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Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the United

States Government or any agency thereof.
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Abstract

The Carboniferous Lisburne Group is a major carbonate reservoir unit in northern Alaska. The
Lisburne is detachment folded where it is exposed throughout the northeastern Brooks Range, but
is relatively undeformed in areas of current production in the subsurface of the North Slope. The
objectives of this study are to develop a better understanding of four major aspects of the Lisburne:

1. The geometry and kinematics of detachment folds and their truncation by thrust faults.

2. The influence of folding on fracture patterns.

3. The influence of deformation on fluid flow.

4. Lithostratigraphy and its influence on folding, faulting, fracturing, and reservoir
characteristics.

The Lisburne in the main axis of the Brooks Range is characteristically deformed into imbricate
thrust sheets with asymmetrical hangingwall anticlines and footwall synclines. In contrast, the
Lisburne in the northeastern Brooks Range is characterized by symmetrical detachment folds. The
focus of our 2000 field studies was at the boundary between these structural styles in the vicinity
of Porcupine Lake, in the Arctic National Wildlife Refuge. The northern edge of thrust-truncated
folds in Lisburne is marked by a local range front that likely represents an eastward continuation of
the central Brooks Range front. This is bounded to the north by a gently dipping panel of
Lisburne with local asymmetrical folds. The leading edge of the flat panel is thrust over Permian
to Cretaceous rocks in a synclinal depression. These younger rocks overlie symmetrically
detachment-folded Lisburne, as is extensively exposed to the north.

Six partial sections were measured in the Lisburne of the flat panel and local range front. The
Lisburne here is about 700 m thick and is interpreted to consist primarily of the Wachsmuth and
Alapah Limestones, with only a thin veneer of Wahoo Limestone. The Wachsmuth (200 m) is
gradational between the underlying Missippian Kayak Shale and the overlying Mississippian
Alapah, and increases in resistance upward. The Alapah consists of a lower resistant member
(100 m) of alternating limestone and chert, a middle recessive member (100 m), and an upper
resistant member (260 m) that is similar to Wahoo in the northeastern Brooks Range. The Wahoo
is recessive and is thin (30 m) due either to non-deposition or erosion beneath the sub-Permian
unconformity. The Lisburne of the area records two major episodes of transgression and
shallowing-upward on a carbonate ramp. Thicknesses and facies vary along depositional strike.

Asymmetrical folds, mostly truncated by thrust faults, were studied in and south of the local range
front. Fold geometry was documented by surveys of four thrust-truncated folds and two folds not
visibly cut by thrusts. A portion of the local range front was mapped to document changes in fold
geometry along strike in three dimensions. The folds typically display a long, non-folded gently
to moderately dipping backlimbs and steep to overturned forelimbs, commonly including parasitic
anticline-syncline pairs. Thrusts commonly cut through the anticlinal forelimb or the forward
synclinal hinge. These folds probably originated as detachment folds based on their mechanical
stratigraphy and the transition to detachment folds to the north. Their geometry indicates that they
were asymmetrical prior to thrust truncation. This asymmetry may have favored accommodation
of increasing shortening by thrust breakthrough rather than continued folding.

Fracture patterns were documented in the gently dipping panel of Lisburne and the asymmetrical
folds within it. Four sets of steeply dipping extension fractures were identified, with strikes to the
1)N, 2) E, 3) N to NW, and 4) NE. The relative timing of these fracture sets is complex and
unclear. En echelon sets of fractures are common, and display normal or strike-slip sense.
Mesoscopic and penetrative structures are locally well developed, and indicate bed-parallel shear
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within the flat panel and strain within folds. Three sets of normal faults are well developed in the
area, and are unusual for the Brooks Range. One set is parallel to and another is transverse to the
strike of the folds. A single major normal fault has an intermediate orientation. The normal faults
cut across folds, but may have been active late during folding because fold geometry differs across
faults and some folding apparently continued after normal faulting.

Folds in Lisburne carbonates reveal complex relations between folding and mesoscopic structures,
including fractures. Different mesoscopic structures formed at different times during fold
evolution. Orogen-normal extension fractures may form in relatively undeformed rocks ahead of
the fold-and-thrust belt. A variety of mesoscopic structures accompany folding and reflect
different mechanisms and conditions. Flexural slip and associated fractures are prevalent in the
early evolution of the fold. Homogeneous fold flattening may supersede flexural slip as folds
tighten and/or conditions favor ductile deformation, and earlier-formed fractures may be
overprinted or destroyed by ductile strain. Extension fractures may again become important as
brittle conditions return during unroofing, late during or after folding.

Wellbore trajectory and connectivity were analyzed for the two dominant sets of fractures in
relatively undeformed Lisburne: a NNW-striking set and an ENE-striking set with smaller but
more numerous fractures. The optimum wellbore trajectory bisects the two sets if fractures of
both sets are assumed to cut across each other. However, if ENE fractures are assumed to
terminate against the NNW fractures, the optimum trajectory is normal to the NNW set.
Variability in the strike and dip of fractures has less effect than termination. Number vs. area of
fractures connected to the wellbore may not correlate if one set terminates against the other.
Sensitivity analysis indicates that a decrease in the largest fractures has the largest effects on
conductance and connectivity. A significant decrease in transmissivity of the ENE fractures
decreases conductance in both directions, but a significant decrease in transmissivity of the NNW
fractures decreases conductance mainly in the NNW direction.

v
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Introduction _and geologic_setting

by Wesley K. Wallace, Geophysical Institute and Department of Geology and Geophysics,
University of Alaska, Fatrbanks, Alaska 99775-5780

Definition of problem and objectives

Carbonate rocks of the Carboniferous Lisburne Group are found throughout a vast region of
northern Alaska, including the subsurface of the North Slope and the northern Brooks Range.
The Lisburne is a major hydrocarbon reservoir in the North Slope: It was the original target at
Prudhoe Bay and is the currently producing reservoir in the Lisburne oil field. Folded and thrust-
faulted Lisburne has been a past exploration target in the foothills of the Brooks Range, and will
be increasingly important with growing interest in exploration for gas. It also is an important
potential future target for oil and gas exploration in the coastal plain of the Arctic National Wildlife
Refuge (1002 area). However, relatively little is known about the reservoir characteristics and
behavior of the Lisburne and how they change as a result of deformation.

As in many carbonate reservoirs, most of the hydrocarbon production from the Lisburne Group is
from naturally occurring fractures. Natural fractures play an essential role in production from the
reservoir, but the geologic factors that control the origin, distribution, and character of these
fractures are poorly understood. In the Lisburne oil field, less than 10% of the 2 billion barrels in
place is recoverable at the present time. A clearer understanding of the nature and origin of these
fractures has the potential to aid in the development of secondary and tertiary recovery programs
for a reservoir that is large but difficult to produce.

Future targets for exploration in the Lisburne likely will be along the northern edge of the Brooks
Range orogen, where the Lisburne has been modified by fold-and-thrust deformation. Such
deformation has long been recognized both to enhance porosity and permeability, largely through
the formation of fractures, and to reduce them by compression, as reflected by the formation of
cleavage and stylolites. However, the ability to predict patterns of enhancement or reduction in
porosity and permeability and how they vary within a particular fold trap remain quite limited.
Recent rapid advances in the understanding of the geometry and kinematics of different types of
folds that form in fold-and-thrust settings offer great potential to improve the systematic
understanding of enhancement or reduction in porosity and permeability in fold traps, but these
advances have only begun to be applied.

The Lisburne Group is a structurally competent unit that overlies an incompetent unit. Hence, the
Lisburne undergoes a progressive evolution as shortening increases, from its undeformed state, to
tightening detachment folds, to detachment folds that either continue to tighten or are truncated by
thrust faults, depending on whether they are symmetrical or asymmetrical. How trap geometry
and reservoir characteristics vary as this evolution progresses is not systematically understood,
particularly with respect to differences in lithology and position within a fold. The basic objective
of this study is to document and develop predictive models for structurally induced changes in
reservoir geometry and characteristics at different stages in the evolution of detachment folds in the
Lisburne Group.

Extensive exposures of the Lisburne Group in the northeastern Brooks Range fold-and-thrust belt
offer the opportunity to develop a clearer understanding of the origin, distribution, and character of
structurally induced enhancement and reduction of porosity and permeability in the Lisburne
Group. The Lisburne Group is deformed into detachment folds that have evolved to different

A-1
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degrees, and thus provides a series of natural experiments in which to observe those structures and
to develop models both for their formation and for the resulting patterns of enhancement and
reduction of porosity and permeability. The results of these field-based observations and models
can then be used to develop quantitative models for characterization of Lisburne reservoirs and the
fluid flow within them. Such models can be applied to a spectrum of traps from relatively
undeformed to highly folded and thrust faulted.

This study of the Lisburne Group has the following major objectives:

*Establish ‘baseline’ reservoir characteristics in a relatively undeformed section and develop
fracture and fluid flow models and a wellbore placement strategy in such reservoir.

*Document the evolution of trap-scale fold geometry with increasing shortening, with
emphasis on changes in thickness across the fold and with respect to mechanical stratigraphy.

*Characterize the differences between folds that continue to shorten by tightening vs. those
that are cut by thrust faults as shortening increases.

*Determine patterns in reservoir enhancement and destruction within a fold trap as a function
of mechanical stratigraphy and of position within folds at different stages of evolution.

*Use observations of natural folds to constrain predictive models for the evolution of trap-
scale fold geometry with increasing shortening and for the resulting modifications of reservoir
characteristics.

*Use observations of natural folds and predictive fold models as a basis for fracture models
for fluid flow and wellbore placement strategies in fold traps.

The results of this study will apply to current production in relatively undeformed Lisburne and to
future exploration in deformed Lisburne. At least as important is the fact that the results will apply
generally to carbonate reservoirs and to folded reservoirs, both of which are major producers and
exploration targets worldwide.

Scope of this report

This report summarizes the results of this project’s second season of field work, which was
conducted during the summer of 2000. The report reflects progress to June, 2001. It presents
examples of compiled data and interpretations based on field observations and preliminary
analysis. Results of further data compilation, analysis, and interpretation will be presented in
future reports. The report does not address studies begun during the project’s first (1999) season
of field work except for a discussion of mesoscopic structures and detachment fold development
(Chapter E) and an update on fracture and flow modeling (Chapter F). Further results of these
studies will be presented in future reports.

Participants in this report include six Master’s students (P.K. Atkinson, J. Brinton, T. Bui, M.A.
Jadamec, A.V. Karpov, and J.R. Shackleton), a Ph.D. student (M.M. McGee), a
micropaleontological analyst (A.P. Krumbardt), three University of Alaska faculty (W.K.
Wallace, C.L. Hanks, and M.T. Whalen), one Texas A & M faculty (J.L. Jensen), and a visiting
scientist from Sandia National Laboratories (J.C. Lorenz).

The report consists of six chapters that each summarize a different aspect of the study and are
written by different authors. These include: .

*A. Introduction and geologic setting, by W.K. Wallace

*B. Baseline stratigraphy of the Lisburne Group, by M.M. McGee, M.T. Whalen, and A.P.
Krumhardt

*C. Geometry and evolution of thrust-truncated detachment folds in the upper Marsh Fork
A-2



Second semi-annual report - DE-AC26-98BC15102

area of the eastern Brooks Range fold-and-thrust belt, Alaska, by M.A. Jadamec and W.K.
Wallace

*D. The relationship between fracturing, asymmetric folding, and normal faulting in Lisburne
Group carbonates: West Porcupine Lake valley, by J.R. Shackleton, C.L. Hanks, and W.K.
Wallace

*E. Timing and character of mesoscopic structures in detachment folds and implications for
fold development--An example from the northeastern Brooks Range, Alaska, by C.L. Hanks,
W.K. Wallace, J.C. Lorenz, P.K. Atkinson, J. Brinton, and J.R. Shackleton

*F. Lisburne Group fracture distribution and flow modeling, by A.V. Karpov, T. Bui, J.L.
Jensen, and C.L. Hanks

Geologic Setting

The Lisburne Group is the most abundant and widely distributed rock unit in the northern Brooks
Range, where it forms the range front in most places and extends a significant distance southward
into the range. This unit displays two distinct structural styles in different parts of the northern
Brooks Range. Imbricately stacked thrust sheets characterize the Lisburne south of the range front
in the western and central Brooks Range and south of the projection of the range front into the
eastern Brooks Range. These thrust sheets commonly display asymmetrical hangingwall
anticlines and footwall synclines, but only rare asymmetrical folds that have not been cut by thrust
faults. In contrast, the northeastern Brooks Range is characterized by symmetrical detachment
folds only rarely cut by thrust faults. The “Continental Divide thrust front” marks the boundary
between these two structural styles (Figure A-1).

The focus of the first summer of field work for this study was on the Lisburne and its structures
north of the Continental Divide thrust front, in the detachment-folded Lisburne of the northeastern
Brooks Range. The second summer of field work addressed the asymmetrically folded and
imbricated Lisburne south of the thrust front. This report presents results mainly from that second
field season. The structural style south of the Continental Divide thrust front is exceptionally well
exposed along the southern margin of an important structural low near Porcupine Lake (Figure A-
1). This area was the geographic focus of most of the studies presented in this report.

Regional stratigraphy and its structural implications

Little published information is available on the stratigraphy in the Porcupine Lake area. Major
differences in stratigraphy exist across the Continental Divide thrust front beneath the
Mississippian Kayak Shale, but the differences are much less clear higher in the section. North of
the thrust front, a complex of penetratively deformed and slightly metamorphosed pre-Middle
Devonian sedimentary and subordinate volcanic rocks forms depositional basement and is
unconformably overlain by a thin veneer of Mississippian Kekiktuk Conglomerate. To the south,
a much expanded clastic succession exists downward from the stratigraphic position of the
Kekiktuk Conglomerate and the underlying basement rocks are not exposed (e.g., Imm et al.,
1993). This clastic succession probably is equivalent to the succession documented to the east-
northeast by Anderson et al. (1994), where the Middle Devonian (and younger?) Ulungarat
formation unconformably overlies basement and is in turn unconformably overlain by
Mississippian Kekiktuk Conglomerate with a small angular discordance.

The Kekiktuk Conglomerate is conformably overlain by a succession that consists of the
Mississippian Kayak Shale, carbonate rocks of the Mississippian and Pennsylvanian Lisburne
Group, and shale and subordinate sandstone of the Permian and Lower Triassic Sadlerochit Group

A-3
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(or its equivalents). A similar succession is present on both sides of the Continental Divide thrust
front. Preliminary work (detailed in chapter B of this report) indicates that the Lisburne south of
the thrust front is thicker and represents deeper-water deposition than to the north.

The stratigraphic succession has a profound influence on the character of structures on both sides
of the Continental Divide thrust front. Basement to the north forms thick fault-bend folded thrust
sheets, whereas the clastic rocks at the base of the succession to the south are detached from
basement and form thinner imbricate thrust sheets (Wallace, 1993). The Lisburne serves as a
competent structural member bounded by structural detachments in the underlying and overlying
incompetent shales on both sides of the thrust front, but forms thrust-truncated folds to the south
and detachment folds to the north. .

These are the stratigraphic units most relevant to this report. Other units that are locally preserved
within the Porcupine Lake structural low are mentioned below.

Structural domains of the Porcupine Lake structural low

The Porcupine Lake structural low and a similar low at Bathtub Ridge to the east-northeast lie
along structural strike with the range front of the central Brooks Range. They display similar
structural characteristics to that range front and probably represent remnants of its eastern
continuation. This range front originated as the leading edge of far-displaced allochthons in Late
Jurassic to Early Cretaceous time (Moore et al., 1994a), but was structurally modified and attained
the structural relief responsible for its present topographic expression in Paleocene time
(O’Sullivan et al., 1997). In the eastern Brooks Range, the older range front became isolated
within the range as the deformation front migrated northward to form the northeastern Brooks
Range in Eocene and later time (Wallace and Hanks, 1990; Hanks et al., 1994; O’Sullivan, 1994).
The Porcupine Lake and Bathtub Ridge structural lows locally preserve rocks and structures that
have been uplifted and eroded elsewhere along the former range front.

A zone that consists of four distinct structural domains defines the boundary in structural styles
between the central and northeastern Brooks Range across the Porcupine Lake structural low
(Figures A-2 & A-3). The southernmost domain is a local range front that forms the southern
edge of the lower topography of the structural low to the north. This range front is typical of the
range front of the central Brooks Range, which lies along strike. It is marked by a distinct
topographic front defined by folds at the leading edges of overlapping thrust sheets. This range
front marks the northern edge of the structural style characteristic of the northern part of the main
axis of the Brooks Range (Moore et al., 1994a; Wallace et al., 1997). South-dipping thrust sheets
of Lisburne are bounded by décollements in the underlying Kayak Shale and overlying Sadlerochit
Group. Asymmetrical hangingwall anticlines and footwall synclines commonly mark the leading
and trailing edges of these thrust sheets. Local unbroken asymmetrical folds suggest that the
hangingwall anticlines and footwall synclines formed by thrust-breakthrough of the steep limbs of
asymmetrical folds.

The domain north of the local range front consists of an extensive, nearly flat-lying panel of
Lisburne and Sadlerochit (Figures A-2 & A-3) that locally displays unbroken asymmetrical folds
and is cut by two sets of normal faults, one parallel to and another transverse to regional structure.
In the lowest part of the regional structural low, this panel is overlain by a klippe of Carboniferous
to Cretaceous rocks that are probably equivalent to remnants of south-derived allochthons
preserved along the central Brooks Range front and in the western Brooks Range. The leading
edge of the flat-lying panel is locally exposed as a hangingwall anticline in Lisburne thrust over
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rocks of the Sadlerochit Group.

To the north of the flat panel, a synclinal depression centered near Porcupine Lake (Figures A-2 &
A-3) preserves strata that have been eroded throughout most of the northeastern Brooks Range
except near its northern range front and at Bathtub Ridge. 'In addition to the Permian and Triassic
Sadlerochit Group, these rocks include the Triassic Shublik Formation, the Jurassic and Lower
Cretaceous Kingak Shale, the Lower Cretaceous Kongakut Formation, and the Lower Cretaceous
Bathtub Graywacke. The youngest part of this succession includes probable equivalents of
foreland basin deposits found in similar synclinal lows along strike to the west along the central
Brooks Range front and to the east in Bathtub syncline. Local exposures of folded Lisburne
within this synclinal depression suggest that it marks the southern extent of the symmetrical
detachment folds characteristic of the northeastern Brooks Range.

A fourth domain is exposed only to the east (Figure A-2), where imbricated Lisburne and older
rocks form a structural high that plunges westward beneath the Permian and younger rocks
preserved in the synclinal depression. This structural high is bounded to the south by a thrust fault
along the leading edge of the flat panel and to the north by a thrust fault that was itself folded when
symmetrical detachment folds formed in the underlying Lisburne and Sadlerochit. The core of the
structural high consists of imbricated coarse-grained siliciclastic rocks that are structurally bounded
above and below by folded and imbricated Lisburne. The siliciclastic rocks lie beneath the sub-
Lisburne décollement (in Kayak) and are probably equivalent to a parautochthonous Middle
Devonian to Mississipian clastic wedge (Ulungarat and Kekiktuk Formations) that is exposed to
the east.

