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Abstract

The character of structures in the Gilead Creek region is influenced by the mechanical 

stratigraphy in the area. Shortening is distributed throughout the mechanical stratigraphy 

along detachments in the incompetent Kayak, Kavik, Kingak, and Hue Shales. 

Detachment intervals separate competent Lisburne Group, Echooka Formation, Ledge 

Sandstone/Shublik Formation, Gilead sandstone, and moderately competent Seabee 

Formation from each other and allow the competent units to fold at distinct wavelengths 

according to their mechanical properties. Thick, competent units tend to form long- 

wavelength folds. Thin, competent units form relatively short-wavelength folds. Thin, 

competent units that are structurally bound to a thicker, structurally more dominant unit, 

adhere to the structural style of the dominant unit unless there is some detachment 

between them. Strain is distributed through shale intervals in the moderately competent 

units, allowing short-wavelength folds in the thin competent beds. The dominant trend of 

structures in the area is northeast overprinted on east. East-trending structures formed 

during the ~60 Ma event that formed the main axis of the Brooks Range and its foothills. 

Northeast-trending structures formed during the formation of the northeastern Brooks 

Range dated at ~45 Ma, ~35 Ma, and ~27 Ma, manifest locally by the compressional 

uplift of the Echooka anticlinorium southeast of Gilead Creek.
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Chapter 1. Geologic setting

1.1 Introduction and significance

This study was conducted in the Gilead Creek area located between the Ivishak 

River and Gilead Creek in the northeastern Brooks Range (NEBR), Alaska (fig. 1). The 

Gilead Creek area (also referred to as “Gilead syncline area”) is significant because 

Gilead Creek, along the northeastern Brooks Range front, exposes multiple levels of 

mechanical stratigraphy and exposes the structural transition from the local range front to 

the foothills.

Figure 1. Map of northern Alaska and its subterranes with major structural elements (modified from 
Moore and others, 1994). The study area is outlined by a red box.



The objective of this study is to characterize the nature of, and controls on, fold- 

and-thrust deformation across a transition from pre-orogenic to foreland basin deposits. 

Gilead Creek exposes multiple levels of mechanical stratigraphy that range in age from 

Mississippian to Tertiary that provide insight into the transition from the Brooks Range to 

the arctic foothills. The Gilead Creek area is structurally complex and, mechanically 

speaking, the stratigraphy is a diverse mix of competent, incompetent, and semi- 

competent units. The east-trending Gilead syncline (located in the central part of the 

Gilead Creek area) is a locally doubly plunging syncline that forms the major structure in 

the center of the study area (fig. 2).

2
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Figure 2. Map of study area, modified from Wallace and others (2004). Note the Echooka 
anticlinorium, Gilead Creek, and Gilead syncline annotated on the Landsat 7 image acquired on 
August 30th, 2000 from path 072 and row 011.



The Gilead syncline is topographically well expressed in the Gilead sandstone, a thick 

and erosionally resistant, informally named local unit that forms the base of the foreland 

basin sequence. The syncline lies to the northwest of the local mountain front, which is 

on the northwestern limb of the east-northeast-trending basement-cored Echooka 

anticlinorium (fig. 2). Both the structure of the Gilead Creek area and the stratigraphic 

and depositional context of the Gilead sandstone are poorly understood because the unit 

has not been stratigraphically analyzed in great detail and its upper contact is not well 

defined.

This document outlines observations I have made and the conclusions I have 

reached while attempting to answer the following questions about the structural evolution 

of the Gilead syncline and the surrounding area: (1) How was shortening accommodated 

in different parts of the mechanical stratigraphy? (2) How was shortening distributed 

throughout the stratigraphy in faulting, folding, and strain? (3) How do forward- and 

backward-verging structures distribute shortening? and (4) What are the roles of local 

detachments in strain accommodation?

Furthermore, I address the following questions about the Gilead sandstone: 1) 

Where does the Gilead sandstone fit into the foreland basin sequence and what is its 

depositional environment? 2) What defines the top of the Gilead sandstone? 3) What is 

the nature of the Gilead sandstone’s basal contact?

1.2 Geologic setting

The Brooks Range is the predominant mountain range in northern Alaska. It 

strikes east-west in the west to central part of northern Alaska, changes to a northeast

4



strike in northeastern Alaska, and finally makes a southward bend in strike and continues 

into Canada as the Mackenzie Mountains in the Northwest Territories and then the 

Canadian Rockies to the south. Northern Alaska, from the Brooks Range northward, is 

part of the Arctic Alaska terrane (Moore et al., 1994). The southern continental part of the 

Arctic Alaska terrane includes three parts: the southern collisional orogen (Brooks 

Range), the central foreland basin (Colville Basin), and the northern rifted continental 

margin (Barrow Arch) (Cole et al., 1997). The foothills of the Brooks Range extend from 

the frontal Brooks Range into the deformed part of the Colville basin.

1.3 Regional stratigraphy

The stratigraphy in the Gilead Creek area includes two depositional/ tectono- 

stratigraphic sequences, the Ellesmerian and Brookian sequences. The Ellesmerian 

sequence consists of Mississippian to Jurassic pre-foreland basin deposits (Bird and 

Molenaar, 1992). The Ellesmerian sequence was deposited on a basement complex that 

was deformed in pre-Mississippian time and is not exposed in the study area. The 

Brookian deposits represent fill of the foreland basin north of the Brooks Range front 

(Bird and Molenaar, 1992) and range from Albian to Campanian in age in the Gilead 

Creek area. In this study, the Brookian units (the Albian Gilead sandstone, Turonian 

upper and lower Seabee Formation, and the Campanian Canning Formation) (fig. 3)

5
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are not easy to distinguish because they include similar rock types. Contacts between 

these units are difficult to define due to structural complexity, discontinuous exposure, 

and lack of age control.

1.4 Regional structure

Formation of the Brooks Range began in Late Jurassic time when the intra- 

oceanic Koyukuk arc collided with the south-facing passive margin (Moore et al., 1994) 

of paleo-Arctic Alaska. By Valanginian time, passive-margin deposits of the De Long 

and Endicott mountains sub-terranes had been thrust northward over the North Slope 

autochthon and its basement (Moore et al., 1994). Large-scale thrust displacement was 

complete and major uplift and erosion began by Albian time, resulting in deposition of 

the Brookian sequence. Renewed deformation that began during the Paleocene deformed 

the Brookian sequence (Moore et al., 1994; O’Sullivan, 1996; O’Sullivan et al., 1997) 

and created the foothills structures analyzed in this study.

The northeastern Brooks Range (NEBR) and its foothills differ from the central 

Brooks Range in structural style because the mechanical stratigraphy in the NEBR is 

significantly different than the mechanical stratigraphy in the central Brooks Range 

(Wallace, 2009). Fission-track studies in the NEBR and its foothills (O’Sullivan, 1991, 

1996; O’Sullivan et al., 1997, 1998; O’Sullivan and Wallace, 2002) indicate that the main 

deformational events that may have formed the structures in the study area occurred at 

~60 Ma, ~45 Ma, ~35 Ma, and ~27 Ma (fig. 4).

7



8

A. Late Jurassic

C. Albian

D. Paleocene range Tuktu 
front, backthrust

-

Koyukuk arc

Misheguk Mt. allochthon
Copter Peak allochthon 
and oceanic crust
De Long Mts. allochthon

trajectory of future 
wedge-bounding fault 
Okpikruak melange 
and olistostrome
Endicott Mts. allochthon 

Hammond subterrane n

Nanushuk and younger 
and Yukon-Koyukuk basin

Torok and distal Fortress Mt. 

Proximal Fortress Mt.

North Slope cover
North Slope basement 
and Coldfoot subterrane

Figure 4. Major phases of the tectonic evolution of the Brooks Range prior to formation of the 
northeastern Brooks Range (from Wallace, 2009).



The 60 Ma event coincides with the Paleocene deformation (fig. 4) that created 

the east-west-trending main axis of the northern Brooks Range and deformed Colville 

basin deposits to the north. The 45 Ma, 35 Ma, and 27 Ma events coincide with the later 

deformation that formed the northeastern Brooks Range and its foothills. This later 

deformation drove fault-bend folding of the basement rocks and resulted in the formation 

of northeast-trending basement anticlinoria (described by Wallace and Hanks (1990) and 

Wallace (1993)) and the general change in structural trend from east-west-trending in the 

Brooks Range to northeast-southwest-trending in the NEBR. Large-scale fault-bend folds 

in the basement are separated from smaller folds in the overlying Lisburne Group and 

Echooka Formation by an incompetent detachment interval in the Kayak Shale. The 

Kavik Shale and Ledge Sandstone Members of the Ivishak Formation, and the Shublik 

Formation overlie the Echooka Formation and generally follow the structurally dominant 

Lisburne. Local detachment in the Kavik Shale and parasitic folds in the Echooka and 

Shublik are present in the study area.

Generally speaking, younger, competent Brookian units are detached from each 

other and the older Ellesmerian sequence by shale intervals and they exhibit closer

spaced folds and thrust faults. The basement anticlinoria in most of the NEBR trend east- 

west because of re-activation of older structures, with the exception of the Echooka 

anticlinorium, which is a northeast-trending, basement-controlled anticlinorium (Wallace, 

oral communication). The detached structures in the cover (Ledge sandstone, and above, 

stratigraphically) are more likely to show east-northeast trends that reflect the north-

9
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northwest transport direction, except where they are influenced by an underlying a local 

east-west basement trend (Wallace and Hanks, 1990; Wallace, 1993).
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Chapter 2. Methods and data

For this study, I conducted approximately four weeks of fieldwork. I worked on 

foot from four camps distributed throughout the study area (fig. 5) and moved camp 

approximately once a week with helicopter support (provided by ADGGS) for each 

move.

Figure 5. Locations of campsites. Each campsite is plotted with a red triangle.

I used multiple data sources to address the questions presented in the introduction. The 

data sets include geologic mapping, micro- and macro-paleontological data, fission track 

data, and interpretation of aerial photo and remote sensing data.



2.1 Geologic mapping data

Geologic mapping is the backbone of this study (sheet 1). Over the course of the 

field season, I conducted geologic mapping at the 1:24,000 and 1:12,000 scale with an 

emphasis on structural detail. Structural detail was documented by 1). taking numerous 

measurements of bedding, fracture and cleavage attitudes in structurally meaningful 

places; 2) careful mapping of fold axial traces; 3) tracing and mapping stratigraphic 

markers on both sides of faults wherever possible; and 4) detailed documentation of fold 

geometry on the geologic map and in field notes, sketches, and photographs. Lithologic 

unit contacts were mapped in the field. All field data were recorded on a paper 

topographic base map and in field notebooks. These data were used to prepare the map 

and cross sections using the software packages ArcGIS and LithoTect to digitize this 

information.

2.1.1 Important aspects of the map

The Gilead sandstone consists of alternating intervals of resistant sandstone 

separated by thinner, less resistant siltstone and shale intervals. These are reflected in the 

topography. Cliffs are capped by sandstone terraces and vegetation typically grows on the 

recessive intervals. These stratigraphic “terraces” can be used as marker beds that can be 

traces across faults to provide valuable structural context. Individual stratigraphic 

markers in the Gilead sandstone are illustrated on the geologic map (sheet 1).

Very important outcrops are exposed along Gilead Creek northwest of benchmark 

Shek (sheet 3, photograph H). Unfortunately, these outcrops are narrow and 

discontinuous and separated by long intervals of vegetated ground. The outcrops along

12



Gilead Creek reveal many important structural details, but no structural markers can be 

traced from outcrop to outcrop. Formation identification is difficult in these areas, and the 

formation determinations in this part of the map area are largely based on macro- and 

micro-paleontological data.

2.2 Paleontological data

Multiple micro- and macro-paleontological samples were collected for analysis to 

better constrain the age of the Kingak Shale (fig. 3), Gilead sandstone, and Upper 

Cretaceous units. Micro-paleontological sample locations were selected based on 

proximity to sharp breaks in lithology within the Cretaceous units. In the case of most of 

lower Gilead Creek, outcrops surrounded by dense vegetation were sampled in order to 

try to correlate outcrops along Gilead Creek by age. Figure 6 shows sample locations.

13



Figure 6. Map of samples collected from study area.



