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ABSTRACT

Detailed mapping of a 32 square-kilometer area in the fold-and-thrust belt of the
north-central Brooks Range indicates that fault-related folds in the Lisbume Limestone
formed as detachment folds and were subsequently cut by thrust faults. Thrust faulting
resulted in a duplex structure with a floor thrust in the Kayak Shale and a roof thrust in
the Siksikpuk Formation. The linking thrusts of the duplex dip toward the hinterland
while the floor and roof thrusts dip toward the foreland indicating that the duplex has
been tilted by underlying structures. I constructed models for the sub-Lisbume structure
to account for the structural geometry observed in the study area. Duplexing of the
Kanayut Conglomerate is the most likely cause of the forward tilt, but thickening of the
Kayak Shale or deformation beneath the basal thrust of the Endicott Mountains
allochthon may also contribute.
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CHAPTER 1
INTRODUCTION

PURPOSE OF THE STUDY
Thrust-related folds, including fault-bend folds, fault-propagation folds, and
detachment folds, and duplex structures are essential elements of fold-and-thrust belts
around the world (Erslev and Maybom, 1997; Jaswal et al., 1997; Wallace et al., 1997;
Powers et al., 1998; Wallace and Homza, in press). Many examples of these structures
have been studied and models have been proposed to explain their formation (Suppe,
1983; Mitra, 1986; Suppe and Medwedeff, 1990; Poblet and McClay, 1996; Wallace et
al., 1997). However, current models of thrust-related folds within duplex structures
typically assume that folds form after or synchronous with faulting, by fault-bend folding
or fault-propagation folding (Boyer and Elliot, 1982; Mitra, 1986). Models for duplex
structures generally do not consider folds that form prior to truncation by thrust faults,
such as detachment folds. The northern Brooks Range of Alaska is an excellent location
to study duplexes in which folds are interpreted to have formed before being cut by thrust
faults (Homza, 1992; Wallace and Homza, 1986; Wallace et al., 1997; Chmielowski et
al., 2000).
The purpose of this study is to determine the structural geometry and evolution of the
duplex structure and associated thrust-related folds located southwest of Galbraith Lake
in the north-central Brooks Range. I interpret thrust-related folds in this area to be
detachment folds that formed in the Lisbume Limestone between regional decollements,
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one in the underlying Kayak Shale and another in the overlying Siksikpuk Formation.
Thrust faults subsequently ramped up from the Kayak Shale, truncated folds in the
Lisbume Limestone, and flattened in the Siksikpuk Formation producing a duplex
structure. I interpret a similar duplex to have formed in the competent Kanayut
Conglomerate beneath the Kayak Shale.
The specific questions addressed in this study are:
•

Does the geometry of the folds found in the study area support the interpretation
that they are detachment folds?

•

Is there evidence that the thrust faulting post-dates the folding?

•

Are the thmst faults that cut the Kanayut Conglomerate connected to the thrust
faults that cut the Lisbume Limestone?

•

Does the structure of the folds and faults in the study area really form a duplex
and if so, what is the geometry of the duplex?

•

What role does the Kayak Shale play in the folding, faulting, and duplexing in the
area?

•

What are the kinematics of the folds and the duplex structure?

GEOGRAPHIC LOCATION
The study area is located in the north-central Brooks Range southwest of
Galbraith Lake (Figure 1 and Figure 2) in the southwest portion of the U.S. Geological
Survey (U.S.G.S.) Philip Smith Mountains 1:250,000-scale quadrangle. The area
includes parts of both the Philip Smith Mountains B-5 and B-4 1:63,360-scale

Figure 1.
Geologic map of northern Alaska showing geologic provinces and main geologic
structures. Area covered by Figure 2 is outlined.
After Wallace et al. (1997).

Measured
Lisbume
Limestone

Figure 2.
Structural domain map of the north-central Brooks Range along the Dalton Highway.
Map shows stratigraphic units, domain boundaries, and the northern edge of the Endicott
Mountains allochthon within the Lisbume domain. Study area is outlined. Location
where Lisbume Limestone was measured is also shown. After Wallace et al. (1997).
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quadrangles (Plate 1). The study area is located to the west of the Dalton Highway
approximately 515 kilometers north of Fairbanks.
The study area forms a rectangle approximately 6.4 km long by 5 km wide with
the long axis running north/south (Plate 1 and Figure 2). It is bound on the east by the
Atigun River, the Dalton Highway, and the Trans-Alaska Pipeline and on the west by the
drainage of the easternmost north-flowing stream that eventually empties into Galbraith
Lake.
The study area is located at the range front of the central Brooks Range (Figure 2).
The central Brooks Range front trends essentially east/west but takes an abrupt jog to the
north just to the west of the study area. To the east of the area, the east-trending front of
the central Brooks Range meets the northeast-trending front of the northeastern Brooks
Range.

METHODS
I mapped a 32 square-km study area during the summer of 1998. I produced a
geologic map of the area based on fieldwork conducted in this study in combination with
previous work done by other geologists (Brosge et al., 1979; Mull et al., 1997; Wallace et
al., 1997) (Plate 1).
I mapped the field area at a scale of 1:25,000 using enlarged U.S.G.S. topographic
maps and aerial photographs and constructed a geologic cross section across the study
area (Plate 2). I partially restored the cross section to show that the structures were
geometrically viable before I fully restored it (Plate 3). Full restoration of the cross
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section provides a reconstruction of the study area prior to deformation. I produced
several models of possible subsurface structures that could account for the geometry of
the unrestored cross section.
On a return trip to the area in the summer of 1999, using a Jacobs staff I measured
a well exposed and relatively complete section of the Lisbume Limestone located directly
northwest of and adjacent to the study area (Figures 2 and 3). The measured section
provides a minimum estimate of the thickness of the Lisbume Limestone, which was used
in construction of the cross section across the study area. Appendix A contains a detailed
description of the section measured.

BACKGROUND TO THE PROBLEM
The structural geology of the central Brooks Range has been addressed by
relatively few investigations. Among the different studies, Brosge et al. (1979) conducted
reconnaissance-style mapping of the stratigraphy and the geology. Mull et al. (1989)
studied the geology of the Brooks Range along the Dalton Highway. Kelley and Brosge
(1995) evaluated the geology and tectonic development of the central Brooks Range
based on a transect through the range and Arctic foothills. Mull et al. (1997) and Wallace
et al. (1997) completed studies of the structure of the central Brooks Range as part of the
Trans-Alaska Crustal Transect (TACT). Handschy (1988) and Glenn (1991) both
conducted structural studies on a more detailed level in parts of the central Brooks Range.
This study builds on the work of other geologists by studying the structural style of a part
of the central Brooks Range on a more detailed level by mapping the stratigraphy and
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Figure 3.
Stratigraphic column of the measured section of Lisbume Limestone including relative
internal mechanical stratigraphy. Mlu - upper unit of Lisbume Limestone, Mlm middle unit of the Lisbume Limestone, Mil - lower unit of Lisbume Limestone. For a
detailed stratigraphic description see Appendix A.
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structure on a scale of 1:25,000. My hope is that this study will help to refine what is
currently known about the structure of the central Brooks Range while adding to the
general knowledge of thin-skinned deformation of fold-and-thrust belts around the world.
Understanding the processes involved in the deformation of fold-and-thrust belts is
important in seismic hazard assessment and also in hydrocarbon exploration.
This study addresses several different aspects of the structural geology of the
study area, including mechanical stratigraphy, thrust-related folds, and duplex thrust
systems. The purpose of this section is to provide the background needed to relate each
of these subjects to the structure of the study area.

Mechanical Stratigraphy
The mechanical properties of rock units greatly influence the deformational style
of an area. Therefore, it is important to look not only at the lithologic stratigraphy but
also at the mechanical stratigraphy of rock units. Mechanical stratigraphy divides
stratigraphic sections into packages of beds according to their relative competencies
(Woodward and Rutherford, 1989). Competencies are determined by the rheologies and
thicknesses of the units, the distribution of individual beds within a unit, and the
characteristics of bedding planes (Woodward and Rutherford, 1989).
The scale at which one looks at the stratigraphic units and the structures within
them determines how the packages of beds will be subdivided. At the regional scale
within the central Brooks Range, the stratigraphic section can be subdivided into four
mechanical units as follows: the Kanayut Conglomerate (competent), the Kayak Shale
(incompetent), the Lisbume Group (competent) and the Siksikpuk Formation
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(incompetent) (Figure 4) (Wallace et al., 1997). On a more local level, the stratigraphy of
larger mechanical units may be subdivided even further. Subdividing mechanical units
locally may enhance the understanding of why certain fold styles and geometries are
present in certain areas. In the study area, the Lisbume Limestone has been subdivided
into three units: lower, middle, and upper. Thicker bedding and overall larger grain size
make the lower and upper Lisbume Limestone relatively more competent than the thinner
bedded, fine-grained middle Lisbume Limestone (Figure 3).

Thrust-Related Folds
Identifying the type of folds present in the study area is an important step in
understanding the structure. Three types of thrust-related folds are common in fold-andthrust belts: fault-bend folds, fault-propagation folds, and detachment folds (Figure 5)
(Suppe, 1983; Suppe and Medwedeff, 1990; Poblet and McClay, 1996).

Fault-bend folds
Fault-bend folds develop when a fault forms before a fold and the fold is a result
of the hangingwall rocks being displaced over bends in the footwall from lower flat to
ramp and from ramp to upper flat (Figure 5) (Suppe, 1983; Jamison, 1987). Beds within
the footwall ramp are not folded. The forelimbs of hangingwall anticlines are located
forward of the footwall ramp, and generally dip no more than 60 degrees. The backlimbs
are typically parallel to the footwall ramp (Jamison, 1987). Fault-bend folds tend to form
where the mechanical stratigraphy is fairly uniform and relatively competent, with few
incompetent horizons that are substantially thick relative to overlying competent units
(Suppe, 1983).
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Stratigraphy of
the study area.

Figure 4.
Lithostratigraphic column of the Endicott Mountains allochthon. This stratigraphy
has been further subdivided into the mechanical stratigraphy. Locations of detachment
horizons are shown within the mechanical stratigraphy. Stratigraphy of the study
area is indicated by brackets. After Wallace et al. (1997).
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C Detachment folding
Figure 5.
Three types of thrust-related folds: a) a fault-bend fold, b) a fault-propagation
fold, and c) a detachment fold. After Jamison (1987).
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Fault-propagation folds
Fault-propagation folds form ahead of a propagating ramp. Therefore, a ramp tip
is an essential characteristic of a fault-propagation fold (Mitra, 1990; Suppe and
Medwedeff, 1990). Thrusts that form fault-propagation folds tend to cut through the
hinge of the syncline at the fault tip, so that beds beneath the ramp in the footwall are not
folded (Figure 5) (Suppe and Medwedeff, 1990). Anticlinal forelimbs are typically steep
to overturned and the anticlinal backlimbs typically parallel the footwall ramp (Jamison,
1987; Mitra, 1990; Suppe and Medwedeff, 1990). Like fault-bend folds, faultpropagation folds tend to form where the mechanical stratigraphy is fairly uniform and
relatively competent, with few incompetent horizons that are substantially thick relative
to overlying competent units (Suppe and Medwedeff, 1990).

Detachment folds
Detachment folds generally form above a blind, bed-parallel thrust as
displacement is transferred into folding (Poblet and McClay, 1996) (Figure 5). Unlike
fault-bend and fault-propagation folds, detachment folds are not associated with ramps in
the thrust surface (Suppe, 1983; Mitra, 1990; Suppe and Medwedeff, 1990; Poblet and
McClay, 1996). Detachment folds tend to form where the mechanical stratigraphy
alternates between competent and incompetent units (Jamison, 1987). Anticlines
typically form in competent units above incompetent units that accommodate shortening
by internal thickening (Jamison, 1987). Detachment folds can have a wide range of dips
for both the forelimb and backlimb (Jamison, 1987; Homza and Wallace, 1997; Poblet
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and McClay, 1996). Folds within the central Brooks Range, including the study area,
have been interpreted to be detachment folds based on four observations (Glenn, 1991;
Wallace et al., 1997; Chmielowski et al., 2000). First, the mechanical stratigraphy
alternates between incompetent and competent units. Second, the folds display a wide
range of dips for both the forelimbs and backlimbs. Third, the truncation of axial
surfaces indicates that folding preceded faulting. Fourth, the presence of footwall
synclines is inconsistent with the ideal fault-propagation fold.

Thrust breakthrough of pre-existing folds
Willis (1893) coined the term “break-thrust” for the breakthrough of pre-existing
folds by thrust faults (Figure 6). Since then, numerous authors have recognized that
breakthrough of faults may modify thrust-related folds as they evolve (Jamison, 1987;
Mitra, 1990; Suppe and Medwedeff 1990; Wallace and Homza, in press). Thrust faults
may break through existing fault-propagation or detachment folds. Typically thrusts
break through the steep to overturned forelimb to an upper footwall flat (Fischer et al.,
1992; Jamison, 1987; Mitra, 1990; Suppe and Medwedeff, 1990; Wallace et al., 1997;
Wallace and Homza, in press). Subsequent displacement of the fold above the fault
modifies the geometry of the truncated fold and makes interpretation of its origin more
difficult.