Questions about the Porcupine I.ake structural low

The structural characteristics of the Porcupine Lake structural low raise a number of unresolved
questions that are relevant to this project. These questions are only briefly introduced here, but
will be addressed in more detail in other parts of this report and in future research.

The most central of these questions is why structural style changes across the low from thrust-
truncated asymmetrical folds to symmetrical detachment folds. Wallace (1993) suggested several
possible controlling factors, including changes across the boundary in mechanical stratigraphy, dip
of the basal detachment, amount of depositional and structural overburden, and/or amount of
shortening. The role of each of these factors will be explored in future work, but field
observations have already confirmed that differences in mechanical stratigraphy exist across the
boundary. Specifically, the Lisburne south of the boundary is thicker and more competent than to
the north, and the stratigraphic character and structural behavior of the underlying rocks changes
across the boundary. These stratigraphic differences raise additional questions that may have
bearing on interpretation of the factors controlling structural style.

The Endicott Mountains allochthon is interpreted to have been displaced a large distance northward
over parautochthonous rocks of the North Slope and northeastern Brooks Range (Mull et al.,
1987, 1989; Moore et al., 1994a & b). The Upper Devonian Hunt Fork Shale, Noatak
Sandstone, and Kanayut Conglomerate are stratigraphic units found only in the allochthon.
However, direct equivalents of the parautochthonous section are found in the overlying rocks of
the allochthon, including the Kayak Shale, Lisburne Limestone, and Siksikpuk Formation, and
distinction between the allochthon and parautochthon is difficult in this part of the section. The
northern edge of the Endicott Mountains allochthon has generally been interpreted to lie a
significant distance to the south of the Porcupine Lake structural low (e.g., Mull et al., 1989; Imm
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et al., 1993; Moore et al., 1994b). However, two observations suggest the possibility that the
leading edge of the Endicott Mountains allochthon might extend northward to the northern edge of
the flat panel. First, the northern edge of the flat panel is locally seen to be a thrust fault whose
displacement is indeterminate. Second, the stratigraphy of the Lisburne and Sadlerochit-equivalent
rocks of the flat panel and the local range front differ somewhat from those of the known
parautochthon to the north. Detailed stratigraphic study is required to determine whether or not
these rocks belong to the allochthon. The location of the northern edge of the Endicott Mountains
allochthon could have a bearing on the change from thrust-truncated to untruncated folds in the
Lisburne, although this change in structural style does not coincide with the allochthon boundary
farther west (Wallace et al., 1997).

A similar question involves the stratigraphic affinity of the sub-Kayak clastic rocks in the structural
high east of the Porcupine Lake structural low. Based on their location and character, these rocks
most likely are equivalent to the parautochthonous Middle Devonian to Mississipian Ulungarat and
Kekiktuk Formations. However, the possibility must also be considered that they are equivalents
of the Kanayut Conglomerate of the Endicott Mountains allochthon. The identity of these rocks
has major implications for structural interpretation, but requires detailed stratigraphic study to
resolve.

Two other questions involve structural characteristics of the Porcupine Lake structural low that are
apparently absent from the central Brooks Range front. First, why does the flat panel exist, and
why are the folds within it not generally truncated by thrust faults? Second, why are two different
sets of normal faults so prominently developed within the flat panel? The answers to these
questions are obviously relevant to our studies of fold and fracture evolution within the flat panel.

Location of the field studies included in this report

The focus of the 2000 field season was on the stratigraphy, folding, thrust truncation, and
fracturing of Lisburne that has been asymmetrically folded. Consequently, the field observations
summarized in chapters B, C, and D of this report are from the local range front and flat panel
domains of the Porcupine Lake area (Figures A-2 & A-3). Lisburne stratigraphy appears to be the
same in the two domains and is described in Chapter B. Chapter C describes thrust-truncated
asymmetrical folds along the local range front south of the central part of the Porcupine Lake
structural low. Chapter D describes the structure of the western part of the flat panel, including
asymmetrical folds, normal faults, and associated fractures. ;
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Baseline stratigraphy of the Lisburne Group

by Michelle M. McGee, Michael T. Whalen, and Andrea P. Krumhardt Geophysical
Institute and Department of Geology and Geophysics, University of Alaska, Fairbanks,
Alaska 99775-5780

Abstract

Further progress has been made on establishing the baseline stratigraphy of the
Lisburne Group in the northeastern Brooks Range. This report concentrates on analysis
of field data collected in the Porcupine Lake area, Philip Smith Mountains. Six partial
sections in the Wachsmuth and Alapah Limestone were the focus of the 2000 field
season. Subsequent laboratory analysis of samples collected during the field season and
synthesis of lab and field data represent the progress completed since our last report.

The Wachsmuth Limestone is poorly exposed in the field area and appears to be
gradational with the underlying Kayak Shale and overlying lower Alapah Limestone.
The lower Alapah is resistant and displays dark (chert) and light (limestone) banding. The
middle Alapah is recessive and the upper Alapah is resistant and lithologically similar to
the Wahoo Limestone in the north. Cycles in the Alapah, overall, shallow up from
mudstones or wackestones to packstones, grainstones, or rudstones. Several
parasequences were identified in the upper middle Alapah and upper Alapah. These
packages are based on weathering profiles and may have an impact on the mechanical
stratigraphy. A very thin package of Wahoo Limestone overlain by the Sadlerochit group
was identified in the field area. The thin Wahoo Limestone may be due to non-deposition
but is more likely the result of subsequent erosion associated with unconformity
development. _

Laboratory analyses consisted of collection of x-ray diffraction, thin section
petrography, and initial processing off conodont samples collected in the field. Thin
sections were stained with Alizarin Red-S to help differentiate calcite from dolomite and
identify samples to be subjected to x-ray diffraction analysis. X-ray diffraction was
performed on 132 samples from 3 stratigraphic sections and has provided data on the
mineralogic content. Peak area analysis was also performed on 56 samples where
dolomite was present to quantitatively determine the relative percentages of calcite and
dolomite in each sample. Twenty-five samples processed for conodonts and have yielded
biostratigraphic and relative age data.

The data collected will be used to identify depositional cycles and parasequences
and provide criteria for correlations between different outcrops and between Prudhoe Bay
and rocks exposed in outcrop. To this end a stratigraphic cross section for the Porcupine
Lake field area was constructed and for the final phase of the project these sections will
be correlated with sections further north and with subsurface core and well logs.
Subsurface and surface data will delineate package geometries, lateral changes of
lithology and reservoir characteristics, and paleogeography across the broad carbonate
platform. Seismic scale cross sections will eventually be constructed that will aid in
sequence stratigraphic interpretations and delineation of major reservoir units.

Objective

The goals of this phase of the research project are to establish a “baseline” for
Lisburne reservoir characteristics in relatively undeformed rocks using surface and
subsurface data. The goals of this portion of the project are being met through a multi-
phase approach to stratigraphic data collection to insure the development of a
comprehensive database for establishing the stratigraphic baseline. The multi-phase
approach includes collection of high-resolution lithostratigraphic data, petrographic,
mineralogic, and X-ray diffraction data, and outcrop spectral gamma ray profiles and
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comparable subsurface geophysical logs. Progress on the baseline stratigraphic study of
the Lisburne Group includes acquisition of outcrop lithologic data from distal portions of
the field area in the Philip Smith Mountains, collection of petrographic and x-ray
diffraction data, and construction of a stratigraphic cross section.

Methods

During the summer of 2000, high-resolution lithostratigraphic data were collected
from six partial sections in the south Porcupine Lake area, Philip Smith Mountains
(Figure 1) by Michelle McGee and Michael Whalen with assistance from Andrea
Krumhardt, Sue Morgan and Rachael Pachter. Measured sections include Forks Canyon
(FC), Forks Wahoo (FW), East Fork (EF), East Fork 2 (EF2), Marsh Fork (MF), and
Marsh Fork 2 (MF2)(Table 1). Sections were measured at meter intervals using a jacob
staff and fist sized hand samples were collected every meter or at smaller intervals. One
four to five kilogram conodont sample was collected every ten to twenty meters.
Detailed sedimentologic data collected included descriptions of depositional fabrics,
sedimentary structures, bed thickness, lithologic contrasts, paleontologic content, porosity
types and amounts, chert content, fracture type and location, and ichnofabric and
identification of dolomitized intervals, Outcrop gamma ray data was not collected this
field season because no complete stratigraphic sections were identified.

All hand samples collected (964) have been cut and 210 samples have been thin
sectioned and stained for calcite (Alizarin Red S). X-ray diffraction has been completed
on 139 samples and peak area analysis was performed on 56 samples found to contain
both calcite and dolomite (Fig. 5). Petrographic analysis will be completed on 210
samples and will be used to determine reservoir properties, such as primary and
secondary porosity. Point counting will quantitatively identify skeletal and other
sedimentary  grains, matrix, pores, cements, and compaction features.
Cathodoluminescent analysis will help further delineate diagenesis.

Twenty-five conodont samples have been processed, conodonts have been
identified and samples placed within a zonal framework. Conodonts will be used in
biostratigraphy and correlation of spatially separated stratigraphic sections and will aid in
the identification of the Mississippian-Pennsylvanian boundary.

Data analysis will include identification of depositional cycles and parasequences,
construction of cross-sections, and correlations between Prudhoe Bay cores and outcrop.
Depositional cycles and unconformities will be used to classify units that are genetically
similar. Cross-sections will be used to identify vertical variations in lithology and
changes in reservoir properties. Correlations between subsurface and surface will
delineate package geometries, lateral changes of lithology and reservoir characteristics,
and paleogeography across the broad carbonate platform.

Observations And Interpretations

The Lisburne is approximately 700 meters thick in the south Porcupine Lake field
area. The Lisburne in the field area can be subdivided into the Wachsmuth, Alapah and
Wahoo limestones (Brosgé and others, 1962). We have informally divided the Alapah
Limestone into lower, middle, and upper units based on lithofacies and weathering
profiles (Figure 2). Only a thin interval of the lowermost Wahoo Limestone crops out in
the field area and the top of this unit appears to represent the pre-Upper Permian
unconformity (Armstrong and Mamet, 1975; Hubbard and others, 1987; Jameson, 1994;
Watts and others, 1995). Erosion associated with this unconformity removed most of the
Wahoo Formation which is overlain by the Kavik Shale member of the Sadlerochit
Group. The rocks in the field area subsequently experienced thrust faulting followed by
normal faulting (Fig. 2).
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The Wachsmuth is approximately 200 m thick and recessive weathering at the
base and becomes more resistant with increasing chert content (Figs. 2, 3, 4). The
Wachsmuth displays a cyclic alternation of dark and light banding resulting from
alternating gray wackestone and dark gray to black chert (Fig. 2). Alternating layers are
relatively equal in thickness. The Wachsmuth changes laterally between the Forks and
Marsh Fork field areas. In the Forks area, (sections FC, FW, EF and EF2), the
Wachsmuth contains cycles that are coarser grained and less cherty. Cycles begin with
greenish, calcareous shale that coarsens upward into crinoid-bryozoan-coral grainstone to
rudstone and coral framestone. Basal shales drape over coral heads that form the top of
the subjacent cycles. Progressively coarsening upward cycles indicate a progradational
facies stacking pattern. In the Marsh Fork area (sections MF and MF2), the Wachsmuth
is finer grained and cherty. Overall, the Wachsmuth is interpreted to have been deposited
in a deep ramp environment below fair weather wave base.

The lower Alapah overlies the Wachsmuth is approximately 100 m thick and
relatively resistant in the Marsh Fork and the Forks area (Figs. 2, 3, 4). The lower
Alapah also displays significant lateral variations between the Forks and Marsh Fork
areas. In the Forks area, the lower Alapah cycles coarsen-up from shaley bases to crinoid
grainstones is generally coarser-grained and contains less chert than in the Marsh Fork
area. The base of the lower Alapah in the Marsh Fork area displays a dark and light
banding but this differs from that observed in the Wachsmuth. Dark layers observed in
the lower Alapah consist of shaley or argillaceous wackestones with nodular or bedded
chert overlain by thicker light colored crinoid-bryozoan wackestone with large sub-
horizontal, silicified burrows. These Marsh Fork facies are overlain by meter-thick
crinoid rudstones with reworked coral fragments. The cherty wackestones are interpreted
to have been deposited below fair weather wave base in a moderately deep ramp
environment that shallow upward into shoal environments represented by crinoid
rudstones.

The middle Alapah is 100 meters thick, cyclic, has a recessive weathering profile,
and is darker colored than the lower and upper unit (Figs. 2, 3, 4). Cycles in the Forks
area are 0.25 m thick, recessive, and coarsen-up from a shaley base to crinoid
wackestone, packstone, and rarely grainstone or rudstone. Cycles are thicker and coarser
grained in the Marsh Fork area. Calcite replaced evaporites observed in section EF2 at
the middle-upper Alapah contact and the cycle stacking patterns are interpreted to
indicate shallowing upward from deep ramp to shallow subtidal environments.

The 260 m thick upper Alapah is relatively resistant, light in color, cyclic, and
grainier than the middle interval (Figs. 2, 3, 4). Cycles are a few meters to tens of meters
thick.  They coarsen upward from crinoid-bryozoan wackestone to crinoid-bryozoan
packstone to grainstone. The cycles become muddier and bryozoan and chert abundance
increases upward. The upper Alapah was not described in the Marsh Fork area. The
stratal stacking pattern and fauna from the Forks area indicate a change from open to
restricted lagoonal environments on a shallow ramp.

The lower Wahoo is recessive and is unconformably overlain by the Kavik Shale

“ member of the Sadlerochit Group. The unit is approximately 30 m thick and has not been
described because it is very recessive and rubbly. The recessive nature of the unit makes
it easy to identify in the field. The pre-Upper Permian unconformity that separates the
Wahoo from the overlying Kavik Shale was either the result of simple erosion subsequent
to a Permian drop in relative sea level or due to Permian uplift and related erosion (Watts
and others, 1995).

The Lisburne Group in the Porcupine Lake Valley, Philip Smith Mountains
records an initiation of deep-water carbonate ramp sedimentation atop the underlying
Kayak Shale. Two major episodes of transgression and shallowing upward indicate
significant relative changes in sea-level. Lateral facies changes within the units suggest
that the Forks area was depositionally shallower than the marsh Fork area.
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Data Analysis
XRD

X-Ray diffraction has been completed on 139 samples. Table 2 summarizes
sample results. Section EF has the most complete data and will be the only one discussed
in this report. XRD data from additional sections will be analyzed and discussed in the
sixth semi-annual report.

Seventy nine samples from Section EF were analyzed by XRD to assess their
carbonate mineralogy. Peak area analysis provided quantitative relative percentages of
calcite and dolomite. Seventy samples from the Wachsmuth and 9 from the lower
Alapah were analyzed. Samples from the lower Alapah were mostly calcite. However,
one sample (98 m) contained less than 50% calcite (similar to samples from 48 and 78
m). The Wachsmuth contains six dolomitic intervals where calcite is below 75% (Figure
5). When these intervals are compared, 52 to 63 m and 78 to 90 m have similar
thicknesses between the major dolomitic intervals giving the calcite percentages in
section EF a cyclical quality (Figure 6). Interval 52 to 63 has slightly lower relative
calcite percentages than 78 to 90. This apparent cyclicity will be scrutinized further
when additional XRD data becomes available. The cyclicity of the dolomitic intervals
could have implications for correlating within the field study areas and between study
areas to the north and potentially Prudhoe Bay.

Conodont Biostratigraphy

Twenty five samples from the Porcupine Lake area have been processed, picked,
and identified for conodonts. Samples were crushed to approximately 1 cm in diameter
and then placed in a 5% acetic acid bath. The samples were routinely washed through
nested Tyler no. 20 and 140 screens to remove mud and concentrate the insoluble residue.
Many samples produced an oily sheen on the water surface during processing. The
conodont elements were separated from the residue using sodium polytungstate set at a
specific gravity of 2.85. The conodont elements were hand picked and identified by
Andrea Krumbhardt.

Conodont recovery from the samples was generally poor; the most abundant
sample only yielded 30 elements per kilogram. Elements are commonly abraded and
broken and have a sugary texture indicating exposure to caustic hydrothermal fluids. In
addition, dolomite crystals are often stuck to the surface of the elements making positive
identification difficult. Preliminary analysis of the color alteration indices (CAI) ranged
from 4.5 to 6 with the values of 6 most likely hydrothermally induced.

Preliminary age determinations for samples range from the Middle to Late
Mississippian. Intermediate samples not yet processed may refine the Series designation.
Series assignments for the samples processed to date are as follows.

East Fork (EF section)

0-44: upper Osagean to Chesterian, but probably late Merimecian to Chesterian based on
overlying samples. ‘
44-89m: late Merimecian to Chesterian

East Fork 2 (EF2)
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0-270.25m : late Merimecian to Chesterian

Forks Canyon (FC)
1-132m: upper Osagean to Chesterian, but probably late Merimecian to Chesterian based
on proximity to East Fork sections.

Forks Wahoo (FW)

12-20m: late Merimecian to Chesterian
20-90m: Chesterian

90-178m: middle Chesterian

178: upper Chesterian

Discussion/Conclusions

Further progress has been made on establishing the base-line stratigraphy of the
Lisburne Group. Six partial sections were described in detail from the Porcupine Lake
area, Philip Smith Mountains during the summer of 2000. The Lisburne Group in the
Porcupine Lake Valley, Philip Smith Mountains records an initiation of deep-water
carbonate ramp sedimentation atop the underlying Kayak Shale. Lithofacies analysis
indicate that the Wachsmuth and lower portion of the lower Alapah were deposited in a
deep ramp environment below fair weather wave base. Facies of the upper part of the
lower Alapah indicate shallowing into shoal environments. Facies stacking patterns in
the middle Alapah are interpreted to indicate transgression followed by shallowing
upward from deep ramp to shallow subtidal environments as evidenced by calcite
replaced evaporites near the middle-upper Alapah boundary. -- The fauna and stratal
stacking pattern in the upper Alapah indicate continued shoaling and deposition in open
followed by restricted lagoonal environments on a shallow ramp. Comparison of the
facies stacking patterns and conodont biostratigraphy of these sections with those further
north in the Fourth Range, Shublik Mts., and Sadlerochit Mts. Confirms a progressive
northward onlap on the Lisburne Group.

XRD analysis has identified several cyclic dolomlte intervals in the Wachsmuth
of section EF. Further XRD analysis is needed to document patterns of dolomitization in
" the Alapah Limestone and determine if cyclic dolomitized intervals are restricted to
section EF and the Wachsmuth Limestone

Research Plan For Project Completion

Fieldwork during 2000 and subsequent lab analyses have permitted identification
of priorities for research during the next field season. The ultimate goal of this portion
of the project is to develop a stratigraphic baseline along a proximal-to-distal transect.
This necessitates visiting the best-exposed outcrop sections to refine the stratigraphic data
base. One priority is to revisit the well-exposed section at "Mosquito Bee Creek" in the
Fourth Range to help document small-scale stratigraphic cycles and to collect gamma ray
data. This section is exposed in the creek drainage and will provide some of the most
continuous exposure of the Alapah in a mid-ramp paleogeographic setting (Gruzlovic,
1991). Other well-exposed sections in the Philip Smith Mountains in the north and south
Porcupine Lake areas will also be examined to provide detailed stratigraphic data from
the distal portion of the field area.