SAMPLE TYPE
•  Macrofossil
*  Fission track
■ Shale sample for micropaleontology



The data were used to differentiate the Upper Cretaceous units (exposed along 

lower Gilead Creek) in the area, which are poorly exposed and lack structural and 

stratigraphic context. Paul Decker (Alaska Division of Oil and Gas) and Marwan Wartes 

(Alaska Division of Geological and Geophysical Surveys) provided micro- 

paleontological data and helped to interpret it to make formation determinations adjacent 

to lower Gilead Creek. Palynomorphs were used to identify the Canning Fm. (fig. 3), Hue 

Shale (fig. 3), and parts of the upper and lower Seabee Formation (fig. 3). Pelecypod 

fossils of Mytiloides labiatus, Mytiloides mytiloides, and Inoceramus cf. l. Cuvierii 

collected by Paul Decker, Marwan Wartes, Wes Wallace, and myself were used to 

identify the Seabee Formation. Fossil data were also used to constrain the age of the 

Gilead sandstone, but are very sparse. Megafossils provide the available age control at 

this time, but shale samples from the base of the Gilead sandstone are currently being 

analyzed for microfossils to provide further constraints on the age of the Gilead 

sandstone.

The pebble shale typically overlies the Kingak Shale elsewhere in the region (fig.

3) but appears to be absent in the study area. I collected micro-paleontological samples 

from the uppermost shale exposures beneath Gilead sandstone (not yet analyzed at the 

time of this report) to confirm whether or not the pebble shale is missing from the 

stratigraphy.

2.3 Aerial photograph and remote sensing data

I used high-altitude color infrared aerial photographs (scale ~1:60,000) to 

supplement geologic field observations. I used stereographic pairs of aerial photographs

15
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to view the outcrops in three dimensions, which proved useful for obtaining a 

comprehensive view of some exposures. Aerial photographs were also used to map 

stratigraphic horizons within the Gilead sandstone.

Additional geologic mapping was done using remote sensing techniques. I used a 

spectrometer to obtain spectral measurements of samples obtained in the field from the 

Gilead sandstone. Then I converted a Landsat 7 image to a reflectance image (image 

converted to spectra vs. reflectance as opposed to spectra vs. digital number). Plots for 

spectral data obtained from the Gilead sandstone (fig. 7) samples were then compared to 

reflectance values in the Landsat image at the points of collection for the field samples.

Figure 7. Screenshot of reflectance image with red box around the area from which digital values 
from a single pixel are being compared to the data collected by measuring Gilead sandstone hand 
samples with a spectrometer.
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spectral reflectance

W avelength in nanom eters

Figure 7 continued. Plot of spectral data obtained by measuring reflected light emitted from a sample 
of Gilead sandstone.

Comparison of reflectance values from hand samples and reflectance values from pixels 

that correspond to hand sample collection points in the Landsat 7 image yielded 70 to 80 

percent probability of a match for the Gilead sandstone reflectance measurements to 

image pixels at the corresponding collection points (fig. 7). I used this technique to map 

some Gilead rubble outcrops I didn't have time to visit in the field. This technique is not 

useful for differentiating two sandstone units, but it is a reliable tool for differentiating 

lithology types, such as sandstone, shale and carbonate.

I created an image fusion that combines Landsat 7 30-meter resolution spectral 

data (spectral bands) with 15-meter spatial resolution data (panchromatic band) (fig. 8).
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Figure 8. Image of the Gilead Creek area created by merging the panchromatic band and spectral 
data from a Landsat 7 image acquired on August 30th, 2000 from path 072 and row 011 and running 
a sharpening filter.



The end result is an image with much crisper textural features superimposed on spectral 

data (fig. 8). The 15-meter spatial resolution discrepancy between panchromatic band and 

spectral bands is insignificant. After the fusion, a sharpening filter was run on this image 

to sharpen contrast between lithologic contacts. This image was used for refining contacts 

on the geologic map where needed.

I also created a fusion of a digital elevation model and an entire Landsat 7 scene 

to produce a model that can be manipulated in Virtual GIS Viewer (fig. 9).

19
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Figure 9. Screenshots of an entire Landsat 7 scene draped on a digital elevation model. This 
produces a model that can be manipulated in Virtual GIS Viewer. View to the southwest looking 
down-plunge at the Gilead syncline
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Figure 9 continued. Screenshots of an entire Landsat 7 scene draped on a digital elevation model. 
This produces a model that can be manipulated in Virtual GIS Viewer.View to the southeast with the 
Gilead syncline in the foreground and the range front in the background.

This fusion is a dynamic model that allows changes in vertical exaggeration of relief as 

well as the ability to change sunlight angle. The model allows the interpreter to view the 

structures in the image from an infinite number of angles. I used this model to revisit the 

area and get a down plunge view of any of the structures in the scene and to reevaluate 

how folds relate to each other and to what extent structures are laterally continuous. I also 

used the model to verify positions of axial traces of folds in map view and to provide 

valuable reconnaissance prior to fieldwork that saved both time and resources (fig. 9).
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Chapter 3. Observations 

3.1 Stratigraphy

3.1.1 Pre-Mississippian basement

Pre-Mississippian basement is not exposed in the study area, but is exposed close 

by to the southeast (Pessel et al., 1990). Previous workers described the pre-Mississippian 

basement as a relatively competent mixture of phyllite, quartzite, carbonate, and mafic 

volcanic rocks (Wallace and Hanks, 1990; Bird and Molenaar, 1992).

3.1.2 Ellesmerian sequence

3.1.2.1 Mississippian Kayak Shale

The Mississippian Kayak Shale is not exposed in the study area, but is a 

documented detachment interval (Wallace and Hanks, 1990; Wallace, 1993) made up of 

incompetent shale and siltstone. I estimate the thickness of the Kayak Shale to be ~300- 

600 meters (1000-2000 ft) based on my cross section interpretations and thickness cited 

by Homza and Wallace (1997).

3.1.2.2 Mississippian and Pennsylvanian Lisburne Group

The Mississippian and Pennsylvanian Lisburne Group is approximately 900 

meters (3000 ft) thick. The Lisburne Group is a competent unit made primarily of 

carbonate mud (30% of unit) and massive crystalline dolomitized beds (65% of unit).
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3.1.2.3 Permian Echooka Formation

The Permian Echooka Formation is approximately 90-100 meters (300-330 ft) 

thick based on my cross section interpretations and 3-point problems done on the 

geologic map. The Echooka Formation is a competent unit made of fine to medium 

grained silicified glauconitic sandstone (90% of unit). A thin interval of calcareous 

siltstone and sandstone and limestone (10% of unit) at the base of the Echooka allows it 

to detach locally at its contact with the Lisburne Group.

3.1.2.4 Triassic Kavik Member of the Ivishak Formation

The Triassic Kavik Member of the Ivishak Formation is approximately 100-150 

meters thick (350-400 ft) based on my cross section interpretations and 3-point problems 

done on the geologic map. Most of the Kavik is incompetent siltstone (40 % of unit) and 

shale (50% of unit) with a slightly more competent sandstone and siltstone interval (10 % 

of unit) at the top of the unit. The Kavik is a major detachment interval.

3.1.2.5 Triassic Ledge Member of the Ivishak Formation

The Triassic Ledge Member of the Ivishak Formation is approximately 100-150 

meters thick (350- 400 ft) based on my cross section interpretations and 3-point problems 

done on the geologic map. The Ledge is a competent unit composed of centimeter to 

meter scale beds of rhythmically interbedded siltstone (40 % of unit) and fine sandstone 

(50 % of unit) with some shale (10% of unit).
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3.1.2.6 Triassic Shublik Formation

The Triassic Shublik Formation is approximately 90-100 meters (300-330 ft) 

thick based on my cross section interpretations. The Shublik is a competent unit 

composed of fine carbonate sand (80 % of unit) and mud (20 % of unit).

3.1.2.7 Jurassic and Cretaceous Kingak Shale

The Jurassic and Cretaceous Kingak Shale is approximately 180-300 meters (600

1000 ft) thick. These thickness values are based on 3-point problems done at the Gilead 

syncline. The 120-meter thickness range is based on the relatively thin exposed Kingak at 

the Gilead syncline. The Kingak Shale is an incompetent detachment interval composed 

of shale (90 % of unit) with some siltstone and fine sandstone at its base (10 % of unit).

3.1.3 Brookian sequence

3.1.3.1 Mid-Cretaceous (Albian and Cenomanian) Gilead sandstone

The Gilead sandstone is an informally named unit (Reifenstuhl, 1989, 1991). The 

Albian and Cenomanian Gilead sandstone is ~670 meters thick (2200 ft) based on my 

observations in the field. Reifenstuhl (1989) measured a thickness of 850 m (2785 ft) at 

Gilead syncline. The Gilead is an extremely competent unit that consists mainly of thick 

sandstone intervals up to 150 meters thick (500 feet) (70 % of unit) separated by thinner 

siltstone and shale intervals (30 % of unit) up to 30 meters (100 feet) thick. The siltstone 

intervals typically are eroded and concealed by vegetation, leaving the more resistant 

intervals as outcrop. The tops of individual resistant intervals within the Gilead sandstone 

are shown on the geologic map (outlined in red dashes) to provide stratigraphic context.
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Kashivi Creek along the south edge of Gilead syncline (sheet 1) provides the best 

exposures of the recessive intervals within the Gilead sandstone.

3.1.3.1.1 Gilead depositional facies

In the Gilead sandstone I observed abundant and strikingly large flute casts 

(which can form anywhere water flows over soft mud), load casts and flame structures 

(compaction structures that suggest de-watering), convolutions, and grooves. Possible 

examples of hummocky cross-stratification (marine storm waves) as well as trough cross

stratification (Reifenstuhl, 1989; 1991) and climbing ripples (Reifenstuhl, 1989; 1991) 

(high sediment load) are relatively common. I found meter-scale beds of massive fine to 

medium sandstone are also common in the Gilead sandstone. These suggest rapid 

deposition of sands and have been interpreted to have formed as "rapidly emplaced 

frictionally frozen slurries" by Decker et al., (2008). Decker et al., (2008) briefly 

mentioned full or partial Bouma successions in the Gilead sandstone. I observed A, B, 

and C Bouma intervals in the field, which are typical of turbidity currents (A [massive 

sand], B [planar laminated sands], and C [ripple and convolute laminations]) these are 

exposed in the Kashivi Creek area up-section in the lower sandy interval of Gilead. 

Evidence for submarine channelized flow in the Gilead sandstone is present in a single 

outcrop adjacent to Kashivi Creek where a channelized succession is incised into fine

grained sediment (Decker et al., 2008). Unfortunately, that particular outcrop was 

inaccessible (covered by ice in Kashivi Creek) when I conducted my fieldwork. Fossils 

are scarce in the Gilead sandstone, which suggests that the unit was deposited in an 

environment that was hostile (low salinity and high sediment load). This is consistent
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with the climbing ripples and sediment gravity flows as well as hyperpycnites (term for 

high density sediment gravity flow) (Decker et al., 2008) observed by various workers in 

the Gilead sandstone.

The Gilead syncline section has been interpreted to be a deep-marine turbidite 

sequence overlain by thick, shallow marine deposits with a fluvial section at the top 

(Huffman et al., 1985), mainly deep-water turbidites (Molenaar et al., 1984), a middle 

shelf setting dominated by storm-surge ebb flow and turbidity currents (Reifenstuhl, 

1991), and dominantly sediment gravity flows (Decker et al., 2008). Based on my field 

observations in 2008 (I observed flute casts, load casts, flame structures, trough cross

stratification, climbing ripples, and partial Bouma successions), as well as the work done 

by others mentioned above, I am inclined to agree with Decker et al. (2008). I conclude 

that the Gilead sandstone was probably deposited in a medium to deep marine 

environment just off the shelf edge mainly by sediment gravity flow. I speculate that 

turbidites also played a significant role in depositing the Gilead sandstone.