Definition of a Duplex
Boyer and Elliot (1982) and Mitra (1986) define duplexes to be thrust systems that
include bed-parallel floor and roof thrusts connected by a series of imbricate thrusts that
bound horses with a uniform internal geometry, such as a series of ramp-related anticlines
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Break-Thrust Model

Figure 6.
Break-Thrust Model of Willis (1893). Break-through of a pre-existing fold by
thrust faulting forms an asymmetric fold with a faulted forelimb.
After Suppe and Medwedeff (1990).
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(Figure 7). Most discussions of duplexes assume that the folds within them formed as
“ramp-related anticlines” that are essentially equivalent to fault-bend folds. Little
attention has been devoted to the geometry of duplexes that incorporate other types of
folds, such as fault-propagation or detachment folds.
Mitra (1986) presented a classification of duplex geometry based on angle, height,
and spacing of ramps, and thrust displacement. Three duplex models from Mitra’s (1986)
classification lack a bend in the footwall between the ramp to upper flat (Figure 8). These
models are for the special case in which the part of a horse forward of its trailing ramp
has been tilted to the same dip as that ramp as a result of displacement over another ramp
in the footwall of the horse (Figure 8). These three duplex models will be compared with
the geometry of the duplex within the study area.

Figure 7.
Geometry of a duplex. Progressive evolution of a foreland sloping duplex consisting of three thrust sheets. Parameters
controlling the geometry include ramp angle (0) and height (hr), Hanging wall cutoff angle (P), initial (a0) and final (a’)
spacing between adjacent thrusts, and displacement (d) on each thrust. Duplex height is hd. The terms lower and upper
detachment and ramp refer to individual thrusts; floor, roof, and imbricate thrusts refer to a duplex. After Mitra (1986).

A

Hinterland Sloping Duplex

B

True Duplex

Partial Overlap
(Foreland Sloping Duplex)

Figure 8.
Three duplexes from Mitra’s (1986) classification of duplexes that do not contain a ramp to upper flat bend.
A - a hinterland sloping duplex that contains a straight ramp and relatively small amounts of displacement. B - a true
duplex again with straight ramp and relatively small amount of displacement. C - a partial overlap (foreland sloping
duplex) with relatively straight ramp and only a small amount of overlap. Please note that in all three cases the topo
graphy is a result of the thrusting over a ramp. Mitra does not include duplexes formed by truncated detachment folding.
None of the duplexes described by Mitra (1986) depict a floor thrust that dips forward.
After Mitra (1986).
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CHAPTER 2
REGIONAL GEOLOGY

DEFORMATION OF THE CENTRAL BROOKS RANGE
The Brooks Range is the northern extension of the North American Cordilleran
orogen (Moore et al., 1994). It is the result of a Late Jurassic and Early Cretaceous
collision of an island arc with the south-facing Arctic Alaska passive continental margin,
followed by intracontinental shortening that continued into the Tertiary (Moore et al.,
1994; Moore et al., 1997). Southward subduction of the Arctic Alaska terrane resulted in
the detachment and imbrication of its sedimentary cover into several internally deformed
thrust sheets or allochthons. Following the emplacement of the allochthons, uplift and
unroofing occurred along the southern part of the main axis of the Brooks Range during
Albian and Cenomanian time (Moore et al., 1994). Denudation driven by crustal
thickening associated with contraction during Paleocene and late Oligocene times led to
the present topography of the Brooks Range (O’Sullivan et al., 1997). These
contractional events caused a metamorphic belt to develop in the southern Brooks Range
and a fold-and-thrust belt to form in the northern Brooks Range. This study is focused on
an area within the fold-and-thrust belt.
The fold-and-thrust belt of the central Brooks Range consists primarily of the
Endicott Mountains allochthon (Figures 1 and 9). The Endicott Mountains allochthon is
a subterrane of the Arctic Alaska terrane, which comprises most of the Brooks Range and
North Slope (Jones et al., 1987; Moore et al., 1994; Silberling et al., 1994). The Endicott

Figure 9.
Schematic regional cross section through the central Brooks Range. Cross section shows the general deformation style of
the Endicott Mountains allochthon and the underlying parautochthonous rocks. X marks the approximate location of the
study area. After Moore et al. (1997).
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Mountains allochthon is believed to be a part of the ancient passive continental margin
that was thrust a minimum of 88 kilometers (Mull et al., 1989) to the north over the North
Slope autochthon and the parautochthon of the northeastern Brooks Range (Figure 9)
(Moore et al., 1994; Kelley and Brosge, 1995). Evidence for this is found at Doonerak
Window (Figure 1 and Figure 9), south of Atigun Pass, which exposes rocks that are
interpreted to be equivalent to those in the northeastern Brooks Range (Mull et al., 1989,
and references therein; Moore et al., 1994).

STRATIGRAPHY OF THE ENDICOTT MOUNTAINS ALLOCHTHON
The stratigraphy of the Endicott Mountains allochthon comprises, in ascending
order, the Upper Devonian Hunt Fork Shale, the Upper Devonian Noatak Sandstone, the
Upper Devonian and Lower Mississippian (?) Kanayut Conglomerate, the Mississippian
Kayak Shale, the Mississippian and Pennsylvanian Lisbume Limestone, and the Permian
Siksikpuk Formation (Figure 4) (Mull et al., 1989; Moore et al., 1994). Deposition of
these terrigenous and marine units is interpreted to have occurred in a setting dominated
by rifting in Middle to Late Devonian time, followed by subsidence of a south-facing
passive continental margin beginning in Mississippian time (Moore et al., 1994).
The regional stratigraphy discussed in this section is limited to that which is
present in the study area. From stratigraphically lowest to highest, it includes the
Kanayut Conglomerate, the Kayak Shale, the Lisbume Limestone and the Siksikpuk
Formation.
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Kanayut Conglomerate
The Upper Devonian and Lower Mississippian (?) Kanayut Conglomerate is
interpreted to have been a very extensive fluvial deltaic complex. Moore and others
(1989) have interpreted it to be shed from a northern source toward the southwest into a
basin that was open to the south. It is at its thickest near Galbraith Lake (2,624 m, 8,600
ft), where a composite section was measured (Moore et al., 1989). From here it
depositionally thins westward and southward.
The Kanayut Conglomerate is comprised of three members. From
stratigraphically lowest to highest, they include the Ear Peak Member, the Shainin Lake
Member, and the Stuver Member (Figure 4). Descriptions of the three members are
based on Moore et al. (1989).

Ear Peak Member
The Ear Peak Member was deposited over the shallow marine Noatak Sandstone
as the shoreline prograded seaward (Moore et al., 1989). It consists of a series of finingand thinning-upward cycles of conglomerate, sandstone, and shale. Based on their
similarity to modem meandering river deposits, Moore et al. (1989) interpreted these
cycles to have been deposited by meandering rivers on a flood plain. The thickness of
the Ear Peak Member is 1,160 m (3,806 ft) where it was measured on high ridges
approximately 15 km (9 miles) south of Galbraith Lake near mile 260 of the Dalton
Highway (Moore et al., 1989).
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Shainin Lake Member
The Shainin Lake Member conformably overlies the Ear Peak Member. Moore et
al. (1989) interpreted it to have been deposited by a braided stream system. The most
notable difference between the Shainin Lake Member and both the underlying Ear Peak
and overlying Stuver Members is the lack of shale in the Shainin Lake Member. The
Shainin Lake Member comprises interbedded conglomerate and sandstone beds that fine
upward. The 155 m (509 ft) Shainin Lake Member section was measured approximately
15 km (9 miles) southeast of Galbraith Lake (Moore et al., 1989).

Stuver Member
The Stuver Member conformably overlies the Shainin Lake Member. Moore et
al. (1989) have interpreted it, like the Ear Peak Member, to be deposited by meandering
rivers on a flood plain. The Stuver Member comprises fining-upward cycles of
conglomerate, sandstone, and shale that indicate gradual retreat of the Kanayut delta. At
a location approximately 6 km (4 miles) east of the Atigun River valley, and 15 km (9
miles) southeast of Galbraith Lake, Moore et al. (1989) measured the Stuver Member to
be 1,309 m (4,295 ft) thick.

Kayak Shale
The Mississippian Kayak Shale rests conformably on the Stuver Member of the
Kanayut Conglomerate (Figure 4). The base of the Kayak Shale is a sandstone interval
that is 40 m (130 ft) thick as measured at the Kayak Shale type area near Shainin Lake,
approximately 80.5 km (50 miles) west-southwest of the study area (Moore et al., 1989).
Some geologists do not include the basal sandstone unit when discussing the thickness of

23
the Kayak Shale (Dumoulin et al., 1997). The sandstone interval is topped by black
fissile clay shale. Two limestone marker beds are present within the Kayak Shale.
However, their stratigraphic positions within the section differ depending on where the
section was measured and the person measuring the section (Moore et al., 1989;
Dumoulin et al., 1997). Moore et al. (1989) report the lower limestone marker bed to be
located 220 m above the base of the Kayak Shale (basal sandstone unit) and overlain by
more shale. They report the upper limestone marker bed to be 40 m above the lower
limestone marker bed and forming the uppermost part of the Kayak Shale. Moore et al.
(1989) report that the lower three parts of the Kayak Shale (sandstone, shale, lower
limestone marker bed) can be traced along the entire length of the Brooks Range. In
contrast, Dumoulin et al. (1997) measured the Kayak Shale approximately 10 km (6
miles) east southeast of Galbraith Lake and include the basal sandstone member with the
Kanayut Conglomerate. Dumoulin et al. (1997) report the lower limestone bed to be at
the base of the Kayak Shale and the upper limestone bed to be approximately 152 m
higher and overlain by more shale. Both authors interpret the Kayak Shale as having
been deposited in a progressively deepening, open-marine environment that began to
shallow approximately halfway through its deposition so that the uppermost part of the
unit shoaled into platform carbonate rocks of the Lisbume Group (Moore et al., 1989;
Dumoulin et al., 1997).
Regionally the Kayak Shale varies in thickness. At the type section at Shainin
Lake the Kayak Shale is approximately 305 m (1,000 ft) thick (Moore et al., 1989).
Dumoulin and others (1997) estimate that the Kayak Shale is at least 210 m (689 ft) thick
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in the Trans-Alaska Crustal Transect (TACT) corridor in the central Brooks Range. It
has been estimated to have a maximum thickness of 350 m within the Endicott Mountains
allochthon (Wallace et al., 1997). Throughout the Brooks Range, the stratigraphic
thickness of the Kayak Shale is difficult to determine because of marked changes in
thickness due to both thrust faulting and folding.

Lisburne Group
The Mississippian to Pennsylvanian Lisbume Group forms an extensive east-west
trending belt of carbonate rocks that extends from the Yukon-Alaska border in the east to
the Chukchi Sea in the west (Armstrong and Mamet, 1989). It is found throughout the
northern Brooks Range and underlies the North Slope. It is autochthonous in the
subsurface of the North Slope and parautochthonous in the northeastern Brooks Range
(Armstrong and Mamet, 1989). It is allochthonous in the De Long and Endicott
Mountains of the western and central Brooks Range (Armstrong and Mamet, 1989;
Dumoulin et al, 1997; Mull et al., 1997). Brosge et al. (1962) recognized three
formations within the Lisbume Group: the Lower Mississippian Wachsmuth Limestone,
the Upper Mississippian Alapah Limestone, and the Pennsylvanian Wahoo Limestone,
from stratigraphic ally lowest to highest. Brosge et al. (1962) differentiated the three
formations based on color, grain size of the carbonates, the presence of dolomite and
disseminated silica, and the abundance of shaly thin-bedded limestone and clay shale.
Regional studies since that time have shown that the three Lisbume Limestone units are
not readily differentiated on the basis of lithology alone (Armstrong and Mamet, 1989).
The Endicott Mountains allochthon contains only Wachsmuth Limestone and Alapah
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Limestone with little or no Wahoo Limestone (Pennsylvanian) (Armstrong and Mamet,
1989).
Measured sections of the Lisbume Limestone within the Endicott Mountains
allochthon vary from 650 m (2133 ft) thick south of Atigun Gorge approximately 13 km
(8 miles) east-southeast of Galbraith Lake (Dumoulin et al., 1997) to 1,040 m (3412 ft)
thick at Alapah Mountain approximately 50 km (31 miles) west-southwest of Galbraith
Lake (Armstrong and Mamet, 1989). Despite the variations in thickness, the general
lithostratigraphy is similar between the sites. Approximately the bottom third of the
Lisbume Limestone is characterized as skeletal packstone, bioclastic wackestone, and
packstone, with chert near the upper part. The middle third of the Lisbume Limestone is
a dolomitic mudstone near the base and grades into mudstone and packstone upsection.
Near the top of the middle part, the unit becomes rich in chert and shale. The upper third
of the Lisbume Limestone contains thick, massive beds of bioclastic lime mudstone and
wackestone to grainstone. The Lisbume Group in the Endicott Mountains has been
interpreted to be an open platform carbonate succession. Dumoulin et al. (1997) interpret
the section they measured to have accumulated in a shallow, warm water platform with
restricted circulation.