The boundary between parautochthonous rocks of the northeastern Brooks Range
and the Endicott Mountains allochthon appears to be between the north and south
Porcupine Lake areas. These areas display markedly different structural styles.
Documentation of the sedimentology and stratigraphy of the north Porcupine Lake area
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during summer 2002 will be crucial to unraveling the paleogeography and controls on
deformation of the Lisburne Carbonate ramp. Analysis of subsurface core and log data is
also an integral part of this study. At least two entire cores of the Lisburne Group from
Prudhoe Bay will be logged in detail. Cores targeted for analysis include: 1.2-06, L4-15,
and possibly L5-13. Core L2-06 is on loan from Philips Petroleum and additional work
on that core will be completed by May 2002.

Field and most subsurface stratigraphic data has been drafted as stratigraphic
sections and important mechanical and sequence stratigraphic subdivisions have been
identified. Detailed petrographic analysis will help refine the high-resolution
lithostratigraphy and aid in identification of sedimentary cycles or parasequences that
might influence reservoir characteristics. Identification of different phases of diagenesis
will also lend insight into variations in reservoir characteristics. Petrographic analysis
will be used to identify microscopic variations in lithofacies important to determining
reservoir properties. X-ray diffraction will be conducted on additional samples to
quantify the percentage of calcite and dolomite in lithologic samples collected from
outcrop and core. These data, along with quantitative porosity and fracture-related data,
will allow us to gauge the importance of differing patterns of dolomitization on reservoir
development.

Seismic-scale outcrop and subsurface analysis will permit the identification of large-
scale (tens to hundreds of meters) lithologic variations that might influence reservoir
characteristics. Because the Lisburne represents a broad carbonate ramp (Gruzlovic,
1991; Watts and others, 1995), lateral facies variations may not be apparent in single
outcrops Oor cores. Analysis of facies variations along a transect from
paleogeographically proximal cores in the subsurface at Prudhoe Bay to more distal
outcrop localities in the northeastern Brooks Range will help identify lithologic trends
that produce lateral reservoir heterogeneities. Seismic-scale analyses in conjunction with
high-resolution lithostratigraphy will also aid in the identification of larger-scale
depositional sequences, the boundaries of which may be related to subaerial exposure
surfaces or other stratal discontinuities with reservoir or mechanical significance.

Recommended Approach For Future Similar Research

The Lisburne Group presents significant challenges to obtaining high-resolution
stratigraphic data in outcrop. The lateral extent (along both strike and dip) of the Lisburne
ramp necessitates correlation of spatially distant sections. Qutcrop gamma ray profiles of
well-exposed sections also appear to be a useful correlation tool although nearly
continuous exposure is necessary for this tool to be used effectively. Large-scale
weathering patterns that define outcrop exposure are related to the overall mechanical
stratigraphy (Figures 2, 3, 4). A fruitful approach to determining overall mechanical
stratigraphy involves relating sections measured in the field to outcrop photos or
photomosaics. Relating the weathering patterns to lithology will permit further
evaluation of the lithologic controls on mechanical stratigraphy. Application of these
methods to future studies in the Brooks Range and correlation of outcrop exposures with
the subsurface will enhance our understanding of the geologic history of Arctic Alaska
and improve our ability to predict the reservoir potential of folded and fractured
carbonates.
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Table 1
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Section

Section
Measured

Thickness/
Stratigraphic
Interval

# Lithologic
Samples

Analyzed
XRD
Samples

#
Conodont
Samples

# Thin
Sectiqns

FC

Summer
2000

135 m, lower,
middle, and
upper Alapah

94

0 .

5

0]

Summer
2000

178 m, upper
Alapah; lower
‘Wahoo;
Sadlerochit
Group

108

0]

EF

Summer
2000

105 m,
Wachsmuth and
lower Alapah

79

79

0]

EF2

Summer
2000

320 m,
‘Wachsmuth;
lower, middle and
upper Alapah;
lower Wahoo;
Sadlerochit
Group

221

56

12

0]

Summer
2000

383 m,
Wachsmuth;
lower and middle
Alapah

295

11

MF2

Summer
2000

228 m,
‘Wachsmuth and
lower Alapah

164

10|

TOTALS

1538 m total; 465
m Wachsmuth;
363 m lower
Alapah; 234 m
middle Alapah;
415 m upper
Alapah; 61 m
lower Wahoo

964

139

48

10]

Table 1. Summary of outcrop and sample data collected in the northeastern Brooks

Range during summer 2000.
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Table 2
Sample # | Mineralogy | Calcite | Dolomite | Relative % | Relative %
C=Calcite Peak Peak Calcite Dolomite
D=Dolomite Area Area
Q=Quartz

EF-0 C,D 54 20 73.0 27.0
EF-1 C
EF-2 C,D 62 7 89.9 10.1
EF-3 C
EF-32 C,D 45 20 69.2 30.8
EF-33 C
EF-34 C
EF-35 C
EF-36 C
EF-37 C
EF-38 C
EF-39 C
EF-40 C,D 34 18 65.4 34.6
EF-41 C,D 33 19 63.5 36.5
EF-42 C,D 49 4 92.5 7.5
EF-43 C

EF-43.3 C
EF-44 C,D 42 2 95.5 4.5
EF-45 C Too little dolomite to calculate area
EF-46 C
EF-47 C,D
EF-48 C,D 38 46 452 54.8
EF-49 C
EF-50 C,D 47 11 81.0 19.0
EF-51 C
EF-52 C,D 44 26 62.9 37.1
EF-53 C,D 52 2 96.3 37
EF-54 C,D 39 10 79.6 20.4
EF-55
EF-56 C,D 51 3 04 .4 5.6

EF-56.3 C,D 47 16 74.6 254
EF-57 C,D 45 12 78.9 21.1
EF-58 C,D 46 7 86.8 13.2
EF-59 C,D 38 13 74.5 25.5
EF-60 C
EF-62 C
EF-63 C,D 33 14 70.2 29.8
EF-64 C,D 48 22 68.6 314
EF-65 C,D 47 9 83.9 16.1
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EF-66

-

54

94.7

53
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3.2
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— D |

98.3

1.7
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0
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=)

90.8
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0
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-
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EF2-54 C

EF2-55 C

EF2-68 C

EF2-69 C

EF2-70 C,D 64 1 98.5 1.5

EF2-71 C

EF2-75 C

EF2_76 C,D 51 5 91.1 8.9

EF2-134 C

EF2-135 C '

EF2-136 C,D 36 11 76.6 234

EF2-137 D,C,Q 13 38 25.5 74.5

EF2-145 C

EF2-146 C, QD 69 1 98.6 14

EF2-147 , 77 18 81.1 18.9

EF2-165 C

EF2-166 C

EF2-167 C,D,Q 53 20 72.6 27.4

EF2-172 C

EF2-173 C
EF2-173.5 C,D 45 32 58.4 41.6

EF2-175 C

EF2-176 C,D 34 29 54.0 46.0

EF2-189 C,D 37 25 59.7 40.3

EF2-190 C,D 52 2 96.3 3.7

EF2-191 C,D Too little dolomite to caculate area

EF2-192 C

EF2-193 C

EF2-199 C

EF2-200 C,D,Q 54 2 96.4 3.6
EF2-213.5 , 13 69 15.9 84.1

EF2-214 C

EF2-215 C,D,Q 47 26 64.4 35.6

EF2-216 C

EF2-218 C

EF2-219 CQ

EF2-220 CQ

EF2-221 C

EF2-222 C

EF2-223 C,D 40 22 64.5 35.5
EF2-269.5 D,C 13 85 13.3 86.7

EF2-278 C

EF2-279 Q,C

EF2-280 C,Q,D 60 6 90.9 9.1

EF2-285 C
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EF2-286 C
EF2-287 C
EF2-288 Q.C
EF2-289 C,.Q
EF2-290 CQ
EF2-291 Q.C
EF2-292 Q. C
EF2-296

EF2-297 CQ
EF2-298

MF-143.5 Shale
MFB-165 C
MFB-166 C
MFB-167 C

Table 2. X-ray diffraction data. Table illustrates the mineralogy of each sample,
measured area of calcite and dolomite peaks, and relative percentages of calcite and

dolomite based on peak area.
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Figure 1. Map illustrating the location of measured stratigraphic sections in the

south Porcpine Lake Valley arca and the location of cross section A-A' illustrated in
Fig. 3.
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Sadlerochit
178 Group 509
28 33
150 m Lower Wahoo 476 m
150m
262m
A o
132——3 10 Fw
er Al
110m <Wah
214
22 : . !
22m . 383 A
o " 71m
FC 53m
143 330
228
111m
124 m
105 92m
— Lower Alapah i T2 m a2
Wachsmuth -
2m 136 206
0
S1m EF 2
136 m
S
206 m
0
MF 2
0
MF

Figure 4. Simplified cross-section illustrating the thicknesses of major lithologic units in the
field area.. Horizontal dimension is not to scale.
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Figure 5. Stratigraphic section EF illustrating carbonate lithologies, grain types, diagenetic features,
and relative percent calcite vs. dolomite from peak area analysis of XRD data.Note the dolomitic
intervals from 40 to 63 m, 63 to 90 m, and 90 to 99 m. Dolomite appears to occur cyclically within
this portion of the stratigraphic section. Further XRD analysis will be necessary to explore the
implications of this cyclic pattern.
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Geometry and Evolution of Thrust-truncated Detachment Folds in the Upper Marsh Fork
Area of the Eastern Brooks Range Fold-and-thrust Belt, Alaska

By Margarete A. Jadamec and Wesley K. Wallace, Geophysical Institute and Department of
Geology and Geophysics, University of Alaska, Fairbanks, AK 99775, ftmaj@uaf.edu

Abstract

In the Brooks Range of northeastern Alaska, the Carboniferous Lisburne Group carbonates and
underlying Mississippian Kayak Shale are separated into two structural domains by the east-
trending Continental Divide thrust front. North of the thrust front, the northeastern Brooks
Range is characterized by symmetric, upright, east-northeast-trending detachment folds formed
by buckling of the Lisburne Group above a decollement in the Kayak Shale. South of the thrust
front, folds in the Lisburne Group typically are asymmetric, east-northeast-trending, and cut by
thrust faults. Field research in the upper Marsh Fork (UMF) area of the Canning River in the
southern domain suggests that the folds evolved by thrust-breakthrough of asymmetric
detachment folds rather than as fault-propagation folds, as is commonly assumed for strongly
asymmetric thrust-related folds.

Novel surveying methods were utilized to collect quantitative data on fold geometry that
potentially record several stages in the evolution of thrust-truncated folds. Thrust faults appear
preferentially to truncate the folds within the anticline forelimb and/or adjacent syncline hinge.
This is indicated by the prevalence of truncated, steeply dipping, anticline forelimbs in contrast
to the planar, gently to moderately dipping, relatively undeformed anticline backlimbs.
Furthermore, parasitic folds and thrust faults in the anticline forelimb region suggest that the
accumulation of strain is typically greater in the anticline forelimb than in the backlimb, thus
rendering the anticline forelimb prone to thrust-truncation. The structural geometry of the
truncated anticlines resembles a superimposed fault-bend-fold geometry. This may be formed by
translation of the truncated fold over the footwall ramp to upper footwall flat or by folding of the
thrust above an underlying horse. A better understanding of the geometry and evolution of
thrust-truncated detachment folds in the UMF area may be applicable to the interpretation of
Lisburne Group structures located in the subsurface beneath the foothills north of the central
Brooks Range. ‘

The structural style of the Lisburne Group in the UMF area is the same as that displayed by the
Lisburne Group throughout the Endicott Mountains allochthon. This and the presence of deep-
water facies in the Lisburne in the UMF area suggest the possibility that the Continental Divide
thrust front in this area may correspond with the leading edge of the Endicott Mountains
allochthon.

1. Introduction
Three general categories of thrust-related folds are common in foreland fold-and-thrust belts:

detachment folds, fault-propagation folds, and fault-bend folds (figure 1). Various authors have
proposed geometric models that explain fold geometry and predict the kinematic evolution of
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each fold type (Suppe, 1983; Jamison, 1987; Mitra, 1990; Suppe and Medwedeff, 1990; Homza
and Wallace, 1995, 1997; Poblet and McClay, 1996). For example in the Suppe (1983) model, a
fault-bend fold occurs during thrust faulting as the hanging wall is displaced over a bend in the
footwall ramp and onto the upper footwall flat. In this model, area, bed length, and layer
thickness are conserved and deformation occurs by layer-parallel slip. In the fault-propagation
fold models, the fold forms in the hanging wall to accommodate slip from the underlying
propagating ramp tip (Suppe and Medwedeff, 1990; Mitra, 1990). A detachment fold forms as a
relatively weak unit detaches and thickens above a basal decollement. Most models assume that
a relatively competent unit deforms above the weak detachment unit and displays parallel fold
geometry (Jamison, 1987; Wallace, 1993; Homza and Wallace, 1995, 1997; Poblet and McClay,
1996). Unlike fault-bend and fault-propagation folds, a detachment fold lacks a fault ramp.

A natural outgrowth of the construction of geometric and kinematic models for the development
of thrust-related folds is the attempt to model and explain the truncation of these folds by late-
stage thrust faults. One of the earliest documented analyses of fold truncation by a late-stage
thrust fault is the Willis break-thrust model (1893). More recently, numerous authors have
explored the geometry and kinematics of the truncation and subsequent displacement of thrust-
related folds, but their interpretations vary widely (Jamison, 1987; Mitra, 1990; Suppe and
Medwedeff, 1990; Fischer et al., 1992; McNaught and Mitra, 1993; Morley, 1994; Thorbjornsen
and Dunne, 1997; Wallace and Homza, in press). Moreover, the process of fold truncation is
often overlooked in the interpretation of natural thrust-related folds.

Numerous examples of truncated and nontruncated folds in the eastern Brooks Range provide a
natural laboratory to document the geometry of these structures and explore models for their
evolution. Quantitative data on the geometry of near-profile exposures of kilometer-scale
truncated and nontruncated folds were collected using a novel surveying method. In addition,
the geometry of folds that display two potentially separate stages in the evolution of thrust-
truncation was documented.

The geometric analyses of the map-scale folds and thrust sheets in the upper Marsh Fork (UMF)
area of the eastern Brooks Range leads us to suggest that asymmetric detachment folds evolved
into thrust-truncated folds in order to accommodate increased shortening. This hypothesis
includes three major assumptions: (1) the folds formed by detachment folding, (2) the folds were
asymimetric prior to thrust truncation, and (3) breakthrough of the detachment folds occurred as a
distinct stage after initial fold formation.

2. Geologic Setting

2.A Structural Framework and Location

Helicopter-supported research was conducted in the Philip Smith Mountains along the upper
Marsh Fork of the Canning River where both faulted and nonfaulted folds in the Pennsylvanian
to Mississippian Lisburne Group carbonates are exposed (figure 2). The rugged Philip Smith
Mountains are located in the eastern Brooks Range, which is considered to be the northern
extension of the Rocky Mountain fold-and-thrust belt.
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The Continental Divide thrust front separates the eastern Brooks Range, to the south, from the
northeastern Brooks Range, to the north, and delineates a major structural boundary between the
two regions (figures 2 & 3). South of the thrust front, in the UMF area, folds in the Lisburne
Group typically are asymmetric, east-northeast-trending, and cut by thrust faults. A similar
structural style has been documented in the Endicott Mountains allochthon to the southwest
where, in the Galbraith Lake area, asymmetric, thrust-truncated detachment folds occur in two
structural levels (Wallace et al., 1997; Maclean, 2001). The upper structural level contains
thrust-truncated detachment folds in the Lisburne Group carbonates and the lower structural level
exhibits the same deformation style but in the Kanayut Conglomerate (Wallace et al., 1997).

North of the Continental Divide thrust front in the northeastern Brooks Range, the Lisburne
Group carbonates display symmetric, upright, east-northeast-trending, nonfaulted detachment
folds (Homza and Wallace, 1995, 1997). In the northeastern Brooks Range, the detachment
folds formed by buckling of the Lisburne Group carbonates above a decollement in the
underlying Mississippian Kayak Shale (Wallace 1993; Homza and Wallace, 1995, 1997).
Kilometer-scale fault-bend folds composed of the sub-Middle Devonian basement and Lower
Mississippian Kekiktuk Conglomerate underlie the detachment folds in the overlying Lisburne
Group (Wallace and Hanks, 1990).

2.B Tectonic history

Multiple deformation events have shaped northern Alaska since pre-Middle Devonian time
(Moore et al., 1994). Geochronologic and structural data suggest that deformation,
metamorphism, and igneous activity affected lower Paleozoic and Proterozoic rocks during one
or more orogenic events in northern Alaska in pre-Middle Devonian time. The formation of rift
basins, with possibly associated magmatic activity, characterized Arctic Alaska in the Middle to
Late Devonian (Moore et al., 1994). During the Mississippian through Jurassic, the tectonic
setting was that of deposition and erosion on a south-facing passive continental margin. In
particular, the Mississippian Kayak Shale, Carboniferous Lisburne Group, and Permian to
Triassic Sadlerochit Group were deposited (Lepain, 1993; Watts 1995; Crowder, 1990). The
main axis of the Brooks Range formed during the Middle Jurassic to Early Cretaceous and was
marked by the emplacement of a series of allochthons that were thrust northward, in present day
coordinates (Moore et al., 1994). The lowest and most extensive of these allochthons is the
Endicott Mountains allochthon, which overlies the North Slope autochthon and parautochthon to
the north. During the Brooks Range orogeny, the total structural shortening along the southern
margin of Arctic Alaska is estimated at 200-500 km (Plafker and Berg, 1994). During the
Paleocene, renewed contraction led to uplift of the main axis of the Brooks Range and formation
of the range front to the north. From the Eocene to the present, continued contraction resulted in
the formation of the prominent salient that is the northeastern Brooks Range.

2.C Regional Stratigraphy

The regional stratigraphy of both the Endicott Mountains allochthon and the North Slope
parautochthon will be described here, because the affinity of UMF area rocks to either
stratigraphic sequence is uncertain (figure 4). Both the Endicott Mountains allochthon and the
North Slope parautochthon contain the two units, the Lisburne Group and underlying Kayak
Shale, whose deformation is the focus of this paper. However, the structural style of the
Lisburne Group in the Endicott Mountains allochthon and northeastern Brooks Range is
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dramatically different. Differences between the rock units of the Endicott Mountains allochthon
and North Slope parautochthon may have influenced the distinct deformation styles of the
Lisburne Group carbonates in each region.