3.1.3.1.2 Upper and lower contacts

The Gilead sandstone sits atop a relatively bedding-parallel detachment surface 

(sheet 2) that separates it from the Jurassic and Cretaceous Kingak Shale. Based on my 

field mapping and paleontological data, I define the northwestern contact of the Gilead 

sandstone as a concealed, southeast-dipping thrust fault that has thrust Albian Gilead 

sandstone over Turonian Seabee Formation. Unfortunately, because the Gilead sandstone 

is in structural contact with the Seabee Formation, the stratigraphic top of the Gilead 

sandstone could not be determined in the exposures of the field area. No beds have been
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identified that can be correlated between the footwall and hanging wall of this thrust. It is 

important to acknowledge that the stratigraphic interval I define as the top of the Gilead 

sandstone is dependent on my structural interpretation and, although I do have some 

paleontological data to reinforce my interpretation, the position of the top of the Gilead 

sandstone is debatable. Because the Gilead section appears to be most complete in the 

core of the Gilead syncline and its contact with the underlying Kingak is obvious in that 

area (sheet 1), I interpret the highest exposed Gilead sandstone in the area to be in the 

core of the Gilead syncline (see individual stratigraphic horizon D on sheet 1). Micro- 

paleontological samples and mega-fossils collected by Paul Decker (Alaska Division of 

Oil and Gas), and megafossils collected by Wes Wallace and myself (University of 

Alaska Fairbanks) provide age data that suggest that the Gilead sandstone is overlain 

depositionally by a tongue of the Hue Shale. The Hue Shale adjacent to lower Gilead 

Creek stratigraphically underlies Seabee Formation to the southwest that is Turonian 

based on megafossils (sheet 1). Micro-paleontological samples from the Hue Shale 

outcrops yielded Cenomanian ages. I interpret the small exposure of sandstone that lies 

between Hue Shale and a fault to the north to be uppermost Gilead sandstone that 

stratigraphically underlies Hue Shale. Log data from the Lupine 1 well (fig. 10) support 

this interpretation because they show approximately 75 meters (250 ft) of section 

interpreted as Hue Shale above the Gilead-equivalent Torok Formation and below the 

Seabee Formation (Decker, written communication).
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Figure 10. Lupine #1 well location 

3.1.3.1.3 Gilead age control

Age control is sparse in the Gilead sandstone. At this time, the age of the Gilead 

sandstone is constrained by two middle Albian ammonites of the genus Gastroplites, one 

of which was reported by Reifenstuhl (1990) and the other by Decker et al. (2008). A 

specimen of Inoceramus dunveganensis of Cenomanian age was also collected from the 

upper part of the Gilead sandstone exposed in the core of the syncline (Reifenstuhl, 

1991). I interpret the Gilead sandstone to be the base of the Brookian sequence in the 

Gilead syncline area. It is separated from the Kingak Shale at the top of the older 

Ellesmerian sequence by a detachment surface that is relatively parallel to bedding in the 

two units.

3.1.3.2 Cretaceous Hue Shale

The Cretaceous Hue Shale is ~75 meters (250 ft) thick in the study area. Unit 

thicknesses are based on Lupine 1 well data (fig. 10) (Decker, written communication) 

and outcrops I mapped adjacent to Gilead Creek. The Hue Shale is an incompetent
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detachment unit composed of bentonitic shale intervals up to 60 meters (200 feet) thick 

(80 % of unit) and very thin-bedded intervals of fine-grained sandstone to siltstone that 

are up to 15 meters (50 feet) thick (20 % of unit). In the study area, the Hue Shale is 

poorly exposed and difficult to distinguish from Canning and Seabee Formations in 

outcrop because bentonitic shale is found in all three units. The Hue Shale is 

distinguishable from Canning and Seabee by palynomorphs that yield Cenomanian ages, 

its lack of thick sandstone intervals within thick shale packages, high organic content, 

abundant laminae and thin tuff and bentonite interbeds.

3.1.3.3 Middle early Turonian lower Seabee

The Cretaceous (middle early Turonian) lower Seabee is a semi-competent unit in 

the study area with a thickness of approximately 300 meters (1000 ft) based on Lupine 1 

well data (fig. 10) (Decker, written communication). The lower Seabee is a mixture of 

fine-grained sandstone (50 % of unit), siltstone (30 % of unit), and shale (20 % of unit). 

Shale and fine siltstone intervals can be tens of meters thick and commonly separate 

meter-scale intervals of sandstone and siltstone. This is much different than the Gilead, 

which has competent sandstone intervals in the 150-meter thickness range with relatively 

thinner recessive intervals. This unit contains pelecypod fossils (Mytiloides labiatus) in 

numerous places. These indicate a middle early Turonian age (Decker, written 

communication) and were relied upon heavily to identify this unit. Lower Seabee is 

difficult to distinguish from Gilead, but the fossils are relatively widespread and 

diagnostic. The apparent absence of shale in the lower Seabee is a useful distinction 

between it and the upper Seabee, although much of the southeastern Seabee is covered.
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3.1.3.4 Late early to late Turonian upper Seabee

The Cretaceous (late early to late Turonian) upper Seabee Formation is a semi- 

competent to competent unit composed of fine-grained sandstone (50 % of unit) and 

siltstone (50 % of unit). The upper Seabee is approximately 300-450 meters thick (1000

1500 ft) based on Lupine 1 well data (Decker, written communication). The age of the 

upper Seabee Formation is based on pelecypod fossils (Inoceramus cf. I Cuvierii) from a 

single location (Decker written communication). Upper Seabee was distinguished from 

lower Seabee based mainly on this fossil location (fig. 6 northernmost macrofossil) 

combined with a position structurally higher than the Mytiloides-bearing lower Seabee.

3.1.3.5 Campanian Canning Formation

The Cretaceous (Campanian) Canning Formation is an incompetent turbidite-like 

unit with gray sandstone (40 % of unit) and black bentonitic shale (50 % of unit) with 

tuffaceous siltstone (10 % of unit). The thickness of the Canning Formation is unknown 

because of structural duplication in the Lupine 1 well and the unit is poorly exposed and 

bounded on both sides by faults in the field area. Campanian palynomorphs are common 

in this unit although preservation is poor (Decker, written communication).

3.2 Mechanical stratigraphy

The lithologic characteristics of each unit in the field area influence the structural 

behavior of each mechanical-stratigraphic unit (table 1). For example, thick, competent 

units tend to form long-wavelength folds; thin, competent units tend to form relatively 

short-wavelength folds (like folding a phonebook vs. folding a magazine). Incompetent
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units tend to form detachment intervals, and can distribute strain throughout the 

mechanical stratigraphy. In the Gilead Creek area, two relatively minor (thinner) 

competent units (Ledge and Shublik) are sandwiched between detachment intervals in 

incompetent shale units, which are bounded above and below by two of the dominant 

(thicker) competent units (Lisburne and Gilead) (sheets 1 and 2, cross section 1). The 

detachment intervals allow the competent units to fold at wavelengths appropriate for 

their thickness and competency because the detachments isolate the competent intervals 

from each other. Table 1 summarizes the mechanical-stratigraphic characteristics of the 

units in the field area.



Table 1- Mechanical stratigraphy

Unit Age Competency Lithology Structure Detachment
interval? Thickness

Pre
Mississippian
basement

Pre
Mississippian

Moderately
competent

Phyllite, quartzite, 
carbonate, and mafic 
volcanic rocks

Tends to form large fault- 
bend folds that result in 
basement-cored anticlinoria

No

Kayak Shale Mississippian Incompetent Shale and siltstone Regional detachment Major
detachment

300-600
m

Lisburne
Group

Mississippian
and
Pennsylvanian

Very
competent

30% carbonate mud, 
70% massive 
crystalline 
dolomitized beds

Forms second order 
detachment folds above 
fault-bend folds in basement

No 900 m

Echooka
Formation

Permian Competent 90% fine- to 
medium-grained 
silicified glauconitic 
sandstone with a 
thin calcareous 
interval at base that 
forms minor 
detachment

Forms second order folds 
where structurally bound to 
Lisburne. Forms local third 
order fault-bend folds where 
detached from Lisburne

Minor 
detachment 
interval 
above basal 
contact with 
Lisburne. 
Detachment 
is only local.

90-100m

Kavik
Member of 
the Ivishak 
Formation

Lower
Triassic

Incompetent Incompetent: 40% 
siltstone and 50% 
shale. Competent: 
10% sandstone and 
siltstone (at top of 
unit)

Regional detachment Semi-major
detachment

100-150
m

Ledge 
Member of 
the Ivishak 
Formation

Triassic Competent 40% siltstone; 50% 
fine sandstone;
10% shale

Forms mainly third order 
folds. Some steep (70-80° N 
dip) backthrusts under south 
limb of Gilead syncline

No 100-150
m

Shublik
Formation

Triassic Competent 80% fine carbonate 
sandstone; 20%

Forms mainly third order 
folds. Some steep (70-80° N

No 90-100m
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Table 1 continued.
carbonate mud dip) backthrusts under south

limb of Gilead syncline
Kingak Shale Jurassic and

Lower
Cretaceous

Incompetent 90% shale; 10% 
siltstone and fine 
sandstone

Regional detachment Major
detachment

180-300
m

Gilead
sandstone

Cretaceous 
(Albian and 
Cenomanian)

Very
competent

70% sandstone; 30% 
siltstone and shale 
intervals

Second order folds at the 
Gilead syncline and third 
order to the northwest of 
Gilead syncline

No 670 m

Hue Shale Cretaceous
(Cenomanian)

Incompetent 80% bentonitic 
shale; 20% 
sandstone

Regional detachment Semi-major
detachment

60 m

Lower
Seabee
Formation

Cretaceous 
(middle early 
Turonian)

Semi-
competent

50% fine-grained 
sandstone; 30% 
siltstone; 20% shale

Fourth and fifth order folds 
in thin sandstone beds. 
Strain localized in shale

Minor 
detachment 
at top may 
allow
decoupling 
from upper 
Seabee

300 m

Upper
Seabee
Formation

Cretaceous 
(late early to 
late Turonian)

Competent 50% fine-grained 
sandstone; 50% 
siltstone

Forms third order folds No 300-450
m

Canning
Formation

Tertiary
(Campanian)

Incompetent 40% sandstone; 50% 
bentonitic shale;
10% tuffaceous 
siltstone

Tight overturned folds unknown unknown
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3.3 Structural domains

I have defined nine separate structural domains in the map area on the basis of the 

average orientation of fold axes in a particular area. The domains are numbered mainly 

from southeast to northwest, generally up stratigraphic and structural section. Domain 1 

is in Lisburne and Echooka, domains 2-4 are in Kavik, Ledge, and Shublik, domains 5-9 

are in Gilead, and domain 10 is in Hue, Seabee, and Canning (fig. 11).



Figure 11. Map of structural domains with major fold axes and faults shown with bold lines.
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3.4 Cross sections

Seven structural cross sections illustrate multiple structural levels in the study 

area (sheet 2). The cross sections are introduced here so they can be used to illustrate the 

structures throughout the area. The evidence and reasoning that supports the 

interpretations shown in the cross sections will be presented in section 4.3. The structural 

sections were placed in areas where each structural level is best exposed. Cross section 1 

is the longest and deepest section, and was chosen to represent the full range of structures 

across the area. Cross section 2 offers the best representation of the relationship between 

second order folds in Gilead sandstone and third order folds in Shublik and Ledge. Cross 

sections 3-6 best illustrate structures in the Ivishak and Shublik Formations because they 

cover areas with good exposure of Shublik and Ivishak. Cross section 7 is the best 

representation of the relations between the Lisburne Group and the Echooka Formation.

3.5 Structural overview

The Gilead Creek area along the northeastern Brooks Range front exposes 

structures formed by shortening in two main directions (north-northwest to south- 

southeast and northwest to southeast). Different structures formed at different levels 

depending on the mechanical stratigraphy. This section summarizes the essential 

structural characteristics of the area. More detailed descriptions of structures by rock unit 

later in this thesis.

The youngest structures in the study area probably include the west-southwest- 

plunging Echooka anticlinorium (sheet 1), which is the largest (first order) structure in



the area and is formed in the thick and moderately competent basement. The Echooka 

anticlinorium has a gently northwest-dipping forelimb. The southwest-plunging hinge of 

the Echooka anticlinorium is exposed in the southeastern corner of the study area. The 

northwest limb of the Echooka anticlinorium contains the only exposure of detachment 

folds of Lisburne and Echooka in the area (fig. 11 domain 1).

The Echooka Formation is overlain by a detachment in the Kavik (shale) Member 

of the Ivishak Formation (sheets 1 and 2, cross sections 1-6). The thinner-bedded and 

finer-grained lower part of the Echooka Formation locally serves as a minor detachment 

surface (sheet 2, cross section 7).

East-northeast-trending third order folds in the Ledge Sandstone and Shublik 

Formation directly underlie the north limb of the west-plunging second order Gilead 

syncline (sheet 2, cross sections 4 and 5 fig. 11. Domains 3 and 4) and north- and north- 

northwest-dipping backthrusts in the Ledge and Shublik (sheet 2, cross section 3 fig. 11. 

Domain 2) underlies the south limb of the second order Gilead syncline (fig. 11. Domains 

5 and 6), which formed in the thick and competent Gilead sandstone.

