient to erase the thermal record from the -100 Ma event and to

record the 65 Ma event.

8.6.3 Fractures:

Fractures in domain III are filled and unfilled and represent set 2 and set 3 

fractures. Set 2 filled fractures are sparse in domain III, but their presence alone in 

coherent resistant siltstone and fine sandstone beds is noteworthy. Set 2 fractures are 

dominantly bedding parallel extension fractures that do not occur in conjugate or en



echelon sets. Fluid inclusion analysis of filled fractures in domain III indicates that fluids

of ~113°C filled these fractures (Table 2).

Set 2 filled fractures in domain III are interpreted to have formed as a result of a 

combination of elevated fluid pressure and the onset of fold-and-thrust deformation. Set 

2 fractures formed parallel to bedding because the fluids present were forced to migrate/ 

reside in resistant siltstone and fine sandstone intervals that are more porous and 

permeable than the surrounding shale. When fold-and-thrust deformation began, it 

provided enough stress, combined with fluid pressure, to propagate fractures. Crack-seal 

texture in filled fractures used for fluid inclusion petrography suggests that fluid pressure 

played a role in set 2 fracturing. Bedding parallel fractures may have formed in domain 

III because of the shallow burial of the Torok. With little overburden, the minimum 

stress direction (o3) would be oriented vertically, allowing fractures to open parallel to

bedding.

8.7 Tertiary deformation in Domain IV- Nanushuk Formation:

Domain IV also shows evidence of early Tertiary deformation. The important 

effects of early Tertiary deformation in domain IV are detachment folding, south-directed 

shortening above a regional back thrust, reset AFT cooling ages of 65-60 Ma and the 

presence of unfilled set 3 and 4 fractures.
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8.7.1 Detachment folding:

Fold geometry and the meehattieal competency of the Nanushnk relative to the

underlying Torok Formation suggest that fold trains in the Nanushnk are the result of

detachment folding. Observations from seismic data support this interpretation because

the Torok Formation is thicker in hinges relative to limbs of Nanushuk folds. Narrow

hinges and broad, flat-bottomed synclines also are consistent with the geometry of

detachment folds (Dahlstrom, 1990).

8.7.2 South-directed thrusting:

Domain IV is interpreted to have been transported and uplifted to the south

relative to domatns I-III above a regional back thrust in the Torok Fomtation. Folding

added to the structural relief o f the Nanushuk that is reflected by AFT cooling age

discrepances between the Torok and the Nanushuk. Back thrusting helps to explain how

domain IV was uplifted relat.ve to domain III. The removal of signtftcan. overburden

from the Nanushuk also illustrates the difference between the total burial depths of

domains III and IV.

8.7.3 A F T  characteristics:

AFT Samples from north of the Tuktu Escarpment (Figure 2) indicate that the

entire Nanushuk was cooling between 65 and 60 Ma, presumably as a result of uplift and

unroofing. Uplift is interpreted to have occurred largely along the regional back thrust,

with displacement sufficient to exhnme thermally reset AFT samples. This amount of
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cooling indicates between 2.4 and 4.4 km (or more) of vertical uplift and unroofing.

Also, horizontal displacement along the back thrust explains how samples from the 

deeply buried Nanushuk were juxtaposed against the less deeply buried samples from the 

Torok. A qualitative summary of uplift and cooling is shown on Figure 29 (iv).

8.7.4 Set 3 and set 4 fractures:

The unfilled fracture history of domain IV is similar to that of domains II and III.

Set 3 fractures in domain IV show an apparent conjugate relationship that is consistent 

with, and interpreted as, fold-related fractures that formed during shallow, fold-and-thrust 

deformation. Set 4 fractures formed in domain IV as uplift and unroofing resulted in the 

release of accumulated stress and tensile fracturing.

8.7.5 Fluid flow:

D etachm ent folding and competency contrasts created significant topography in 

domain IV that could drive meteoric recharge and shallow fluid circulation into the bas.n. 