Siksikpuk Formation
Within the Endicott Mountains allochthon the Permian Siksikpuk Formation
unconformably overlies the Lisbume Group and is interpreted as a transgressiveregressive succession of siliciclastic, storm-influenced shelf strata that was deposited in
middle-shelf to shoreface environments (Adams, 1991; Adams et al., 1997; Dumoulin et
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al., 1997). Based on measured sections from the Endicott Mountains allochthon, Siok
(1985) divided the Siksikpuk Formation into informal lithostratigraphic units A through
D. Adams et al. (1997) describe the Siksikpuk Formation based on Siok’s (1985) units
and claim that the units are distinguishable throughout the central and western Brooks
Range. Basal Unit A is composed of pyritic siltstone that weathers a characteristic redbrown to orange-brown (Siok, 1985; Adams and Siok, 1989; Adams, 1991; Adams et al.,
1997). Unit B is primarily a mudstone that weathers green, gray and maroon (Siok, 1985;
Adams and Siok, 1989; Adams, 1991; Adams et al., 1997). It is the thickest and most
variable of the units. Unit B can also contain silty shale and siltstone (Adams et al.,
1997). Unit C is comprised of siliceous shale and is the most resistant of the units (Siok,
1985; Adams et al., 1997). The uppermost unit, Unit D, consists of concretionary shale
that is gray to black and is generally poorly exposed (Siok, 1985; Adams et al., 1997).
Thickness of the Siksikpuk Formation ranges from 40 to 160 m (130 to 525 ft) within the
north-central Brooks Range (Adams et al., 1997).

STRUCTURE OF THE ENDICOTT MOUNTAINS ALLOCHTHON
Within the Endicott Mountains allochthon, stratigraphic units have been folded
and stacked into hindward-dipping (south-dipping) sheets that are bound by thrusts
(Glenn, 1991; Moore et al., 1994; Wallace et al., 1997). Major structural detachments
occur in the incompetent Hunt Fork Shale, the Kayak Shale, and the Siksikpuk Formation
(Figure 4). South-dipping thrusts with asymmetrical hangingwall anticlines and footwall
synclines occur in both the Kanayut Conglomerate and the Lisbume Limestone.
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Structures within the Kanayut Conglomerate are larger than those within the Lisbume
Limestone. This is likely due to the fact that the Kanayut Conglomerate is much thicker
than the Lisbume Limestone. Thrust faults typically do not cut across detachments,
although detachments are breached locally. The overall structure in the Endicott
Mountains allochthon in the central Brooks Range is interpreted to consist of separate
duplexes in the Kanayut Conglomerate and the Lisbume Limestone that are bounded by
detachments that dip regionally to the north (Wallace et al., 1997).
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CHAPTER 3
FIELD OBSERVATIONS

LOCAL STRATIGRAPHY
The stratigraphy of the study area includes the Kanayut Conglomerate through the
Siksikpuk Formation. Figure 4 summarizes the generalized lithostratigraphies of the
area. The following lithostratigraphic descriptions include only the rock units that are
present in the study area.

Kanayut Conglomerate
The Upper Devonian to Mississippian (?) Kanayut Conglomerate consists of three
members: Ear Peak, Shainin Lake, and Stuver (Figure 4). Of these three members, only
the Stuver Member is present in the study area. The Stuver Member is the
stratigraphically highest part of the Kanayut Conglomerate.

Stuver Member (MDks)
The Stuver Member consists of alternating layers of sandstone and shale.
Sandstone beds are thicker than the shale beds and contain crossbeds and ripple marks.
The sandstone is somewhat conglomeratic and weathers a reddish color. Bedding is hard
to distinguish up close. I did not measure the Stuver Member during this project because
a good measurement was available from a previous investigation by Moore et al. (1989).
They measured a section approximately 15 km (9 miles) southeast of Galbraith Lake.
The thickness was measured at 1,309 m (4,295 ft).
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Kayak Shale (Mky)
The Mississippian Kayak Shale (Figure 4) is exposed in several locations,
including the southern part of the study area and in the cores of anticlines in the folded
Lisbume Limestone (e.g., Fold A4 and Fold B2) (Plate 1). A uniform, quartz-rich
sandstone layer that contains few pebble-sized clasts forms the lowermost part of the
Kayak Shale. The difference between this unit and the underlying Kanayut
Conglomerate is subtle, and it has deformed along with the Kanayut Conglomerate.
Therefore, the sandstone interval was not differentiated from the Kanayut Conglomerate
in this study. The overlying shale displays sandy laminae near its contact with the
underlying sandstone. Most of the Kayak Shale consists of shiny, black, fissile, clay
shale. The Kayak Shale easily weathers into small chips and tends to form smoothsloped, commonly vegetated hills.
Because of the poor exposure of the Kayak Shale, deformation within the unit
would be virtually impossible to characterize if it were not for an internal limestone layer
that is located near the stratigraphic top of the unit. The Kayak limestone is a 1.5 - 2 m
(5 to 6.5 ft) thick bioclastic grainstone and contains crinoids, bryozoans, and gastropods.
Discontinuous replacement chert can be found locally. The Kayak limestone weathers a
distinctive reddish-orange color that distinguishes it from the lower Lisbume Limestone.
The Kayak limestone bed is topped by black, fissile shale. The contact between the
Kayak Shale and the overlying Lisbume Limestone is gradational. Shale and limestone
are interbeded over several meters below the point that the shale disappears completely.
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The thickness of the Kayak Shale is hard to determine because of 1) thrust faults
that repeat its stratigraphic section, 2) the large amount of internal deformation, and 3)
poor exposure because of the relative ease with which it is eroded. Dumoulin et al.
(1997) estimate the minimum thickness of the Kayak Shale in the central Brooks Range
to be 210 m (689 ft).

Lisburne Limestone
The units that are defined in the Lisbume Limestone regionally could not be
distinguished locally (Brosge et al., 1979; Dumoulin et al., 1997). I broke the Lisbume
Limestone into three informal mappable units (lower, middle, and upper) based on color,
grain size, composition, and outcrop characteristics (Figure 3). These units are based
solely on my own interpretation of local mappable units and do not necessarily
correspond with published interpretations of the Lisbume Limestone. The descriptions
below are based primarily on a nearly complete section of the Lisbume Limestone that
was measured along a northeast-southwest trending ridge approximately 5 km (3 miles)
northwest of the study area (in the northwest half of Section 32 and the southwest quarter
of Section 28, Township 11 South, Range 11 East, Philip Smith Mountains B-5, Figures
2, 3, and Appendix A). The bottom of the section is missing because of a thrust fault and
the top has been eroded. The description of the lowermost part of the Lisbume
Limestone is based on observations where this part of the section is well exposed within
the study area.
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Lower Lisburne Limestone unit (Mil)
The lower Lisbume Limestone is 165.5 m (543 ft) thick (Figure 3). I defined the
contact between the Lisbume Limestone and the underlying Kayak Shale as the location
above which limestone is free of shale interbeds. The bottom 62.8 m (206 ft) of the
lower Lisbume Limestone is comprised of mudstone that is thinly bedded (5 - 30 cm) in
the lower part and becomes massively bedded (20 - 100 cm) in the upper part. The upper
45.7 m (150 ft) alternates between more resistant, massive beds (20 - 100 cm) and less
resistant beds (5 - 30 cm) of mudstone with sparry fossil fragments. Black chert nodules
are common in lenticular layers approximately 5 - 15 cm thick.

The next 46.5 m (152.5

ft) of the lower Lisbume Limestone is a more resistant, thicker-bedded (1 - 2 m)
wackestone with lesser mudstone. The uppermost part of the lower Lisbume Limestone
is 10.5 m (35 ft) of less resistant mudstone interbedded with chert blobs that are so
densely packed they look like beds. The chert “beds” are 2.5 - 5 cm thick and spaced
approximately 5 - 13 cm apart. The lower Lisbume Limestone alternates between
resistant and less resistant beds but overall is more resistant than the middle Lisbume
Limestone and less resistant than the upper Lisbume Limestone. The lower Lisbume
Limestone weathers a light gray except for the top 10.5 m (35 ft), which weathers a more
brownish color. The light color distinguishes it from the darker middle unit directly
above.

Middle Lisburne Limestone unit (Mlm)
The middle unit of the Lisbume Limestone measures a total of 263 m (864 ft)
thick (Figure 3). The base of the middle unit is 28.5 m (94 ft) of packstone in the lower
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part to mudstone in the upper part. The decrease in grain size seems to correspond to a
decrease in size of the weathered debris. This is followed by 95 m (311.7 ft) of
packstone. The packstone is followed by 38 m (123 ft) of less resistant lime mudstone,
which weathers to rubble with subordinate resistant, 2-3 m thick beds. Topping the
mudstone is a 9 m (29.5 ft) layer of resistant, highly fossiliferous grainstone. Fossils
include crinoids, burrow tracks and traces, tabulate corals, hexacorals, hom corals,
brachiopods, and bryozoans. Approximately 35 meters (113 ft) of resistant packstone
follows. Bedding becomes discordant near the top of the packstone. The uppermost part
of the middle Lisbume Limestone is 58.5 m (191.9 ft) of resistant, fossiliferous
grainstone that contains bryozoans, brachipods and crinoids. The middle Lisbume
Limestone is primarily medium to dark gray on fresh surfaces and generally weathers a
brownish gray. Compared to the lower and upper Lisbume Limestone, the middle unit is
characterized by a darker color, is much less resistant and tends to form rubble slopes.

Upper Lisburne Limestone unit (Mlu)
Everywhere in the area, the upper Lisbume Limestone has either been eroded or is
poorly exposed. The 306.6 m (1006 ft) section of upper Lisbume Limestone (Figure 3)
that was measured in an adjacent area is believed to be close to its true thickness on the
basis that the end of the outcrop is at the range front, which typically forms at the contact
with the Siksikpuk Formation. However, it is impossible to know exactly how much of
the top part has been eroded, so the measured section of upper Lisbume Limestone is a
minimum thickness.
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The base of the upper Lisbume Limestone is a 39 m (128 ft) interval of sparry
grainstone that is relatively thick bedded (15 to 30 cm) and contains abundant fossils
(horn corals, crinoids and gastropods) in the lower part. This is topped by 43.5 m (142.7
ft) of resistant packstone with lesser grainstone. 21m (69 ft) of fine rubble mudstone
follows. This fine-grained rubble is, in turn, topped by 48 m (157.5 ft) of resistant, thickbedded (30.4 cm) grainstone. The uppermost part of the upper Lisbume Limestone is
155 m (509 ft) of very resistant packstone that forms prominent cliffs. The upper
Lisbume Limestone is medium gray on fresh surfaces and weathers light gray to locally
tan. The thick beds (3 to 30 cm) and prominent cliffs of the upper Lisbume Limestone
distinguish it from the middle and lower units.

Total Thickness of the Lisburne Limestone
A complete unfaulted section of the Lisbume Limestone does not exist in or near
the study area. An estimate of the local thickness of the Lisbume Limestone was
obtained in two ways. First, the measured section provided an estimate of minimum
thickness. Second, estimates of the entire thickness of the Lisbume Limestone were
obtained based on mapped contacts and measured dips in the study area (Plate 1). The
thickness from the measured section in the adjacent area was 62.8 m (206 ft) less than the
mapped thickness of the Lisbume Limestone in the study area. When I compared the
two, the thicknesses of the middle and upper Lisbume Limestone matched relatively well.
The discrepancy was mainly in the lower Lisbume Limestone and could be accounted for
in two ways if it is assumed that the same amount of section has been eroded from the top
of the Lisbume Limestone at both locations. First, the base of the Lisbume Limestone in
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the measured section is known to be a thrust fault (Trask, personal communication,
1999), which could have resulted in the bottom -62.8 m of limestone being truncated
from the section. Second, variations in depositional thickness across the carbonate
platform may have resulted from a change in the depositional setting and/or water depth.
A description of the lowermost 62.8 m (206 ft) of limestone from the study area
(bottom of the slope, northeast quarter of Section 18, Township 12 South, Range 12 East,
Philip Smith Mountains B-4 and B-5) was added onto the bottom of the measured section
from the area adjacent to the study area. This basal limestone was observed in the
forelimb of Fold B l, and described upward from the contact with the Kayak Shale during
the 1998 field season.
Appendix A and Figure 3 contain the entire detailed description of the
stratigraphic section of the Lisbume Limestone including the additional 62.8 meters.