The Endicott Mountains allochthon marks the range front along much of the northern central
Brooks Range and lies along structural trend of the Carboniferous rocks in the UMF area. In
ascending stratigraphic order, the Endicott Mountains allochthon is composed of the Upper
Devonian to Lower Mississippian Endicott Group which grades into the Carboniferous Lisburne
Group which is in turn unconformably overlain by the Permain to Triassic Etivluk Group
(Wallace et al., 1997). Various dominantly clastic formations of Jurassic to Lower Cretaceous
age overlie the Etivluk Group. From oldest to youngest, the 4.5 km thick Endicott Group is
composed of the Hunt Fork Shale, Noatak Sandstone, Kanayut Conglomerate, and Kayak Shale.
The approximately 1 km thick Lisburne Group is composed of three formations from oldest to
youngest: the Wachsmuth Limestone, the Alapah Limestone, and the Wahoo Limestone. The
approximately 200 m thick Etivluk Group is composed of the Siksikpuk Formation and
overlying Otuk Formation.

North of both the UMF area and the Continental Divide thrust front, the parautochthonous rocks
of the northeastern Brooks Range constitute the North Slope parautochthon. In the northeastern
Brooks Range, the North Slope parautochthon has been separated into three general stratigraphic
sequences from oldest to youngest: the Pre-Cambrian to Devonian sequence, the Mississippian to
Lower Cretaceous Ellesmerian sequence, and the Lower Cretaceous and younger Brookian
sequence (Wallace and Hanks, 1990). The emphasis here will be placed on the first two
stratigraphic sequences. The pre-Middle Devonian sequence is composed of a lithologically
heterogeneous assemblage of weakly metamorphosed sedimentary and volcanic rocks and
Devonian granitic batholiths. An angular unconformity separates the pre-Middle Devonian
sequence from the overlying Ellesmerian sequence. The Ellesmerian sequence is composed, in
ascending order, of the Lower Mississippian Endicott Group, the Mississippian to Pennsylvanian
Lisburne Group, the Permian to Triassic Sadlerochit Group, and various dominantly clastic
formations of Triassic to Lower Cretaceous age. The Endicott Group is approximately 700 m
thick and composed of two members: the Kekiktuk Conglomerate and overlying Kayak Shale.
The Kayak Shale was deposited in a marginal marine setting and thickens to the south (Lepain,
1993). Conformably overlying the Endicott Group, the approximately 1 km thick Lisburne
Group is composed of the Alapah Limestone and Wahoo Limestone. The Lisburne Group was
deposited on an extensive south-facing carbonate platform (Watts, 1995). A disconformity
separates the overlying Sadlerochit Group from the Lisburne Group. The approximately 700 m
thick Sadlerochit Group is composed of deltaic and shallow marine clastic rocks of the
distinctive orange-brown Echooka Formation and the overlying Ivishak Formation (Crowder,
1990). It is important to point out the contrast in stratigraphic thickness of the Endicott Group in
the Endicott Mountains allochthon and North Slope parautochton, 4500 m versus 700 m
respectively. The Endicott Group is not exposed in the UMF area.

2.D Mechanical Stratigraphy

The Lisburne Group and bounding strata will be described here in the context of mechanical
stratigraphy, that is the description of stratigraphy in terms of the structural and mechanical
behavior of the rock units rather than in terms of the depositional history. Recent workers have
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reemphasized that the stratigraphic character of rock units influences their deformation style
(Woodward and Rutherford, 1989; Wallace, 1993; Erickson, 1996; Fischer and Jackson, 1999).
Moreover, field evidence suggests that the thickness, relative proportions, lateral extent, and
distribution of rock types significantly affect their mechanical response to deformation
(Woodward and Rutherford, 1989; Chester et al., 1991; Pfiffner, 1993; Wallace, 1993; Fischer
and Jackson, 1999). Assuming that the intensive variables, e.g., temperature, confining pressure,
fluid pressure, and strain rate, are the same, the mechanical stratigraphy will strongly influence
the character and relative importance of folding, faulting, and penetrative strain. Both in the
Endicott Mountains allochthon and the northeastern Brooks Range, the mechanical stratigraphy
of the Lisburne Group and surrounding rock units is that of a relatively competent layer of
limestone sandwiched between two significantly less competent intervals of shale and
subordinate fine-grained sandstone (figure 4). The underlying incompetent unit is the Kayak
Shale and the overlying incompetent units are the Siksikpuk and Echooka Formations,
respectively. A detailed description of both the litho-stratigraphy and mechanical stratigraphy
within the Lisburne Group will be presented in the results section of this report.

3. Methods

3.A Overview

The rugged topography of the eastern Brooks Range lent itself perfectly to two distinct methods
of field analysis: traditional field mapping at 1:25,000 scale and surveying the geometry of
individual map-scale folds. The objective of the field mapping was to define three-dimensional
changes in structural geometry along strike. The mapping was supplemented by measuring the
orientations of faults, fold limbs, and various mesostructures, constructing detailed sketches of
outcrops, interpreting field photographs, and collecting conodont samples and oriented hand
samples. The objective of the plane surveys was to document exceptional cross-strike exposures
of individual structures. Precise surveying data will serve to quantitatively test the assumptions
and predictions of published fold models.

The UMEF field area is subdivided into the west, central, and east areas (figure 5). The west
UMF area was mapped in detail at the 1:25,000 scale. Five map-scale folds were surveyed in the
east UMF area with less emphasis placed on field mapping. Mapping in the central UMF area
and surveying the fold geometry in the west UMF area was the focus of the 2001 field season.

3.B Survey data collection

Six plane surveys were conducted in the UMF area of the Canning River in the eastern Brooks
Range. Of these six surveys, five were conducted in the UMF east area and one was conducted
in the UMF west area. Results for four of the five surveys conducted in the UMF east area are
included in this report. A plane survey means that the reference plane over which you are
suveying, i.e., the earth’s surface, can be approximated as a plane as opposed to an arcuate
surface. In other words, in a plane survey, the plumb line is vertical, parallel at each point in the
survey, and perpendicular to a local horizontal plane at each point in the survey. It is important
to point out, then, the degree to which the earth’s surface can be approximated as planar. At 1.6
km from the point of tangency, a horizontal plane deviates from an averaged ellipsoidal earth by
approximately 20 cm (Wolf and Brinker, 1994). For folds 1, 2, and 3 the survey station was less
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than 1.6 km from each surveyed point which leads to a maximum deviation of approximately 20
cm from a planar earth. For fold 5, the survey station was a maximum of 3.2 km from the

farthest surveyed point, and thus the deviation of this survey from a plane is up to approximately
40 cm.

To begin the survey, a reference line was established and oriented with a Brunton compass. The
reference line, marked by a series of 1 m tall wooden stakes, was oriented parallel to true north
for all surveyed folds except for fold 5. The survey station was the origin of the coordinate
system that contains the 3D distribution of the surveyed points. A surveyed point is a specific
location on a feature, where a feature is defined as an outcrop of a marker horizon, bedding
contact, fault surface, or fold hinge. Once a point on a feature was located, the azimuth angle,
zenith angle, and linear distance were measured for that point (figure 6). The azimuth angle,

¢, measured in a horizontal plane, is the angular distance from the reference line to a surveyed
point. The zenith angle, 6, measured in a vertical plane, is the angular distance from the vertical
zenith to a surveyed point. The linear distance, 1, is the shortest distance in space from the
survey station to the surveyed point. A minimum of three unique points defines a plane, and
thus, at least three points were collected for each planar segment of the features surveyed.
Depending on the nature of the feature, between 3 and 25 points were measured. Between 26
and 50 features were surveyed for each of the six plane surveys conducted in the UMF area. As
a measure of the quality control, the coordinates of the same point on the reference were
recorded before and after each feature was surveyed.

A Wild T16 scale-reading theodolite mounted on a standard aluminum surveyer’s tripod was
used to measure the angular distances, ¢ and 6. In the T16 model, the circle graduation interval
is 1°, and each degree is divided into 60 1’ intervals. The angular location of each point
surveyed can be estimated to the nearest tenth of a minute, or six seconds. At 1.6 km, the arc
length subtended by 6°’ is approximately 0.5 m. Because the T16 theodolite lacks any electonic
components, the instrument is useful for remote fieldwork involving a small number of survey
stations and where a power source is unavailable.

A pair of Rockwell Viper laser range finder binoculars was used to measure the linear distance, r.
The binoculars were mounted on a tripod and placed adjacent to the T-16 theodolite. The Viper
laser range finder contains a class 1 laser and an internal magnetic compass. The internal
compass was not used for data measurements. The instrument indirectly calculates linear
distance through the transmission of a laser beam that reflects off a surface and back to the laser
range finder. A hand held prism is not needed for laser reflection. The maximum displayed
resolution of the Viper laser range finder is approximately 30 cm. At a distance of between 50 —
2000 m the accuracy is approximately + 2 m. The accuracy of the range finder depends on the
reflective properties of the rock, size of the target, angle of the rock-laser interface, atmospheric
conditions, local vibrations, and to a lesser degree, lighting conditions.

Both a handheld GPS unit and topographic maps were used to identify the position of the survey
station for each of the six folds surveyed. As a result, the origin of the 3D-coordinate system and

all surveyed points can be located in the geographic reference system of choice. A UTM system
was chosen for the display of these data.



Fourth semi-annual report DE-AC26-98BC15102

4. Mapping and Survey Results

4.A Overview of results

Based on field observations in this study, the Lisburne Group in the UMF area is informally
divided into an upper and lower part (figure 7). The upper and lower parts can be recognized
easily in the field on the basis of their color and weathering pattern. The lower part is in turn
divided into three subunits, in ascending order: a lower dark-gray cliff- to slope-forming unit, a
middle light-gray cliff-forming unit, and an upper dark-gray slope-forming unit. The lower dark-
gray unit contains dark- to light-gray interlayered chert and medium- to fine-grained limestone.
About 20 m of light-gray limestone is exposed locally at the base of this unit and may be
structurally emplaced. The middle light-gray unit forms a cliff in outcrop and is composed of
massive to interlayered chert, crinoid and bryozoan wackestone to rudstone and, to a lesser
extent, dark-gray, fine-grained limestone. The upper dark-gray unit displays a recessive
weathering pattern, is composed of dark-gray crinoid- and brachiopod-bearing packstone,
wackestone, floatstone, and mudstone, and contains lesser light-gray chert and medium- to
coarse-grained limestone. The subordinate light-gray beds are asymmetrically folded and faulted
locally (figure 7b). The three subunits of the lower part have been generally correlated with the
Wachsmuth, Lower Alapah, and Middle Alapah (McGee and Whalen, this report). The base of
the Lisburne Group and, therefore, the underlying Lisburne Group-Kayak Shale contact is not
exposed.

The upper part of the Lisburne in the UMF area forms a prominent cliff in outcrop, is composed
of a light-gray, massive, crinoid and brachiopod packstone, grainstone, and rudstone, and
contains subordinate interlayered and nodular chert. The chert nodules range from 10 cm to 0.5
m in diameter. Slickenlines in this relatively competent upper part show evidence of interlayer
slip. The upper part has been correlated with the Upper Alapah and Lower Wahoo (?) (McGee et
al., this report). A disconformity separated the Lisburne Group from the overlying Permian to
Triassic Echooka or Etivluk Formations. This overlying unit contains two members: a lower
orange-brown shale to fine-grained sandstone, and an upper dark brown shale to sandstone. The
total thickness of the Lisburne Group in the UMF area is approximately 525 m, although the
UMF contains several thrust sheets across some of which the Lisburne varies in thickness on the
order of about 100 m.

The structural style in the UMF area is defined by a series of map-scale hangingwall anticlines
imbricately stacked via southeast dipping thrust faults. The hangingwall anticlines are composed
of the competent Lisburne Group that is bounded between two incompetent detachment units, the
underlying Kayak Shale and overlying Sadlerochit Group (?). The Kayak Shale is not exposed
in the UMF area. However, the Kayak Shale crops out in the cores of the detachment folded
Lisburne Group to the north and in the cores of thrust-truncated asymmetric folds in the Lisburne
Group elsewhere along strike and to the south (e.g., Maclean, 2001; Wallace, 1993; Homza and
Wallace, 1995, 1997; Wallace et al., 1997).

Maps of the east and west field areas are shown in figures 8 & 9. The fieldwork in the west
UMEF consisted primarily of traditional field mapping. Here, data on fold and fault attitude were
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collected from four river drainages that are spaced roughly 1.6 km apart and oriented transverse
to the structural trend. These data will later allow the changes in fold and fault geometry along
strike to be displayed in multiple cross sections. The map-scale structures in the east UMF area
were documented primarily by the surveying method described above, with less emphasis placed
on field mapping.

4.B Structural style along strike in the west UMF area

Figure 8 depicts the key structures observed along the range front in the west UMF area, in
particular a north-vergent anticline in the Lisburne Limestone that can be traced along strike for
approximately 8 km. This anticline displays a south-dipping axial plane, a long planar south-
dipping backlimb, and a parasitically folded forelimb that contains a syncline-anticline pair.
Table 1 outlines the geometric properties of this frontal anticline.

A map-scale hangingwall anticline structurally overlies the planar backlimb of the frontal
anticline (figures 8 & 10). This hangingwall anticline is the southern of the two main folds in
section CC’. The axial plane of the hangingwall anticline dips gently to moderately to the south.
The gently folded relatively long backlimb dips gently to the north and moderately to the south.
The overturned forelimb dips steeply to the south and is cut by a thrust fault that separates the
hangingwall anticline from the frontal anticline. The thrust fault dips approximately 30° to the
southeast. In the footwall, the thrust fault consistently parallels bedding in the structurally
underlying Sadlerochit Group. The geometric properties of the hangingwall anticline are
summarized in Table 1. At least three steeply southwest (?) dipping transverse faults, spaced
approximately 1.6 km apart along the trend of the folds, appear to cut the both the frontal and
hangingwall anticlines and the intervening thrust fault. The transverse faults exhibit apparent
southwest side down normal displacement. Rubbly outcrop and lack of markers made these
faults difficult to trace into the Lisburne Group away from the thrust fault.

Along strike in the west UMF area, the map-scale folds and faults change shape notably. This
could be due to out-of-plane motion, change in amount of shortening along strike, or change in
the manner that the same amount shortening is accommodated along strike.

4.C Structural style across strike in the east UMF area

Five map-scale folds were surveyed in the east UMF area (figures 9 & 11). Here, the folds are
separated into two categories on the basis of their structural character. In the northern region of
the east UMF area, anticlines 4 & 5 display a structural style that resembles and may be a
continuation along strike of the hangingwall anticline in the west UMF area. In the southern part
of the east UMF area, the structural character of the anticlines in the Lisburne Group differs and
will be described later.

In the northern east UMF area, fold 5 is characterized by a south-dipping axial plane, a steeply
south-dipping overturned forelimb that is cut by at least two thrust faults, and a gently north-
dipping backlimb (figures 9 & 11, Table 1). Much of the backlimb has been eroded.
Nonetheless, both limbs of the anticline are planar, with the exception of the sigmoidal drag

~ folds located adjacent to the thrust faults that cut the anticline forelimb.
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Fold 4, in the northern east UMF area, is characterized by a south-dipping axial plane, a long
planar southeast-dipping backlimb, and a north- to overturned south-dipping forelimb that is cut
by a thrust fauit. The hinge area of fold 4 contains a prominent calcite (?) vein several meters
wide that is sub-parallel to the axial trace. Other smaller veins are sub-parallel to the axial
surface throughout the hinge area. The thrust fault is exposed across the entire width of the
exposed anticline, lies along a hangingwall flat in the anticline backlimb, and forms a
hangingwall ramp forward of the anticline hinge. In the footwall, the fault parallels bedding in
the Sadlerochit Group. An open anticline in the footwall has been superimposed on both the
thrust fault and the overlying overturned anticline.

In the southern east UMF area, an anticline-syncline-fault/syncline system, respectively
composed of folds 1, 2, and 3, differs in structural character from the folds in the northern east
UMF area and the west UMF area (figures 9 & 11). Fold 1 is a nearly upright anticline
containing an axial-plane that dips very steeply to the south. The anticline backlimb dips
moderately to the south and is strongly parasitically folded rather than planar (figure 11, Table
1). Fold 2 is an open syncline adjacent to and north of fold 1. Fold 2 is significantly less tight
than the syncline forward of the frontal anticline in the west UMF area. The fold 2 syncline
displays very little parasitic folding. Fold 3 consists of an asymmetric anticline-syncline pair in
the Lisburne Group with at least four thrust splays in the core of the anticline. The upper hinge
area of the anticline is eroded. Most of the splays dip steeply and are associated with very small
asymmetric parasitic folds. The lowest and northernmost splay flattens into bedding in the
forelimb of the syncline, and the adjacent, higher splay appears to tip out in the hinge of the
syncline. The presence of a fault tip in the syncline suggests that fault-propagation folding may
have played a role in the formation of this fold.

5. Preliminary Interpretations

The overall structural style in the UMF area of the eastern Brooks Range is defined by a series of
map-scale hangingwall anticlines imbricately stacked via south-dipping thrusts. More
specifically, the thrust sheets strike east-northeast and dip gently to moderately towards the
south-southeast. Each thrust sheet typically contains a map-scale, truncated anticline at its
leading edge and consists of the Lisburne Group and the stratigraphically overlying Sadlerochit
or Etivluk Group. The east-northeast trending hangingwall anticlines typically possess a
parasitically folded, overturned, truncated forelimb, a planar, upright, relatively long backlimb,
and a gently to moderately south-dipping axial surface. This deformation pattern indicates that
folds in the Lisburne Group are preferentially truncated between the anticline hinge and forward
syncline hinge. The exception to this structural style is fold 1 that is an upright fold and displays
a parasitically folded backlimb. Within the west and central UMF areas, steeply dipping faults
that are transverse to the northeast-trending structural grain cut the hangingwall anticlines,
footwall anticlines and synclines (?), and intervening thrust sheets. The transverse faults may be
normal faults related to extension oriented perpendicular to the maximum shortening direction.
Alternatively, the transverse faults may be tear faults resulting from differential amounts and
modes of shortening along strike.
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Three lines of evidence suggest that, in the UMF area, the folds in the Lisburne Group formed as.
detachment folds. First, the mechanical stratigraphy in the UMF area favors detachment folding
in the Lisburne Group. Here, the Lisburne Group is a relatively competent unit sandwiched
between two incompetent units, the underlying Kayak Shale and overlying Sadlerochit or Etivluk
Group. Second, detachment style folding was the dominant mechanism of deformation in the
same units to the north, in the northeastern Brooks Range (Homza and Wallace, 1995, 1997).
Third, folds that are not cut by thrusts, and so may be remnant detachment folds, are present in
the study area, to the west, and along strike of structural trend of the UMF area (Wallace et al.,
1997).

The folds in the Lisburne Group carbonates in the UMF area appear to be asymmetric; in other
words, the folds contain unequal limb lengths. The total limb lengths cannot be determined
unequivocally, because the forelimbs have been truncated and trailing cutoffs are not exposed
within the area. Nonetheless, the contrast of long, planar, anticline backlimbs with the
asymmetric fold pairs present in several anticline forelimbs indicates that the folds were
separated by long non-folded panels and were probably asymmetrical prior to their truncation by
thrust faults. This is in contrast to the detachment folds in the Lisburne Group of the
northeastern Brooks Range that are symmetric, upright, and lack separation by non-folded panels
(Wallace, 1993; Homza and Wallace, 1997). These folds in the northeastern Brooks Range are
rarely cut by thrust faults and accommodate a wide range of shortening, by what appears to be a
combination of flexural-slip folding and fold flattening (Atkinson, 2001; Wallace, 2001).
Therefore, within the UMF area, the correlation of fold asymmetry and thrust truncation suggests
the possibility that, as shortening increases, fold asymmetry favors thrust truncation.