The unfilled fractures o f domain IV are interpreted to have formed under these conditions 

during early Tertiary shallow deformation in the absence of hot fluids with dissolved 

solids. The unfilled fractures show no indication of fluid preferentially flowing through

open fracture networks.
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8.8 Late stage uplift and unroofing:

The final stage that affects the transect area is represented by set 4 unfilled 

fractures. Late-stage, post-tectonic uplift and unroofing was driven by erosion and 

isostatic rebound of thickened crust. Unloading may cause fractures to form in two 

different ways. The first kind of fracture forms when residual stress in the rock is 

released as overburden is removed, allowing fractures to form in the same stress state and 

therefore, the same orientation (Engelder, 1985; Hanks, 2004; Hayes, 2004). The second 

way creates tensile fractures as the rocks cool and contract which allows fractures to form 

parallel to the maximum compressive honzontal stress (orogen normal). Set 4 fractures

arc a result of both of these.

Set 4 Fractures are interpreted to have formed from regional denudation and

typically are on the scale of meters long and high, unfilled, roughly parallel to the 

direction of tectonic compression (roughly north-south), and not constrained to single 

beds. Such fractures may form as the effective stress of o, and a 3 are lowered as rocks 

approach the surface (Engelder, 1985). Stress becomes tensile as the confining pressure 

drops and fractures open roughly parallel to a, (Ramsay and Huber, 1987). Regional 

fractures are observed throughout the entire transect, cross cut existing structures and are 

seen in other locations of the Colville basin (Hanks et al., 2004; Hayes, 2004). Unroofing 

fractures in domain I formed when relaxation of stress allowed fractures to form that 

mimicked, or reactivated the in situ stress regime of fold-related fractures.
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8.8.1 Summary o f reconstruction results:

Reconstruction of the transect returns AFT samples to depths consistent with their

thermal histories by assuming a base-line paleo-ground surface. The reconstruction

removes deformation from the orogenic wedge along high-angle, breaching thrusts seen

on seismic data and in surface exposures. Restoration of back thrust displacement on the

roof thrust of the triangle zone and unfolding of the Nanushuk folds account for -14  km

of shortening over the length o f the transect. Area balanced restoration of structural

thickening and penetrative strain are effective in restoring the vertical relief necessary to

explain the AFT data along the transect. Deformation in the wedge is necessary to drive

the creation of vertical relief required to honor the AFT and fluid inclusion data.

8.8.2 Fluid flow:

The implications of this study for fluid flow in the central Brooks Range are that 

the hydrocarbon bearing fluids that were present in the orogenic wedge preceded fold- 

and-thrust deformation of Colville basin units. However, because fractures in the 

orogenic wedge were the apparent result of high fluid pressure and the orogenic wedge 

extends farther north than previously thought, there is a possibility that fractures in the 

orogenic wedge may have acted as conduits for migration if they remained open until trap 

formation during the early Tertiary. If fractures at depth did in fact remain open, then 

deep fractures may have acted as conduits for oil, or more likely gas, to traps farther out 

in the basin. Fluids that entered the basin through topographic highs in domains II and



IV may have created areas of high hydraulic head that drove shallow fluid circulation in

the proximal foreland basin.

Fluid inclusion data from domain I indicate that maximum temperatures were

between 142°and 156°C, although all thermal data come from one sample (Tables 2 and

4). The limited data suggest that homogenization temperatures may only record a single

event in this sample. In a field area to the west of this study, Moore et al. (2004)

documented two stages of fluid flow using isotope data from filled fractures. The first

stage had a temperature of ~250-300°C at 160-120 Ma; the second event had a

temperature of ~150°C at 60-45 Ma. Fluid inclusion data collected for this study from

domain I are roughly consistent with the second, early Tertiary fluid migration event of

Moore et al. (2004), but do not reveal any homogenization temperatures consistent with

their early event. However, an earlier fluid migration event may have occurred in this

field area that was not recorded by the single fluid inclusion sample. Additional fluid

inclusion and stable isotope data are necessary to resolve this question in domain I o f the

transect area.
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9 CONCLUSIONS:

I have defined four structural domains that constrain an integrated surface and 

subsurface interpretation of the sequence of early Tertiary deformation in the central 

Brooks Range foothills. The four structural domains are defined by the charactenstics, 

distribution and relative age of four fracture sets, AFT cooling ages, structural style and 

fluid inclusion thermal data from filled fractures. Data from the four domains represent 

Mississippian to Cretaceous orogenic wedge units through Cretaceous-aged foreland

basin units.

