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ABSTRACT 

This study created a new tectonic model for the Arctic Alaska terrane (AAT) by 

connecting attributes interpreted from surface and subsurface maps. Lineaments that 

cross the Brooks Range and North Slope proclaim the presence of basement fault blocks 

trending to the northeast that locally are aligned with streams, coast and lake shorelines, 

submarine canyons, and periglacial features. These landforms and anomalies reflect 

upward propagation of long-lived transcurrent and rift fault fabrics. Facies mapping and 

analysis of heat-flow effects on permafrost, and data from aeromagnetic, gravity and 

reflection seismic surveys, support the correlation of basement faulting with geomorphic 

patterns. The conjugate pattern of fault blocks, seen across Paleozoic- and Mesozoic-age 

passive margin sequences, resembles a piano keyboard and was inherited from older rift 

margin and transcurrent-transfer faults. Seismic data and North Slope oil-reservoir 

characteristics reveal complex fault- block boundaries, and common fault reactivation 

and structural inversion. 

The rigid North American craton in the Yukon Territory directs deformation 

westward leading to continued crustal indention, migration of basement blocks, and 

thrusting of cover rocks north of the Arctic oroclinal bend. Differential south-vergent 

underthrusting and uplift of the basement blocks of the North Slope plate has episodically 

segmented and partitioned strain across the overlying weaker north-vergent cover rocks 

of the North Alaskan plate. These tectonic controls have influenced the structural and 

geomorphic evolution of the North Slope-Brooks Range foothills region, including the 

formation of oil and gas reservoirs and mineral deposits. 
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CHAPTER 1: INTRODUCTION 

"In the world of biology and geology, you'llfind that most of the action lakes place on the edges." 
(Peter Kresan, university educator and professional photographer, 1999) 

1.1 "Road map" of the dissertation 

The regional availability of petroleum-related subsurface data across a significant portion 

of Arctic Alaska has provided me a unique opportunity to explore large-scale spatial and 

genetic linkages between arctic landforms and subsurface structure that is not possible in 

less developed arctic settings around the world. This research dissertation represents a 

four-year morphotectonic characterization of temporal and spatial linkages between deep 

structural and stratigraphic elements and the regional geomorphology of the Arctic 

AJaska terrane or AAT. In this study I have focused on the evolution of the arctic 

landscape as it relates to the structural architecture of deep and shallow subsurface units 

across the region. 

LI. I Philosophicalperspecrives 

The basement architecture interpreted and/or inferred in this study is a composite product 

that has been derived firom a great variety of data types. Both temporal and spatial 

linkages have been presented for the region. In some cases these data linkages will be 

seen to directly relate to each other—while in other cases, the reader might interpret that 
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they are more disparate. Nonetheless, the data seemed to converge in a natural and 

inferential manner, which gave rise to a conceptual and woridng framework for 

understanding and exploring the geologic and geomorphic evolution of the AAT. Crucial 

to this dissertation was the availability of a number of um'que subsurface data sets and 

map interpretations. In all cases these data were used to constrain (and develop) a 

number of new hypotheses that pertained to the spatial, and therefore, genetic linkage 

between subsurface structure and landforms across the arctic. These data include more or 

less the "direct imaging" of the subsurface rocks (e.g. 3D reflection seismic maps) as well 

as a great variety of published and proprietary geologic and geophysical (e.g. 

aeromagnetic and gravity) data. 

A major product of this multidisciplinary research is the proposal of a new modified 

block fault tectonic model of the AAT. A proposed morphotectonic model, presented in 

this dissertation, was derived in a manner described by Whewell (1858). Here the 

"colligation" of existing facts, observations and interpretations (although in some cases 

unconnected in themselves) have converged to develop the foundation for a new working 

hypothesis. The hypothesis links a long-lived and deeply buried tectonic framework with 

landscape development across the Arctic Alaska. This manner of scientific investigation, 

referred to as "concilience of inductions", was first analyzed and described by Whewell 

(1958, I860). The philosophic imph'cations of Whewell's and others' perspectives were 

re-investigated and summarized by Baker (1996, 1998). 
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To the author's knowledge this is the first terrane-wide morphotectonic investigation of 