Up-section is the Jurassic to Lower Cretaceous Kingak Shale, which serves as a 

detachment interval between the Shublik Formation and Gilead sandstone. To the 

northwest, northeast-trending third and fourth order folds and local thrust faults are 

superposed on the north limb of the Gilead syncline (sheet 2, cross section 2, fig. 11. 

Domains 7, 8, and 9) and continue to the northwest in Gilead sandstone and overlying 

upper Cretaceous units (mainly Seabee) of alternating sandstone and shale (sheet 2, cross 

section 1).
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The Hue Shale provides a detachment interval between Gilead and lower Seabee 

Formation, which allows folding of shorter wavelength (higher order) in the lower 

Seabee Formation.

Unfortunately, structural interpretation is not clear in the northernmost part of the 

study area (sheet 2, northernmost quarter of cross section 1). The absence of structural 

markers and relatively poor outcrop quality adjacent to the north part of Gilead Creek 

make structural interpretation difficult. Dates from micro-paleontological samples and 

mega-fossils collected by Paul Decker, Wes Wallace, and the author provide some age 

control to aid in formation identification, which can be used in conjunction with 

numerous bedding attitudes collected in the field to provide a basic structural picture 

(sheet 2, cross section 1). At this time, it is impossible to know the exact stratigraphic 

position relative to the position in the stratigraphic section northwest of benchmark Shek, 

and Seabee sandstone can be difficult to distinguish from the very similar Gilead 

sandstone except where age control is provided by fossil data. Fold geometry changes 

from the northwest in Seabee sandstone (fig. 11, domains 9, 9a, and 10) to the southeast 

in the Gilead sandstone (sheet 2, cross section 1, domains 5 through 8). Shorter 

wavelength, open to closed folds, which in some cases have steep limbs that dip up to 80 

degrees, are seen in the Seabee in the northwestern part of the study area adjacent to 

Gilead Creek, and gentle to open, longer wavelength folds are present in the 

northwesternmost Gilead sandstone outcrops at Shek.
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3.6 Orientation and displacement of structures by domain

Attitudes were plotted on lower-hemisphere stereographic projections for each 

domain. A best-fit fold axis was determined for each domain to determine an average 

orientation of structure in each domain (figure 11).

Fold axial traces mapped in the field were then compared to the best-fit fold axes from 

the stereonet plots to verify the accuracy of fold axial traces mapped in the field and to 

evaluate rotation of structures in the study area.

The orientations of fold axes in the Gilead Creek area document three distinct 

shortening directions (two major and one minor) (sheet 1). These three shortening 

directions are described in terms of the ten main structural domains that document them. 

The data presented in this section are the basis for the interpretations presented in section

4.1 Interpretations by Domain (fig. 11; table 2). Detailed structural information is 

presented in table 2.
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Table 2. Structural details and summary of the structural styles common in each stratigraphic unit.

Unit Competency Inter-limb angle Amplitude/wavelength Order and geometry of folds F aults Detachment interval?

Average axial 
surface 

orientation/hinge 
plunge

Pre-Missis-
sippian

basement

Moderately
competent;
unknown
thickness

~2,000 m/~15,000 m North-vergent first order fault-bend folds 
that form basement-cored anticlinoria

•North-vergent thrusts; —5,800 m disp. No unknown

Kayak Shale Incompetent; 
300-600 m thick

Regional detachment •Detachment Major detachment

Lisburne
Group

Very competent 
900 m thick

~170-165°
gentle

~600 m/2,400-4,000 m •Second order long-wavelength 
detachment folds 

•No clear asymmetry

•North-vergent thrusts; —150-600 m disp. No —vertical/—7°SW

Echooka
Formation

Competent 
90-100 m thick

•Where bound to 
Lisburne: —170

165°, gentle 
•Where detached at 
base: ~110°, open

•where bound to Lisburne: 
~600 m/ 2,400-4,000 m 

•where detached at base: ~300 
m/150 m

•Second order long-wavelength folds 
where structurally bound to Lisburne 

•Forms local third order fault-bend folds 
where detached from Lisburne

•North-vergent thrusts with 20-35° 
dips;—150-600 m disp.

•South-vergent fault-bend folds where 
detached at base with at least —150 m disp.

Minor detachment interval 
at basal contact with 

Lisburne. Only locally 
detached

—vertical/—7°SW

Kavik Member 
of the Ivishak 

Formation

Incompetent; 
100-150 m thick

Regional detachment Semi-major detachment

Ledge Member 
of the Ivishak 

Formation

Competent; 
100-150 m thick

~110-120°
open

~150-300 m/ 
500-1300 m

•Forms sinusoidal third order folds
•Most are symmetrical
•One clearly north vergent (section 5)

•70-80° north-dipping backthrusts under 
south limb of Gilead syncline; —60-90 m 
disp.

No —vertical/
—6-12°W-SW

Shublik
Formation

Competent; 
90-100 m thick

~110-120°
open

~150-300 m/ 
500-1,300 m

•Forms sinusoidal third order folds
•Most are symmetrical
•One clearly north vergent (section 5)

•70-80° dipping backthrusts under south 
limb of Gilead syncline; —60-90 m disp.

No —vertical/
—6-12°W-SW

Kingak Shale Incompetent; 
180-300 m thick

Regional detachment Major detachment

Gilead
sandstone

Very competent; 
670 m thick

~70-160°
open-gentle

—450-600 m/ 
2,400-4,000 m

•Second order, long-wavelength folds at 
the Gilead syncline 

•Third order sinusoidal folds to the 
northwest of Gilead syncline

•70-35° dipping thrust faults; 5 are north 
vergent;

—450-600 m disp.
•1 is south vergent; unknown disp.

No —vertical/
—7-11°W-SW

Hue Shale Incompetent; 
60 m thick

Incompetent Regional detachment Semi-major detachment

Lower Seabee 
Formation

Semi-competent; 
300 m thick

~70-90°
open-close

—15-150 m/30-150 m Third and fourth order chevron to 
sinusoidal folds in thin sandstone beds; 
strain localized in shale

•40-50° south-dipping thrust faults; 
—30-150 m disp.

May have a minor 
detachment at top that 

allows decoupling from 
upper Seabee

—vertical/—1°W

Upper Seabee 
Formation

Competent; 
300-450 m thick

~130°
Gentle-close

~300 m/1,060 m Forms third order sinusoidal folds •65-70° dipping thrust faults; 1 is north 
vergent, 1 is south vergent

No —vertical/—1°W

Canning
Formation

Incompetent;
unknown
thickness

~30°
close-tight

—150 m/300 m Folds are tight, recumbent, and 
overturned

•Overturned 80° north-dipping thrust fault at 
south contact 

•Upright 40° north-dipping thrust fault at 
north contact

Unknown —recumbent/
unknown

Approximate fault displacements are taken from cross sections or measured in the field. disp.= displacement
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3.6.1 Domains 1-2

The stereoplots are not particularly useful for these domains because of the 

relatively sparse attitude data in them (fig. 11 and sheet 1). The stereoplot for domain 2 

shows the same east-northeast trending best fit fold axis (260° azimuth) as does the map. 

North dipping back-thrusts mapped in this domain are exposed beneath the south limb of 

the Gilead syncline. These faults are defined by juxtapositions of Shublik and Ledge 

Formations in rubble crop and are steeply dipping based on the linear fault traces (fig.

11). All stereoplots are presented in figure 12 below.



Figure 12. Lower-hemisphere stereographic projections of poles to bedding for each structural domain in figure 10. Calculated best-fit fold 
axes are identified by red triangles.
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Figure 12 continued. Lower-hemisphere stereographic projections of poles to bedding for each structural domain in figure 10. Calculated best- 
fit fold axes are identified by red triangles.
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3.6.2 Domains 3-4

Domains 3 and 4 (fig. 11) are located at the edge of the northwestern limb of the 

Echooka anticlinorium. The trend of fold axes changes from northeast-southwest in 

domain 3 to east-west as they are traced into domain 4. All of the folds in domains 3-4 

plunge to the west.

3.6.3 Domains 5-6

East-west trending fold axes preserved in structural domains 5 and 6 of the Gilead 

syncline appear to be overprinted by northeast-trending folds. East-trending fold axes in 

structural domains 5 and 6, including the hinge of the long-wavelength Gilead syncline, 

are very clear in outcrop as well as in stereoplots (figs. 11 and 12). The stereoplot for 

domain 6 shows more of an east-northeast trend (251° azimuth) than the mapped east 

trend (270-260° azimuth). Pessel et al. (1990) mapped the folds of the Gilead syncline as 

northeast-southwest trending folds similar to those in domains 7, 8, and 9 to the 

northwest. I conclude that the combination of my mapping of axial traces in the field and 

from air and field photographs (sheet 3, photo B) and the stereoplots of measured 

attitudes (fig. 12) provide sufficient evidence to support my observation that folds in 

domains 5 and 6 trend east to east-northeast. A weaker northeast-trending hinge that is 

superposed on the main hinge of Gilead syncline and smaller northeast-trending folds 

superposed on its north limb could account for the northeast-trending folds mapped by 

Pessel et al. (1990). A steeply west-dipping fault separates structural domain 5 from



structural domain 6 (sheet 1 and fig. 11). All of the folds in domains 5 and 6 plunge to the 

west. Minor folds are present in the recessive shale interval exposed below resistant 

Gilead in Kashivi Creek, but the folds are too small to plot at the map scale.

3.6.4 Domains 7-9

Gentle folds with long wavelengths are in the Gilead sandstone in structural 

domain 8 and shorter wavelength, more open to close (tight) folds are in the Gilead in 

domains 9 and 9a. Fold axes in domains 7-9 parallel the axis of the Echooka 

anticlinorium. Domains 8 and 9 document southwest-plunging folds well. Attitudes from 

domain 7 are sparse, but the stereoplot from domain 7 is in agreement with the mapped 

south-southwest-plunging folds. The steeply southeast-dipping thrust fault in domain 8 

(near the border with domain 7) is a moderate displacement fault with an estimated, 

although admittedly highly interpretive, throw of about 90 m based on cross section 

interpretation. A major southeast-dipping thrust fault is inferred along the northeastern 

edge of the wide valley between domains 8 and 9. This fault is not exposed but is inferred 

to exist because Kingak is exposed in Gilead Creek just north of domain 8 and 

presumably underlies the valley between domains 8 and 9. The Kingak exposure is only 

about 2 km east-southeast of rocks in Gilead Creek just southwest of benchmark Shek 

that I interpret to be upper Gilead. Based on estimates from cross section 1, this fault has 

approximately 450 m of throw, which suggests that this fault has accommodated a large 

amount of shortening.

Steeply dipping NW-striking transverse faults with slightly sinuous traces that cut 

the folds in these domains are not exposed, but are defined by discontinuities in structure
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across topographic lows. Very different position and geometry of folds across the valley 

that separates domains 9 and 9a suggest that a right lateral strike-slip fault with ~500 m 

of offset runs through the valley. In domain 9, the axial surfaces of folds around 

benchmark Shek dip to the northwest (sheets 1 and sheet 3, photo H) but the folds across 

the valley to the southwest in domain 9a have axial surfaces that dip southeast. This dip 

reversal supports the existence of a transverse fault in the valley of Gilead Creek between 

domains 9 and 9a .

3.6.5 Domain 10

Domain 10 contains mostly east-northeast-oriented structures of a different 

structural style than the structures documented to the southeast. Folds in this domain are 

much tighter and faults appear to be more complex. In the center of domain 10, a narrow 

belt of Hue Shale and south-overturned Canning Formation (exposed only along Gilead 

Creek) sits between lower Seabee Formation at its southeastern contact and 

undifferentiated Seabee Formation at its northeastern contact (sheet 1 and sheet 2, cross 

section 1). This is an interesting exposure because the north dipping overturned Canning 

(stratigraphic tops face south) is bounded to the southeast by steeply dipping Hue Shale 

that is overlain to the southeast by south-dipping, upright Turonian lower Seabee 

Formation (sheet 1 and sheet 2, cross section 1). The north dipping overturned Canning is 

in contact to the northwest with relatively gently dipping and upright undifferentiated 

Seabee Formation.