Domain I is defined by intensely deformed Mississippian through Cretaceous 

rocks of the Endicott Mountains allochthon (EMA) and wedge-top and foredeep deposits 

of the Brookian Okpikruak Formation. Set 1 and set 2 filled fractures are present and 

contain multiple generations of calcite fracture fill. Unfilled set 4 fractures represent 

uplift, unroofing and release of residual stress during late stage uplift. Fluid inclusion 

homogenization temperatures and conodont alteration indices document a maximum 

recorded temperature in the range of ~150°C. Cooling ages from AFT samples taken 

from the early Brookian, Lower Cretaceous Okpikruak Formation that unconformably 

overlies older rocks of the EMA indicate rapid cooling between 70 and 60 Ma, consistent 

with early Tertiary fold-and-thrust deformation (O’Sullivan et al., 1997).

Domain II consists of the Brookian, Lower Cretaceous siliciclastic wedge-top and 

proximal foreland basin deposits of the Fortress Mountain Formation. Domain II is



defined by open unfilled, fold-related fractures o f set 3, symmetric, open folds, north- 

directed thrust faults and thermally mature AFT samples that indicate cooling between 70 

and 60 Ma. Set 4 unfilled fractures are also present in domain II, indicating uplift and 

unroofing after fold-and-thrust deformation.

Domain III is defined by small-scale south-vergent structures in the distal 

foreland basin deposits of the Torok Formation. Filled fracture set 2 is present in domain 

III and yields homogenization temperatures of ~100°C. Unfilled fracture sets 3 and 4 are 

also present in domain III and incompletely annealed apatites with AFT cooling ages of 

-100 Ma reflect a zone of thermal immaturity. The overall pattern of south vergence and 

thermal immaturity suggests that a regional back thrust is located at the northern 

boundary of domain III, at the base of the Tuktu Escarpment and domain IV.

Domain IV is defined by the kilometer scale detachment folds of the Nanushuk 

Formation. No filled fractures are present. Only set 3 fold-and thrust related fractures 

and set 4 unroofing fractures are present. AFT cooling ages of 70-60 Ma are recorded in 

domain IV and are consistent with the regionally recognized timing of fold-and-thrust

deformation.

Fracture sets are divided into pre-Tertiary fractures in the orogenic wedge of the 

EMA (set 1), early Tertiary fold-and-thrust related fractures in wedge-top and basin 

deposits (sets 2 and 3) and regional unloading fractures (set 4). Set 1 filled fractures are 

restricted to the EMA stratigraphy of the orogenic wedge within domain I. Set 1 

fractures are interpreted to have formed as a result of hydraulic fracturing in a
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compressive stress regime where the development of tangential longitudinal strain and 

local mechanical stratigraphy of the Lisbume Group carbonates at Tiglukpuk anticline 

played an important role in fracture orientation and distribution. Fluid inclusion data 

from domain I indicate that multiple generations of fracture cement are present and 

display crack seal textures. Homogenization temperatures indicate that one generation of 

fracture fill occurred at ~150°C or ~6 km depth (assuming 25°C/km).

Set 2 filled fractures are interpreted to have formed at the onset of fold-and-thrust 

deformation in domains I and III only. In domain I, set 2 fractures likely are reactivated 

set 1 fractures, but further study is necessary to show this definitively. In domain III, 

filled fractures in resistant siltstone and sandstone beds in the Torok Formation indicate 

that a combination of compressive stress, fluid pressure, shallow burial and lithologically 

induced anisotropy resulted in the formation of bedding parallel set 2 fractures.

Set 3 unfilled fractures are present in the foreland basin deposits of domains II-IV. 

Set 3 fractures are interpreted as early Tertiary fold-related, shallow, unfilled fractures 

that formed during the main stages of fold-and-thrust deformation in the absence of 

fluids. Set 3 fracture orientations reflect conjugate sets that are bisected at acute angles. 

Set 3 fractures display no evidence of leaching, mineral alteration or mineralization that 

would suggest that fluid flow affected units in domain II.

Set 4 unfilled fractures are seen in domains I-IV and are recognized across the 

entire transect area. They are interpreted as unloading fractures that formed as the result 

of erosional unroofing after fold-and-thrust related uplift. Set 4 fractures are extension
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fractures and typically strike -north-south in domains I-IV. In domain I, unroofing led to 

the release o f residual stress that caused unfilled fractures in orientations similar to those

of sets 1 and 2.