Siksikpuk Formation (TrPs)
The Permian and Triassic Siksikpuk Formation that is structurally in place is
exposed in only one outcrop in the study area. The outcrop is a small (1.5 m, 5 ft thick)
ridge of siltstone that weathers black and is a tannish dark gray on fresh surfaces.
Dissolution forms many small voids in the rock. The rock is weathered a reddish-orange
color around these voids. No evidence of pyritization or remnant bedding was observed.
Shale float was found north of Fold B2, between the Lisbume Limestone and the
Siksikpuk Formation outcrop and is interpreted also to be Siksikpuk Formation.
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Mechanical Stratigraphy
The mechanical stratigraphy of the Kanayut Conglomerate through the Siksikpuk
Formation greatly influences the local structure of the area (Figure 4). The relative
competencies of the lithologic units in the study area are described below and are
important in interpreting the overall deformational style of the study area.
The Kanayut Conglomerate is thick and competent. It contains a high percentage
of thick beds of competent rock types and tends to form thrust ramps. However, there are
enough incompetent interbeds and bed surfaces to form map-scale folds largely by
flexural slip.
The Kayak Shale is relatively thin and incompetent when compared with the
underlying Kanayut Conglomerate and the overlying Lisbume Limestone. Due to its
incompetent nature it tends to form thrust flats. Small folds, thrust faults and cleavage
accommodate internal deformation within the Kayak Shale. Its strong fissility likely
promotes internal folding and thrusting.
The Lisbume Limestone is thick and competent. It contains a high percentage of
thick beds of competent rock types. Like the Kanayut Conglomerate, it tends to form
thrust ramps. The Lisbume Limestone has enough incompetent interbeds and bed
surfaces to form map-scale folds, largely by flexural slip. Folds and thrusts are smaller
than in the Kanayut Conglomerate and are proportional in size to overall unit thickness.
The Siksikpuk Formation is relatively incompetent as it consists almost entirely of
fissile shale, in contrast with the underlying Lisbume Limestone. It forms thrust flats but
is not well enough exposed in the study area to determine its internal structure.
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LOCAL STRUCTURAL OBSERVATIONS
The locations of faults are important to this discussion because they are used to
define structural boundaries within the study area and are the basis for the nomenclature
used throughout the rest of this thesis. The following nomenclature has been assigned to
the structures within the study area for easier reference and is shown on the geologic map
(Plate 1) and the generalized geologic map (Figure 10). The thrust faults in the study
area have been numbered 1 through 4 from south to north. Detachments within the
Kayak Shale and the Siksikpuk Formation are preliminarily identified as a floor and a
roof thrust, respectively, until I demonstrate them to be a floor and roof thrust in Chapter
4. The floor thrust in the Kayak Shale and the roof thrust in the Siksikpuk Formation
along with the imbricate thrusts (Faults 1 through 4) bound packages of Lisbume
Limestone that have been preliminarily referred to as Horse A, B and C, also from south
to north, until I show that there is a duplex structure within the Lisbume Limestone.
Horses are defined as thrust-bound packages of rock that have a uniform internal
geometry, such as a series of ramp-related anticlines (Boyer and Elliot, 1982; Mitra,
1986). By this definition, the Kanayut Conglomerate is excluded from Horse A because
it is separated from the thrust-bound Lisbume sheet by the detachment within the Kayak
Shale. Too little is known about the structure underlying the Kanayut Conglomerate to
determine if the Kanayut Conglomerate is within a horse below the Kayak detachment.
Individual folds within each horse have been numbered from south to north, following
the letter of the horse within which they are located
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Figure 10.
Generalized geologic map of the field area. Shows the same area as Plate 1, and
identifies thrust-bound horses, folds, and faults by number.
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Faults
Within the Kayak Shale and the Siksikpuk Formation
The precise locations of thrusts within the Kayak Shale and the Siksikpuk
Formation have not been identified. However, several lines of evidence point to the
presence of faults within both the Kayak Shale and the Siksikpuk Formation. First,
regional detachments are known to exist in both the Kayak Shale and the Siksikpuk
Formation based on observations made by other geologists locally and throughout the
Endicott Mountains allochthon (Brosge et al., 1979; Moore et al., 1994; Kelly and
Brosge, 1995; Moore et al., 1997; Mull et al., 1997; Wallace et al., 1997; Chmielowski et
al., 2000). Kanayut Conglomerate has been thrust in many places over the
stratigraphically overlying Kayak Shale. Kayak Shale at the base of thrust sheets of
Lisbume Limestone commonly structurally overlies Lisbume Limestone or Siksikpuk
Formation. In both cases, these thrusts commonly parallel bedding in the Kayak Shale
and may extend distances of kilometers. Similarly, Lisbume Limestone in many places
has been thrust significant distances over bed-parallel thrusts in the Siksikpuk Formation,
which stratigraphically overlies the Lisbume Limestone. Thrusts that parallel bedding
over significant distances in both the Kayak Shale and the Siksikpuk Formation indicate
that thmst flats are located within these units. The absence of any units other than Kayak
Shale, Lisbume Limestone, and Siksikpuk Formation in the four “horses” of the area
supports the interpretation that they are bounded by flats in the Kayak Shale and the
Siksikpuk Formation. Second, intense internal deformation of the Kayak Shale is evident
from the folding of the Kayak limestone (Plate 1). Folds in the Kayak Shale are smaller
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and closer together than in the underlying Kanayut Conglomerate and the overlying
Lisbume Limestone. This internal deformation of the Kayak Shale suggests that it has
served as a detachment. Third, the disharmony in folding between the Lisbume
Limestone and the Kanayut Conglomerate also suggests that the two units are decoupled
along a detachment in the Kayak Shale. The possible location of a detachment in the
Kayak Shale within the study area will be discussed in detail in Chapter 4.

Within the Kanayut Conglomerate and the Lisburne Limestone
The study area is cut by four thrust faults. Faults 1 and 2 are exposed whereas
Faults 3 and 4 are inferred. All of the thmst faults dip to the south. Fault 1 dips more
steeply than Fault 2 and Faults 3 and 4 are inferred to have about the same dip as Fault 2
based on the cross-sectional geometry of the exposed structure (Table 1 and Plate 2).
The existence of Fault 1 is indicated by two observations. First, beds within the
Table 1. Fault Characteristics.
Fault

Strike

1
2
3
4

N45E
N69E
N58E
N80E

Dip

Constraints on
Attitudes
28SE
Measured
19SE
Measured
18SE
Inferred
18S
Inferred

See Plate 1 for locations of faults.
Faults 1 and 2 are exposed in the field
and their attitudes were measured from
a distance. Faults 3 and 4 are covered
and their attitudes are inferred based on
their relationship to the folds they are
interpreted to cut.

Stuver Member of the Kanayut
Conglomerate are truncated and
structurally repeated (Figures 11A and
B). Second, Fault 1 can be seen to
ramp up through the Kanayut
Conglomerate and the Kayak Shale
and into the Lisbume Limestone at the
southern end of the study area (Figures
12A and B). This relationship

produced a stratigraphically out-of-order sequence of older-over-younger rock units

Figure 11 A.
Photo of southern part of the study area as seen from the Dalton Highway looking west.
Photo courtesy of W.K. Wallace.

Mdks
Fault 1

Kanayut
Anticline

Figure 11B.
Photo 11A with structural interpretations. White lines indicate thrust faults. Thick, solid black lines indicate bedding. Thinner
solid black lines indicate contacts between rock units. Dotted black lines indicate fold hinges. See Plate 1 for rock unit
abbreviations. Photo courtesy of W.K. Wallace.
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Figure 12A.
Photo of the central part of the study area taken from the Dalton Highway looking west. This photo is the northern
continuation of Figure 11. Photo courtesy of W.K. Wallace.
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Fold A1
Fault 1

Fold A3
Fold A2
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Figure 12B.
Photo 12A with structural interpretations. White lines indicate thrust faults. Thick, solid black lines indicate bedding. Thinner
solid black lines indicate contacts between rock units. Dotted black lines indicate axial planes of folds. Pipeline for scale.
See Plate 1 for rock unit abbreviations. Photo courtesy of W.K. Wallace.
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(Kanayut Conglomerate over Lisbume Limestone). The Kayak Shale is extremely
thinned (approximately 50 m thick) between the Kanayut Conglomerate and the Lisbume
Limestone, which is consistent with the presence of a fault. The strike and dip of Fault 1
was measured in outcrop (Table 1).
Evidence for Fault 2, otherwise known as Pump Station Four thrust in another
study (Wallace et al., 1997), includes: 1) the repetition of Lisbume Limestone; 2) the
truncation of beds within the Lisbume Limestone in the footwall and the truncation of
Folds A4 and A5 and the offset of Fold A5 in the hangingwall; and 3) the offset of Fold
A4 (anticline) in the hangingwall from Fold B1 (syncline) in the footwall and therefore
must be separated by a thrust fault (Figures 12A and B). The strike and dip of Fault 2
was measured in outcrop (Table 1).
Faults 3 and 4 are not exposed but are inferred based on several lines of evidence.
Faults have been mapped previously in the same structural position along strike both to
the east and west (Figure 2) (Brosge et al., 1979; Glenn, 1991; Mull et al., 1997; Wallace
et al., 1997). Throughout the region, asymmetrical anticlines and synclines in the
Lisbume Limestone are typically separated by thrust faults that parallel the long, gentle
limbs of the folds (Wallace et al., 1997). This same pattern is well displayed in the field
area by Fault 2 (Figure 12B). A similar geometry is inferred for both Faults 3 and 4. The
location of Fault 3 is well constrained by exposures of Kayak Shale in its presumed
hangingwall and of Siksikpuk Formation in its presumed footwall (Figures 13A and B).
The fault is assumed to parallel the forelimb of syncline C l in its footwall, and to nearly
parallel the backlimb of anticline B2 in its hangingwall. Fault 4 is not as well constrained

Figure 13A.
Photo of northern part of the study area taken from the Dalton Highway looking west. This photo is the northern
continuation of Photo 12. Photo courtesy of W.K. Wallace.

Figure 13B.
Photo 13A with structural interpretations. White lines indicate thrust faults. Thick, solid black lines indciate bedding. Thinner
solid black lines indicate contacts between rock units. Dashed black lines indicate fold hinges. See Plate 1 for rock unit
abbreviations. Photo courtesy of W.K. Wallace.
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because only the upper part of anticline C2 is exposed (Plate 1). The fault is inferred to
truncate the forelimb of anticline C2, and parallel the backlimb of C2, lying within the
Kayak Shale (Plate 2).
An alternative interpretation would be that thrust faulting has not progressed far
enough to the north in the study area for the folds to break through and form Faults 3 and
4. This would produce an undisturbed fold train consisting of two anticline/syncline
pairs. This interpretation is not favored however, based on two reasons. First, other
geologists mapped thrust faults that truncate overturned anticlines along strike to the east
(Brosge et al., 1979; Glenn, 1991; Mull et al., 1997; Wallace et al., 1997). Second, the
absence of Faults 3 and 4 would change the structural style of the study area from thrust
dominated to fold dominated deformation, which does not fit with the overall structural
style of the Endicott Mountains allochthon (Brosge et al., 1979; Moore et al., 1994; Mull
et al., 1997; Wallace et al., 1997).

Structure in the Kanayut Conglomerate
In the eastern part of the study area, Fault 1 places the Stuver Member in its
hangingwall over Kayak Shale and Stuver Member in its footwall. This is below and
hindward of the position where the fault cuts up-section through the Lisbume Limestone
to form the southern boundary of Horse A further to the west (Figures 11A and B). In the
footwall of Fault 1, the top of the Kanayut anticline, an asymmetric, open fold with
straight limbs (Table 2), is separated from the overlying Lisbume Limestone in Horse A
by poorly exposed Kayak Shale. Detachment in the Kayak Shale is indicated by
disharmony between the Kanayut anticline and the overlying Lisbume folds, as well as

Table 2. Fold Characteristics.
Fold

Description

Kanayut
anticline
A1
A2
A3
A4

Anticline

N15W

Syncline
Anticline
Syncline
Overturned
Anticline
Overturned
Syncline
Overturned
Syncline
Overturned
Anticline
Overturned
Syncline
Anticline

A5
B1
B2
Cl
C2

Forelimb Forelimb
Strike
Dip

Forelimb
Length

Backlimb
Strike

Backlimb
Dip

80NE

183 m

N55E

5SE

N60E
N51E
N74E
N69E

5SE
15NW
30SE
60SE

282 m
335.5 m
305 m
137 m

N40E
N60E
N51E
N74E

79NW
5SE
15NW
30SE

244 m
366 m
335.5 m
602 m

96
160
135
30

52N
85S
82.5N
45S

N94E

12SE

473 m

N76E

77S

91.5m

65

44.5S

N94E

12SE

473 m

N76E

77S

91.5 m

65

44.5S

N69E

80SE

N55E

19SE

49.5S

13SE

N65E

63SE

1479.25
m
381.25 m

61

N80E

381.25
m
358.5 m

50

38S

N40E

70NW

549 m

N80E

13SE

747.25 m

97

61.5S

Backlimb Interlimb
Length
Angle
In °
671 m
95

Axial
Plane
Dip
52.5S

All attitudes, except for Fold C l, are taken from actual dips of bedding measured in the field. Attitudes for Fold C l are
interpreted based on the cross section (Plate 2). Limb lengths were measured on the cross section. Measurements were
taken from a hypothetical line parallel to bedding through the middle of the Lisbume Limestone. Limb lengths for the
forelimbs and backlimbs that are truncated by thrust faults were measured from the fold hinge to the thrust fault.
Forelimbs and backlimbs that are not truncated by thrust faults were measured from the fold hinge to the inflection point
of the fold. Interlimb angles and axial plane dips were measured from the cross section.
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by the strong internal deformation of the Kayak Shale (Plate 2). Based on the structural
style of the Kanayut Conglomerate throughout the region (e.g., Brosge et al., 1979;
Wallace et al., 1997), the Kanayut anticline is probably underlain by a thrust fault.
However, this fault is below the level of exposure and how it relates to structures in the
Kayak Shale and the overlying Lisbume Limestone is very much a matter of
interpretation. The Kanayut anticline is the farthest north that the Kanayut Conglomerate
is exposed within or directly north of the study area.
Fault 1 splays downward south of the Kanayut anticline (Plate 1 and Figures 10
and 1IB). The evidence for the northern splay in Fault 1 is the truncation of relatively
flat lying beds (5°) in the backlimb of the anticline against beds that dip steeply (~ 50°) to
the south and form the forelimb of an overturned syncline. The backlimb of the
overturned syncline, which dips approximately 70 degrees to the south, is in turn
truncated against beds south of the southern splay that dip less steeply to the south (54°)
(Plate 1).