Some interpretation is required to explain the complex stratigraphic and structural 

relations at the contacts bounding the Canning. I interpret the south-overturned Canning
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to be separated from the older Hue Shale by an originally southeast-dipping thrust fault 

that is now steeply overturned to the south. I interpret a small exposure of sandstone 

between the Canning and Hue to be Gilead that stratigraphically underlies Hue and is 

separated from Canning by the overturned thrust. I interpret a younger north-dipping 

back-thrust to have placed Seabee over the north contact of the Canning and to have 

overturned the Canning and the thrust to the south at the northernmost Canning-Seabee 

contact (sheet 2, cross section 1).

3.7 Fission track data

Because my fission track samples have yet to be analyzed, I used fission track 

data from O’Sullivan et al. (1998). I created a table of the fission track samples published 

by O’Sullivan et al. (1998) and imported them into ArcGIS and Lithotect to show those 

data on my sections (although the sections were finished prior to my interpretation of the 

fission track data) (table 3).
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Table 3. Fission track data taken :rom O’Sullivan et al. (1998)

Original 
sample # Northing Easting

Elevation
(m)

Unit-O’sullivan 
et al. (1998)

My unit-this study/ 
my sample #

Cooling
age

Margin 
of error

Mean track 
length

Uncertainty

89pos81b 7680707 460631
305 Schrader Bluff 

Fm.
Gilead sandstone/#9

44.4 2.6
14.51 0.13

89pos84a 7681455 460379
305 Schrader Bluff 

Fm.
Seabee
undifferentiated/#11 43.1 5.2

14.42 0.12

89pos79b 7680884 460764 305 Seabee Fm. Canning/#10 34.5 3.2 14.33 0.13
89pos65a 7673323 469507 765 Gilead Ss. Gilead sandstone/#3 33.9 3.5 13.37 0.23

89pos69b 7672210 469361
610 Gilead Ss. Gilead

sandstone/#12 36.8 3.3
13.86 0.22

89pos70b 7672024 469358
588 Gilead Ss. Gilead

sandstone/#13 33.2 3.4
13.29 0.29

89pos73a 7671468 469285 526 Gilead Ss. Gilead sandstone/#1 29.8 3.8 13.94 0.27
89pos74a 7679570 461535 335 Gilead Ss. upper Seabee/#7 33.2 3.2 14.23 0.17
89pos76c 7680144 461017 335 Gilead Ss. lower Seabee/#8 37.9 3.6 14.02 0.19
89pos77b 7680508 461022 320 Gilead Ss. lower Seabee/#14 37.9 3.6 13.83 0.26
89pos85a 7673526 468186 823 Gilead Ss. Gilead sandstone/#4 36.5 3.5 13.82 0.18
89pos86a 7673921 466472 820 Gilead Ss. Gilead sandstone/#5 39.1 3.8 14.01 0.08
89pos88a 7675226 466160 503 Gilead Ss. Gilead sandstone/#6 37.3 4.3 14.05 0.17
89mr08a 7671838 469422 558 Gilead Ss. Gilead sandstone/#2 34.5 4.9 13.84 0.36
91pos130a 7662710 471700 1070 Lisburne Gp. Lisburne Gp./#0 32.9 6.4 - 0 -



Fortunately, approximately half of the samples were taken on or very close to the section 

line. For the samples that were more than 500 m away from the section line, I took the 

sample point and projected it down structural plunge (based on the nearest attitude data 

and average structural plunge for the domain the sample is in) to the stratigraphic position 

it would occupy (assuming cylindrical folds) in the plane of the structural section. No 

samples were used that are greater than 1750 m away from the cross section line and all 

but one of the samples is within ~900 m of the section line.

My discussion of the cooling ages plotted on section 1 (sheet 2, cross section 1) 

moves from the northwest to the southeast. Fission track data can be broken down into 

three groups in which samples are spaced <2 km apart. These groups are located in 

domains 10, 5-8, and the Echooka anticlinorium. The cooling ages and their uncertainties 

are plotted on the map in figure 13 and on cross section 1 on sheet 2.

48



49

Figure 13. Map of fission-track cooling ages and uncertainties from data provided in O’Sullivan and 
others (1998).
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3.7.1 Seabee, Hue Shale, and Canning cooling ages-domain 10

Fission track cooling age increases structurally and stratigraphically downward in 

the southern part of domain 10. The youngest age (33 Ma, sample 7) is from rocks I 

interpret to be upper Seabee Formation. The next sample to the north (38 Ma, sample 8) 

is structurally lower and from rocks I interpret to be lower Seabee Formation. Sample 14 

(in table 3, but was not presented on section 1 because of space constraints) is also from 

the lower Seabee. I interpret the structurally lower sample to the north (44 Ma, sample 9) 

to be from the stratigraphically lower Gilead sandstone. Sample 9 is in the hangingwall of 

a forward thrust that is now overturned to the south.

To the north, Canning in the footwall of the overturned thrust yields a younger 

age (35 Ma, sample 10). An older age (43 Ma, sample 11) is recorded by a sample that is 

structurally higher to the north. This sample is in the hangingwall of a backthrust that 

places Seabee over overturned Canning in the footwall.

The three northernmost samples (9-11) all have long mean track lengths (>14.3 

|im). This suggests that they cooled relatively rapidly despite the small distance 

separating the younger age (35 Ma) from the older ages (43-44 Ma) bounding it on either 

side.

In the southern part of domain 10, ages in the hangingwall of the overturned 

thrust decrease progressively from 44 Ma in the northwest to 33 Ma in the southeast. The 

oldest and youngest samples to the northwest and southeast have relatively longer mean



track lengths (14.51 and 14.23 qm) than the samples that are in between in age and 

position (14.02 and 13.83qm).

3.7.2 Gilead cooling ages domains 5-8

Six of eight reported cooling ages from the Gilead sandstone are plotted on 

section 1 (12 and 13 were omitted because they are too close to 2 to display and 2 has the 

middle age of the three). All Gilead cooling ages are in a range from 30 Ma to 39 Ma. Of 

the six cooling ages shown on section 1, the youngest (30 Ma #1) is found 

stratigraphically low in the Gilead succession in the south limb of the Gilead syncline, 

which is closest to the Echooka anticlinorium. The oldest Gilead cooling age (39 Ma, #5) 

is found near the bottom of the Gilead succession. The 34 Ma (#3) and 35 Ma (#2) 

samples are at higher stratigraphic levels in the Gilead. The two second-oldest cooling 

ages (37 Ma, #4 and 6) are located at a stratigraphic level between the 35 Ma (#2) and 39 

Ma (#5) samples. Both 37 Ma (#4 and #6) cooling ages are located on different sides of a 

southeast-dipping thrust and the oldest sample is in the immediate hangingwall. All 

samples in domains 5-8 have very similar cooling ages. The ages of adjacent samples 

overlap within uncertainty, but the entire age range (30-39 Ma) doesn’t quite overlap.

The general pattern, although hardly definitive, is younger structurally lower toward the 

southeast and oldest in the hangingwall of the thrust. This is consistent with earlier (39 

Ma) formation of the folds and thrust to the northwest, and younger (35-33 Ma) uplift 

due to formation of the Echooka anticlinorium.
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3.7.3 Cooling age from the Echooka anticlinorium

O’Sullivan and others (1998) report one sample from Lisburne outcrops in the 

Echooka anticlinorium (listed in table 1 of that work). The lack of samples from the 

Lisburne Group is probably due to the lack of apatite in the carbonates of the Lisburne.

The Echooka Formation is also a poor candidate for fission track dating because it 

doesn’t have enough apatite and is very fine grained. The single date reported by 

O’Sullivan and others (1998) is outside my study area, but yields a cooling age of 33 ± 6 

Ma (table 3 #0)
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Chapter 4. Interpretations 

4.1 Interpretation of structures by domain

4.1.1 The Echooka anticlinorium

The west-southwest-plunging Echooka anticlinorium (sheet 1) is the largest (first 

order) structure in the area and is formed in the moderately competent and thick 

basement. Based on the geometry of the Echooka anticlinorium (moderately dipping 

forelimb, flat crest, and gently dipping backlimb) and previous workers’ descriptions and 

interpretations of basement-cored anticlinoria in the northeastern Brooks Range (Wallace 

and Hanks, 1990; Wallace, 1993), the Echooka anticlinorium is interpreted to be a first 

order fault- bend fold in pre-Mississippian basement that formed the northeast-trending 

local range front. Based on work by Wallace and Hanks (1990) and Wallace (1993), a 

detachment in Mississippian Kayak Shale is inferred to separate first order folds in 

basement from overlying second order detachment folds in the competent Mississippian- 

Pennsylvanian Lisburne Group and Permian Echooka Formation (sheet 2, cross section 

1). The fact that the Echooka anticlinorium is superposed on the east-trending Gilead 

syncline (discussed below) and formed above the structurally deepest detachment (within 

basement) in the area, suggests that the anticlinorium is the youngest structure in the area.



4.1.2 Domains 1-2

The northeast-striking backthrust in structural domain 1 is interpreted to be a 

structural response to the formation of the Echooka anticlinorium. This is supported by 

the fact that it is oriented relatively parallel to the northeast trend of the Echooka 

anticlinorium and is in its northwestern limb.

The backthrust mapped in domain 1 is interpreted to be detached at the base of the 

Permian Echooka Formation because the basal part of the Echooka is thinner bedded 

and finer grained than the overlying section and it does not appear to be a high 

displacement fault. This fault highlights the mechanical contrast between the top of the 

Lisburne Limestone and the base of the Echooka Formation (sheet 2, cross section 7 and 

sheet 3, photograh E) and its role in the area as a minor detachment interval.

The shorter-wavelength folds and backthrusts in domain 2 have relatively short 

wavelengths because they are within the thin competent Ledge and Shublik, which are 

between thick detachments in Kavik and Kingak. They are interpreted to be related to the 

formation of the Gilead syncline because they lie structurally beneath it and share the 

same east-west trend. They retain this east-west orientation because they lie just ahead of 

the forelimb of the anticlinorium and so haven’t been tilted significantly.

4.1.3 Domains 3-4

East-trending folds in domain 4 at the base of the east-trending Gilead syncline 

can be traced continuously into domain 3, where they curve to the northeast, parallel to 

the Echooka anticlinorium. The earlier-formed east-trending folds related to Gilead 

syncline were later rotated to northeast trends by formation of the Echooka anticlinorium.
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Folds in domains 3 and 4 are consistent with what would be expected if east-trending 

folds were rotated in the forelimb of a large northeast-trending fault-bend fold (Echooka 

anticlinorium) rising beneath them. Domain 3 provides the clearest evidence for rotation 

as it is positioned adjacent to the north limb of the Echooka anticlinorium and the fold 

axes clearly trend northeast. The geometry of the relatively short wavelength folds in the 

Ledge and Echooka (compared to long wavelength folds in thicker Gilead) is related to 

the fact that they are in thin, competent units (when compared to thick and competent 

Gilead sandstone).

4.1.4 Domains 5-6

The oldest shortening identified in the study area is a north-south shortening 

direction documented by approximately east-west-trending fold axes preserved in 

structural domains 5 and 6 of the Gilead syncline. These folds are interpreted to have 

formed first because later west-northwest-trending folds appear to overprint them both to 

the north-northwest and south-southeast. They are parallel to the central Brooks Range 

mountain front and likely formed in the frontal part of the deforming wedge before the 

basement was involved. This shortening direction formed long wavelength folds in thick 

and competent Gilead sandstone that are therefore resistant to refolding and have 

survived as remnants of earlier deformation. The “thumbprint” pattern preserved in the 

Gilead sandstone most likely reflects the later refolding of the east-trending folds. East- 

trending fold axes in structural domains 5 and 6 are very clear in outcrop as well as in 

stereographic projection (sheet 1 and figure 12). The stereoplot for domain 6 shows more 

of an east-northeast folding trend (251° azimuth) than the mapped east trend (270°-260°
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azimuth). The stereoplot for domain 6 may reflect the presence of smaller east-northeast- 

trending folds superposed on the north limb of Gilead syncline or the disproportionate 

weighting by a few steep dips in the southeastern quadrant of the stereoplot.

4.1.5 Domains 7-9

Northwest-southeast shortening documented by south-southwest plunging fold 

axes in structural domains 7-9 (sheet 1 and figures 11 and 12) is interpreted to have 

occurred when the Echooka anticlinorium formed after north-south shortening. These 

younger south-southwest plunging folds probably were superimposed on the earlier east- 

west trend during the basement-involved deformation that formed the local range front.