Arctic Alaska. Interpretations and inferences provided herein should be considered 

provisional. As a student and aficionado of Alaska this research was taken on with the 

intent of challenging current paradigms and inciting future investigators to muse over its 

findings. I've no doubt that parts of it will be revised as new data and new findings and 

inferences require. More importantly though, I will consider it an honor to learn if the 

dissertation caused others to further explore and advance our understanding of the role 

that basement architecture in the (I) evolution of sti^ctural-stratigraphic basins, (2) 

morphology and evolution of orogenic belts, (3) emplacement and distribution of specific 

mineral and petroleum resources, and (4) landscape evolution throughout Arctic Alaska 

and other arctic regions of the world. I hope they have fun like I did, for it has been a 

most challenging and rewarding journey for me 

LL2 A highway map 

The dissertation can be divided roughly into three major sections. The first third of this 

document presents the philosophy of the project, the regional physiographical and 

geological setting of the study and introduces and discusses the merit and feasibility of 

embracing a new geotectonic model of the region. This "morphotectonic" model 

explores and explains both observed and perceived linkages between deep structural 

fabrics and landscape features across the arctic. Presented are observation, 

interpretations as well as inferences about the character and spatial and temporal 
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distribution of geomorphic features that link to basement fabrics. This model was 

derived &om separate interrogations of a variety of regional and local surface and 

subsurface geologic data across the central and western regions of the AAT. 

In the second major part of the dissertation a great variety of separate regional surface 

and subsurface geologic data and map elements are examined to see if their character is 

spatially and genetically linked. If a linkage is identified or inferred it is tested against 

the hypothesized block model. The final and third portion of the dissertation involves 4 

chapters, 2 of which present different, detailed data sets (an oil field control site and 

regional geophysical mapping) that I believe provide rather definitive evidence for the 

feasibility of the block-like orgam'zation of basement rocks at both local and plate-scale 

levels. Also presented in this third part are miscellaneous observations and speculations 

that were developed during the research in a most casual and natural way (e.g. structural 

domains in the eastern portion of the AAT). The section ends with a brief reiteration of 

major conclusions realized by the research. 

I.IJ The city map 

Because of the complexity and size this document, the following "road map" is presented 

to help the reader understand the flow and logic of the dissertation. The dissertation is 

broken into nine chapters. The first chapter sets the stage for the philosophical and 

"logistical" makeup of the research. Also introduced are the background for the research 
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concept and the methodologies and data that were employed in this multidisciplinary 

study. Previous studies and pertinent background on those academic and industry 

mentors who had a significant influence on the project are offered. Finally, a discussion 

on some of the constraints of doing a studies in the arctic and a classification of this 

research is presented. 

In Chapter 2 the reader is exposed to the general physiographic setting of the vast Arctic 

Alaska region and some description of the unique climate, vegetation and wildlife that 

left an impression on this researcher. A brief introduction to some potential 

morphotectonic linkages concerning climate-related landforms (e.g. thaw lakes, pingos) 

is also introduced at this point Chapter 3 guides the reader through a general overview 

of the regional structural geology and stratigraphy of the AAT. At the end of this 

chapter, a new geotectom'c model for the AAT is introduced and discussed. The model 

resulted from the convergence of different observations about the region as different 

surface and subsurface data sets were interrogated and spatial and temporal structural 

linkages were compared/contrasted. This model sets the framework for understanding 

the numerous observations, interpretations and inferences that are explored and tested 

against the model in subsequent chapters. 

Chapter 4 begins the derivation and exploration of a great variety of observations and 

inferences that pertain to the presence and regional alignment of geomorphic features and 

subsurface features across the terraitL A majority of the discussion is restricted to 
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geomorphic elements across the central coastal plain where (1) the available subsurface 

data (discussed in Chapters 5 and 6) are quite robust and (2) the basement rocks are at 

their shallowest level and highest potential for influencing the morphology and formation 

of various surface features. 

Throughout Chapters 5 and 6 the emphasis is more subsurface. Observations, 

interpretations and inferences are developed from a variety of disparate subsurface data. 

Perceived linkages are discussed in relation to the development of the block model across 

mostly the central and western North Slope of Alaska where a variety of regional and 

subregional geologic data sets were available for use. In Chapter 5 the reader will note 

that an emphasis specific to an area known as the NPRA or National Petroleum Reserves 

of Alaska. In Chapter 6, the real complexity of morphotectom'c linkages along a major 

fauh block boundary are discussed in light of fault reactivation and basement block 

morphology as predicted by the model. Reservoir and structural characterization in the 