In a regional context, the stratigraphic affinity of the Lisburne Group in the UMF area is
uncertain. Presently, it is unknown whether the Lisburne Group in the UMF area is part of the
leading edge of the Endicott Mountains allochthon or the North Slope parautochthon and, thus, is
allochthonous or parautochthonous. Preliminary stratigraphic interpretations suggest that the
Lisburne Group in the UMF area may represent a deeper-water facies than that of the
northeastern Brooks Range. A deeper-water facies in the Lisburne Group is consistent with, but
does not necessitate, an interpretation that the UMF area Lisburne Group is part of a far-traveled
thrust sheet. In addition, the lowermost formation in the Lisburne Group of the UMF resembles
the Wachsmuth Formation of the Lisburne Group in the Endicott Mountains allochthon.
Insufficient work has been done on the shale/minor sandstone unit directly overlying the
Lisburne Group of the UMF area to determine whether this overlying unit is more appropriately
assigned to the Sadlerochit Group of the North Slope parautochthon or the Etivluk Group of the
Endicott Mountains allochthon. Previous mapping has identified the northern boundary of the
Endicott Mountains allochthon only approximately, and this boundary was primarily based on
the northern limit of the Kanayut Conglomerate. West of the UMF area, the Endicott Mountains
allochthon appears to lie along strike with the structural trend of the Lisburne Group in the UMF
area. The structural style of the Lisburne Group in the UMF area resembles that of the Lisburne
Group of the Endicott Mountains allochthon, although this style is also locally present within the
southern edge of the North Slope parautochon.

6. Questions Raised
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This research identifies three key questions that will be explored as the research continues: (1)
Did the folds in the Lisburne Group originate as detachment folds or fault-propagation folds, (2)
If the folds formed as detachment folds, what was their character, and (3) How were the folds
truncated by thrust faults? If the folds originated as detachment folds before truncation, three
geometric and kinematic questions are important. First, were the detachment folds originally
asymmetrical or did they evolve from symmetrical to asymmetrical folds? This question is
important, because fold asymmetry may be a critical factor favoring late-stage truncation of
detachment folds. Second, did the folds form as buckle or kink folds? The sense of fold
asymmetry has been shown to differ on the basis of whether a fold formed by the buckle or kink
mechanisms (Reches and Johnson, 1976; Anthony and Wickham, 1978). Third, did the fold
hinges remain fixed or did they migrate? Kinematic models for detachment folds have been
proposed with either migrating or fixed fold hinges. Whether or not the fold hinges migrate has
direct implications for kinematic models that describe the thrust-truncation of folds. An
additional question is why the structural style of the Lisburne Group differs on either side of the
Continental Divide thrust front. One hypothesis to explore further is whether the asymmetry of
the folds in the Lisburne Group south of the Continental Divide thrust front caused them to
deform by thrust-truncation rather than by fold flattening, as in the symmetrical folds of the
northeastern Brooks Range.

6. Future Work

The overall goal of this project is to assess the influence of fold asymmetry, mechanical
stratigraphy, and fold locking angle on thrust truncation of detachment folds. Immediate goals
for this research are the completion of cross sections AA’, BB’, DD’, EE’, addition of the field
map for the central UMF area, and completion of the displays of survey data for folds 4 and 6.
These will serve as a basis to integrate serial cross sections in the west UMF area into one or
more block diagrams and to partially restore the cross sections. Preliminary results were
presented at the Geological Society of America annual conference in November 2001, and final
results will be presented at the American Association of Petroleum Geologists Pacific section
meeting in Anchorage, May 2002.
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Area illustrated

Eastern

Lower Cretaceous to lower Tertiary Pre-Mississippian rocks and
= Brookian sequence Mississippian Kekikfuk Conglomerate
UMF field arca Mississippian to Lower Cretaceous

Ellesmerian sequence Devonian intrusive rocks |
| i 1 1 I =

Figure 2. Generalized tectonic map of the eastern and northeastern Brooks Range, Alaska
(modified from Wallace and Homza, in press). Here, the two regions are separated by the
Continental Divide thrust front. The upper Marsh Fork (UMF) field area and line of section

for Figure 3 are indicated by the box outline and solid bar in the southwestern corner of the
map, respectively.

C-16



DE-AC26-98BC15102

Fourth semi-annual report

‘ssoxd U1 ‘eZtIO] pue 298[[eA\ WOXJ PIIJIPOIA "7 9131, Ul UMOYS ST UO}IS SSOIO

JO UONEDOT "ISBS a1} WIOIJ UOTIas JO U] Y3 ojul payoafod st ¢ ploJ Jo uoneoo] oy, “eaIe P[oLf 1Sed Y10 ysiejy 1oddn oy ut spjoy
POASAINS SAYJ SJBOIPUL ¢ YSNOIY) | SISqUINN STOIF2I oM} 31} sajeredas Juoy ISNIY) SPIAL(] [BIUSUNUO)) Y] OIS ‘YINOS 91} 0} SPO}
(¢) yuoUIYORISP PLIEOUNI)-)STLIT} PUER OLJOUIUIASE 0} YHOU 1) 0} SPIOJ JUSWYOLRISP JYFLIdn pue SLNSWUIAS WO S)UN SNOIJIU0qIe)
o) Jo 9141 woneuLIojop Ul ofueyo ayy sejensnj[l jey) aSury SY0OI UIS)SES PUE UINSBIYLIOU 5Y) JO UOIISS SSOI)) “¢ dIFI]

0¢

~

e

Py
— JuoIy 38 b—C
uu_znwaw%moo ~sv -~ €Tl
_ aSuey SY00Ig WoISESYUON a8ury syo0Ig Wojseq ¢
ON ‘ ymog

(31un JusuyoOR)ap J2MOY)
areys yedey uerddississipy

(arun Jusjedmion)
(ouo3sowit]) dnoiry swngsi|
uenreA[Asuuay - uerddississTA

(31un Juouryoejap Joddn)
dnoig) JyooIa[pes oISSeL], - UBIILR]
UONEILIO] JNESUOY SNOADEIRI)) 1amo]

‘a{eyS yeBury snoaoeje1)) 1Mo
- DISSEIN( “UONBULIO JIQNYS JISSBLY,

(eddrpy)
UoOYIYoO[[B SpeUUY A
uonduose@ MU} waned

C-17



"L661 “T8 12 90B[[eA\ WIOIJ POIPOA “SUIUSMIOYS O} S}IUn j201
ot} Jo asuodsa1 worjewIOfop [eIoUSS 91} oyeSN{[I pue PoRIULPI die syun oryderdnens eorueyosiy “uoyyooneied odo[S gLION
o) wI Juasqe ST Jey) o[eyS NeARY 94 [1BaUSq SY001 o1se]d ueruoss(] 1oddp Jo souonbas yory; € sUIEu0d UOYIYOO][8 SUIBJUIOIA

1100IpUY Y], "UOYIYOO[[e Surejunoy noosipuyg (g) pue uoygigoonered odo[S yHoN (V) oy 10J suwnjod s1ydeidneng ' 21

DE-AC26-98BC15102

Fourth semi-annual report

xxxxxxxxxxxxx r 0
TENTEII Iaquuaty
LD ajEyg ey
N 3104
S wm ST wny Jaquiatts L |
e
SUOSPURS HEIEON
‘WMo
- T uopsod sydesineng
dnoan NVINOATQ i
noaipug JoqUID w3ddn TBIUNGITISP 19407
A3 ey
ajerowo}duo) % L ¢
mkeuey T oquiapy o nie e oo NVINOAZQ
oy unes GOTETE OS] uefuosaq A1AAIN
"o APPIA-21d i
13AmE N sepmduy, L. 0
dnoin ajerawo[3uo)) NPy
ey yekey Hoapug SjEys yeAR 000 oo
NVIddISSISSIN
au0jSIUILY [IWISGOU wviaassissin | o auojsaun yedery ;
dnoig suojsaun] yedery dnoip
AWNGSH] e i awmgsr] .
4 SUONSEIT OO sicl NVINVATASNNAd UOISIUIT COUE M e
= uonuIio ] BYOORYY 090 Jom—om NVINYI]
Lo dnoin BILLO,] EYOO0NI z
s Mj0Ia[pRS uoyeuLIO HEYSIA] —
S : =2 oissviul :
uoyaiLog yERDIO o e uopRULG JHANYS @
; : TR S
- L === =23
B DISSVENS
! ajeys yudury ]
UOLEULIO H0IO ], 1945 BEaEEE
snogovimeo [ 8 J1un Sjeys 9jqgad oy EEEnet -
yIM01 ¥ ek A
uogBuLo] uoyEULIOY joI0],
EUNO SSAIP0Y
5 SNOHEdVLIIYD [
6 <
) ¥IMOT
: . uoeiog Yoo EE”mw“,_E“Mun_Eo d
terd SISO )
@u:& _wwbm fdeineasonil e °
[eatueyaajy aeunxoiddy
& uenEuLIN Y010 ],
q Aydeidneng KydeaSnensoyr s1ajautojny
{eolURYION - ) ‘SSADfINY
. sjpunxeiddy
\4

C-18



DE-AC26-98BC15102

Fourth semi-annual report

pue ‘Ternuso

000

11

15B2 9 L,

"9[e9s 000°SZ:1 2y 18 paddeur o1om SeoIe Jsom

PaAkaAIns sproJ o[ess-dews XIS 21} JO SUONEOO] 3Y) SJBOIPUL 9

I szsqumy] *(sotzes oyderodoy

‘0ST:1 Bysery ‘o[Sueipenb onory $HSN wox 9seq) 10ATy Suruue) o) Jo y10,] ysrepy Joddn oy Suope pajesor
BoIE p[ay (JINN) 104 ysiely Ioddn o1 Jo suordar jsom pue ‘Tenuso ‘ses o) Supordep dew omderSodoy, - omsiy

C-19



Fourth semi-annual report DE-AC26-98BC15102

Spherical Polar Coordinates Cartesian Coordinates in UTM

(1.9, (%,,2)

Zenith Z

True North
r = (x2 + y2 + z2)1/2 X =71 5in0 cos@
0 =tan” (% +v2) ) y =rsind sing
¢ = tan™! (y/%) z =rcos@
¥ = surveyed point Y = surveyed point
© =fripod location . O =tripod location

Figure 6. Illustration showing the coordinate systems used in collection and processing of survey
data. The data were collected in a spherical polar coordinate system. Rockworks99 software
converted the spherical data to a cartesian data set and plotted the data on a UTM grid. GPS
locations were taken at the tripod location and thus enabled the data to be referenced to the

UTM system. Theta (0) is the angle from vertical to a surveyed point. Pst (¢) is the horizontal
angle from true north to the surveyed point. r is the distance from the origin to the surveyed point.
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Figure 7a. Schematic sratigraphic column of Lisburne Group and surrounding units. Column is
based on field observations in the upper Marsh Fork area of the Canning River. Unit thicknesses
are approximate values determined from field observations by the authors and stratigraphic data
collected in the upper Marsh Fork area by Michelle McGee (McGee personal communication;
McGee et al., this report). Total Lisburne Group thickness in the southern east UMF area is
approximately 525 m. Scale bar represents Lisburne Group thickness in meters. The Kayak Shale
thickness is schematic and the contact between Lower Lisbume and Kayak Shale is not exposed.
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TIMING AND CHARACTER OF MESOSCOPIC STRUCTURES IN DETACHMENT
FOLDS AND IMPLICATIONS FOR FOLD DEVELOPMENT--
AN EXAMPLE FROM THE NORTHEASTERN BROOKS RANGE, ALASKA

C.L. Hanks' , W.K. Wallace', J. C. Lorenz’ , P.K. Atkinson’,
J. Brinton' and J.R. Shackleton’

Abstract

In detachment-folded Lisburne Group carbonates of the northeastern Brooks Range, different
mesoscopic structures formed at different times in the evolution of individual detachment folds,
providing clues to the mechanism of folding and the conditions under which the fold formed.
Rocks in advance of the visible thrust front experienced low magnitude differential stresses of the
same orientation as experienced in the fold-and-thrust belt, resulting in orogen-perpendicular
extension fractures in undeformed rocks of the foredeep basin. These rocks were later incorporated
into the thrust belt, where they were thrust-faulted and folded. The distribution of fractures and
other mesoscopic structures in individual folds suggests that folding occurred by both flexural slip
and homogeneous flattening. Flexural slip and associated fracturing occurred early in the
development of the fold and/or in the outer arc of the fold. These early fractures may be
overprinted and/or destroyed by ductile strain as later homogeneous flattening accommodated
additional shortening. The penetrative strain is in turn overprinted by late extension fractures, which
probably formed during the waning phases of folding and/or unroofing of the orogenic wedge.

Introduction

A close relationship between folds and thrust faults has long been recognized. Recent research has
focussed on categorizing the different types of folds based on fold geometry and the genetic
relationship of the fold to the fault. Most of this work has been based on seismic reflection data
and conceptual and theoretical modeling, and has resulted in recognition of three main types of
fault-related folds: fault-bend, fault propagation and detachment folds (figure 1). Much of the
current modeling focuses on identifying the geometry and kinematic history of each fold type,
using both idealized folds and naturally occurring folds. One approach to identifying the processes
active during folding is to look at the distribution and relative timing of fractures and penetrative
strain in naturally occurring folds. These structures and when they form during folding should
provide a partial record of the processes that were active during fold development, as well as clues
to the conditions prior to, during and after folding.

This study focusses on the distribution and relative timing of fractures and penetrative strain in a
particular type of thrust-related fold, the detachment fold, in the northeastern Brooks Range of
Alaska (figure 2). A single stratigraphic unit, the Lisburne Limestone, is exposed throughout the
northeastern Brooks Range fold-and-thrust belt and has been shortened primarily by detachment
folding. In addition, a well-defined transition to an older, thrust-dominated deformation front in the
hinterland of the fold-and-thrust belt allows comparison of fractures in detachment-folded Lisburne

' Geophysical Institute and Department of Geology and Geophysics, University of Alaska
Fairbanks

2 Sandia National Laboratories, Albuquerque, New Mexico
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with folded and thrust faulted Lisburne. Thus, the character and distribution of fractures can be
compared in Lisburne Group rocks folded in a variety of local and regional structural positions,
representing different stages in the development of detachment folds.

Previous Work

Detachment folds

A detachment fold is a fold that develops in a competent layer above a bedding-parallel thrust fault
in an underlying incompetent layer (figure 1 C). Several conceptual models for the evolution of
detachment folds have been proposed, all of which have implications as to the process by which
folding takes place (e.g., figure 3 A -C). While one model may be more ‘correct’ than another,
the manner in which an individual natural fold developed (and thus which model best describes the
fold) may be strongly dependent upon the mechanical stratigraphy of the rocks being folded and
the conditions under which folding took place.

Geometrically, the detachment folds of the northeastern Brooks Range appear to be most accurately
described by a combination of models proposed by Homza and Wallace (1997) and Epard and
Groshong (1995) models (figure 3 A & B). The Homza and Wallace (1997) model (figure 3 A)
assumes a sharp competency contrast between the competent layer and the underlying incompetent
layer, fixed hinges, constant bed length and bed thickness within the competent layer throughout
folding, and variable detachment depth. In contrast, the Epard and Groshong (1995) model (figure
3 B) does not recognize differences in the mechanical strength of different layers in the fold. It
assumes that constant area is maintained strictly through layer-parallel shortening in all units. Bed

- thickness and line length are not conserved, detachment level remains constant, and hinges may or
may not migrate. g

Neither the Homza and Wallace model nor the Epard and Groshong model adequately describe the
geometry of detachment folds in the northeastern Brooks Range. A ‘hybrid’ model (Atkinson,
2001, figure 3 C) incorporates aspects of both of these models while accommodating the observed
features of the northeastern Brooks Range detachment folds. These observations include: a strong
competency contrast between the competent layer (Lisburne Limestone) and the underlying
incompetent detachment layer (Kayak Shale); a detachment layer that is thick relative to the
competent layer (~100-200m vs. 500m); fixed hinges; changes of bed thickness and length in both
layers during folding; and changes in detachment depth. Two important aspects of the hybrid
model that distinguishes it from previous models is that it assumes that both detachment depth in
the incompetent layer and bed length and thickness within the competent layer may vary during
folding. Thus, this model is consistent with a fold that forms by a combination of flexural slip and
homogeneous flattening in the competent unit. Depending upon the interlimb angle, the competent
unit may thicken in both the anticline and syncline hinge zones, while material from the underlying
less-competent unit can move into or out of the anticline core.

Modeling of observed detachment fold geometries using the ‘hybrid’ model suggests that the
degree to which shortening in the competent unit is by flexural slip vs. homogeneous flattening is a
function of the original relative thicknesses and competency contrasts between the units. In
addition, a lack of sufficient ductile material to maintain constant area in the fold core may favor
thickening of the competent unit. However, the relative timing of flexural slip vs. homogeneous
flattening in fold formation is not constrained by the model.
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Fold mechanisms: Flexural Flow, Flexural Slip and Homogeneous Flattening

Three different fold mechanisms may be active at various times and at various scales during the
formation of detachment folds in the Lisburne Group carbonates.

Both flexural slip and flexural flow are important mechanisms in the formation of parallel folds in
layered rocks (Ramsay and Huber, 1987; Tanner, 1989). In both mechanisms, folding is
accommodated by displacement parallel to bedding and there is no change in bed thickness.
Flexural slip folding occurs where such displacement occurs at discrete and discontinuous intervals,
commonly at a lithologic discontinuity, such as a bedding surface. Evidence of slip on such
surfaces includes quartz-fiber veins or sheets, slickenlines, and/or displaced markers (such as root
structures, burrows and crosscutting veins). Extension fractures in overlying and underlying beds
may widen towards and terminate at the slip surface. In contrast, flexural flow folding occurs when
layer-parallel displacement is distributed continuously throughout a volume of rock. This results
in shear strain being distributed more-or-less evenly throughout the rocks, with no obvious strain
gradient perpendicular to bedding. Bed thickness is still maintained.

Folding via flexural slip and flexural flow can only proceed so far before the folds ‘lock up’ and
are unable to accommodate additional shortening (Tanner, 1989; Yang and Gray, 1994; Twiss and
Moores, 1992). After this point, additional shortening can be accommodated by homogeneous
flattening of the existing fold. During homogeneous flattening, bed thickness is not maintained.
Material flows from the limbs into the hinge area, resulting in thinned beds in the limbs and
thickened beds in the hinge area. This process allows additional shortening and fold amplification
(Twiss and Moores, 1992). Evidence that the fold has undergone homogeneous flattening includes
bed thickening in the hinges and thinning in the limbs. Homogeneous flattening is commonly
accomplished by penetrative strain.