This interpretation is based on the observation that fold axes in these domains are parallel 

to the axis of the Echooka anticlinorium. These fold axes are interpreted to have formed 

on the gently dipping (and therefore less resistant to folding than the existing fold hinge 

in the Gilead or the steeper dipping south limb adjacent the fold hinge) north limb of the 

Gilead syncline, which was deformed as the Echooka anticlinorium was uplifted above a 

southwest-trending horse in the basement. Bedding attitude data from domain 7 are 

sparse, but the stereoplot from domain 7 is in agreement with the map pattern, which 

suggests that the north-northeast trend mapped in that domain is real. Bedding attitudes 

in this domain reflect rotation and steepening of the north limb of the Gilead syncline 

from -east-trending fold axes in domains 5 and 6 to the northeast-trending fold axes of 

domains 8-9. Domains 8 and 9 clearly document northeast-trending folds. Folds in 

domains 8 and 9 likely formed farther northwest on the shallowly dipping north limb of 

the paleo-Gilead syncline, where the shallowly dipping Gilead sandstone would be less
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resistant to folding. Additionally, these folds could have been further deformed by slip 

out of the basement from the Echooka anticlinorium that may have passed under the 

Gilead syncline.

Thrust faults in domains 7-9 strike dominantly northeast. They are probably 

structural responses to shortening created by the rise of the Echooka anticlinorium 

because they are oriented relatively parallel to the northeast trend of the Echooka 

anticlinorium and in its northwestern limb. The steeply southeast-dipping thrust fault in 

domain 8 is a moderate displacement fault with an estimated, although admittedly highly 

interpretive, throw of about 90 m. Based on the relatively small displacement, this thrust 

is interpreted to have a detachment rooted in the Kavik Shale (semi-major detachment 

interval), although it is possible that the fault is rooted in the deeper Kayak Shale. The 

major thrust between domains 8-8a and 9-9a (in the big northeast-trending valley) is 

interpreted to be a large displacement fault with approximately 450 m of throw (based on 

estimates from cross section 1). The large displacement indicates that this fault has 

accommodated a large amount of shortening, and therefore, it is interpreted to be rooted 

in the major detachment interval of the Kayak Shale.

Offset of folds on the steep transverse faults in domains 8 and 9-9a suggests that 

right-lateral strike-slip occurred after folding began. The folds in domain 9-9a and the 

large syncline in domain 8 are interpreted to be older than the strike-slip fault that runs 

along the valley between domains 9 and 9a. This interpretation is supported by the 

observation that folds of different position and geometry cannot be correlated across the 

inferred fault. Axial traces of folds in domain 9 do not correspond with the position of
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folds in domain 9a, and more folds appear to be present in domain 9a. Axial surfaces of 

folds in domain 9 dip anomalously to the northwest (sheet 3, photo H), whereas folds to 

the southwest in domain 9a appear to have axial surfaces that dip more typically to the 

southeast. The fault between domains 9 and 9a probably formed during folding to 

accommodate differences in geometry across the fault, although folding apparently 

started first.

Folds in domain 8 are offset in a right-lateral sense by strike-slip faults, as is 

evident from the apparent right-lateral offset of Gilead stratigraphic horizon B. The 

transverse faults in domain 8 appear to be slightly folded, which suggests that the 

transverse faults formed after folding started, offset Gilead horizon B, and were folded as 

folding continued. Together, the observations suggest that the transverse faults formed 

after folding began, and accommodated differences in geometry across the faults as folds 

tightened.

4.1.6 Domain 10

Stereoplot data indicate a trend intermediate between the east trends of domains 

4-6 and the east-northeast trends of domains 7-9. Unfortunately, stereoplots for domain 

10 represent a rather small number of bedding attitudes, and the available measurements 

indicate strike varies from east to northeast. A possible explanation is that the bedding 

attitudes reflect a combination of early east-striking and later northeast-striking 

structures.
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Domain 10 displays east-northeast-oriented structures of a different structural 

style than the structures documented in domains 7-9. Folds in this domain are much 

tighter and faults appear to be more complex.

The thrust faults of structural domain 10 are controlled by mechanical 

stratigraphy in that they have detachments at different levels and have varying 

displacements. Detachments are found in the shale intervals and folds are much tighter in 

domain 10 because the competent units are thin and are surrounded by shale in which the 

strain is localized. The thrusts in domain 10 that define the northwest and southeast 

contacts of the Canning Formation are interpreted to be conjugate faults that are part of a 

type 1 triangle zone (as defined by Couzens and Wiltschko, 1996; figure 14).
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Figure 14. Sketch of type 1 and 2 triangle zones from Couzens and Wiltschko (1996).
A: Type I geometry-fold dominated structure with opposed thrusts off a single detachment, similar to 
McClay’s (1992) triangle zone (Couzens and Wiltschko, 1996).
B: Type II geometry- thrust-dominated structure with two (at least) detachments, after banks and 
Warburtens (1986) passive-roof duplex definition (Couzens and Wiltschko, 1996).



The southern contact juxtaposes south-overturned Canning to the north with older Gilead 

and Hue to the south, which suggests the contact is a north-vergent thrust that was later 

overturned. The northern contact is a backthrust that places Canning to the south beneath 

older Seabee to the north. Motion on this backthrust could have overturned both the 

Canning and the thrust that forms its southern edge (sheets 1 and 2, cross section 1). The 

fact that apparently overturned Gilead and Hue Shale are in contact with overturned 

Canning suggests that the overturned thrust is a large displacement fault rooted in a major 

detachment interval like the Kayak Shale. The north-dipping backthrust at the 

Canning/Seabee contact has upright, relatively shallow-dipping beds in the hanging wall, 

so it is interpreted to be the younger of the two conjugate faults. The fact that this thrust 

has placed gently dipping Seabee on Canning suggests that the Hue Shale accommodated 

a large amount of slip from this fault. Both of these faults have similar displacements, but 

the interpreted detachment depth differs as seen in cross section 1.

4.2 Preliminary Fission Track Data Interpretation

Fission track data from O’Sullivan et al. (1998) support the structural 

interpretations I reached independently while preparing the structural sections.

In domain 10, cooling ages of samples 7 (33 Ma) and 8 (38 Ma) overlap within error, 

which is to be expected because they are from very similar stratigraphic levels in the 

Seabee Formation. Samples 9 (44 Ma), 10 (35 Ma), and 11 (43 Ma) are separated from 

each other by faults. The fact that sample 9 (44 Ma) yielded a significantly older cooling 

age than sample 10 (35 Ma) adds credibility to the interpretation of a fault between the 

two closely spaced samples, and that the south side was thrust upwards at -44 Ma.
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Sample 11 yields a cooling age of 43 Ma and is in the hangingwall of the major 

backthrust in section 1. The fact that the sample is from upright Seabee that is structurally 

above overturned Canning with a cooling age of 35 Ma (sample 10) supports the 

existence of a backthrust and suggests displacement at -43 Ma. The younger age from 

Canning between nearby older ages in older and structurally higher rocks (35 Ma 

between 44 Ma and 43Ma) supports my independent interpretation that a type 1 triangle 

zone (figure 14) formed at -44 Ma. The mean track lengths in all three of these samples 

are >14.03 ^m, which suggests that the closely juxtaposed different ages represent 

distinct events (Wallace, written communication).

The cooling ages in the hanging wall of the southwest striking (southeast dipping) 

thrust fault in domain 10 get progressively younger from 44 in the northwest to 33 to the 

southeast toward the Gilead syncline. This pattern could represent gradual southeastward 

exhumation following thrusting at 44 Ma. However, the oldest (to the northwest) and 

youngest ages (to the southeast) have longer mean track lengths than the intermediate 

samples/ages (14.51 and 14.23 |im vs. 14.02 and 13.83 |im). This pattern is consistent 

with two distinct events (at >44 and <33 Ma), with mixed but close ages in between 

(Wallace, written communication).

The thrusts that bound the type 1 triangle zone (figure 14) would likely have to 

have formed above a deep detachment, such as the Kayak Shale, in order to create 

enough structural relief to accommodate the necessary exhumation (>2 km) at ~44 Ma 

(Wallace, written communication).
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In domains 5-8, the similarity of cooling ages in samples 1-6 is not surprising 

because they are all from a relatively continuous section of Gilead sandstone with only 

one fault, in the area between samples 5 and 6.

The ages display a general trend from youngest (30 Ma) in the southeast to oldest 

(39 Ma) to the northwest in the hanging wall of a relatively minor thrust fault between 

domains 7 and 8. The sample in the footwall of the fault between domains 7 and 8 has a 

slightly younger cooling age (37 Ma). Most of the samples have mean track lengths that 

are relatively long (14.05 to 13.82 qm), but not long enough to require a single rapid 

cooling event (Wallace, written communication). Two anomalous samples out of the 

general age range have shorter track lengths and may reflect some combination of 

multiple cooling events and compositional variation in apatite (Wallace, written 

communication).

The age progression in Gilead cooling ages suggests that rocks in the immediate 

hanging wall of the thrust fault were exhumed first, then the rocks in the hanging wall 

and footwall were both exhumed together with the exhumation progressing southward 

down section toward the youngest age (30 Ma) (Wallace, written communication). This 

pattern could be explained either by an initial uplift event at >39 Ma that initiated 

unroofing of the higher samples, followed by an event at ~35 Ma that caused additional 

deeper exhumation, or by uplift and exhumation at >39 Ma followed by gradual erosion 

down to southeast toward the 30 Ma age.

The single cooling age from the Echooka anticlinorium (33 ± 6 Ma) is equal to or 

younger than all but one of the cooling ages in the Cretaceous rocks to the northwest.
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Unfortunately, the 33 Ma cooling age from this sample is so close to the ages from the 

Cretaceous rocks that the error estimates overlap, which makes drawing interpretations 

from this date sketchy at best. Furthermore, only a small number of apatite grains and 

tracks are reported in the data (table 3), suggesting the age may not be very reliable. 

Because this 33 Ma age is consistent with the rest of the area, it suggests deeper 

exhumation in the anticlinorium at the same time as exhumation was taking place up- 

section in the Gilead and Seabee in the foreland basin. This loosely supports the 

interpretation that the Echooka anticlinorium is the youngest structure in the area.

4.3 Structural Sections and Restorations

I constructed seven structural sections and restorations to illustrate the structural 

relationships in the study area. Each structural section is an interpretation based on 

attitudes measured in the field, geologic relations on the map, and paleontological data. 

Structural section 1 is a comprehensive interpretation that provides an overview of the 

whole structural picture in the area, whereas sections 2-7 are shorter structural sections 

that illustrate different levels of structure and mechanical stratigraphy. All of the 

structures (with the exception of the 1st order folds in the pre-Mississippian basement) in 

cross section 1 are based on structures illustrated in sections 2-7 and the geological 

mapping data throughout the entire map area. Below, I discuss sections 2-7 first, and 

then discuss section 1.
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4.3.1 Structural section 2

Structural section 2 illustrates the architecture of the 2nd order folds in the Gilead

rdsyncline and how they relate to the 3 order folds in the underlying Ledge Sandstone and 

Shublik Formation. Cross section 5 is relatively close to and roughly parallel with cross 

section 2, so it has been projected down the average structural plunge (as determined by 

the stereoplot for structural domain 4 (figure 12)) to its position beneath cross section 2 in 

order to illustrate the relations between the different structural levels. Section 2 shows 3rd 

order folds in the competent Ledge sandstone and Shublik carbonate, which show no 

obvious preferred vergence. They are isolated from overlying 2nd order folds in the 

thicker competent Gilead sandstone by a detachment interval in the incompetent Kingak 

Shale. The 2nd order fold geometry in the Gilead and 3rd order fold geometry in the 

Shublik and Ledge are constrained by dip data from field attitude measurements (sheet 1) 

and mapped fold axial traces as well as statistically best-fit fold axes from stereoplots 

(figure 12). Based on the geometric relations I observed in the field (sheet 1 and sheet 3 

photos A, B and I) and my structural interpretation in section 2, I interpret the Gilead 

sandstone to be a competent passive roof above the incompetent Kingak Shale. The large 

difference in wavelength between the syncline in Gilead and the folds in Ledge and 

Shublik suggests displacement across the Kingak detachment. However, restoration 

shows little difference in shortening across the detachment, so the relation between 2nd

rdorder folds in the Gilead and 3 order folds in the Ledge and Shublik could be a 

structural response to approximately equal shortening of competent units that differ in 

thickness.
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4.3.2 Restored structural section 2

Restored section two illustrates the relations between the 2nd order folds in the

rdGilead and the 3 order folds in Shublik and Ledge in undeformed section. This 

interpretation suggests that the Ledge and Shublik have been shortened -  90 m (300 ft) 

more than the Gilead sandstone over the -3700 m long section. I interpret this to be a 

local discrepancy that resulted from the down-plunge projection of the lower part of the 

section. It is important to note that 90 m of shortening over a 3700 m section is <3% of 

the total section length and that the section is well within the margin of error for a 

balanced cross section.