Horse A
General Description
Horse A is the southernmost and structurally highest of the Lisbume horses
(Figure 10 and Plates 1 and 2). Horse A is well exposed along two parallel northwesttrending ridges. The easternmost ridge has the best exposures, particularly on the side
that faces east toward the Dalton Highway (Figures 12A and B). The valley separating
the two ridges is filled with alluvium so no bedrock is exposed. Fault 1 is the southern
boundary of Horse A. Fault 2 is the northern boundary of Horse A. Fault 1 ramps up
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through the Kanayut Conglomerate and the Kayak Shale and into the Lisbume Limestone
(Figure 12B). Fault 2 ramps up from the Kayak Shale through the Lisbume Limestone
(Figure 12B). Fault 2 is covered under talus and scree to the west (Plate 1). The floor
thrust of Horse A is located in the Kayak Shale. The roof thrust is located in the
Siksikpuk Formation, which has been eroded above Horse A.

Stratigraphic Units and Contacts
Horse A contains Kayak Shale and Lisbume Limestone. The contact between the
Kanayut Conglomerate and the Kayak Shale is exposed below the southern part of Horse
A below Fault 1 and at the front of the Kanayut anticline. The contact between the
Lisbume Limestone and the Kayak Shale can be located precisely in two locations in
Horse A. The first location is in the saddle north of Fault 1 along the north-south
trending ridgeline (Plates 1 and 2 and Figure 12B). The second contact is located above
Fault 2 in the core of anticline A4 (Plates 1 and 2 and Figure 13B). Although it is not
well exposed, the Lisbume-Kayak contact can be well located in the rest of Horse A
based on topographic expression and based on its extrapolated position relative to well
exposed bedding in the Lisbume Limestone.

Internal Geometry
Horse A contains five folds (Figures 12B and 13B and Cross Section in Plate 2).
In the Lisbume Limestone, Folds A l through A4 make up a north-vergent fold train that
alternates syncline (Al), anticline (A2), syncline (A3), and anticline (A4). Fault 1
truncates the backlimb of syncline A l. Syncline A l is an asymmetric, open, boxy fold
with 3 distinct panels (Table 2), the longest of which is the forelimb. Anticline A2 and
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syncline A3 are open and symmetric folds with planar backlimbs and forelimbs.
Anticline A4 is an asymmetric, closed anticline that is overturned to the north. The
backlimb of anticline A4 parallels Fault 2, but Fault 2 truncates its forelimb. Fold A5 is
an asymmetric syncline that is overturned to the north and can be interpreted to be the
offset equivalent of Fold B1 described in a later section. Stereoplots of poles to bedding
with the cylindrical best-fit line for Folds A l, A2, A3, A4, and A5 are shown in
Appendix B.
The Kayak Shale is exposed beneath the Lisbume Limestone in Horse A (Plate 1
and Figures 10 and 12B). Glimpses of the structurally complex internal geometry of the
Kayak shale can be seen because one limestone marker bed is exposed in the upper part
of the Kayak Shale north of the Kanayut anticline (Plate 1). This bed has been strongly
folded into a series of anticlines and synclines that vary in size, shape, and distribution.
The Kayak limestone bed is covered in some places and its exact trace has not been
determined. However, field relationships suggest that there is a possible “break” in the
limestone. The Kayak limestone can be traced from south to north, starting in NW lA
Section 19, Township 12 South, Range 12 east, Philip Smith Mountains B-5, with a
relative degree of certainty until it appears to end abruptly to the north (Plates 1 and 2). It
can be located again topographically higher and to the south of where it ends. The higher
Kayak limestone can then be traced to the north again until exposure is lost in a valley in
SW

lA Section 18, Township 12 South, Range 12 east, Philip Smith Mountains B5. The

location and structural geometry of the limestone marker bed constrain the locations of
the sub-Kanayut fault and the sub-Lisbume floor thrust, as will be discussed in Chapter 4
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(Plate 2). The limestone marker bed has been mapped and is shown on Plate 1 and Plate
2. The Kayak Shale is truncated by Fault 1, which ramps across the Kayak Shale from
the Kanayut Conglomerate into the Lisbume Limestone. In the north, Kayak Shale is
truncated by fault 2, which originates in the Kayak Shale and ramps up into the Lisbume
Limestone (Figure 12B). The presence of smaller faults within the Kayak Shale can
neither be confirmed nor excluded because of incomplete exposures.

Horse B
General Description
Horse B is structurally beneath Horse A and above Horse C. Structures within
Horse B are well exposed along the east side of the north-south trending ridge closest to
the Dalton Highway (Figures 12A and B, 13A and B) and along the east-west trending
range front (Figure 10). Fault 2 bounds the horse to the south and an inferred fault, Fault
3, bounds it to the north. Fault 2 ramps up from the Kayak Shale through the Lisbume
Limestone (Figure 12B). Based on the cross sectional position of exposed Kayak Shale
and Siksikpuk Formation, the local and regional structural style of the Lisbume duplex,
and a fault along strike to the east that was mapped previously by other geologists, Fault
3 is inferred to ramp up from the Kayak Shale, through the Lisbume Limestone, to the
Siksikpuk Formation (Brosge et al., 1979; Mull et al., 1997; Wallace et al., 1997).

Stratigraphic Units and Contacts
The Lisbume Limestone, Kayak Shale and Siksikpuk Formation are present
within Horse B. Shale float observed between the front of Fold B2 and Fault 3 is
interpreted to be Siksikpuk Formation based on the fact that it lies stratigraphically above
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the upper Lisbume Limestone. The contact between the Lisbume Limestone and the
Kayak Shale is exposed below Fault 2 at the base of the Lisbume Limestone in syncline
B1 (Figure 12B). The contact between the Lisbume Limestone and the Siksikpuk
Formation is located in the north part of the forelimb of anticline B2 and directly above
Fault 3 (Figure 13B).

Internal Geometry
Horse B contains two folds, B1 and B2 (Plate 2 and Figures 10, 12B and 13B).
Fold B1 is an asymmetric, closed, boxy syncline that is overturned to the north. Fault 2
truncates the backlimb of syncline B 1 and its axial surface so that the hinge of the
syncline has been displaced and exposed in the hangingwall above Fault 2 as Fold A5 on
the ridge top north of peak 5305 (NW

lA Sec. 13 and SW

Smith Mountains B-4 quadrangle) (Platel). The forelimb of syncline B1 is interpreted to
be parallel to Fault 3 and is shared with the backlimb of anticline B2. Anticline B2 is an
asymmetric, closed fold that is overturned to the north. Fault 3 is interpreted to truncate
the forelimb of anticline B2, and parallel the fold’s backlimb (Figure 13B). Stereoplots
of poles to bedding and the cylindrical best-fit line for Folds B1 and B2 are shown in
Appendix B. Scatter in the attitudes from the backlimb suggest that Fold B2 is not
cylindrical.
Kayak Shale crops out in two locations in Horse B, in the core of anticline B2 and
below syncline B1 (Figures 12B and 13B). The Kayak limestone bed is present below
Fold B1 but not in the outcrop in the core of Fold B2. Bedding appears to approximate
the attitude of the forelimb of syncline B1 (Plate 1).

Sec.
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Horse C
General Description
Horse C is structurally below Horse B, which makes it the lowest horse exposed
in the study area (Plate 2 and Figure 10). Horse C is exposed on a low hill (peak 3837) in
the very northern part of the study area (Plate 1). Exposures are poor as most of the area
is covered by tundra. Fault 3 bounds the horse on the south. Fault 4 is inferred as its
northern boundary. Both Faults 3 and 4 are inferred to ramp up from the Kayak Shale
through the Lisbume Limestone to the Siksikpuk Formation. Fold C l is not exposed and
the reasons for inferring its presence include: 1) Thrust-truncated anticline/syncline pairs
are typical in the region and exemplified in the study area by anticline A4 and syncline
B l; 2) The presence of an overturned anticline (Fold B2) strongly suggests that there is a
matching but offset syncline in the subsurface immediately north of Fault 3; 3) Footwall
synclines occur in both Horses A and B, therefore it would also be reasonable to assume
that one is present in Horse C.

Stratigraphic Units and Contacts
The Lisbume Limestone and Siksikpuk Formation are exposed in Horse C. Horse
C defines the local topographic range front. The Lisbume Limestone does not crop out
directly north of this area.

Internal Geometry
The top of only one fold (C2) is exposed in Horse C (Plate 1). It is a northvergent, asymmetric, closed anticline. The backlimb of anticline C2 is poorly exposed.
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Fault 4 is interpreted to truncate the forelimb of anticline C2. The stereoplot of poles to
bedding and the cylindrical best-fit line for Fold C2 is shown in Appendix B.
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CHAPTER 4
INTERPRETATIONS OF FIELD OBSERVATIONS

ORIGIN OF THE FOLDS IN THE STUDY AREA
Folds within the study area are interpreted to have originated as detachment folds
that were later truncated by thrust faults. This interpretation is based on comparison of
the structures observed in the study area to the specific characteristics of the common
types of folds observed in fold-and-thrust belts (as summarized in Chapter 1).
Observations 1 through 4 below support the interpretation that the folds originated as
detachment folds. Observations 5 through 9 support the interpretation that the
detachment folds were subsequently cut by thrust faults.

Observations supporting origin of the folds as detachment folds:
1. The mechanical stratigraphy of the study area consists of alternating map-scale
units of competent and incompetent rocks (Figure 4). Detachment folds tend to
form where the mechanical stratigraphy alternates between competent and
incompetent units (Jamison, 1987).
2. Field observations indicate detachment has occurred within the incompetent
Kayak Shale. The observations include disharmony in size and location of folds
in the Kanayut Conglomerate, the Kayak Shale, and the Lisbume Limestone, and
thrust flats located in the Kayak Shale (Plate 2).
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3. The Kayak Shale is highly deformed and thickened in the cores of map-scale
anticlines of Lisbume Limestone, which is indicative of shortening above a
detachment surface (Plate 1 and Plate 2) (Homza and Wallace, 1997).
4. Fault tips, which are characteristic of fault-propagation folds (Suppe &
Medwedeff, 1990), were not identified in the study area.

Observations supporting later truncation of detachment folds by thrust faults:
1. Fault 2 has a well-exposed overturned footwall syncline (Plate 2). Fault 1 also
has an asymmetrical footwall syncline, although too much of its backlimb has
been eroded to determine if it was overturned. In contrast, ideal fault-bend and
fault-propagation folds both lack footwall synclines and instead have ramps below
which beds are not folded (Figure 5) (Suppe, 1983; Jamison, 1987; Mitra, 1990;
Suppe and Medwedeff, 1990).
2. Fault 2 is planar from ramp to upper flat in the footwall (Plate 2). A bend
between ramp and upper flat in the footwall is an essential characteristic of a
fault-bend fold (Figure 5) (Suppe, 1983; Jamison, 1987), so Fold A4, the
hangingwall anticline above Fault 2, cannot be considered to have originated or
been modified by fault-bend folding. Although Fault 3 is not exposed, the
exposed structure provides geometric constraints that suggest it also is planar.
3. The forelimbs of ideal fault-bend folds generally dip no more than 60 degrees
relative to the underlying footwall flat (Suppe, 1983; Jamison, 1987), whereas
Fold A4 is overturned relative to its footwall flat (Plate 2). Fold B2 is also
overturned relative to its inferred footwall flat.
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4. Fault 2 cuts up-section from a lower flat to an upper flat. The ramp between those
flats cuts across bedding at a similarly high angle in both the hangingwall and
footwall. These relations indicate that folds had formed in both the hangingwall
and footwall prior to being cut by the thrust fault. Although the faults are not
exposed, bedding is interpreted to be cut at a similar high angle in the footwall of
Fault 1 and the hangingwall of Fault 3.
5. Fault 2 truncates the axial surface of Fold B l, which results in a displaced
synclinal hinge in the hangingwall that is exposed on the ridgetop northeast of
Peak 5305 (Plates 1 and 2). Up section, Fault 2 becomes parallel to the backlimb
of anticline B2, which results in partial decapitation of this anticline (Plate 2).
This relationship clearly shows that folding predates faulting.