Regional setting

The Brooks Range is the northernmost part of the Rocky Mountain fold-and-thrust belt (fig. 2).
The majority of shortening in the fold-and-thrust belt occurred in Late Jurassic to Early Cretaceous
time when a wide, south-facing late Paleozoic to early Mesozoic passive continental margin
collapsed in response to the collision of an intraoceanic arc (Mayfield and others, 1988; Moore and
others, 1994). Shortly after the main phase of compressional collapse of the continental margin,
rifting led to formation of the oceanic Canada basin to the north (present geographic coordinates) in
Early Cretaceous time (Grantz and May, 1983; Moore and others, 1954). Post-collisional
contraction has occurred episodically throughout the Cenozoic to the present, and has resulted in
progradation of fold-and-thrust deformation in the northeastern Brooks Range and northward
toward, and locally across, the Cretaceous rifted margin (Grantz and others, 1990; Hanks and
others, 1994).

The stratigraphy of the northeastern Brooks Range can be divided into three distinct depositional
sequences (Fig. 4; Reiser, 1970; Mull, 1982). Slightly metamorphosed, deformed Proterozoic to
Devonian sedimentary and volcanic rocks are depositional basement for the Mississippian to Lower
Cretaceous, northerly derived, passive margin sedimentary rocks of the Ellesmerian sequence
(Reiser, 1970; Reiser and others, 1980; Lane, 1991; Moore and others, 1994). These sedimentary
rocks are in turn overlain by Lower Cretaceous to recent clastic rocks of the Brookian sequence that
are derived from the Brooks Range to the south.
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The regional and local structural style of the northeastern Brooks Range is strongly influenced by
mechanical stratigraphy (Wallace and Hanks, 1990; Wallace, 1993). The largest structures are
regional anticlinoria cored by pre-Mississippian metasedimentary and metavolcanic rocks. These
regional anticlinoria are interpreted to reflect horses in a regional duplex between a floor thrust at
depth and a roof thrust in the Mississippian Kayak Shale (figure 2 C). The overlying Ellesmerian
and Brookian sequences are decoupled from the basement and deform as the roof of a passive-roof
duplex. The Carboniferous Lisburne Group (figure 4) is the most rigid member of this roof
sequence and deforms predominantly into kilometer-scale symmetrical detachment folds that are
only rarely cut by thrust faults. These detachment folds are second-order folds above the basement
anticlinoria; overlying Permian and Triassic clastic rocks are slightly decoupled from the Lisburne
Group, resulting in third-order folds.

In contrast, the Lisburne in the far south portion of the northeastern Brooks Range is characterized
by imbricate stacked thrust sheets with asymmetrical hangingwall anticlines and footwall synclines
(Wallace, 1993; Wallace and Homza, in press). The “Continental Divide thrust front” marks the
boundary between these two structural styles (Figure 2).

Observations

Mesoscopic structures in non-folded Lisburne Group

The Lisburne Group in the Sadlerochit Mountains of the northeastern Brooks Range and in the
subsurface of the North Slope has not been deformed by detachment folds (figure 2, B & C). In
the Sadlerochit Mountains, the shale underlying the Lisburne Group, the Mississippian Kayak
shale, is depositionally absent. Consequently, the Lisburne has remained structurally coupled to the
underlying pre-Mississippian rocks and has not been folded by detachment folds (Wallace and
Hanks, 1990; Wallace, 1993). The Prudhoe Bay area to the northeast of the Sadlerochit Mountains
lies north of the thrust front and thus has not been visibly affected by thrust deformation (Bird and
Molenaar 1992; Moore and others, 1994). Lisburne Group carbonates in these two areas provide
the best opportunities for recognizing mesoscopic-scale structures that predate thrusting.

Fractures are the dominant mesoscopic-scale structures in both areas (Missman and Jameson,
1991; Hanks and others, 1997). Past detailed structural studies in these areas have not observed
penetrative strain features, such as strained crinoids or stylolites (e.g., Missman and Jameson, 1991,
Hanks and others, 1997). Both areas have similar fracture patterns. In the Sadlerochit Mountains,
early NNW-oriented extension fractures are cross cut by later ENE-striking extension and shear
fractures (figures 5 & 6). Hanks and others (1997) interpreted the early set of NNW-striking
extension fractures to have formed while the rocks were still flat-lying in the foredeep of the fold-
and-thrust belt. High pore pressures promoted extensional fracturing while the rocks were under
relatively low differential in situ stresses (Lorenz and others, 1991). This resulted in extension
fractures that were ahead of and orthogonal to the northeastern Brooks Range fold-and-thrust belt,
parallel to maximum horizontal in situ stress. Because the Kayak Shale is depositionally absent in
this area, the Lisburne remained structurally coupled to the basement during the later thrusting and
folding that resulted in formation of the Sadlerochit Mountains. Flexural slip during this thrust-
related folding is interpreted to have caused the late ENE-striking fractures (Hanks and others,
1997).

A similar set of NNW-striking extension fractures occurs in the Lisburne at Prudhoe Bay (Decker,
1990; Hanks and others, 1997), but here these fractures postdate earlier ENE-striking fractures that
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are probably related to faulting along the Cretaceous continental margin. These NNW-striking
extension fractures are also interpreted to have formed in response to low differential in situ
stresses in advance of the observed northeastern Brooks Range thrust front. These fractures are
thought to be open in the subsurface and actively contributing to permeability in the Lisburne
reservoir (Hanks and others, 1997).

In both the Sadlerochit Mountains and in the subsurface at Prudhoe Bay, the extension fractures are
interpreted by Hanks and others (1997) to represent a brittle response of the Lisburne carbonates to
layer-parallel shortening under relatively low temperature, low differential stress, and high pore fluid
pressure conditions.

Mesoscopic structures in detachment—folded Lisburne Group

A variety of both brittle and ductile mesoscopic structures are present in detachment-folded
Lisburne carbonates (Hanks and others, 1997; Homza and Wallace, 1997; Atkinson, 2001, this
study). In general, mesoscopic structures suggestive of penetrative ductile and semi-ductile
deformation are overprinted by brittle structures.

Ductile and semi-ductile structures

Two categories of penetrative mesoscopic structures have been observed in the Lisburne carbonates
exposed in the northeastern Brooks Range--mesoscopic-scale strain features that are not obviously
associated with map-scale structures, and strain features that are localized in the hinges of
detachment folds.

Strain not associated with map-scale structures

‘While not common, mesoscopic strain is observed in the Lisburne carbonates in areas not within a
map-scale fold or immediately adjacent to a thrust fault. This is most commonly observed
immediately south of the Continental Divide thrust front (figure 2). Here, thrust sheets consist of
extensive flat panels with frontal asymmetric anticlines. Sheared stylolites and strained crinoid
stems (figure 7) were locally observed in the flat portion of these thrust sheets. These structures are
cut by later extension and shear fractures. This relationship suggests that some amount of early
layer-parallel shear in the Lisburne was accommodated by semi-ductile processes prior to
significant folding. Pre-folding layer parallel shear is difficult to document north of the Continental
Divide thrust front, where detachment folding is pervasive.

Strain associated with detachment folds

Penetrative strain during folding is observed in almost all detachment folds in the northeastern
Brooks Range. In open folds, this is usually limited to scattered zones of dissolution cleavage in
the hinge area and within muddier intervals (figure 8 C). In tighter folds, other strain features are
found in the hinge area, including sheared stylolites and more pervasive dissolution cleavage. In
very tight to isoclinal folds, ductile deformation in both anticlinal and synclinal hinges is extreme,
and includes pervasive dissolution cleavage and/or transposition of layering (figures 8 B & D).
Brittle mesoscopic structures (fractures)

Several generations of fractures are associated with detachment folds. The earliest fractures are
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shear fractures. These shear fractures commonly occur as conjugate sets on the fold limbs, with
acute bisectors both subparallel and subperpendicular to the fold axes (figure 9). Shear fractures
within the conjugate set often occur as en echelon arrays. Most shear fractures are partially to
entirely filled with calcite. Shear fractures of all orientations typically terminate at bedding planes.
Because these shear fractures occur predominantly on fold limbs, it is difficult to ascertain their
relative age with respect to the penetrative strain seen in the fold hinges. These fractures predate all
other observed brittle features associated with folding. ‘

Later extension fractures postdate both the penetrative strain in the fold hinges and shear fractures -
on the fold limbs, and are oriented both parallel and perpendicular to the fold axes. Extension
fractures parallel to the fold axes are typically perpendicular to bedding and terminate at bedding
surfaces. While the strike of these fractures parallels the strike of the fold axis, the dip varies,
dipping towards the axial plane and only parallel to it in the hinge region. Some of these fractures
are filled; others remain unfilled. .

The latest extension fractures occur in all folds. These fractures are oriented perpendicular to fold
axes, are fairly closely spaced and commonly extend vertically across several beds. The fractures
are unfilled, with plumose and twist hackle structures occasionally preserved on the fracture
surfaces. These fractures form prominent exposure surfaces.

Discussion

Implications of ductile vs. brittle structures for folding mechanism

~ The observed sequence of ductile and brittle structures and their relationship to the fold geometry
suggest that folding was accommodated by both flexural slip and homogeneous flattening.
However, flexural slip and homogeneous flattening probably occurred under different
deformational conditions, and thus happened sequentially, not concurrently, during fold
development.

Homogeneous flattening increased in importance as a folding mechanism as shortening increased.
While the penetrative strain that results from homogeneous flattening is relatively rare in open
detachment folds, the amount of strained carbonate in the hinges of the observed detachment folds
increases as the axial angles of the folds decrease. In the hinges of folds of moderate axial angle
(~90-125°), individual beds commonly exhibit dissolution cleavage, strained crinoids and/or
strained stylolites. In the hinges of tight folds (axial angles < 90°) the strain is often extreme, with
significant transposition of layering and thickening. It should be noted that any preexisting brittle
structures-that formed prior to or early in the folding process would be destroyed or significantly
modified during this period of homogeneous flattening and penetrative strain.

Brittle structures developed both before and after bulk thickening by penetrative strain in the
detachment fold hinges. The prefolding, vertically extensive, orogen-perpendicular extension
fractures seen in the Sadlerochit Mts. and North Slope subsurface are probably related to in situ
horizontal stresses in the foreland of the fold-and-thrust belt (Hanks and others, 1997; Lorenz and
others, 1991). However, no demonstrably pre-fold extension fractures of this set were seen in the
detachment folds studied. This is not surprising, in that it is not likely that such fractures survived
subsequent ductile deformation in the core of the detachment folds, at Jeast not as unfilled planar
fractures.
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However, several different sets of fractures are visible in the detachment folds that are probably
related to or postdate folding. These fractures vary in character from en echelon tension gashes in
fold limbs (fig. 7) to extension fractures parallel to the axial plane that terminate at bedding planes
to vertically extensive extension fractures that are perpendicular to the fold axes. All appear to have
a geometric relationship to the folds. In a few cases, fractures in the fold limbs appear to predate
penetrative strain; however, almost all brittle structures in the hinge overprint the penetrative strain.

The systematic overprinting of ductile and semi-ductile structures by fractures of different origins
and types suggest that deformational conditions varied systematically, and possibly predictably. In
all the observed folds where high amounts of strain were accommodated by ductile processes,
penetrative strain in the hinges is overprinted by strike-parallel and/or strike-perpendicular
conjugate and extension fractures. The consistency of this timing relationship suggests that
folding by homogeneous flattening dominated during the intermediate phase of growth on these
high-strain folds, with flexural slip folding dominating during the waning phases of folding.
Evidence of early flexural slip is preserved in the limbs of the folds, where early fractures are
subsequently deformed by penetrative strain.

Deformation conditions

Whether folding was dominated by penetrative strain or flexural slip at any given point in the
growth of the fold probably depended upon a variety of factors. These factors include pressure,
temperature, strain rate, amount of total shortening (i.e., fold interlimb angle), the thickness of the
competent unit, and the relative thickness of competent vs. incompetent units.

- Experimental data indicates that rocks generally deform brittlely at surface or near surface pressure
and temperature (Griggs and Handin, 1960; Twiss and Moores, 1992). However, the ductility of
the rock increases with increasing temperature and confining pressure and decreasing strain rate.
Thus, under geologically reasonable conditions, a rock will deform ductilely in upper parts of the
crust if the strain rate is sufficiently low, and/or temperature is sufficiently high and/or confining
pressure is sufficiently high. An increase in strain rate and/or decrease in temperature or confining
pressure could result in brittle deformation of the same rock. '

Using these general concepts, a conceptual model of potential deformation paths as a function of
depth (i.e., pressure and temperature) and cumulative shortening explains the various sequence of
structures seen in the detachment folds of the northeastern Brooks Range (figure 10). In this
model, different folds may exhibit different types and sequences of structures depending upon the
depth at which deformation occurred and the amount of cummulative shortening the fold
accommodated. Rocks folded at shallow levels and/or at low amounts of shortening would be
expected to develop primarily brittle structures (A); folds that are formed at greater depths and/or
accommodated greater amounts of shortening are more likely to exhibit penetrative structures (B).

This conceptual model illustrates how one fold can experience both ductile and brittle deformation
as shortening progresses and/or depth varies during folding. If the in situ stress regimes are similar
at different times during deformation, the resulting mesoscopic structures may look very similar.
This would explain why extension fractures that form late during folding or even after folding can
superficially resemble extension fractures that formed prior to or early during folding.

Conclusions
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The complex history of deformation and related fracturing in detachment-folded Lisburne Group
carbonate rocks suggests that fracturing may occur at multiple times in a continuum with other
structures as originally flat-lying rocks are progressively folded. Regional NNW-oriented
extension fractures are well-developed in the Lisburne Group of the Sadlerochit Mountains and in
the subsurface at Prudhoe Bay. These fractures probably formed parallel to maximum horizontal in
situ stress ahead of and orthogonal to the northeastern Brooks Range fold-and-thrust belt (location
a, figure 11). These early strike-normal fractures were a brittle response to layer-parallel shortening
under relatively low temperature, low differential stress, and high pore fluid pressure conditions.

As the fold-and-thrust belt advanced into the foreland, previously flat-lying Lisburne was buried by
the advancing thrust front and eventually incorporated into it (location b, figure 11). In the process,
these carbonate rocks experienced increased pressure and temperature as well as higher differential
stress. Evidence of early mesoscopic strain (e.g., sheared stylolites, strained crinoid stems, etc.)
suggests that layer-parallel shortening or shear prior to significant folding was at least locally
accommodated by semi-ductile processes Increased strain rate during subsequent detachment
folding of these layered rocks may have been dominated initially by flexural slip, with formation of
associated strike-parallel and/or strike-perpendicular shear and extension fractures. However,
folding via ductile processes was important as folding progressed, especially in the cores of the
folds. Ductile deformation was favored by the increasing temperature and confining pressure and
decreasing fold interlimb angle. The resulting penetrative strain in the hinges during folding
resulting in the development of dissolution cleavage and local transposition of layering. As
shortening progressed and structural thickening increased, the zone of penetrative strain expanded,
overprinting and destroying earlier brittle structures. As folding waned and erosional unroofing
progressed (location c, figure 11), temperature, confining pressure and differential stress decreased
and the rocks once more deformed brittlely, with formation of late, strike-normal NNW-oriented
extension fractures.

When evaluating folded and fractured carbonate reservoirs, this general deformational sequence
suggests that it is critical to distinguish between the different fracture sets and determine when and
under what conditions the different sets formed. Extension fractures that could act as excellent
permeability conduits in undeformed rocks may be destroyed if the same rocks have been folded.
However, similar extension fractures may form later in the deformational cycle, providing a second
opportunity for enhanced permeability. In addition, the amount of folding and the conditions under
which detachment folding occurred influences the amount, distribution, type and timing of
fracturing related to the actual fold. Fracturing may occur early in the fold’s development, thus
potentially providing significant enhanced permeability. However, continued folding could lead to
significant destruction of this permeability by penetrative strain and reduction in reservoir quality.
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A. Fault bend fold

B. Fault propagation fold
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C. Detachment fold

Figure 1. Three types of fault-related folds. A. Fault bend
fold; B. Fault propagation fold; C. Detachment fold.

E-12



Fourth semi-annual report DE-AC26-98BC15102

- 165 162 1550 156 153%e 150 147 1o 1410
T T T T T T T T T
CANADA BASIN
8 4
T U/:o
S Rr
{ S, HINGE LINE SE4
2 N, ¥
= W
. AN
40%
CHUKCHI
SEA
ool O&On,q NORTH SLOPE  » ) NORTHEASTERN
Vo (| BROOKS RANGE
ollq % Tt
Ae FRONY
s
ol N D - T FOOTHILLS
Gl
66
rI ) I 1 i i 1 i
, 0 50 100 150 200 KILOMETERS
Arctic Alaska terrane Angayucham terrane (N M S

North Slope parautochthon (subterrane)

‘Terrane or subterrane boundary

Middle Devonian to
Lower Cretaceous

=t  Thrust fault—Sawteeth on upper plate

@ pre-Middle Devonian MMM Thrust fault reactivated as normal fault
WM  Tecronic hinge line—hachures on downthrown side

Endicott Mountains subterrane . -—.—) Axis of arch—Showing direction of plunge
De Long Mountains subterrane —*9 Axis of basin—Showing direction of plunge

Saquthern Brooks Range subterranes
(Hammond, Coldfoot, Slate Creek)

Figure 2 A. Tectonic map of northern Alaska, showing disfribﬁtion of
major structural features. Outlined area shown in figure 3 B. Modified
from Wallace and others, 1997.



pi-d

“uoyjoofje
SULBIUNOIA] NODIPUFT (YINET ‘54 YIM UMOLS D18 1X) UT PIUOLUAW SUOTIE0T]
-p8ury] syooIgl umIsLayiou oY) Jo 1ud wIalsom oy Jo dew dw003, ¢ ¢ omBy

S egta a,

e e ]
o

[y
L

s s
T

5

-
S

Aajep
oyer] ouldnoiod 189
Kojjep
et ourdnolog

—:M ON

R

“SIIAL MLOOIO[PRS ISkE] ploly ouIngsr

201510486-9¢OV-d

aerowo[3uod
ynppppoy] uelddississiy 2 $001 dluBdjoARIOwW

29 Arejuowipaseow uerddississyg-oxd

$y001 onse]d ueiddissisSIA 01 URIHOAI(] JIPPIA

auIngsi| snorojiuoqie)) % dfeys yedey ueiddississiy

Fuikproao 2 ojerowio]duo)) AU UBIUOA(]

NNdISHIS/AOOIO[PES DISSBLL], 79 UO)SIWI]
JUINQSIT SNoIoJIogIe)) ‘OByS NeAey 'SSIA

sypoou JoSunok 7 “ur] yqnys osseiy], waddp

0
Co———

SOIPNIS 2INJOI) JO mco:aoo_%

uoIsAIY

110dol [BnuuE- 1S YUINo,|



DE-AC26-98BC15102

Fourth semi-annual report

Sadlerochit Mts.

Third Range
Shublik Mts.