Kuparuk River and Milne Point oil fields provides a detailed look at one basement block 

and its margin. Incorporated is 3D imagery derived from high-quality well log and high-

resolution reflection seismic data sets. The quality and density of subsurface data made 

this area an excellent control site for constraining morphotectonic linkages that were 

observed or inferred elsewhere across the AAT in preceeding chapters. Chapter 6 also 

addresses the role of reactivated basem ent faulting in the structural and depositional 

evolution of shallower horizons and geomorphic features as was suggested in regional 

analyses in the NPRA. 
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As mentioned earlier. Chapter 7 can be consider a "catch-all" repository for 

miscellaneous observations and fertile hypothesizing that bear relation to the transplate 

and pervasive nature of the basement block fabric. Presented are a mixture of 

observations about geologic and geomorphic features and dieir spatial relationships to 

one another that I felt both strengthened and/or challenged cunent models presented in 

the literature. Included are potential spatial linkages betv^een inferred block boundaries 

and known mineral and hydrocarbon resources across Arctic Alaska. Presented also is a 

block model that I think might shed light on unraveling the structural complexity and 

kinematics the eastern Brooks Range and northwest Yukon Territory area. These 

discussions should be of sigm'ficance to the arctic mineral and petroleum explorer and 

resource manager. Further validation of the model and research findings is provided in 

Chapter 8, where a robust interpretation of recently published aeromagnetic data reveal 

the presence of deep crustal lineaments in support of the fault-block model presented in 

this dissertation. Figuratively speaking. Chapter 9 "closes the book" reiterating the most 

sigm'ficant findings and conclusions of the study. 
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1.2 Formulation of the research concept, previous studies, and discussions on 

nomenclature and methodology 

1.2.1 Comments on the integration of geomorphic and subsurface data 

Most geologists readily agree that basement architecture ultimately controls the evolution 

and disposition of lithotectonic terranes or subterranes and the evolution of complex 

basinal and orogemc regions. Yet, in many remote and even accessible regions of the 

world the understanding of intraplate deformation remains hampered by our inability to 

identify major basement fabrics and the reactivation of those fabrics. 

All too often detailed basement studies must be constrained to the margins of tectomc 

plates where the percentage of exposed basement rocks is greatest due to marginal uplift 

or where adequate geophysical and deep geological data are available. For large, remote 

intraplate regions, where subsurface data are often not available, geomorphic data serve 

as important and cost-effective methods, if not the only ones, for deciphering large-scale 

basement fabric. Geomorphic data are easily sensed remotely, can be reconstructed into 

multi-dimensional displays and can be interpreted at a variety of scales. In remote 

regions such as Arctic Alaska, geomorphic characterization can be a primary means of 

identifying and mapping changes in the tectomc fabric of the region. Diagnostic 

landscape and fluvial morphologies and the proper identification of tectom'c-related 

indices almost always lead to a better understanding of neotectonic deformation—one 
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that is often not realized firom conventional structural mapping or localized subsurface 

drilling (Bull and Wallace, 1986; Keller and Pinter, 1996; Wallace, 1986). In this study, 

geomorphic data have been integrated vath subsurface geological and geophysical data. 

The combination has helped to constrain as well as expand my regional interpretation of 

the basement-related tectonic fabrics across Arctic Alaska. 

The late Professor Peter Coney, geoscience professor and regional tectonics specialist at 

the University of Arizona, often cautioned that there are times when structural 

interpreters can lose their region focus and become too provincial and narrow in their 

scope. This can happen when the frequencies of small structures become so 

overwhelming that the recognition of important regional tectomc patterns or fabric is 

masked and/or subdued. To that end, the incorporation of regional georaorphic analyses 

can greatly assist in guiding studies of regional structure, for their synoptic nature often 

helps the geologist distinguish "tectonic noise" (as Professor Coney called it) from large-

scale and long-lived crustal fabrics. This is key to the success of any regional tectomc 

synthesis. 

In this study regional geomorphologic analyses, surface and subsurface mapping have 

converged to characterize a regional tectonic fabric that is expressed in the basement 

rocks of the AAT, and which had not been fully appreciated before. Although areas of 

pure compression and extension do occur locally within large continental interiors, the 

most frequent and significant regional deformation mechanism remains wrench faulting 
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(Sylvester, 1988; Zolnai, 1989; Zolnai, 1991). This was also thought to be the case for 

the AAT. This study demonstrates that for most areas of uplift and subsidence across 

Arctic Alaska pure crustal shortening or attenuation were not at play, but rather, large-

scale deformation was the result of the internal reorganization of a mobile sedimentary 

cover through the differential uplift, tilting, shearing and consolidation of the basement 

blocks across the AAT (the "passive tectonism" of Zohiai, 1991). 