Interpretation
The observations discussed above support the interpretation that the folds of the
study area did not form either as fault-bend or fault-propagation folds. Instead, the folds
most likely formed as asymmetrical detachment folds that were later modified from their
original form. Thrust faults in the study area cut across bedding at a high angle in the
steep to overturned limbs of anticline-syncline pairs. This suggests that detachment folds
formed prior to being broken-through by thrust faults (Figure 6). Thrust-truncated
detachment folds have been recognized in the same rocks over a large region (Glenn,
1991; Wallace et al., 1997), which supports the more local observations and
interpretations made in the study area.
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The truncation of the steep to overturned limbs of the folds by the thrust faults
suggests that shortening was more easily accommodated by thrust faulting than by
continued folding. Numerous workers have suggested that folds with rotating limbs tend
to lock at interlimb angles in the range of -90° to 60° (e.g., DeSitter, 1964; Ramsay,
1974; Homza and Wallace, 1997; Wallace and Homza, in press). All of the truncated
folds within the study area have interlimb angles within or below this range (Table 2)
indicating that it is plausible that locking of folds favored thrust breakthrough in the study
area.
Folding and thrust faulting likely occurred mainly from hinterland to foreland
(south to north) in the area (with the likely exception of Fault 1, which cuts across the
Kayak detachment) (Wallace et al, 1997). Folds would start to form in the south first and
would likely reach their critical interlimb angle before the folds to the north. The
southern folds would lock up and faulting would more easily accommodate continued
deformation meaning that faulting would likely begin first in the south as well.
In the study area, the forelimb breakthrough fault is coplanar with both the lower
hangingwall flat in the backlimb and with the upper footwall flat. Such coplanar
breakthrough requires no modification of fold geometry beyond truncation and
displacement (Mitra, 1990; Wallace and Homza, in press). Construction and partial
restoration of a cross section through the study area (discussed below) shows that the
observed structural geometry can be derived by simple truncation and displacement of
asymmetrical detachment folds along coplanar breakthrough thrusts (Plates 2 and 3).

CONSTRUCTION OF CROSS SECTION
A cross section was constructed along a line that runs southeast to northwest
through the study area (line A-A’ on Plates 1 and 2). Several assumptions were made
while creating the cross section. They include:
1.) In the Kanayut Conglomerate and the Lisbume Limestone, folds are parallel
and bed thickness remains constant in order to simplify construction of the
cross section. Field observations support that folds in the Kanayut
Conglomerate and Lisbume Limestone are approximately parallel and formed
primarily by flexural slip.
2.) All footwall synclines contain three distinct panels and the axial planes branch
from points within the middle of the Lisbume Limestone as in the wellexposed geometry of Fold B 1.
3.) All anticline hinge zones within the Lisbume Limestone are rounded and their
axial surfaces are branched as in the footwall synclines. The upper parts of
anticlines have been eroded and cannot be observed in the field, therefore this
assumption was meant to keep the geometries of the anticlines analogous with
the geometries of the synclines in the study area.
4.) All of the faults are planar in map view and have been kept linear in the
construction of the cross section. The most compelling evidence for planar
faults in the study area is the observation that fold geometries have not been
modified as would be expected if they were displaced over faults that change
dip.
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The stratigraphy of the Lisbume Limestone was extrapolated up or down section
from locations where the contact between the Lisbume Limestone and the Kayak Shale
or the Siksikpuk Formation is exposed in the field. I used the thickness of the Lisbume
Limestone that I measured in the field for construction of the cross section.

CROSS SECTION RESTORATION
The first step in restoring the cross section to its undeformed state was to do a
partial restoration (Plate 3) that shows the geometry of the folds prior to thrust faulting.
The fold train may never have looked like this during its development because folding
and faulting probably did not occur as separate, temporally distinct events throughout the
area. Instead, it is more likely that both folding and faulting occurred progressively from
south to north, with folding preceding faulting at any given location. Thus, faulting at a
given location may have occurred while only folding occurred farther to the north. In
addition, hangingwall anticlines and footwall synclines may have tightened during fault
displacement. Partial restoration is a useful exercise, however, in that it shows that all
material has been accounted for in the construction of the cross section, and that the
restoration of fault displacement yields folds that are geometrically viable.
A full restoration was then possible by unfolding the Lisbume Limestone and
restoring it to its pre-deformational state as flat-lying sedimentary rocks (Plate 3). The
section was pinned in the nearly flat-lying panel to the north of Fold A l. This location
was chosen because the beds are not folded and it is the location likely to have undergone
the least bed-parallel shear.
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Discussion
The future position of fold hinges and fault planes were determined and
superimposed on the restored section. The sense of fold asymmetry would be expected to
result in formation of south-dipping hinges on the full restoration. As expected fault
trajectories show some distortion because the faults cut across pre-existing folds, and
both hinge and fault trajectories could show some distortion as a result of bed-parallel
shear during folding. However, these factors do not easily explain the reversal in dip of
both hinge and fault trajectories primarily in the upper Lisbume Limestone of the full
restoration. The general increase in this distortion to the north, away from the pin,
suggests that there may be insufficient bed length in the upper part of the restored section,
possibly due to using rounded crests for the anticlines.
Construction of the cross section is based on geometric extrapolation of
relationships exposed in the field. It is impossible to know the actual geometry of the
folds and faults where they are eroded or are in the subsurface. The deformed section has
been constmcted to be as consistent as possible with the field observations. The
restoration could be further refined by adjustments in details of geometry that are not
constrained by observations. For example, it may not have been valid to assume that the
anticlines are as rounded as the synclines. However, no further adjustments were made
because they would be time-consuming and largely arbitrary and would not contribute
substantively to the main objective of defining the overall geometry of a possible duplex.
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EVIDENCE FOR A LISBURNE DUPLEX
Within the study area, thrust-related structures in the Lisbume Limestone collectively
form a duplex and will be referred to informally as the Lisbume duplex (Plate 2). The
incompetent Kayak Shale and Siksikpuk Formation host a floor and a roof thrust,
respectively. Faults 1 through 4 ramp up from a flat in the Kayak Shale, cut through the
Lisbume Limestone, and are interpreted to flatten in the Siksikpuk Formation. The faults
bound horses (A, B, C, and D) that contain steep to overturned hangingwall anticlines
and footwall synclines. The thrust system is interpreted to be a duplex because the
stratigraphy in the horses is restricted to the Kayak Shale through Siksikpuk Formation,
and bed-parallel thrusts (flats) are locally exposed in the floor and roof thrust units. Fault
2 is exposed parallel to bedding in the Kayak Shale and the geometry of the structures
bounding Fault 3 support that it parallels bedding in Kayak Shale of the hangingwall and
in Siksikpuk Formation of the footwall (Plates 1 and 2). Fault 1 is an exception because
it cuts across the Kayak detachment and brings Kanayut Conglomerate over Lisbume
Limestone. This thrust is interpreted to have breached the floor thrust in the Kayak Shale
(Wallace et al., 1997).

DETACHMENT GEOMETRY WITHIN THE KAYAK SHALE
The internal structure of the Kayak Shale is an essential constraint on viable
structural models for the Lisbume duplex. The exact location of the floor thrust within
the Kayak Shale is not known. The Kayak limestone, which behaves competently within
the Kayak Shale, is the only marker that allows internal structure of the Kayak Shale to
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be determined. The location and geometry of the limestone unit sets boundaries for the
possible location of a floor thrust in the Kayak Shale that connects with the imbricate
thrust faults that separate the horses of the Lisbume duplex.

Model A
One possible model is for a direct connection between the sub-Kanayut thrust and
Fault 2, with the Kayak limestone folds in the hangingwall (Figure 14). This model
would make the Kanayut Conglomerate part of Horse A because there would be no floor
thrust separating the Kanayut anticline from the Lisbume duplex. I do not favor this
model because a very steep ramp is required for the fault to follow its most likely path
through the forelimb of the Kanayut anticline before flattening in the Kayak Shale and
connecting upward with Fault 2. A more gently dipping fault that forms a direct and
planar upward connection to Fault 2 also seems unlikely because it would have to cut
from the backlimb of the Kanayut anticline across the axial surface at a low angle. The
assumption that the Kanayut Conglomerate and Lisbume Limestone are both part of the
same horse in the hangingwall of a continuous Fault 2 also does not account for the
internal deformation observed in the Kayak Shale.

Model B
In Model B, the floor thrust of the Lisbume duplex lies below the folded Kayak
limestone (Figure 15). The minimum amount of thickening of the Kayak Shale is
required if the floor thrust is assumed to lie just below the Kayak limestone. A
stratigraphically deeper and more steeply north-dipping floor thrust would require
unrealistic volumes of thickened Kayak Shale above the floor thrust.

South

North

Figure 14.
Model A. Thrust ramps up from the Kanayut Conglomerate to a flat within the Kayak Shale and connects with fault 2 in
the Lisbume duplex. Please see Plate 2 for Key.
ON

South

North

Figure 15.
Model B. Floor thrust within the Kayak Shale is located below the Kayak limestone. The fault is kept close to the bottom
of the Lisbume duplex to minimize thickening in the Kayak Shale. A possible backthrust splay is shown to cut across the
break in the Kayak limestone. Please see Plate 2 for key.
ON
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Model C
In this model, the detachment is located between the Lisbume Limestone and the
folded Kayak limestone in most places (Figure 16). However, the detachment must
locally truncate folded Kayak limestone to account for the Kayak limestone observed in
the hangingwall of Fault 2 in the core of anticline A4. Exposures are too poor in the
critical area to either confirm or refute this hypothetical truncation of Kayak limestone.
However, the exposures of Kayak limestone require that the detachment be folded if this
model is correct.

Model D
In Model D, the floor thrust would cut across the folded Kayak limestone where
the field mapping revealed a possible “break” in the limestone (Plate 1 and Figure 17).
The location of this truncation would allow the floor thrust to be nearly planar and Faults
2, 3, and 4 each to branch upward from it at the same angle. The apparent offset of the
Kayak limestone indicates backthrust displacement where the floor thmst cuts across and
above it to the south.

Discussion of the Kayak detachment geometry models
These models differ both in the location of the floor thmst with respect to the
Kayak limestone and in the degree to which the floor thmst departs from being planar.
Only Model A directly links a thmst in Kanayut with a thmst in Lisbume, and this
linkage most likely involves a significant change in fault dip across the floor thmst
(Figure 14). In the other models, structures in the Kanayut Conglomerate are decoupled
from those in the Lisbume Limestone by a detachment in the Kayak Shale. Model D
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Figure 16.
Model C. Floor thrust within the Kayak Shale is located above the Kayak limestone. It locally truncates the Kayak
limestone at fault 2. Please see Plate 2 for key.
On

oo

Figure 17.
Model D. Floor thrust in the Kayak Shale cuts across the folded Kayak limestone where field mapping revealed a possible
“break” in the limestone. This location allows the floor thrust to remain nearly planar and the faults to branch up from it
at the same angles. Please see Plate 2 for key.
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allows the most planar detachment, but requires that the detachment cut across the folded
Kayak limestone (Figure 17). Location of the detachment above the folded Kayak
limestone in Model C requires that the detachment be significantly folded (Figure 16).
Location of the detachment below the folded Kayak limestone in Model B (Figure 15)
results in an intermediate case in which the detachment is folded, but to a much lesser
extent than in Model C.
The available evidence is not sufficient to determine which, if any, of these
models is correct. Models A and C seem unlikely because of their complexity. Although
Model D has a planar detachment, this geometry can only be attained through a change in
detachment level. Model B is the simplest of the models considered, and could be
modified with a backthrust splay to account for the apparent break in the Kayak
limestone (where the detachment crosses the limestone in Model D).