Fourth Range

Al

Pennsylvanian to Mississippian

Lisburne Group

Kayak Shale

M

ississippian

Tertiary to Cretaceous

clastic rocks

Cretaceous to Permian

clastic rocks

tary rocks

men

tased

issippian me

7]

=

>
=
j=h

10 km

5

10 miles

Figure 2 C. Regional balanced cross section across western part of the northeastern Brooks Range. Modified from Wallace, 1993.
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A. Homza & Wallace B. Epard & Groshong C. Hybrid Model
Model Model

Constant thickness

of competent layer Variable thigkness Variable thickness
Variable depth to Constant depth to Variable depth to
detachment detachment detachment

Figure 3. Detachment fold models. A. Homza and Wallace, 1997,
B. Epard and Groshong, 1995; C. ‘Hybrid’ model, Atkinson, 2001.
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Figure 4. Schematic stratigraphy of Triassic and older rocks of

the northeastern Brooks Range, emphasizing the mechanical

stratigraphy of structural packages. Stratigraphy is generalized,
and relative thicknesses are approximate only.
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A

% deformed
= chert nodules

Figure 8. Penetrative strain and flattening resulted in thickening in the hinge areas of the
detachment folds (A , B). Thickening was accomplished by dissolution and transport of
material into the hinges, as suggested by dissolution cleavage (C) and transposition of layer-
ing (D). These penetrative strain features are well-exposed on NS-striking fracture surfaces.
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Figure 9. A. A well-developed set of conjugate fractures on a bedding
surface in the Lisburne Group exposed in the Fourth Range. These
rocks have been folded by a tight, east-west trending detachment fold.
B. This fracture pattern is interpreted to be the result of flexural-slip late
during folding and postdates penetrative structures preserved in the core
and hinge of the anticline.
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The relationship between fracturing, asymmetric folding, and normal
faulting in Lisburne Group carbonates: West Porcupine Lake Valley,
northeastern Brooks Range, Alaska

J.R. Shackleton, C.L. Hanks, and W.K. Wallace

Abstract

The area of Porcupine Lake Valley in the northeastern Brooks Range (NEBR) is at a
major structural transition between symmetric detachment folds that are characteristic of
the NEBR proper, and asymmetric thrust truncated folds resembling those along the main
axis of the Brooks Range. Lisburne Group carbonates in the western end of Porcupine
Lake Valley are locally folded into strongly asymmetric NE striking and plunging
(detachment?) folds characterized by short, steep to overturned forelimbs, and long (up to
1 km) gently dipping backlimbs. Only one thrust fault was documented in the NW end of
the field area that places a long, relatively flat panel of Lisburne Group carbonates above
the Sadlerochit Group. NE and NW striking normal faults with relatively small
displacements cut folds in West Porcupine Lake Valley.

Four major sets of extension fractures were documented in West Porcupine Lake valley,
the majority of which dip steeply between 60°-90° in both directions: 1) a N-S striking
set; 2) an E-W striking set; 3) a N-S to NW striking set; and 4) a NE striking set. While
the relative timing of each of these fracture sets is unclear, some generalities can be
made. The NW set appears to be younger than the N-S and E-W sets. E-W fractures
terminate against N-S fractures at most sample locations. However, the opposite
relationship was documented elsewhere in the field area, possibly suggesting multiple
generations of N-S and E-W fracturing. All three fracture sets were found in en echelon
sets of extension fractures, which indicate a component of shear during formation. Shear
sense on these sets was commonly normal or strike slip, suggesting that many fractures
are related to normal faulting in the area. The N-S and NW striking fractures were often
found in 3-5 meter wide swarms of en echelon fractures, each swarm spaced
approximately 10-20 meters apart. NE striking fractures were well developed in the
lower portions of one of the major synclines in the area, although the timing of these
fractures is unclear. Other major mesoscopic-scale structures indicate some period of
penetrative semi-ductile deformation, including dissolution cleavage, deformed crinoid
stems, sheared stylolites, and elongated and transposed chert nodules.

Normal faulting in West Porcupine Lake Valley is atypical for the NEBR, and may have
influenced fracture character and distribution. Cross cutting relationships suggest that
NE striking faults occurred after thrusting, whereas folds truncated by hinge sub-parallel
normal faults suggest that normal faulting may have occurred during folding, or may
have significantly modified fold geometries after a previous phase of compressional
deformation. Changes in fold geometry were observed across NW striking normal faults,
suggesting that either the normal faulting modified fold geometries, or that these faults
originated as transverse structures and developed a normal sense of shear during or after
folding.
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The goal of this project is to understand the relationship between fracturing, faulting and
folding in West Porcupine Lake Valley. Some important questions to be addressed are:
did folds in the field area form as detachment folds or fault propagation folds, and how
does each of these fold models influence fracturing? Conversely, can we use fracture
distribution to understand the kinematics of fold formation? Another important question
is how normal faulting has affected fracturing and folding in the area, and whether or not
fractures related to folding can be distinguished from those related to faulting. In order to
answer these previous questions it will be important to understand how lithology and bed
thickness affect fracturing, since changes in these two Vanables affect fracture spacing
within the stratigraphy. :

Future work includes: 1) completion of data compilation and production of mechanical
stratigraphic sections; 2) construction of balanced, restored cross-sections; 3) statistical
analysis of fracture data in order to understand the relationship between fracture density,
folding, bed thickness, and lithology; 4) integration of fracture data into a three-
dimensional fold model in order to understand the relationship between fracturing and
folding; and 5) detailed statistical and geometric analysis to distinguish between fractures
and fracture sets related to faulting vs. folding.

Introduction

Fractures in flat lying rocks in advance of fold and thrust belts have been studied by
numerous authors (eg. Hanks et al., 1997, Lorenz et al, 1991, Hancock and Engelder,
1989, Narr and Suppe, 1991, Ladelra and Price, 1981). However, few models exist for
the distribution and/or character of fracturing and strain indicators in folded rocks of
specific fold geometries (Hennings et al., 2000, Homza and Wallace, 1997, Stearns and
Friedman, 1969, Stearns, 1968). Understanding the distribution and character of
fractures in folds is important for hydrocarbon exploration because fractures may
enhance certain reservoir characteristics such as porosity and permeability in certain
regions of folds such as the hinges or near bed surfaces. Since there are a variety of fold
geometries found in the natural world, it is important to understand the relationship
between fracturing and folding for each type of fold. '

This report summarizes the preliminary field results of research on Lisburne group
carbonates located at a major structural transition between symmetric detachment folds
that are characteristic of the northeastern Brooks Range (NEBR) proper, and asymmetric
thrust truncated folds resembling those along the main axis of the Brooks Range (figure
1). The field area is structurally bounded to the NW by a large displacement thrust fault
that places Lisburne Group carbonates above Sadlerochit Group siltstones and
sandstones, and to the SW by range front thrusts that stack Lisburne carbonates to form
duplexes in the Phillip Smith Mountains. The study area in West Porcupine Lake Valley
consists of NE striking and plunging asymmetrically folded Lisburne Group carbonates
with short, steep to overturned forelimbs and long backlimbs. NE and NW striking
normal faults with relatively small displacements cut folds in West Porcupine Lake
Valley. The relatively subdued topography in the area provides easy access to outcrops,
making the study area an excellent location for close examination of fracturing in
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5) Characterization of fracturing within the entire mechanical stratigraphic section in
order to compare fracture patterns in folded and relatively unfolded Lisburne group
carbonates. Synclines tended to be better exposed in the area, and were therefore
preferentially sampled.

Measurement and description of fractures followed three major strategies: detailed
fracture sampling, generalized characterization of fracturing, and surveys of fractures

within the stratigraphic section. Each of these methods is described below.

1) Detailed fracture sampling. This method of sampling was employed both along a
single stratigraphic horizon (as described in #3 above) and for selected
representative lithologies in the mechanical sections (as described in #4 above).
The following information was collected about the outcrop itself:

a. location (on map, within the stratigraphy, and on a photograph of each
fold) '
b. type of outcrop (pavement or cross-section)

collection of oriented samples of representative lithologies for thin section

identification of lithology and/or strain analysis

photograph/sketch of relevant aspects of the outcrop

lithology '

bed thickness

nature of contacts between layers

major diagenetic features (presence/shape of cherts, dolomitization, etc.)

orientation/characteristics of strain indicators

e

FE@ e A

After the characteristics of the outcrop were examined, characteristics of each
fracture set were recorded. A measuring tape was placed along each fracture set
and the orientation of the measuring tape was recorded in order to determine the
true spacing of each fracture. Where it was possible, the measuring tape was
placed orthogonal to the fracture set to record the true spacing directly. The
following information was recorded at each fracture:

orientation of fractures

spacing between fractures

aperture (size of the opening of the fracture)

fill (any mineral fillings of the aperture such as calcite)

height perpendicular to bedding

width parallel to bedding

. terminations (how the fracture interacts with bed surfaces or other
fractures)

h. mode (type of fracture: extensional or shear) where observable

©@me ae op

Where possible, 25 fractures in each set were measured in order to obtain
statistically significant sample at outcrop. In addition, any en echelon sets were
noted along with their direction of shear. Conjugate sets were noted when
observed. Other features that were often recorded were timing relationships
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between fractures, slickenlines and slickensides, dissolution cleavages, strained
fossils, folded veins, and sheared stylolites.

2) Generalized fracture sampling. This method was very similar to the detailed
method of sampling in that all of the aspects of the outcrop were recorded, but the
detailed characteristics of each fracture set (spacing, aperture, fill, etc.) were not
measured. Instead, the orientations of the major fracture sets were recorded, as
well as any additional features such as slickenlines and slickensides, dissolution
cleavages, strained fossils, etc. were recorded.

3) Surveys of fracture characteristics in the stratigraphic section in order to
determine the mechanical behavior of the stratigraphic section. This method was
often employed where UAF Department of Geology stratigraphers (Mike Whalen,
Michelle McGee, and Andy Krumhardt) had measured stratigraphic section.
Lithology and other stratigraphic information were sampled (by the UAF
stratigraphers or myself and field assistant) at a given interval (usually 1 meter.)
In order to understand how fracture density changed throughout the section, the
orientations of major fracture sets were measured, in addition to a rough estimate
of their spacing. This estimate was obtained by counting the number of fractures
in a 0.5 meter interval. These data were generally collected every meter or every
0.5 meter within the stratigraphic section. Approximate bed thicknesses and
presence/absence of diagenetic features or strain indicators were also noted.

Preliminary Observations

Mechanical Stratigraphy of the Lisburne Group:
The general stratigraphy of the Lisburne is somewhat different from that previously
studied in the Franklin Mountains and front ranges of the northeastern Brooks Range.
Since work on the stratigraphic section is still in progress and the temporal boundaries
within the stratigraphy are still being explored, the more traditional divisions of “Wahoo”
and “Alapah” limestone will not be used. The generalized lithostratigraphy can be
divided into mechanical packages as shown in figure 10. The mechanical behavior of
each unit is shown in figure 11.
A. Upper Lisburne
This unit is approximately 500 meters thick (McGee, this volume) consisting primarily of
massively bedded, light gray colored grainstones and packstones. The upper Lisburne
tends to be the most structurally competent unit in the section, and defines the map scale
fold geometry in the area.
B. Lower Lisburne
The overall thickness of the lower Lisburne is approximately 400-500 meters. This unit
can be divided into three major mechanical packages as follows.
1. Lower Lisburne, upper portion
This unit is composed primarily of recessively weathering, relatively thinly
bedded, dark colored floatstones and shales that tend to behave slightly less
competently than the upper Lisburne. Little bed parallel shear was observed
within this unit in the northwestern end of the field area, but minor parasitic
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folding and/or bed parallel shear within this unit was observed in folds in the
southwestern end of the field area (E and W fork box folds).

2. Lower Lisburne, middle portion

Composed primarily of massively bedded floatstone units that behave
mechanically like the upper Lisburne. Bed parallel slip and duplexing were
documented within this unit in the flat panel in the northwest end of the field area.
3. Lower Lisbumne, lower portion

A dark colored, recessive unit that appears similar in outcrop to the upper portion
of the lower Lisburne. This unit is also less competent than the Upper Lisburne or
the middle portion of the Lower Lisburne. Bed parallel shear along bed contacts,
duplexing, parasitic folding, and well developed dissolution cleavage were
observed in the flat panel in the northwest end of the field area near the thrust.
The contact between the lower portion of the lower Lisburne and the Kayak shale
below appears to be gradational.

Map Scale and Mesoscopic Scale Structures:

The general structure of West Porcupine Lake Valley is characterized by strongly
asymmetric, NE striking, NE plunging folds that involve Sadlerochit siltstones, Lisburne
Group carbonates, and probably Kayak Shale. These are map scale (300-1000 m high in
outcrop) folds with interlimb angles between approximately 130° and 30°. Some of the
folds in the southeast side of the field area are overturned (figures 12 & 13). One major
fold in the field area (East Fork Box Fold on figures 12 & 13) deviates from the geometry
of the majority of other folds in the field area. This particular fold lies in the southeastern
end of the field area and, while still asymmetrical, is characterized by a box fold
geometry. The geometry of this fold changes dramatically along strike, both in the
general fold shape, and in the location of normal faults in the fold. Detailed geometric
analysis of this fold may reveal important information about timing relationships that can
be compared to fracture timing relationships in order to understand the tectonic history of
the area.

In the northwest end of the field area, a major thrust fault places Lisburne Group
carbonates on top of siltstones, shales and sandstones of the Sadierochit Group. This is
the only major thrust fault that was found in the field area. =

Mesoscopic scale structures in the field area suggest a predominance of “top-to-
northwest” oriented layer parallel shear in West Porcupine Lake Valley, especially in the
northwestern end of the field area in the relatively flat panel of Lisburne carbonates near
the thrust. Numerous en echelon fractures and veins, shear planes along bed surfaces, as
well as bed scale duplex structures indicate that top to north oriented layer parallel shear
occurred during the structural history of the area. These north vergent structures were
found throughout the field area, in both the flat backlimbs of folds and more tightly
folded rocks to the southeast. '

Three major sets of normal faults were documented in the area: Set 1) a NE striking,
predominantly SE dipping set; Set 2) a NW striking, SW dipping set; and Set 3) an E
striking; S dipping fault (figures 12 & 13). Normal faults of Set 1 were sub-parallel to
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the regional strike, and appeared to be concentrated both in the relatively gently folded
flat panel in the northwestern end of the field area and near the hinges of some of the
major anticlines in the area. Set 2 was sub-perpendicular to the regional strike and was
best exposed in the southeast end of the field area, although many of these faults likely
continue to the northwest. Changes in fold geometry were documented across this set of
normal faults. Set 3 is actually only composed of one normal fault, but is included as a
major “set” because of its anomalous orientation, large displacement and lateral extent.
This fault is oriented obliquely to the regional strike and has arguably the largest
displacement of any of the faults in the area, with a down-to-the-south sense of
displacement.

Structure: Fracturing:
A. General Character

Four major sets of extension fractures were documented in West Porcupine Lake valley,
the majority of which dip steeply between 60°-90° in both directions: 1) a N-S striking
set; 2) an E-W striking set; 3) a N-S to NW striking set; and 4) a NE striking set. While
the relative timing of each of these fracture sets is unclear, some generalities can be
made. The NW set appears to be younger than the N-S and E-W sets. E-W fractures
terminate against N-S fractures at most sample locations. However, the opposite
relationship was documented elsewhere in the field area, possibly suggesting multiple
generations of N-S and E-W fracturing. All three fracture sets were found in en echelon
sets of extension fractures, which indicate a component of shear during formation. Shear
sense on these sets was commonly normal or strike slip, suggesting that many fractures
are related to normal faulting in the area. The N-S and NW striking fractures were often
found in 3-5 meter wide swarms of en echelon fractures, each swarm spaced
approximately 10-20 meters apart. NE striking fractures were well developed in the
lower portions of one of the major synclines in the area (Camp Syncline, figures 12&13),
although the timing of these fractures is unclear. Other major mesoscopic-scale
structures indicate some period of penetrative semi-ductile deformation, including
dissolution cleavage, deformed crinoid stems, sheared stylolites, and elongated and
transposed chert nodules.

B. Distribution within the stratigraphy

General surveys of fracture distribution in a relatively complete stratigraphic section were
conducted in three areas; A) in the upper Lisburne and part of the lower Lisburne in a
long, relatively flat backlimb in the northwestern end of the field area (see figures 12,

13), B) in the upper Lisburne in the backlimb of “Camp Syncline” (figure 14), C) and in
the upper Lisburne in the backlimb of “Open Syncline” (figures 12,13,15). Detailed
sampling of representative lithologies in each stratigraphic section was also conducted.
In general, finer grained lithologies such as dark colored wackestones tended to have
higher fracture densities than light gray colored packstones and grainstones. Higher
fracture densities seemed to be found in thinner beds, although further analysis of
fracturing within the stratigraphic sections may help quantify this relationship. The lower
Lisburne seemed to have higher fracture densities than the upper Lisburne, although
many wackestones in the upper Lisburne were highly fractured.
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C. Distribution of fracturing within folds

The upper Lisburne of three major folds was sampled in detail at: 1) “Camp Syncline”,
where two stratigraphic horizons were sampled (figures 12,13,14), 2) “Open Anticline”,
and 3) “Open Syncline” (figures 12,13,15). The lower Lisburne was not exposed in any
of these folds and was therefore not sampled. Within Camp Syncline, the “Upper Camp
Syncline” sample locations (UCS1-1 through UCS-7 on figure 14) tended to have higher
fracture densities than the “Lower Camp Syncline” (F3-F12 on figure 14). No obvious
change in fracture density was observed between limbs and hinges, although further
analysis may elucidate more subtle trends in fracture distribution. .

Preliminary Interpretations

Structure: mechanism of folding:

Since the mechanism by which the folds in West Porcupine Lake Valley formed has
important implications for fracture distribution and character within the folds, it is
important to understand their kinematic history. No definitive evidence was found as to
whether the West Porcupine Lake Valley folds are detachment folds or fault propagation
folds, but current research (Jadamec, this volume) may help to answer this question.
Future construction of balanced cross sections of the field area may also provide
constraints on the kinematic history of these folds.

Influence of mechanical stratigraphy on folds in the area:

Preliminary observations indicate that the mechanical stratigraphy of the Lisburne in
West Porcupine Lake Valley is different from the Lisburne in the front ranges. In the
Franklin Mountains and front ranges, the lower Lisburne (Alapah) tends to behave as a_
relatively weak unit, often containing numerous parasitic folds that thicken the unit,
commonly in the cores of detachment folds. In West Porcupine Lake Valley, very few
parasitic folds were seen in the lower Lisburne. This suggests that either a change in the
mechanical stratigraphy prevented this type of thickening, or another factor (such as an
increased tectonic overburden?) prevented parasitic folding from occurring. Although
the relationship is unclear, the absence of thickening in the Alapah may favor asymmetric
detachment folding.

Alternatively, the mechanical stratigraphy described above may have favored the
propagation of a fault ramp, leading to fault propagation folding. In the study area the
middle portion of the lower Lisburne was observed to be more competent than the upper
or lower portions of the lower Lisburne. This mechanically rigid layer buttressing the
lower Lisburne might favor the propagation of a ramp, leading to fault propagation
folding. Fault propagation folding would also explain the fold asymmetry in the area
since the leading models on fault propagation folding (Suppe and Medwedeff, 1990,
Mitra, 1990) require asymmetric folds due to the geometry of the ramp. Further detailed
geometric analysis and cross section balancing may aid in understanding the effect of the
change in mechanical stratigraphy on fold kinematics.