L2.2 Mentors, coursework and their influence on the study 

My research of Arctic Alaska was seeded from an acquired appreciation for the poorly-

understood role of fault reactivation and long-lived basement tectonic fabric in 

intracratonic settings that are located far inboard from active plate margins. The tools of 

this investigation were developed mostly from my interdisciplinary studies in fluvial and 

tectomc geomorphology, photogeology, remote sensing, economic geology, advanced 

structural geology, planetary geology and regional tectonics at the University of Arizona 

(UA). 

Influential readings were numerous and included primarily regional tectonic and tectonic 

geomorphic studies that characterized neotectonic or morphotectonic linkages in regions 

mostly outside of Alaska. Through a comprehensive literary research and exploration of 

the subject in my various coursework, I became familiar with a variety of tectomc 

geomorphic, structural and aerial photographic indices that had been successfrilly used by 

North American geomorphologists to recognize and map neotectonic deformation and 
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deep cmstal fabrics across a variety of terranes. These topics were explored under the 

tutel^e of Professors William B. Bull, George H. Davis and C. Karl Glass. Under the 

guidance of Professor Vic Baker, I was introduced to the significance of regional 

morphostructural analyses, a systematic mapping approach that is quite unknown to many 

western geoscientists, but is commotdy employed successfully for mineral and petroleum 

exploration by geologists and geomorphologists in many eastern block and European 

countries (e.g. Russia and France, respectively). In morphostructural analyses, emphasis 

is placed on large-scale linkages between physiography, deep crustal fabric and active 

tectomsm within long-lived cratonic interiors. Morphostructural analysis is methodology 

and philosophy that I believe will someday become intertwined with major components 

of the plate tectonic paradigm that western scientists so religiously support Finally, 

courses under Professors Mary Poulton and Spence Titley reinforced that my 

appreciation of long-lived deep crustal fabrics and the roles they play in the emplacement 

and style of many mineral regimes and districts. 

The idea for a morphotectom'c snidy of Arctic Alaska was also bolstered by on-going 

studies of basement fault reactivation and structural inversion in several deep Paleozoic-

age marine basins throughout New Mexico, SE Arizona and West Texas by the author. 

My findings reveal that the basement fault fabrics can be directly linked to basin 

evolution, petroleum occurrence and the geomorphic evolution of many locations 

throughout the southern Cordillera of North America (e.g. Casavant, 1999c; Casavant, 

2000b; Casavant and Mallon, I999d). About this same time I began experimenting with 
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a variety of tectonic geomoq)hic indices that were used by geomorphologists to identify 

and assess the level of active deformation in a region (e.g. Bull, 1978). In one particular 

class exercise in one of Dr. Bull's class, I completed an analysis of tectonic geomorphic 

index, known as a stream length gradient index or SL index (Hack, 1973), to characterize 

a river known as the Miluveache River. The rivers, heads in the northern foothills of the 

North Slope and flows across the flat coastal plain in central Arctic Alaska. I also knew 

that the Miluveache flows over a large Tertiary-age anticlinal structure that exists several 

thousands of meters beneath the surface. An sudden and anomalous change in the 

gradient of the channel profile, known as a kmckpoint, was not expected to occur over 

the deeply buried, and supposedly inactive, anticlinal structure. This structure, referred to 

informally by Alaskan petroleum geologists as the "Kuparuk anticline", is responsible for 

the entrapment of hydrocarbons in Cretaceous-age strata within the giant Kuparuk River 

field. Because of the low gradient of the coastal plain, I fully expected that the 

longitudinal channel profile and SL profile of the river would indicate that the river was 

mostly in equilibrium and the region tectonically was quiescent as published literature for 

the region had mostly indicated. 

To my surprise, however, my analysis taken from a 7.5' topographic quadrangle map 

identified a rather pronounced knickpoint across the relatively young, gravel-rich surface 

sediments that blanketed the area. I noted that the position of the knickpoint also 

projected to a nearby coastal lineament and was associated with a set of linear and 

parallel fluvial-marine terraces. SL anomalies are fi'equently associated with recent fault 
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activity and/or a marked change in lithologic composition, and therefore the erosional 

resistance, of the bedrock upon which the river is eroding into or aggrading upon. The 

composition of the gravelly surface sediments upon which the Miluveache River flows, 

however, does not appear to vary considerably. Furthermore, many of the arctic rivers 

flowing across the flat and relatively featureless coastal plain of the North Slope are 