AFT cooling ages from domains I, II and IV indicate temperatures greater than 

110°C that resulted in annealing of detrital apatite in AFT samples. Cooling ages from 

AFT samples in these domains record a regionally recognized cooling event between 70 

and 60 Ma. AFT samples from domain III reveal a zone of thermal immaturity in the 

Torok Formation that indicates uplift o f domains II and IV relative to domain III. AFT 

data and local structural style of the Torok Formation are interpreted here to reflect a 

regional back thrust at the base of the Tuktu Escarpment.

Fracture characteristics, structural style, AFT data, and interpretation of seismic 

and well data have been integrated to define and constrain a geometric model for early 

Tertiary deformation. Results of the reconstruction indicate that internal thickening and 

shortening of the orogenic wedge during early Tertiary fold-and-thrust deformation was 

responsible for shortening the foreland basin sedimentary units of domains II-IV and 

influenced the location of back thrusting in domain III. Back thrusting is crucial to 

explaining AFT data that constrains deformation in the foreland.

Seismic interpretation suggests that the orogenic wedge of EMA stratigraphy 

extends northward beneath the modem foreland basin to a point beneath the Tuktu 

Escarpment, far beyond what was previously thought. Seismic data were used to 

interpret the primary structural components of the orogenic wedge, wedge-top deposits,



foreland basin units, and North Slope autochthon which are the elements that form the 

basis for restoration of early Tertiary deformation in the transect area. Seismic data for 

the transect area had to be extrapolated beyond the limits of the seismic coverage but the 

extrapolation is constrained by surface, AFT and fluid inclusion data.

Integrating observations o f surface structures, fracture analysis and AFT and fluid 

inclusion thermal data with seismic and well data provides a method to evaluate and 

interpret the relative timing of structures in the basin that may provide important clues to 

the maturation, migration, and trapping history of the central Brooks Range petroleum 

system. Evaluation of fracture network formation and filling events and the timing and 

temperature of basin evolution remain very important with respect to petroleum source, 

migration and trap-formation. In particular, this study demonstrates how integration of 

field, subsurface and thermal data is critical for documenting the relationship among and 

the relative timing of fracturing, fluid flow and structural evolution of the fold-and-thrust 

belt in an active petroleum province.

9.1 Future work:

Detailed fracture work plays an important role in determining the relative timing 

of oil and gas generation, migration and trapping relative to the timing of fracture 

formation. This study aims to determine the regional distribution of fractures as they are 

related to the deformation and evolution of the orogenic wedge and fold-and-thrust belt. 

An important part of the fracture story requires understanding the different generations of
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fluids within filled fractures, as well as the origin and composition of those fluids. Stable 

isotope analysis of fracture fill is necessary to determine if multiple generations of 

fracture fill represent fluid from multiple sources as well. At the very least, existing fluid 

inclusion samples may be able to help constrain the depth and temperature of fracture 

formation dunng pre-Tertiary time. These samples should be recovered and all present 

generations of fracture fill should be analyzed for homogenization temperature data. In 

addition, catholuminescence should be used on filled fractures to better determine the 

presence and abundance o f hydrocarbons. Catholuminescence also helps determine how 

different generations o f fracture fill and fluids differ chemically.

Additional samples exist for AFT analysis that would help to further constrain the 

relative timing and the role of the triangle zone in the evolution of domains III and IV. 

Samples were collected along a transect from the bottom to the top of the Tuktu 

Escarpment and could be used to infer the uplift and unroofing rate of the Nanushuk from 

cooling ages. Samples from north of Tuktu Escarpment should be collected to determine 

if and where the basin units become thermally immature as a result of the lack ofbunal.

The stratigraphic relationships between the Okpikruak, lower Fortress Mountain, 

Fortress Mountain Formation and the Torok Formation are still unresolved. Clarification 

of these stratigraphic relationships would provide a better understanding of the thermal

relationships seen in AFT data.
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11 APPENDIX:

11.1 Apatite Fission Track:

Fission track thermochronometery is a useful method for evaluating past cooling 

events in thermally dynamic geologic systems such as orogenic belts, foreland basins and 

in fold-and-thrust belts (Dickin, 1995; O ’Sullivan et al., 1997; O ’Sullivan et al., 1998b; 

O’Sullivan and Wallace, 2002). Fission track dating uses track length and density from 

spontaneous fission of naturally occumng Uranium238 (238U) within a variety of minerals 

to determine the amount of time that has passed since that material cooled below a given 

temperature (Dickin, 1995; O’Sullivan et al., 1997). Interpretations can be made about 

how samples cooled when measured ages are used in conjunction with other data.