4.3.3 Structural Section 3

Structural section 3 is located beneath the south limb of the Gilead syncline in 

structural domain 2. Attitude data for this section are sparse, so this structural 

interpretation is based primarily on the map pattern and field observations (sheet 1). This

rdsection illustrates 3 order folds in the Ledge and Shublik above a detachment interval in 

the Kavik Shale that isolates them from underlying 2nd order folds in the Echooka 

Formation and Lisburne Group carbonates. Minor forward and backward thrusts are 

depicted in this section based on the juxtaposition of Shublik and Ledge on the geologic 

map. I interpret this to be a "pop-up" structure because it is the simplest way to explain 

the structural relations illustrated on the geologic map. Backthrusts are present only 

beneath the south limb of the Gilead syncline, not beneath its north limb. I interpret that 

shortening in the south limb of the Gilead syncline is accommodated in the Ledge and 

Shublik by backthrusting rather than folding. The reason for this difference from the
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folding in the north limb is unclear, but it may reflect backthrusting over the northwest 

limb of the Echooka anticlinorium, as is also observed in section 7.

4.3.4 Restored structural section 3

Restored section 3 illustrates a minor shortening gradient, reflecting an upward 

increase in southward displacement in the Kavik and Ledge Members of the Ivishak 

Formation. The pop-up structure above a detachment in Kavik Shale accounts for this 

shortening gradient. This small gradient is only a minor local phenomenon.

4.3.5 Structural Sections 4-6

Structural sections 4-6 are located within the best exposures of Ledge and 

Shublik. Structural interpretations in these sections are well constrained by good 

exposure and ample attitude measurements (sheets 1 and 2). Control on the location and 

orientation of fold hinges is provided by mapped axial traces as well as statistically best- 

fit fold axes from stereoplots (figs.11 and 12). Sections 4-6 each illustrate the basic 

relations between 2nd order folds in the competent Lisburne carbonate and Echooka

rdsandstone and the 3 order folds in the overlying thinner Ledge sandstone and Shublik

rdcarbonate. As in structural section 2, no obvious vergence is observed in the 3 order 

folds. I interpret the relatively thin Echooka sandstone to be bound to the Lisburne and 

therefore "forced" to conform to the preferred folding geometry of the thicker and more 

structurally dominant Lisburne. However, it is important to note that there is local minor 

detachment at the base of the Echooka that will be addressed in the discussion of cross 

section 7.
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4.3.6 Restored structural sections 4-6

Restored sections 4-6 all illustrate nearly uniform shortening across each unit in 

the section. However, there is a minor shortening discrepancy of ~30-90 m (100-300 ft) 

between the Lisburne/Echooka and the Ivishak/Shublik. I attribute this discrepancy to 

unrestored layer parallel thickening of the Lisburne/Echooka.

4.3.7 Structural Section 7

Structural section 7 is the only section that shows the Lisburne Group and 

Echooka Formation where they are exposed at the surface and is the best constrained 

interpretation of the 2nd order structures at the Lisburne/Echooka level. The 2nd order 

fold geometry in the Lisburne and Echooka is constrained by dip data from attitude 

measurements taken in the field (sheets 1 and 2). Control on the location and orientation 

of fold hinges is from mapped fold axial traces and statistically best-fit fold axes from 

stereoplots (fig. 12), geologic mapping, and knowledge of mechanical stratigraphy 

developed while working in the area. Cross section 7 illustrates the 2nd order fold 

geometry of detachment folds in the thick, competent, and therefore structurally 

dominant Lisburne. The thinner but competent Echooka generally conforms to the fold 

geometry of the structurally dominant Lisburne. However, a minor detachment interval at

rdthe base of the Echooka allows minor local 3 order fault-bend folding in the Lisburne.

One of these structures is exposed well at the surface along the section 7. However, based 

on the typical concordance I observed across the Lisburne/Echooka contact in the field, I 

interpret the Echooka to be generally structurally bound to the Lisburne and therefore 

forced to conform to the 2nd fold geometry of the Lisburne.
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4.3.8 Restored structural section 7

Restored structural section 7 illustrates excess length of Echooka relative to 

Lisburne. A minimum of -  300 m (1000 ft) of additional shortening relative to the 

Lisburne has been accommodated by the Echooka in this interpretation. This may reflect 

displacement of Echooka from outside the section or unrestored layer parallel shortening 

of Lisburne. Based on the fact that the Echooka is generally concordant with Lisburne in 

most of the study area (sheet 1), I interpret this to be a local phenomenon.

4.3.9 Structural Section 1

Structural section 1 is an interpretation that incorporates my observations of the 

1st, 2nd, and 3rd order structures documented by my geologic mapping and projects the 

structure into the subsurface based on my interpretations in structural sections 2-6 and 

previous interpretations by other geologists (Wallace and Hanks, 1990; Wallace 1993). 

Thicknesses of Cretaceous units are based on a stratigraphic interpretation of the Lupine 

1 well (Decker, written communication). Thicknesses for units stratigraphically below the 

Kingak were derived from geometric relationships witnessed in the field and presented on 

sheet 1.

Structural section 1 illustrates the 1st order fault-bend fold geometry in the 

competent pre-Mississippian basement that has been interpreted by Wallace and Hanks 

(1990) and Wallace (1993). I inferred the geometry of the top of the basement by 

reconstructing the stratigraphy downward from the stratigraphic level exposed at the 

surface. Exposure of younger units northwestward defines a gentle regional northwest 

dip. I interpret relatively steeper and flatter segments to represent the forelimb and crest,
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respectively, of basement fault-bend folds. Pre-Mississippian basement is overlain by a 

detachment interval in the Mississippian Kayak Shale (Wallace and Hanks, 1990;

Wallace, 1993). The basement fault-bend folds form a duplex beneath a roof-thrust in 

Kayak, but the surface data provide no basis to determine the distribution of forward or 

hindward slip on this detachment.

2nd order detachment folds in the thick and competent Lisburne carbonates overlie 

the Kayak Shale. The geometry of the 2nd order folds in the Lisburne is based on data 

from the Echooka anticlinorium where they are exposed within the map area (sheet 1 and 

sheet 2, cross section 7). A minor detachment interval separates the relatively thin but 

competent Echooka Formation from the Lisburne Group, based on structures observed in 

the forelimb of the Echooka anticlinorium (sheet 1, photo E, and sheet 2, section 7). As 

discussed previously, the detachment at the base of the Echooka is minor and, therefore, I 

interpret the Echooka generally to conform to the geometry of the structurally dominant 

Lisburne Group. A major detachment interval in the Kavik Shale sits above the Echooka.

rdThis detachment interval isolates the overlying 3 order folds in the competent Ledge 

and Shublik from 2nd order folds in the Lisburne and Echooka. These structures are 

illustrated in cross sections 2-6 (sheet 2) and on the map (sheet 1).

rdA major detachment interval in the Kingak Shale sits above 3 order folds in the 

Ledge and Shublik and separates them from the overlying 2nd order folds in the thick and 

competent Gilead sandstone. A detachment interval in the Hue Shale sits above the 

Gilead sandstone, and separates the 2nd order folds in the Gilead from 3-4th order folds in 

the moderately competent Seabee Formation. I interpret the Gilead sandstone to be a
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rdcompetent passive roof above the 3 order folds in the Shublik and Ledge with a roof 

thrust in the Kingak Shale. As described in section 4.1.7, I interpret a fault that juxtaposes 

lower Seabee, Hue, and Gilead to the south against overturned Canning to the north to be 

an overturned forward thrust. About 0.6 km to the NW, a backthrust places Seabee over 

the northern edge of the Canning, and I interpret this to have caused the overturning of 

Canning and the earlier forward thrust in its footwall. I interpret the backthrust and 

forward thrust to be opposing thrusts that define a type 1 triangle zone (figure 14,

Couzens and Wiltschko, 1996).

4.3.10 Restored structural section 1

Based on measurements from section 1, I interpret ~4.7 km (~15,500 ft) of 

shortening to have been accommodated by fault-bend folding in the basement rocks. This 

measurement is more speculative than the smaller shortening estimate of ~1520 m (5000 

ft) to 2740 m (9000 ft) measured in the "cover" (Kayak and higher rocks). I interpret this 

shortening discrepancy to be a result of displacement that has been fed northward out of 

the section along the Kayak Shale, although some back-thrust displacement toward the 

forelimb of the Echooka is also possible. This excess shortening is needed to 

accommodate the major backthrust at the north end of section 1, which accounts for at 

least 1700 m (~5500 ft) of this 2000 m (~6550 ft) discrepancy. Thrust faults in the 

restored section are generally steeper than in the deformed section. I attribute this to be a 

result of folding prior to faulting. The shorter length of Lisburne relative to higher units 

in the restored section suggests some layer parallel thickening of the thick and competent 

Lisburne Group.
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4.4 Conclusions

Shortening is distributed throughout the mechanical stratigraphy along 

detachment intervals in the Kayak Shale, Kavik Shale, Kingak Shale, and Hue Shale. 

Detachment intervals separate competent Lisburne Group (second order), Echooka 

Formation (second order), Ledge Sandstone/Shublik Formation (third order), Gilead 

sandstone (second order), and moderately competent Seabee Formation (third to fourth 

order) from each other and allow the competent units to fold at the wavelengths favored 

by their mechanical properties. Thick, competent units like the Gilead sandstone and 

Lisburne Group tend to form long-wavelength folds. Thin, competent units like the Ledge 

Sandstone and Shublik Formation form relatively short-wavelength folds. Where a thin, 

competent unit is structurally bound to a thicker, structurally more dominant unit, as is 

the case with the Lisburne (thick and dominant) and the Echooka (thin), the thinner unit 

adheres to the structural style of the dominant unit unless there is some detachment 

between them. Strain is distributed through shale intervals in the moderately competent 

units, allowing short-wavelength folds in the thin Seabee sandstone beds. These 

relationships are illusrtrated in cross section 1 (sheet 2) and in the generalized cartoon 

presented in figure 15.

72



73

Upper Seabee 

Lower Seabee 

Hue Shale 

G ilead sandstone

Kingak Shale

Ledge and Shublik 

Kavik shale 

Lisburne and Echooka 

Kayak Shale 

Basement

Figure 15. Illustration of the evolution of mechanical stratigraphy in the area (not to scale):
A: Cartoon of Brooks Range with locator box to reference the Gilead syncline area. Part A modeled 
after Wallace, 2009
B: Cartoon of deformation present at 60 Ma
C: Cartoon of deformation as deformation continued from 45 to 25 Ma
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Thrust faults locally cut anticlines in the Gilead sandstone and Seabee Formation. Most 

of these are north vergent. However, the northernmost thrust in the area is a backthrust 

interpreted to have deformed an earlier forward thrust to form a type 1 triangle zone 

(figure 14).

The dominant trend of folds and thrusts in the area is northeast. However, the 

east-trending second order Gilead syncline formed earlier in the Gilead sandstone, and 

has northeast-trending folds superposed on its northern limb. The underlying Ledge 

Sandstone and Shublik Formation display east-trending second order folds beneath the 

northern limb and east-striking backthrusts beneath the southern limb. These east- 

trending folds are tilted to northeast trends in the forelimb of the Echooka anticlinorium, 

a northeast-trending, basement-cored, fault-bend fold that formed during the rise of the 

northeastern Brooks Range. This structure is one of the large fault-bend folds caused by 

northwest-southeast shortening of the basement that I interpret as having gone on to form 

northeast-southwest-oriented folds and faults at shallower structural levels within the 

Brookian sequence in the study area.

The east-trending structures most likely formed during the -60 Ma event that 

formed east-trending structures in the main axis of the Brooks Range and its foothills, 

and that has been dated elsewhere in the Brooks Range and its foothills. The east- 

trending structures of the area formed above detachments, at least in Kingak and Kavik 

Shales.