aggradational and demonstrate a highly dynamic and braided morphology. Since their 

channels bottoms are armored mostly by gravel and sandy bedloads, a SL anomaly is not 

to be expected unless very recent tectonic deformation has been induced or recent stream 

piracy has been at play. My familiarity with the subsurface geology immediately beneath 

the stream revealed that the location of the SL anomaly and associated topographic 

lineament were situated on or very near the location of an inferred deep fault zone and 

associated truncated edge of a northeast-trending tilted structural block. This block 

margin also marks the northwestern erosional limit of oil reservoirs in the Kuparuk River 

oil field. It was this exceptional surface-subsurface spatial correlation that warranted 

further investigation. 

Those who have worked closely with me during this dissertation might no know that I 

had originally planned to constrain my Arctic investigation to just the central North Slope 

region where my familiarity with the subsurface geology and access to published and 

proprietary subsurface data could be leveraged. I ended up, however, choosing to expand 

the investigation into a regional study of the whole Arctic. Why? This change in 

objective was the result of a most fortuitous encounter with the Alaskan field geologist 
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and good friend, Mr. Gil Mull, of the Alaska Natural Resources Department, Division of 

Geological and Geophysical (ADGGS) in Fairbanks, Alaska. I met Gil by chance during 

a reconnaissance and data gathering trip to the Arctic and to Fairbanks in the summer of 

1997. Referred to by many Alaskan and "outside" geologists as "Mr. Brooks Range", 

Gill had introduced to the wonders and some remaining puzzles of Arctic Alaskan 

geology. His boundless enthusiasm for new ideas, his encouragement for me to explore 

geomorphic-geologic linkages that he had mapped in the western Brooks Range and the 

most generous donation of his talents and the ADGGS staff in supporting our 1998 

geomorphic surveying project in the western Brooks Range (Casavant and Miller, 1999a) 

convinced me to broaden my studies to include morphotectonic analysis across the whole 

of Arctic Alaska. I will forever be indebted to this extraordinary field geologist for 

encouraging me to investigate Arctic Alaska's bigger picture. 

1.2.3 Previous studies 

A diverse and voluminous amount of literature exists on the subject of basement block 

faulting. Linkages to landscape evolution (morphotectonics) have been demonstrated in 

many regions of the world, however, not for Arctic Alaska. I believe that such regional 

syntheses across Arctic Alaska have been historically hampered for a variety of reasons. 

First, the basement rocks throughout Arctic Alaska occur as only local outcrop exposures 

within the Brooks Range fold-and-thrust province, which by itself constitutes only the 

southern one-third of the arctic region. Second, very few wells have penetrated the deep 
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basement rocks in the northern two-thirds of Arctic Alaska. Third, published and 

proprietary subsurface geological and geophysical data and mapping of sufficient density 

and quality have been mostly constrained to the northern part of the NPRA or National 

Petroleum Reserve of Alaska and across relatively small areas on the central North Slope 

(e.g. Kuparuk and Pnidhoe Bay), where the potential for petroleum accumulation has 

historically been considered greatest (Fig. 1.1). Lastly, the vast size, remoteness, climate 

and sparse human habitation make Arctic field studies expensive and logistically 

complex. 

Although there have been numerous geomorphic studies of the evolution and distribution 

of surficial landforms across parts of the Arctic (e.g. Carter et al., 1987; Dinter et al., 

1990; Hamilton, 1994; Rawlinson, 1993), few of these studies have addressed the 

evolution or distribution of landforms in relation to the orientation and distribution of 

deep structures. Other than Chapman and Sable (1960) and Mull (1989a; 1989b; 1989c 

and papers therein) who did provide brief commentary on local landforms and near-

surface bedrock geology, 1 believe this dissertation is the first regional tectom'c 

geomorphic study of its kind to address the arctic landscape in relation to the deep 

basement architecture of the region. 

My literary research has revealed that only a few neotectonic studies have been done in 

Arctic Alaska. These studies concentrated on specific areas on the central and eastern 

North Slope, where neotectonic deformation was either observed or inferred. This 
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included the local uplift and folding of Quateraary-age river terraces along the narrow 

foothills of the northeastern Brooks Range and the folding and faulting of Tertiary and 

Quaternary offshore deposits to the east of the Canning Displacement zone (Fig. l.l) 

(e.g. Carter et al., 1987; Dinter et al., 1990; Grantz et al., 1987; Grantz et al., 1990a). 