DUPLEX STRUCTURE
Three key differences exist between this Lisbume duplex and the duplexes
illustrated by Boyer and Elliot (1982) and Mitra (1986). First, the ramp-related anticlines
in the horses of the duplexes of Boyer and Elliot (1982) and Mitra (1986) all are the
result of displacement over footwall ramps during duplex thrusting (i.e., they are faultbend folds), while much of the relief and folding in the Lisbume duplex are due to pre
thrust folding (Figures 7 and 8 and Plate 2). Second, there is no bend between the ramp
and the upper flat in the horses of the Lisbume duplex. Third, the floor thrust in the

71
Lisbume duplex is not horizontal, but dips forward (Plate 2). Mitra’s (1986)
classification assumes a floor thrust that is horizontal (Figure 8).
The thmst faults bounding the horses connect a floor thmst and a roof thmst, both
of which have an overall dip toward the foreland (to the north). This north dip could
have originated in two ways (Figure 18). It is possible that erosion only makes it appear
that the roof thmst dips toward the foreland (A in Figure 18). However, reconstruction of
the eroded parts of the structure shows the roof thmst to actually dip toward the foreland,
apparently mling out erosion as the explanation. Typically, duplexes with forelanddipping roof thmsts have been attributed to large amounts of displacement on the
imbricate thmsts relative to the initial spacing between thmsts and ramp length, assuming
a horizontal floor thrust (C in Figure 8) (Mitra, 1986). However, displacement on thmst
faults in the study area is relatively small (e.g., 488 meters displacement on fault 2 vs.
3165 meters initial spacing between Fault 2 and Fault 3, as measured from the cross
section and restorations) and, therefore, does not account for the foreland dip of the roof
thmst. Instead, the cross sectional geometry of the stmcture (Plate 2) shows that the
north dip of the roof thmst can be attributed to the north dip of the floor thmst, and hence
the whole duplex stmcture, being tilted toward the foreland. This phenomenon has been
suggested regionally (Wallace et al., 1997). It may be common in fold-and-thmst belts
but has not been widely and explicitly recognized in the literature.
A possible explanation for tilting of the Lisbume duplex toward the foreland is
that a stmctural wedge underlies the duplex (Roure, et al., 1990; Wallace et al., 1997) (B
in Figure 18). Such a structural wedge (B in Figure 18) could be caused either by large-
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A Hinterland

Foreland
Present erosion surface

Hinterland

Foreland

Present erosion surface

Figure 18.
Two structural models that account for the stepwise decrease in age of exposed rocks
toward the foreland. A) Present erosional surface dips toward the foreland and accounts
for the stepwise decrease in age of the rocks in the same direction. Faults in this model
represent significant displacement on hindward dipping older over younger thrust faults.
Note that lower rock units are displaced over higher rock units across intervening
detachment units marked by long flats between footwall ramps. B) Multi-story
duplexes with forward dipping roofs. Duplexes are formed independently at different
stratigraphic levels and are separated by roof thrusts within detachment units. Roof
thrusts separate stepwise decreases in age of exposed rocks, and they dip forward
because they are underlain by a structural wedge, although the rocks and structures
within each duplex dip hindward. Lower units are not displaced over higher rock units
across intervening detachment units. This interpretation results in greater structural
relief for a given shortening than A because each detachment extends farther forward,
resulting in shortening of a greater thickness of rocks. Roof thrusts in B are shown with
forward displacement but could also have hindward displacement. After Wallace et al
(1997).
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scale duplexing of the North Slope subterrane beneath the Endicott Mountains allochthon
or by thickening of the Kanayut Conglomerate and the Kayak Shale within the Endicott
Mountains allochthon. Seismic imaging of the area was done as part of the Trans-Alaska
Crustal Transect (TACT) project (Figure 19A). Imaging across the Endicott Mountains
allochthon has been interpreted to reflect large-scale duplexing of the underlying North
Slope subterrane (Levander et al., 1994; Fuis et al., 1995; Fuis et al., 1997) (Figure 19B).
These data suggest that the top of the duplex in the North Slope subterrane may be flat or
dip hindward, but probably does not dip forward. A second, and more likely explanation
of the tilting of the Lisbume duplex is that a structural wedge of Kanayut Conglomerate
and Kayak Shale exists within the Endicott Mountains allochthon beneath the Lisbume
duplex. However, this degree of detail cannot be resolved from the TACT data.
A Kanayut duplex may be present in the subsurface of the study area. Previous
field mapping approximately 15 km (9 miles) along strike both to the east and west of the
field area suggests that Kanayut Conglomerate may be present north of the Kanayut
anticline (Figure 2). To the east, a thrust-truncated anticline in Kanayut Conglomerate
lies to the north of the continuation along strike of the Kanayut anticline in the field area
(Figure 2) (Brosge et al., 1979; Wallace et al., 1997). To the west, a thrust-truncated
anticline in Kanayut Conglomerate is present in the hangingwall of the fault interpreted
to be the westward continuation of Fault 2 (Figure 2) (Brosge et al., 1979; Wallace et al.,
1997). This anticline exposes Hunt Fork Shale in its core, indicating that detachment for
the Kanayut Conglomerate is in or below the Hunt Fork Shale. These relations suggest
that a similar thrust-truncated anticline could be present in the Kanayut Conglomerate in
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Figure 19A.
Seismic imaging data collected along the Trans-Alaska Crustal Transect (TACT) corridor through the Brooks Range in 1990
reveals crustal duplexing. P-wave velocity model of Brooks Range region (thin contours near the surface) with migrated
wide-angle reflections (heavy, longer gray lines) and migrated vertical-incidence reflections (short black lines) superimposed.
Velocity contour interval is 0.25 km/s; 4,5,and 6 km/s contours are labeled. Estimated error in velocities is one contour
interval. Fault symbols at top indicate location. After Fuis et al. (1995).
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4 ^C oldfoot
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Arctic Alaska Terrane.
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Figure 19B.
Geologic interpretation of Figure 15A. S.L. - sea level. Symbols on faults at top:
tooth - upper plate of thrust fault; double line - downthrown plate of normal fault;
solid and open circles - motion away and toward, respectively, on strike-slip
faults. See explanation for symbols and unit colors. Area of interest is below the
number 300 on the figure. Note that the basement and cover beneath the Endicott
Mountains allochthon are interpreted to be duplexed, but that the base of the
allochthon is not interpreted to dip toward the foreland at that location.
After Fuis et al., 1995
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the subsurface to the north of and structurally beneath the Kanayut anticline in the field
area. A northward decrease in structural relief in the Kanayut would result in tilting of
the overlying Lisbume duplex toward the foreland.

MODELS TO ACCOUNT FOR FORWARD TILT OF THE FLOOR THRUST
I have produced two interpretations of the structure underlying the Lisbume
duplex using the preferred model for the structure of the Lisbume duplex, Model B
modified with the backthrust splay across the Kayak limestone. These models represent a
sampling of the possible explanations for the tilting of the Lisbume duplex.

Model 1
Model 1 (Figure 20) interprets the fold in the Kanayut Conglomerate (the Kanayut
anticline) to mark the leading edge of the farthest north horse of Kanayut Conglomerate
in the Endicott Mountains allochthon. The basal thrust of the Endicott Mountains
allochthon is interpreted to underlie this fold. This basal thrust is shown to ramp up from
the Hunt Fork Shale through the Kanayut Conglomerate and the Kayak Shale to connect
with the floor thrust of the Lisbume duplex north of and structurally below Fault 4. The
Lisbume duplex is shown to contain at least two horses north of Horse C, the northern
most exposed horse in the study area. The presence of additional horses is supported by
exposures of Lisbume Limestone of the Endicott Mountains allochthon to the northwest
of the study area (Brosge et al., 1979; Wallace et al., 1997; Trask, personal
communication, 1999). In Model 1, the foreland dip of the floor thrust of the Lisbume
duplex is a result of the wedge of Kanayut Conglomerate and thickened Kayak Shale that

Model 1

Figure 20.
Model 1. One way to accommodate the foreland dip of the Lisbume duplex. The lowest fault is interpreted as the basal thrust
of the Endicott Mountains allochthon. The basal thrust ramps up through the Kanayut, which is interpreted as being the
northern-most Kanayut Conglomerate, to a flat in the Kayak Shale. Two northern horses (D and E) have been added to the
Lisbume duplex based on exposures of Lisbume Limestone of the Endicott Mountains allochthon to the northwest of the
study area. This model requires a large amount of thickened Kayak Shale between the Kanayut Conglomerate and the
Lisbume Limestone. Mlu = upper Lisbume, Mlm = middle Lisbume, Mil = lower Lisbume, Mky = Kayak Shale, MDks =
Stuver Member, Kanayut, Dks = Shainin Lake Member, Kanayut, Dkep = Ear Peak Member, Kanayut, Dhs = Hunt Fork
Shale. Please see Plate 2 for key.
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underlies it. A disadvantage of this model is the excessively large amount of thickened
Kayak Shale required at the front of the deformed wedge of Kanayut Conglomerate.

Model 2
In Model 2, the Kanayut Conglomerate is interpreted to extend one horse farther
north than is exposed in the Kanayut anticline (Figure 21). This possibility is supported
by the exposures of Kanayut Conglomerate 15 km to both the east and west and
structurally north of the along-strike position of the Kanayut anticline in the study area
(Brosge et al., 1979; Wallace et al., 1997). This model only shows one additional horse
of Kanayut Conglomerate in front of the Kanayut anticline, but it does not exclude the
possibility of more horses being present. Model 2 (Figure 21) allows a significantly
reduced amount of Kayak Shale thickening compared to Model 1 (Figure 20).
In Model 2, a fault truncates the forelimb of the Kanayut anticline. A footwall
syncline occurs below the fault on the assumption that the Kanayut anticline formed as a
detachment fold and would therefore have a syncline paired with it (Wallace et al., 1997).
An alternative interpretation is that the Kanayut anticline is not truncated by a fault but is
part of a fold train that is truncated to the north where the basal thrust of the Endicott
Mountains allochthon cuts up section. In both interpretations the basal thrust cuts upsection from below the Kanayut Conglomerate and steps up to the Kayak Shale toward
the foreland (Figure 21).

Model 2
South

North

Figure 21.
Model 2. A second way to accommodate the foreland dip of the Lisbume Limestone. It depicts the Kanayut Conglomerate to
be duplexed below the Lisbume duplex. Like Model 1, this model includes two horses north of Horse C in the Lisbume
duplex. Both the Kanayut and the Lisbume may or may not continue to the north beyond this point. This model assumes that
the Kanayut Conglomerate exposed in the field area is not the farthest north that it has been thrust. This model does not require
as much thickening of the Kayak Shale as in Model 1. However, it does require the Hunt Fork Shale that underlies the Kanayut
Conglomerate to be thickened in the cores of anticlines. This model assumes that the entire Kanayut Conglomerate deforms as
a single competent unit. Mlu = upper Lisbume, Mlm = middle Lisbume, Mil = lower Lisbume, Mky = Kayak Shale, MDks =
Stuver Member, Kanayut, Dks = Shainin Lake Member, Kanayut, Dkep = Ear Peak Member, Kanayut, Dhs = Hunt Fork Shale.
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Preferred Interpretation
Model 2 is preferred over Model 1 because it requires less thickening of the
Kayak Shale. This results because the additional horse of Kanayut Conglomerate
provides much of the structural relief in Model 2. The geometry shown for Model 2 was
chosen to bring the base of the Endicott Mountains allochthon up to the floor thrust of the
Lisbume duplex as far south as possible while keeping the structure simple. The relief on
the basal thrust of the allochthon is assumed to be the result of deformation within the
underlying North Slope parautochthon. Both models can be varied to produce a wide
range of possibilities for relief on the basal thrust of the allochthon.
An important characteristic of both models is that the linking thrusts in the
Lisbume duplex need not connect directly to a thrust that cuts up section from the
Kanayut Conglomerate. Depending on the details of the geometry, a thrust that cuts up
section from the Kanayut Conglomerate could connect directly with a linking thrust in
the Lisbume duplex. However, even in this case, linking thrusts in the Lisbume duplex
cannot link up to a thrust in the Kanayut Conglomerate because of the closer spacing of
the Lisbume thrusts compared to the larger spacing of the thrust within the Kanayut
Conglomerate.
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CHAPTER 5
CONCLUSIONS

CONCLUSIONS
•

Folds in the competent Lisbume Limestone formed as detachment folds above a
detachment in the incompetent Kayak Shale.

•

Folds in the Lisbume Limestone have relatively short forelimbs and long
backlimbs and are thus asymmetric.

•

Folds in the Lisbume Limestone formed first and were later truncated by thrust
faults that cut through the steep to overturned connecting limbs of anticlinesyncline pairs. Thrust truncation of folds resulted in the formation of hangingwall
anticlines and footwall synclines.

•

Thrust faulting in the Lisbume Limestone resulted in a duplex structure with a
floor thrust in the Kayak Shale and a roof thrust in the Siksikpuk Formation.

•

The linking thrusts of the Lisbume duplex dip toward the hinterland, but both its
floor thmst and roof thrust dip toward the foreland, which indicates that the
duplex has been tilted by underlying structures.

•

The foreland dip of both the floor and roof thrust is a result of subsurface
stmctures below the Lisbume Limestone that may include, in probable order of
decreasing importance:
•

Duplexing of the Kanayut Conglomerate

•

Thickening of the Kayak Shale

•
•

Deformation beneath the basal thrust of the Endicott Mountains allochthon

A few thrusts in the Lisbume duplex may be directly connected to thrusts in the
underlying Kanayut duplex, but most are decoupled from the Kanayut duplex.