11.1.1 Fission track formation and destruction:

Fission tracks are damaged zones within the crystal lattice formed when the 

nucleus of an atom undergoes fission. The by-products of fission are two positively 

charged fragments that repel each other, traveling a total distance of ~16^m through the 

lattice at very high speeds. The two positively charged particles create an ion path 

through the structure leaving a uniform track ~16^im long and only a few angstroms wide

(O’Sullivan, 1998a; Dickin, 1995).

In apatite, fission tracks remain visible and unhealed within the crystal lattice

when temperatures remain below ~60°C. Above ~60°C fission tracks in crystals can be

progressively shortened or destroyed through the process of annealing. When a crystal is



heated to above -60°, damage to the lattice is repaired through the re-alignment of 

constituent atoms (Dickin, 1995). Total annealing in apatite occurs at temperatures above 

~110°C. The temperature range between ~110°C and ~60°C is called the Partial 

Annealing Zone (PAZ). The more time apatite crystals stay in the PAZ, the more the 

tracks will progressively shorten as the crystal lattice anneals. The lengths of the tracks 

that remain in the crystal are interpreted as the result of a combination of time and 

temperature within the PAZ. The concentration of uranium in the crystal is measured and 

the density of the tracks per unit area is measured. The decay rate for uranium and the 

track density within the crystal is interpreted to determine the amount of time since the 

sample cooled (Dickin, 1995).

11.1.2 Cooling ages from fission tracks:

The fission track method can be used to date materials up to a billion years old 

(Dickin, 1995). Age determinations from the two most common fission track techniques, 

apatite fission track (AFT) and zircon fission track (ZFT), are apparent ages, not absolute 

ages and are based on the accumulation of radiation damage from spontaneous fission of 

238U within the crystal structure (O’Sullivan, 1998a). The apparent age indicates the time 

since the sample cooled below its closure temperature (the closure temperature for apatite 

and zircon is ~60°C and ~225°C ± 25° respectively (Bemet and Garver, 2005)). Since 

tracks are formed with a common average length (~16|j.m), the statistically important 

measurement is track density, as tracks of the same length accumulate over time. Simply

238put, the higher the track density, the older the sample age. If the concentration of U, the



decay rate of 238U and the number of fossil fission tracks per unit area is known, then an 

accurate age determination can be made. The length o f the tracks is used to model the 

cooling history of the sample by combining possible time and temperature combinations 

that result in the suite of track lengths seen in the crystal.

11.1.3 How to interpret apatite fission track dating:

Fission track dates from orogenic landscapes do not follow metamorphic isograds 

or lithologic contacts but rather are usually consistent with topography (Dickin, 1995). 

The dates reflect the time elapsed since the sample cooled below the closure temperature 

(AFT ~60 C, ZFT 225°C ± 25°C). Therefore, dates yielded by fission track can be used 

to interpret timing of uplift, subsidence, denudation, burial, or fold formation. The rates 

of these processes are interpreted based on the difference between cooling ages for 

samples that have the maximum possible vertical separation.

Interpretation o f geologic or tectonic processes must be done very carefully when 

using fission track dating because the dates yielded by fission tracks represent the age 

since cooling only. For example, detrital apatite populations displayed as histograms 

displaying the number o f tracks and their variation in the length can be interpreted as 

representative o f the time the sample spent in the PAZ. A histogram showing track 

lengths with a narrow, high peak of long tracks (~16fim) can be interpreted as reflecting 

rapid cooling, with the sample having spent a short amount of time in the PAZ (between 

~ 110° and 60°C). In this case, few tracks would have had time to significantly anneal 

and shorten before they cooled below the closing temperature.



Common causes of rapid cooling within orogenic belts are uplift and denudation 

at the sample location (Dickin, 1995; Allen and Allen, 2005; Bemet and Garver, 2005). 

All three would have the same result on track lengths, as all three interpretations result in 

the sample temperature dropping quickly through the PAZ. However, uplift, denudation, 

deformation and unroofing are indicative o f very different geologic processes that require 

additional data to substantiate one interpretation over the others.

Samples with close horizontal spacing and maximum vertical spacing are ideal 

because they provide a nearly vertical profile that allows interpretation of uplift rates 

between two known elevations.
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