Normal Faulting:
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Preliminary results suggest that at least one stage of normal faulting post-dated, or was
possibly concurrent with folding and/or thrusting. This is suggested by a cross cutting
relationship between the major thrust fault and one of the NE striking, SE dipping normal
faults in the northwestern end of the field area. Another possible line of evidence for
folding concurrent with normal faulting lies in one fold in the southeast side of the field
area (“East Fork Box Fold”). This fold has two different hinges separated by a normal
fault. The geometry of this particular fold may suggest concurrent folding and normal
faulting. Future analysis will address this question.

While the timing of each set of normal faults relative to the other is somewhat unclear at
this point, many of the NW oriented normal faults (of set 2) appear to be the sites of
major changes in fold geometry along strike. This suggests that these faults may have
originated as accommodation structures that formed concurrent with folding and/or
thrusting, and were activated as normal faults during or after folding had occurred.

The numerous normal faults found in the Porcupine Lake structural low are atypical for
the Brooks Range and may be related to the origin of the structural low. Several
hypotheses were developed over the course of the summer to explain the presence of both
the Porcupine Lake structural low itself and the normal faults associated with it.

These included some combination of the following: 1) extension above the trailing edge
of the basement thrust sheets that form the major structures of the northeastern

Brooks Range; 2) extension of the Mississippian and younger rocks over the buried edge
of a rifted Devonian continental margin; 3) normal faulting in the west associated

with inversion of an isolated Devonian basin in the east; and 4) segmentation of the thrust
front by transverse normal faults due to a combination of a complex basement
topography and lateral variations in the amount and distribution of shortening.

Fracturing:

Preliminary observations of fracturing in the field area suggest a complicated history of
fracturing related to pre-folding processes, folding processes and normal faulting.
Numerous fractures were documented that strike both sub-parallel (NE striking) and sub-
perpendicular (NW striking) to regional trends, which are sub-parallel and perpendicular
to the orientations of normal faults in the area. Models and field observations for
fracturing in advance of a developing fold and thrust belt, (Hanks, et al, 1997, Lorenz, et
al, 1997, Lorenz et al, 1991, Hancock and Engelder, 1989), as well as models for
fractures related to folding (Stearns, 1968, Stearns and Friedman, 1969) commonly have
two major fracture orientations that strike parallel and perpendicular to regional trends.
The N-S, and E-W striking trends seem to fit the model for fracturing in advance of a
developing fold and thrust belt. Since many of these fractures exhibit a sense of shear,
very often with a strike slip component, they don’t fit particularly well with the models
described above. In addition, many N-S striking fractures were found in en echelon sets
with a given sense of shear, which can be compared to senses of shear on normal faults in
the area. This is one method of distinguishing which sets of fractures are related to
normal faulting vs. folding. However, since normal faulting in the area may have
produced an “overprint” of fractures in the field area, any analysis of the distribution of
fracturing in folds will be ambiguous. Since fractures with similar orientation may be
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produced by multiple mechanisms through time, further statistical and three-dimensional
analysis will be conducted to attempt to distinguish each generation of fracturing.

Future research:

Future research will include the following:
1) Completion of data compilation.
2) Production of mechanical stratigraphic sections with integrated fracture data.
3) Construction of balanced, restored cross-sections. Balanced and restored cross
sections will help constrain the relevant structural hlstory in the area, as well as
accurately place fracture sample locations.
4) Statistical and three-dimensional analysis of fracture data The relationship
between fracture density, folding, bed thickness, and lithology is important when
developing a predictive model for fracture density within a folded stratigraphic
section. Statistical analysis will focus on fracture spacing as a measure of fracture
density and the distribution of fracture density throughout a given fold. This
analysis will enable comparison of relatively unfolded sample locations to open
folds and tight folds in order to understanding the kinematic history of fracturing
and folding. In addition, statistical analysis and restoration techniques may aid in
distinguishing between fractures related to folding and normal faulting.
4) Integration of fracture data into a three-dimensional fold model. Since folds
and fractures are three-dimensional structures, the third dimension is critical to
understanding the relationship between fracturing and folding, highlighting areas
of higher fracture densrfy, and understanding the kinematic history of folding and
fracturing.
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STAGE ! 2
TYPICAL STRAIN
BEFORE FRACTURE

OR FAULTING <1 -8 2-8 5-10 >10
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. Ty { :)
gl —— ‘/
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Figure 2: Part A: Diagram showing fracture orientation with increasing strain (from:
Griggs and Handin, 1960), Part B: Stearns and Friedman’s (1969) model for fractures
related to folds. Note the different orientations of fractures with respect to ¢}, 02, and 3.
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Fixed Hinge Migrating Hinge
Detachment Folding Detachment Folding
5 :
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Figure 3: Simplified models for detachment folds. Detachment unit is stippled. Fixed
hinge folding requires that the limbs rotate with respect to relatively fixed hinges.
Migrating hinge folding requires that the hinges migrate through the upper unit (circle
shows a single point in the competent unit). Note that the detachment volume must
migrate to fill the core of the fold in both cases. (Modified from: Homza and Wallace,

1995)
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Figure 4: Suppe and Medwedeff’s (1990) model for fault propagation folding.

D-19
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Figure 5: Model for fault bend folding (from Suppe, 1983).
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Figure 9: Generahzed lithostratigraphy of the Endicott, Lisburne, and Sadlerochit groups
in the northeastern Brooks Range.
(From: Krumbhardt et al., 1996)
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Figure 10: Photograph of the stratigraphy in West Porcupine Lake Valley. View is

toward the northeast at the northwestern most Lisburne in the field area. The full
thickness of the upper Lisburne is not shown here. Partial sections of the upper Lisburne
are shown either side of the normal fault. The upper and lower portions of the lower
Lisburne tended to be both recessive in their weathering patterns and mechanically
weaker than the upper Lisbume or the middle portion of the lower Lisburne. Note the
thrust, which places Lisburne and Kayak Shale above the Sadlerochit group.
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Thinly bedded siltstones with well developed
fold axis parallel cleavage. Fold wavelength
controlled by proximity to Upper Lisburne with
parasitic folds. (True thickness of the unit is not
shown here)

Major competent structural unit in the stratigraphy
composed of massively bedded grainstones'and
packstones, with minor wackestones. Controls
major fold geometry and amplitude. Thick
mechanical packages with localized slip surfaces
between major bed surfaces, often along finer
grained lithologies. This unit often displayed
evidence of semi ductile processes such as
flattened crinoids, sheared stylolites, sheared and
transposed chert nodules and well developed
dissolution cleavage.

Thinly bedded, dark colored mudstones,
wackestones, floatstones. Bed parallel slip and
duplexing were documented in the flat panel in the
NW end of the field area, while minor parasitic
folding was observed in folded sections. Minor
dissolution cleavage was also observed.

Fairly massively bedded floatstones and mudstones.
Behaves similarly mechanically to the Upper
Lisbume, with the exception of bed parallel slip and
possibly some duplexing in the relatively flat panel in
the NW end of the field area. Minor dissolution
cleavage was also observed.

Similar lithologically and mechanically to the upper
portion of the Lower Lisburne, with the exception of
more duplexing and parasitic folding, probably due to
its close proximity to the thrust fault and/or Kayak
Shale. Some axis parallel dissolution cleavage, bed
parallel slip, and secondary folding was observed
near contacts with the middle portion of the Lower
Lisburne.

Thinly bedded, highly fissile marine shales. The
Kayak Shale forms the regional detachment in the
area. While only one small outcrop was observed in
the field area, elsewhere in the northeastern Brooks
Range the Kayak is found in tightly folded into first
and second order folds. (True thickness not shown)

Figure 11: Generalized Mechanical Stratigraphy of the Kayak Shale, Lisburne Group,
and Sadlerochit Group in West Porcupine Lake Valley. Thicknesses of units are
approximate. The full thickness of Sadlerochit Group and Kayak Shale are not shown.



iz-a

€1 21n8y ul U0[J0aS SSOID 3} YIM SPUOdSaLIOd UOKIAS JO AUFT ‘o Jo dews 2180j0ap) 17 91

i

28eAE0]0 pamseaur

- (eamo uro1y Aeme sdip)
o~ Suippaq paLLMISAO pAjEWInS?

mw oy Buippaq pajewmse
— ot ' ; ! g Xogf
+ =g Burppaq paUmMIaA0 PamMSEUT " um h
LI Surppaq pamseswl | : 1029SPMIREH

[eofA  [muozHOy 0670 dip

N ‘oeyg ehey
i :oumgsr] Jamo
n :aumgsrT 1addn

POWOP poysep  prios S 1Yo0Ia]pES

S[OQIUAS PUB SIOEIU0,)

28unyd jo uonoamp ajestpUT sSmoe-
(—7") ouioufs paumpoa0
(—~\) ounouds srnownuAse
e (™) ourjoufs sinomruifs
- (\—.) ourouo
(<L) | ouIonuE pay[r/poLILIRA0

( /- ) eurpnue paumyao
(M) ouronue peyn/oLIBWWIASE
.Inv
L 4

N~) surpnue arnowAsE
(N\) aurponue otgewurAs

[OqUAS detd A7joTHO95 [E1oUS0 SpIog
(pp01q vu&moﬂu UMOp UO [[q)

PR s}nej J1atpo

dddias MBI ISOAYT,

Sjmeg

*(m0]2q 555) pauiajut sJouym payiop ‘ojewixosdde asaym poysep
‘paeoo] Ajastoand a1oym prjos 2Je soXe pJoJ pue ‘s)nej ‘sjoejuo))

puagda

T01510886-920V-9d wodal |enuue-1uas yunog



8¢-d

soIngiy Suimopjoj ur Ssoam are auroukg uadQ _uSm ‘aurponuy uadQ ‘aurduis
dwe) jo mamﬁmowonm 71 2In31y U0 UMOYS SUI] OIS "AS[[eA e surdnoIod 189 YSNOIY} Uonoas SSOI0 Padur[equ() ¢ ISt m

/ / / palojooun

S]OBJUOD  SOXE P[OJ SHNBJ O[eyS MeARY ouwingsr| Jomor] auwngsr1 roddn
JOOOOL . MOOO6 W00 . MOOOL . HOOO . HOOOS . HOOOY . WOOOE . #ODOZ . WooOL . O
j ' ' ' ’ ' w.&ﬂ.ﬁ.ﬂu—omhﬂ . . ) _ i . j j . ' . . T #ooe
£s :3 > 4
o oo\ g - |
o OV_O>OV_ ic “ skaams ommmmh.w:mbm
Eoo_m_UOw f
\-v. o - 100ee
JOAD) ;...E.P E..__m__sg__s_asser A== m. yoolgpog 4
|\ J LAY 2_.,._%%9@__5 e
Aﬂ -A ..I/
ATy » X f .
:::E—__Egéa__% . é‘%% WM ..... ,_.%o?
SIS AT g ....... ﬂ M i / aulngsr] leddn -
................... ’ SUIIOUAS
auINgs(T oMo DIo} XOg JaUlolUY m%hw%\»m JSOMULON
ol o)
1So2yjnosg MO ISD3 uado

201ST1DE86-97IV-dd yodal [enuue-1Was PUOag




AC26-98BC15102

-

D1

Sccond semi-annual report

o,

N

PN T

s O W o>
AT A NN

f

e

=)
=

==
.2
= =
= =
SO
]
o——1
= o
= =
'5-5—-
[<vilER )
= 82
- 8
S 8
=
< =
s .=
L o
o=
O
2

.

sigha

s de

ion

1 sample locati

1mcc

th sample locations. Undetl

method, non-underlined sample locations designate generalized fracture sampling method, and dotted |

nec wi

f Camp Syncl

ICW O

West vi

Figurc 14

stratigraphic survey.

D-29



-AC26-98BC15102

i
4

DI

innual report

”
It

Scn

5

Sccond

Iy

2

v

AT

i

53

Y £

i
B2l

1 sample

incc
cd fracturc sampling

s. Underl

on

th samplc locati

nc wi

linc and syncl

o

lar) of open anti

icu

.

ke sub-perpend
locations designate detailed fracture sampling method, non-underlined samplc locations designate general

(stri

ICW

: Northeast v

Figurc 15

17

ic survey.

f stratigraph

10n o

tcs the locati

lica

ne ingd

method, and dotted 1



Ie-a

‘SUOLEIUSLIO o1MPdeY] [R1oULT U3 smoys nq ‘pjog oty moy3noxy sermoey jo Juroeds oy jo SAnRInasardar
Jou styojeys siyy, surpousg dwe) yo woniod ToMor a1y ur papiooar spos SIMOeY pajos|as Jo yorays oAnRIdIoyu Areununparg :9y a3y

Ld-v4 oq; se voziroy onydesdnuns . \lh.m .
Jtes oY) w jou Ljqrssog

61

ageAead
uonnjossip

(suoneooj sjduwres Pa399]9s yjim)

AdAIng pag oMo
QUITOUAS duren

COISTOL86-97D V-9

1odar enuue-nos puosag



umousiun=Aijua yue|q Jo n

¢e-a

i} Ou=N
Zpenb=p }seq Je snonBiquwe si Www | ueyj sse| sainpade jo Juswiainsesiu 9ouls ‘ainpade a|qissod
2}0|eo=9 1seb.e| ey aq 0} pasepisuod ale ww | 0} [enba Jo uey} ssa| senjea ainpade jey} sjou
IR ainpady
(saunjoeyy Jsyjo Jsuiebe usyo) Ajjelele| sejeuLLIS)=T
umouun=Aljua yue|q Jo N
Ajleuonepelb ssjeuiwie)=9) |
joejU0D Bulppeq B Je Jou ‘pag e uiypm Afleussiul SejeUILLIS)=] |
ainjoey) e jsuiebe=4y
80BLINS Paqg Hayo e Jsuiebe=ggy
Jos uaAIb e jo sainoel ay jo Bujdwes ,wopuel, e anpou pyayo e jsujebe=ny
Aldwis ase Jnq ‘leassyu) Buroeds uaaib e 0} puodsellos jou op suonejusio asou) aoeyns Buippaq e jsulebe=gy
‘suonejusio Jo saues e Aq pamolio} ‘WOANYY :SMOYS UOHBIUSLIO 8I19ym
uonejusup -suoijeujuwis |
S|oqWIAS 0} Aoy

201510886 -920V -3d

Joesuel| seddpn :suljouig dwen 1s8pp 13 xipusddy
J0esuel] JamoT :auljpuAs dwe) 3sap :g Xipuaddy
aulpuAg dwed ise3 0 xipusddy

spjo4 uadQ :g xipuaddy

sainjoel{ punoibyoeg 1y xipuaddy

{STEIIeg)

ele  aJdnjoeld4
X_UCQQQ< uodal [enuue-fWes yuno




Fourth semi-annual report DE-AC26-98BC15102

For the "base" case, 88% of the smaller fractures were removed before there was any
effect on conductance. 99% of the smaller fractures had to be removed to drop conductance to
zero (with radius less than 7 m). On the other hand, a removal of only 2% of the largest fractures
significantly decreased conductance and a removal of the largest 12% (radius greater than 4 m) of
the fractures makes the fracture network non-conductive. N

In the “realistic’ case, 97% of the smallest and or 3% of the largest fractures have to be
removed to make the system non-conductive. After removal of fractures with radius less than 4
m or more than 3 m, the conductance dropped to zero. Apparently, variability in strike and dip
made the system more interconnected and restored some of the connectivity loss caused by the
ENE fracture termination.

Similar trends were seen when studying the effect of fracture removal on the network
connectivity. The system tolerates removal of the smaller fractures (i.e. <4m "base" and <Im
"realistic" cases), which have only a small role in interconnecting the larger fractures. Removal
of a few larger fractures, however, substantially reduces connectivity. These results indicate that
the system is operating at or above the percolation threshold (Sahimi, 1994).

Conductivity Comments

A few large NNW fractures dominate the system connectivity, with the smaller but more
numerous ENE set largely limited to connecting up the NNW fractures. This suggests (e.g.,
Putra et al., 1999) that viscous-force dominated displacements (e.g., waterfloods with a favorable
mobility ratio) would likely benefit from injection - production well placements having positions
along an ENE line. In displacements where diffusion is important, system conductivity is not as
important as the fracture contact area with the matrix. The ENE set then plays a more important
part.

This part of the study assumed no flow through the matrix; all flow was by fractures.
Consequently, the sensitivities observed here would be mitigated by the permeable matrix. For
example, the loss of very few large fractures reducing the system connectivity to nil may not be
observed if flow through the matrix is included. Nonetheless, the trends observed may be
important for wellbore placement and injection strategy in producing formations with fracture
properties similar to those of the models.

The relative importance of the fracture sets to wellbore connectivity and system
connectivity have implications for appropriate sampling of fractures in producing formations.
The displacement process, fracture intensity, geometry, and relationships, and matrix
conductivity all play a part in defining whether a particular set of fractures is important to flow.
Outcrop-based evaluations are particularly difficult in this respect because a variety of
displacement processes may be possible. Therefore, which set(s) should be sampled and to what
degree has no simple solution. The obvious priority is evaluation of the largest fractures but
deciding which fractures are "large" may not become clear until numerous measurements are
made.

Conclusions .
Fracture systems in the relatively undeformed region of the Wahoo Limestone were
modelled. The wellbore trajectory analyses of several cases showed:
e A positive correlation was observed for the base case between number and area of fractures
connected to wellbores. This relationship, however, diminished for the other cases.
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e Optimal horizontal well azimuth orientations for the base case and the case with variable
fracture strike and dip are in the range 0° to 30°. Wells with such orientation will be
connected to the maximum number and area of fractures.

e Variability in strike and dip increases the number and area of fractures connected to the
wellbore. However, it does not change the optimal wellbore orientation.

e ENE fracture termination against the NNW fractures increases the number and decreases the
area of fractures connected to the wellbore. It also affects wellbore placement, shifting the
optimal wellbore trajectory from the bisector between the two sets (30°) towards the direction
perpendicular to the NNW set (60°).

The hydraulic connectivity analyses showed:

o The fracture network is weakly anisotropic if uniform fracture transmissivity is assumed.

e The system remains weakly anisotropic when the relative transmissivities of the sets are
changed.

e ENE fractures provide critical connections in the fracture network, as opposed to the NNW
set, whose transmissivity is important only for the NNW flow.

e The fracture system is above the percolation threshold in all the cases.

The smaller fractures become important if ENE fracture termination and strike and dip variability
are included in the model: the “realistic” case is less interconnected, closer to the percolation
threshold and more sensitive to removal of smaller fractures.

Future work

Data analysis and modelling of fracture systems in more deformed sections of the
Lisburne group will continue. Data from five folds will be analysed and the following issues
addressed.

1. The effect of lithology and bed thickness on fracture height and spacing.
2. Comparison of fracture set properties.
3. The effect of position on the fold and degree of folding on fracture properties.

The analysis results will be used for development of fracture models which can be interrogated
for wellbore placement and system connectivity, as in the previous study of an undeformed
element.
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