FUTURE WORK
The results of this project made it evident that continued research in several areas
could provide significant new general scientific benefits as well as improving knowledge
of the local geology and structure of the central Brooks Range. Further work could
include:
1) Continued mapping on a scale of 1:25,000 to the west and east of the study area to
determine:
a. How far to the north the Kanayut Conglomerate is present within the
Endicott Mountains allochthon.
b. The structural relationship between the Kanayut Conglomerate, the Kayak
Shale and the Lisbume Limestone, especially the linkage to and breaching
of the Lisbume duplex by thmsts from the Kanayut Conglomerate.
2) Detailed stratigraphic and structural work in the Kayak Shale of the central Brooks
Range to determine:
a. Stratigraphy and thickness
b. Mechanical properties
c. Deformational style

83
3) Detailed stratigraphic work on the Lisbume Limestone in the central Brooks Range
including:
a. Stratigraphy and thickness
b. Mechanical properties
4) A quantitative analysis of the relationship between the shape of the folds and the
shape of the faults in the general break-thrust geometric model.
5) Computer modelling showing the formation of the detachment fold train and
subsequent thrust fault truncation in “real time.”
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APPENDIX A
STRATIGRAPHY OF THE LISBURNE LIMESTONE

R elative
M echanical
Stratigraphy

Thickness

Lithostratigraphy

D escription
Present erosion surface

P

T

T

1^
Packstone. Very resistant.

Packstone. Chert is absent.
Grainstone.

M udstone.
Packstone w ith lesser grainstone.

Sparry grainstone. Contains horn corals, crinoids,
gastropods. Chert in upper part.
Grainstone. Contains bryozoans, brachiopods,
and crinoids, and som e cross bedding. Lacks chert.
P ackstone, with discordant bedding.
Sparry packstone
G rainstone. L ocally contains ripple marks. Contains
crinoids, burrow tracts and traces, tabulate corals,
hexacorals, horn corals, brachiopods, and bryozoans.
M udstone.
M icritic lim e m udstone with crinoids and hexacorals.
Packstone with local chert blobs and lenses.
Sparry packstone.
Packstone. Contains crinoids, brachipods and “leafy”
bryozoans.
Packstone in low er to m udstone in upper.
M udstone. L ocally contains chert blobs.
W ackestone with lesser m udstone. Locally contains
horn corals, and len ses o f chert.
Alternating beds o f resistant and less resistant
m udstone, fossil fragments include crinoids,
horn corals, and hexacorals. Chert nodules
com mon.
M udstone, thinly bedded in lower, m assive in upper.
H ackly weathering.
Base o f Lisbum e is defined as the contact betw een
the uppermost Kayak Shale interbed with lim estone.

92
A section of the Lisbume Limestone was measured in an area adjacent to the
study area (Figure 2). The measurement started in the saddle directly southwest of peak
4916 in the northwest quarter of Section 32, Township 11 South, Range 11 East, Philip
Smith Mountains B-5. I followed the ridgeline to the northeast toward and then past peak
4916 into the southwest quarter of section 28, Township 11 South, Range 11 East, Philip
Smith Mountains B-5. The section ended at the last peak within Section 28. The
beginning of the section is marked by a thrust fault and I began measuring at the top of
the uppermost shale interbed. The end of the section is the front of the range. I measured
the section to determine minimum thickness and to characterize the mechanical
stratigraphy of the Lisbume Limestone. An area adjacent to the study site was utilized
because a complete nonfolded section within the study area does not exist. This section
has a faulted base and therefore the measurement of the lower Lisbume Limestone is
missing approximately 68 m of the mapped lower Lisbume in the study area. To make up
the difference, I added 68 m of lower Lisbume Limestone that had been described from
the Kayak - Lisbume contact within the study area. Therefore, the following description
is a complete description of the Lisbume Limestone for the Galbraith Lake area.
I broke the Lisbume into three units, lower, middle and upper. Subdivisions were
made based on color, grain size, composition, and outcrop characteristics (Figure 4).
These units are based solely on my own interpretation of mappable units and may vary
from other interpretations. The base of the Lisbume Limestone is defined as the contact
with the uppermost shale interbed. The top of the Lisbume Limestone is defined by the
present erosion surface.
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Lower Lisburne Limestone (Mil)

62.8 m (206 ft) of limestone (Contact with Kayak Shale, northwest corner of Section

18, Township 12 South, Range 12 East, Philip Smith Mountains B-4 and B5.)
Light gray on weathered surface, dark gray on fresh surface
Slightly fetid smell when broken
Alternates between more resistant and less resistant beds of mudstone.
Well-defined bedding. Thicker, resistant beds are 20 - 100 cm, with some
reaching 1 - 2 m. Thinner, less resistant beds are approximately 5 - 3 0 cm
thick.
Mudstone with sparry fossil fragments that include crinoids, horn corals, and
hexacorals
Hackly weathering throughout

45.7 m (150 ft) of limestone (Thrust fault, top of the last shale interbed. Section 32

Township 11 South, Range 11 East, Philip Smith Mountains B-5.)
Light gray on weathered surface, dark gray on fresh surface
Slightly fetid smell when broken
Alternates between more resistant and less resistant beds of mudstone.
Primarily thinner, less resistant beds, approximately 5 - 30 cm thick in lower part
becoming more massively bedded (20 - 100 cm) in upper part.

Black chert nodules common in lenticular layers (~5 - 15 cm thick).
46.5 m (152.5 ft) of limestone
Light gray to white on weathered surface
Medium gray on fresh surface
More resistant and thicker bedding (1-2 m) than the lower 108.5 m
Wackestone with lesser mudstone
Contains sparry calcite crystals
Locally contains beds of horn corals in growth position
Locally contains lenses of chert approximately 3 - 5 cm thick
Highly reactive with dilute HC1 (not dolomitized)

10.5 m (35 ft) of limestone
Light brown weathered surface
Dark gray to black on fresh surface
Not resistant, forms scree slopes
Mudstone
Locally contains tightly packed chert blobs that form resistant chert “beds” 2.5
cm thick, spaced 5 - 13 cm apart
Highly reactive with dilute HC1
Lower Lisbume Limestone total thickness:

Middle Lisburne Limstone (Mlm)

165.5 m (543 ft)
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28.5 m (93.5 ft) of limestone
Medium gray to white on weathered surface
Medium to dark gray on fresh surface
Somewhat resistant, blocky weathering
Bedding is approximately 3 - 5 cm thick.
Packstone in lower to mudstone in upper
Contains calcite crystals in lower section, gradually becomes finer grained until
calcite crystals disappear
Decrease in weathering size from blocks to fine shards corresponds with the
decrease in grain size.
Highly reactive with dilute HC1

45 m (147.6 ft) of limestone
Brownish on weathered surface
Medium to dark gray on fresh surface
Very resistant, cliff former
Bedding is approximately 30 - 60 cm thick.
Very fine grained, crystalline packstone
Contains crinoids, brachiopods, “leafy” bryozoans
Contains calcite crystals

22.5 m (73.8 ft) of limestone
Brownish gray on weathered surface
Light gray on fresh surface
Very resistant, cliff former
Bedding is approximately 20 - 60 cm thick.
Sparry packstone
Contains calcite crystals
Highly reactive with dilute HC1

27.7 m (91 ft) of limestone
Light to medium gray on weathered surface
Dark gray to black on fresh surface
Thinly bedded ( 2 - 5 cm) with local chert blobs and lenses
Packstone
Contains calcite crystals
Highly reactive with dilute HC1

22.5 m (73.8 ft) of limestone (Peak 4916)
Medium gray to brown on weathered surface
Dark gray on fresh surface
Bedding is approximately 3 - 10 cm thick.
Lime mudstone (micritic) with fine to medium calcite crystals
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Fetid smell when broken
Contains crinoids, and hexacorals
Highly reactive with dilute HC1

15 m (49.2 ft) of limestone
Light to medium gray with unknown white mineral leaching out
Dark gray to black on fresh surface
Bedding is approximately 5 - 15 cm thick
Mudstone containing some crystalline characteristics
Slightly dolomitic (does not react with dilute HC1 as readily as other sections)

9 m (29.5 ft) of limestone
Light to medium gray on weathered surface
Dark gray to black on fresh surface
Thick bedding (20 - 40 cm)
Grainstone
Resistant, weathers in big blocky pieces down to cobble size, sharp and craggy
Locally contains ripple marks approximately 20 cm in wavelength
Strong fetid smell when broken
Contains crinoids, burrow tracks and traces, tabulate corals, hexacorals, horn
corals, brachiopods, and bryozoans
Becomes more calcite-rich up section with local calcite stringers up to 5 cm thick
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15 m (49.2 ft) of limestone
Light gray to white on weathered surface
Black on fresh surface
Resistant, good cliff former, hackly weathering
Distinctive marker units, very thick bedding (approximately 2 - 3 m) from afar
Sparry cement, crystalline packstone
Not fossiliferous
Highly reactive with dilute HC1
Calcite stringers and veins 2 cm thick

19.5m (64 ft) of limestone
Light gray to white with yellowish tan on weathered surface
Black on fresh surface
Packstone
Bedding becomes very discordant across surfaces. Appears as though this interval
has been highly fractured making it hard to follow bedding planes.

58.5 m (191.9 ft) of limestone
Light gray to white with yellowish tan on weathered surface
Medium gray on fresh surface
Bedding approximately 30 cm thick

Resistant, weathers into rounded blocks
Hackly weathering
Grainstone
Contains bryozoans, brachiopods, and crinoids
Contains some cross bedding
No chert
Middle Lisbume Limestone total thickness: 263.2 m (863.5 ft)

Upper Lisburne Limestone (Mlu)

39 m (128 ft) of limestone
Medium gray to brown on weathered surface
Dark gray to black on fresh surface
Bedding approximately 15 - 30 cm thick
Somewhat resistant, weathers into a rounded medium to fine rubble
Sparry grainstone
Contains hom corals, crinoids, and gastropods usually in darker layers
Chert blobs in upper section

43.5 m (142.7 ft) of limestone
Medium to tan on weathered surface
Dark gray to black on fresh surface

Bedding approximately 30 cm thick
Resistant layer
Packstone with lesser grainstone
Highly reactive with dilute HC1

21m (68.9 ft) of fine rubble limestone
Medium gray weathering, rubble too fine to get a fresh
No bedding planes are evident
Mudstone

48 m (157.5 ft) of limestone
Light gray on weathered surface
Medium gray on fresh surface
Resistant, good cliff former, weathers into blocks
Bedding approximately 30 cm thick, well bedded
Grainstone with calcite crystals
Matrix is less reactive with dilute HC1

9 m (29.5 ft) of limestone
Light gray on weathered surface
Medium gray on fresh surface
Resistant, excellent cliff former, weathers into blocks

Packstone
Bedding ranges from 2.5 to 30 cm thick.
Chert is absent
Highly reactive with dilute HC1

146.1 m (479.4 ft) of limestone
Light gray on weathered surface
Medium gray (?) on fresh surface
Highly resistant, upper part of section forms prominent cliffs
Packstone
Bedding ranges from 3 cm to 30 cm thick.
Top of the section is defined by the current erosional surface
Upper Lisbume Limestone total thickness:

Grand Total: 735.3 m (2412.5 ft)

306.6 m (1006 ft)
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APPENDIX B
STEREONETS OF SELECT FOLDS IN THE STUDY AREA

I created stereonets for Folds Al through A5, B l, B2, and C2 using the computer
program Stereonet PPC 6.02 for Macintosh computers by Richard Allmendinger (1998).
Poles to bedding were plotted on equal area stereonets. A cylindrical best-fit line was
then fitted to the poles to bedding. The program automatically calculated Eigenvalues
and Eigenvectors. The angle between the Eigenvector and the farthest outlying points
were calculated to determine whether the fold is cylindrical. The angle between the
Eigenvector and the cylindrical best-fit line is 90 degrees. A fold is not cylindrical if
more than 10 percent of the poles to bedding are more than 10 degrees from the great
circle (i.e., angle between the Eigenvector and any pole to bedding is greater than 100
degrees or less than 80 degrees (10 degree difference).
Folds A4 and B2 are not cylindrical. Fold A4 contains 1 pole to bedding out of 6
that is less than 80 degrees between the Eigenvector and the pole to bedding. Fold B2
contains 4 poles to bedding out of 17 that are less than 80 degrees between the
Eigenvector and the poles to bedding.
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Figure B-l.
Stereonets for folds Al and A2.
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Figure B-2.
Stereonets for folds A3 and A4
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Equal Area

Fold A5
n=2
• = Poles to bedding
■ = Eigenvectors
\ = Cylindrical best-fit line

Equal A rea

Fold Bl
n=8
• = Poles to bedding
■ = Eigenvectors
\ = Cylindrical best-fit line

Figure B-3.
Stereonets for folds A5 and B 1.
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Fold B2
n = 17
• = Poles to bedding
■ = Eigenvectors
\ = Cylindrical best-fit line
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Cross Section through the study area, central Brooks Range, Alaska
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Plate 3.

Partial and full restoration through study area, central Brooks Range, Alaska
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