The younger northeast-trending structures most likely formed during events that 

formed the northeastern Brooks Range and have been dated regionally at -45 Ma, -35



Ma, and -27 Ma. Fission-track ages from the study area provide some constraint on 

absolute timing. Both thrusts defining the type 1 triangle zone (figure 14) to the 

northwest formed at -44 Ma. The triangle zone formed at least above the Kingak 

detachment and probably above the Kayak detachment. Other northeast-trending folds 

and thrusts in Gilead and higher units formed at >38 Ma above at least the Hue and 

Kingak detachments. The northeast-trending Echooka anticlinorium formed at <35 Ma 

above a detachment in basement. This probably was accompanied by detachment folding 

of Lisburne above the Kayak detachment, as well as continued northeast-trending folding 

of higher units.
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Map Units

Canning Formation -Tertiary-Cretaceous (Campanian)- Turbidite-like unit with gray sandstone and black bentonite shale with tuffaceous siltstone. Contains ripple cross
laminae, plane laminated beds, and basal scour. Locally overturned and highly deformed. Bentonite shale contains large carbonate concretions. The Canning Formation 
shale is fissile and sandstones are indurated. Upper and lower contacts are gradational. Dated by Campanian palynomorphs.

U ndifferentiated Seabee Formation- Cretaceous (Turonian)- Rusty-brown to gray, fine-grained sandstone, siltstone, and shale. Flute casts are common at the base of 
sandstone beds. Very similar to Gilead sandstone. Contains hummocky cross-stratification. Shale and fine siltstone beds can be tens of meters thick and commonly 
separate beds of sandstone and local siltstone that are tens of meters thick. Shale and siltstone are friable and sandstone is relatively indurated. Plant matter is abun
dant in sandstone. Flute casts are common at the base of sandstone beds. Generally shallow dipping and relatively undeformed. Upper and lower contacts are grada
tional.
Upper Seabee Formation- Cretaceous (late early to late Turonian)- Rusty-brown to gray, fine-grained sandstone and siltstone. Flute casts and basal scour are common 
at the base of sandstone beds. Light oil odor. Formation identification is based largely on the presence of fossil Inoceramus cf. I. Cuvierii. Very similar to the Gilead 
sandstone. Contains less siltstone and shale than the Lower Seabee Formation. Commonly frost shattered. Cross bedding is present. Generally less competent than 
Gilead sandstone and tends to form third0 folds. Upper and lower contacts are gradational.
Lower SeaBee Formation- - Cretaceous (middle early Turonian)- Rusty brown to gray, fine-grained sandstone, siltstone, and shale. Flute casts are common at the base 
of sandstone beds. Very similar to lower Gilead sandstone. Light oil odor. Contains hummocky cross-stratification. Contains fossils (Mytiloides Labiatus) which were 
relied heavily upon for formation identification. Lower Seabee is difficult to distinguish from Gilead, but the fossils are relatively widespread and diagnostic. Shale and fine 
siltstone inter-beds can be tens of meters thick and commonly separate meter-scale beds of sandstone and siltstone. Shale and siltstone is friable. Sandstone is 
relatively indurated. Shale tends to localize strain and allow sandstones to fold at short wavelength and local fourth° folds. Upper and lower contacts are gradational.

Hue Shale-Cretaceous- Dark gray to black sandstone and glauconitic shale. In the study area, The Hue Shale is poorly exposed and difficult to distinguish from Canning 
and Seabee Formations in outcrop because bentonitic shale is found, not only in Hue Shale, but in the Canning and Seabee Formations. The Hue Shale is distinguish
able from Canning and Seabee by paleontological dating (palynomorphs), lack of sandstone inter-beds in thick shale packages, high organic content, abundant lamine 
and thin tuff and bentonite inter-beds. Unit is very fissile shale and friable sandstone. Upper and lower contacts are gradational.
Gilead sandstone -Cretaceous (Albian-Cenomanian)- The Gilead sandstone is interpreted to be the base of the Brookian sequence in the Gilead syncline area. The 
Gilead sandstone is made up of alternating resistant, indurated sandstone and mapable recessive siltstone. The siltstone intervals typically are eroded away or are 
concealed by vegetation, leaving the more resistant intervals as outcrop. Individual resistant intervals within the Gilead sandstone are shown on the geologic map 
(outlined in red dashes) to provide stratigraphic context. Kashivi Creek provides the best exposures of the recessive intervals within the Gilead sandstone (see photo
graph J). Fossils are rare in the Gilead sandstone, but ammonites of the genus Gastroplites (Reifenstuhl, 1990) that are middle Albian in age and a specimen of Inocera
mus dunveganensis that is Cenomanian age were collected from the upper part of the Gilead sandstone exposed in the core of the syncline (Reifenstuhl, 1991). The 
Gilead sandstone contains abundant and strikingly large flute casts, load casts, climbing ripples , convolutions, and grooves (Reifenstuhl, 1989; 1990). Hummocky 
cross-stratification as well as trough cross-stratification are relatively common (Reifenstuhl, 1989; 1990). Meter-scale beds of massive fine to medium sands are also 
common in the Gilead. A, B, and C Bouma intervals are interpreted in and stratigraphically above Kashivi Creek (A [massive sand], B [planar laminated sands], and C 
[ripple and convolute laminations]). Evidence for submarine channelized flow in the Gilead sandstone is present in a single outcrop adjacent to Kashivi Creek where a 
channelized succession is incised into fine-grained sediment (Decker et al., 2008). Basal contact is sharp upper contact is structural.

Kingak Shale-Cretaceous-Jurassic- Phosphatic shale and fine siltstone. Gray to black and locally brown weathered. The Kingak Shale has a slightly metallic luster that 
makes it distinguishable from the underlying Kavik Member of the Ivishak Formation. Kingak Shale weathers into smaller shingle shaped pieces than Kavik and is 
generally more fissile than Kavik Shale. Concretions (2-3 cm in diameter) are common at the top of the Kingak. The Kingak Shale is very friable and forms a detachment 
interval between the Gilead sandstone at the upper contact and Shublik Formation at the lower contact. The unit is highly deformed in Kashivi Creek. Basal contact is 
concealed, upper contact is sharp.

Shublik Formation- Triassic- Triassic- Highly effervescent, fossiliferous, fine carbonate sand. Contains distinctive phosphate nodules (1-2 cm in diameter). Gastropods are 
common. Gray to dark gray on fresh surfaces. Fractures are common and perpendicular to bedding. Bedding is difficult to distinguish from fractures. The unit is friable to 
slightly indurated. The Shublik Formation is locally tightly folded beneath the south limb of Gilead syncline, but generally forms third° folds. Basal and upper contacts are 
gradational.

Ivishak Formation, Ledge Member- Triassic- Light brown to gray, fine-grained sandstone and siltstone. The Ledge Member is composed of centimeter- to meter-scale 
beds of oscillating siltstone and fine sand. Cross bedding is common and locally difficult to distinguish from abundant frost shattering. Quartz veins are common. Cleav
age and fracture are common and are at 90° angles to each other. The unit is moderately indurated and moderately competent and tends to form third° 
folds in the study area. Basal and upper contacts are gradational.

Ivishak Formation, Kavik Member- Triassic- Ivishak Formation, Kavik Member- Brown to rust colored shale. Dark gray to black on fresh surfaces. Kavik shale tends to 
break off in larger shingles than Kingak Shale. Generally more indurated than Kingak Shale. Sporadic siltstone and fine sandstone beds are present. The top of the 
Kavik Member is sandstone and the Kavik can be locally indurated. Beds of siltstone and fine sand (3-5 cm thick) are common, especially at the top of the unit where the 
Kavik Member grades into the Ledge Member of the Ivishak Formation. Cleavage and fracture at high angles to bedding are common. The Kavik Member is a slope- 
forming unit that serves as a detachment interval between the Echooka Formation and Ledge Member of the Ivishak Formation. Basal contact is sharp, upper contact is 
gradational.

Echooka Formation- Permian- Dark gray to black, fine- to medium-grained glauconitic silicified sandstone. Basal scour and trough cross bedding are common. Pyrite 
grains are common. Unit is generally massive and competent and commonly forms second° folds. However, third° folds occur locally. The base of the unit is incompetent 
shale . Basal and upper contacts are sharp.

Lisburne Limestone-Mississippian-Pennsylvanian- Gray to purple-gray, coarsely crystalline limestone and carbonate mud with massive crystalline dolomitized beds. 
Common secondary brown and gray to black chert nodule. Contains sparse bryozoa. Massive and indurated cliff-former, high competence leads to second° folding 
above floor thrusts in Kayak Shale. Volcanic layers are present at the top of the Lisburne (Pessel et al, 1990). Volcanic layers are rare in the study area, but may provide 
a competency contrast that leads to detachment of overlying beds. Upper contact is sharp, basal contact is not observed in study area.

Photographs Referenced in Text and Geologic Map

A. View looking from the Echooka anticlinorium to the west shows contrast in structural architecture between Echooka anticlinorium, 3° folds in the Triassic Ivishak 
Formation and 2° folds in the mid-Cretaceous Gilead sandstone.

B. The Gilead sandstone is folded into a 2° long wavelength “thumb-print” style syncline (pictured here looking west down the axis of the Gilead syncline). The Gilead 
sandstone is underlain by a detachment in the Kingak Shale.

C. View looking to the east at long wavelength 2° and 3° folds in the Gilead sandstone.

D. Folded outcrops along Gilead Creek document south-vergent folds that plunge to the west. Major changes in the structural style occur along Gilead Creek. Strain is 
more localized within the incompetent shale and longer wavelength folds (although still much shorter in wavelength than folding in the lower Gilead sandstone) form in 
competent units.

E. View of fault-bend fold in Echooka Formation. Displacement is accommodated by a detachment at the base of the Echooka.

F. Picture of a thrust fault adjacent to Gilead Creek. This thrust fault has placed oveturned Seabee Formation (hanging wall) over upright Seabee Formationm 
(footwall). Red arrows show stratigraphic “up” direction (symbols on map legend).

G. Scenic view looking east upstream in Gilead Creek. Seabee Formartion at Shek can be seen immediately to north, Gilead sandstone outcrops are to the distant 
south, and the Echooka anticlinorium is to the far east. I interpret there to be a right lateral strike-slip fault running through the Gilead Creek in this area.

H. View of south vergent 3° anticline and syncline with parasitic folding in upper Seabee Formation. This mountain is called benchmark “Shek” on the map.

I. View of back-thrusts and 3° folds in the Triassic Ledge Formation below the 2° folds of the Gilead syncline. Notice that back-thrusting is dominant under the south 
limb and 3° folds are dominant beneath the north limb of the Gilead syncline.

J. Kashivi Creek provides the best exposure of the recessive intervals within the Gilead sandstone.
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A View looking west from the Echooka anticlinorium showing contrast in structural architecture between Echooka anticlinorium, third order folds in the Triassic Ivishak Formation, and second 
order folds in the mid-Cretaceous Gilead sandstone.

Gilead syncline

B. The Gilead sandstone is folded into a second order, long-wavelength, “thumbprint” style syncline (pictured here looking west down the axis o f the Gilead syncline). The Gilead
sandstone is underlain by a detachment in the Kingak Shale.

F. Photograph o f a thrust fault adjacent to Gilead Creek. This thrust fault has placed overturned Seabee Formation (hangingwall) over upright Seabee Formation (footwall). Red arrows show stratigraphic “up” direction 
(see map symbols at left).

G. View looking east (upstream) in Gilead Creek. Seabee Formation at Shek can be seen immediately to north, Gilead sandstone outcrops are to the distant 
south, and the Echooka anticlinorium is to the far east. I  interpret there to be a right lateral strike-slip fault running through Gilead Creek in this area.

C. View looking to the east at long-wavelength second and third order folds in the Gilead sandstone.

Short wavelength folds in lower Seabee Formation
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D. Folded outcrops along Gilead Creek document south-vergent folds that plunge to the west. Major changes in the structural style occur along Gilead Creek. 
Strain is more localized in the incompetent shale, and longer-wavelength folds (although still much shorter in wavelength than folding in the lower Gilead 
sandstone) form in competent units. H. View o f upper Seabee Formation south-vergent third order anticline and syncline with parasitic folding. This mountain is called benchmark “Shek” on the 

map.
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E. View offault-bend fold in the Echooka Formation. Displacement is accommodated by a detachment at the base o f the Echooka.

Recessive interval within the Gilead sandstone exposed in Kashivi Creek (see map)
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J. Photo o f Kashivi Creek, which provides the best exposure o f the recessive intervals in the Gilead sandstone.

I. View o f backthrusts and third order folds in the Triassic Ledge Member o f the Ivishak Formation below the second order folds o f the Gilead syncline. Notice that backthrusting is dominant under the south limb and third order folds are dominant beneath the north limb o f the Gilead syncline.
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