This Late Cenozoic deformation has been largely attributed to distributed north-vergent 

shortening and uplift of the eastern Brooks Range (Moore et al., 1994; Wallace and 

Hanks, 1990), whereas, subsidence has been suggested for the Prudhoe Bay area on the 

central North Slope (Rawlinson, 1993). In all cases, the deformation was not addressed 

in relation to underlying structures. 
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Figure 1.1 Arctic Alaska terrane and generalized distribution of its main physiographic provinces 
(Wahrhaftig, I96S). Study area of this report includes area within dashed box. Numerous 
geological studies were incorporated into this regional analysis of the Alaska Arctic terrane. The 
terrane encompasses the whol e of Arctic Alaska from the continental shelf of the Beaufort Sea in 
the north, souAward to the southern margin of Brooks Range. East-west limits of the terrane 
extend roughly from ±e Mackenzie River delta region westward to the edge of the continental 
shelf of the Chukchi Sea. Shaded area represents area of pubb'shed and proprietary seismic 
cover^e and well log data that were used in this study. Data are derived fh)m a variety of 
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published federal, state and private industry studies. Rivers shown for reference are the Colville 
and Noatak Rivers. Eastern margin of the NPRA is bounded by the Colville River. CDZ-Canning 
Displacement zone, K-Kupaiuk River oil field, P-Prudhoe Bay oil field 

Linkages to the type of regional linear basement fault fabrics that I was independently 

interpreting in others areas of the AAT, had been recognized by only a handful of Arctic 

researchers, most notably, Grantz and May (1987; 1983a) and Metz and others (1982) 

and Mull and Sonneraan (1971; 1974a; 1974b; 1974c). Copies of a suite of unpubhshed 

preliminary bedrock geology maps across large portions of the western and central 

Foothills and Brooks Range that were constructed for a petroleum industry study during 

the late 1970's, were donated to me by Gil Mull. The maps of Mull and Sonneman were 

the first to map pronounced zones of northeast-trending and subsidiary northwest-

trending wrench fault zones that cut across the grain of the Brooks Range orogen. I noted 

that these zones were often occupied by antecedent drainage systems. These narrow 

zones were associated with the abrupt and diffuse zones of discontinm'ty in the strike and 

degree of structural deformation across the range. During my 1998 meeting with Gil, I 

had ascertained that the northward projection of Mull and Sonneman's sim'stral(?) 

northeast-trending transverse fault zones correlated with major changes in the 

architecture of the Barrow arch, far to the north. 

Detailed geologic reservoir characterizations, across the central North Slope (e.g. 

Casavant, 1988b; Casavant, 1995; Casavant and Jurkowski, 1988c; Casavantetal., 1990; 

Eller and others, 1986), and high-resolution 3D seismic reflection imagery across some of 

the region (e.g. Kuparuk River field), suggested to me the possibility of structural linkage 
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between some subsurface structures and various geomorphic elements on the flat Arctic 

Coastal Plain. During the summer of 19981 had the opportunity to review regional 

seismic lines in the vicinity of the Kuparuk River field with BP geologic manager, Gary 

Pelka, and at the BP Exploration Alaska headquarters in Anchorage. That review 

resulted in the identification of a number of faults that originated from the basement and 

cut up through the permafrost in the area of the Kuparuk River field. Surface or very 

near-surface offsets were not positively identified as the data became quite difrused at the 

shallowest of levels, however, the upward projection of fault offsets below and with the 

lower portions of the thick permafrost zone did link to subtle shifts, crenellations or 

impedance variations along near-surface units. The ability to see faults within a thick 

permafrost interval that can exceed 500+ m (1500 ft) in the area is a relatively recent 

advance due to new techniques in the processing and imaging of reflection seismic data 

on the North Slope (G. Pelka, BP geologist, pers. comm.). During that same visit, ray 

hypothesis that some faults in the Kuparuk River field were still active was validated by 

recent observations made by BP reservoir geologists. Their data included temporal 

changes in borehole breakout analysis, a variety of reservoir performance data and the 

direct imaging of on-going fiacture dilations in boreholes (R. Fox, pers. com). 

Although the notion of neotectonic deformation across the central North Slope seems 

plausible, but does this suggest that basement-related faults could be active in other areas 

across the AAT? A remarkable alignment of the recently observed North Slope basement 

fabrics with linear transverse discontinuities and large lateral ramps far to the south. 



40 

mapped in the 1970's by Mull and Sonneman, suggested to me that the North Slope 

lineaments could be related to deeper transcurrent fault fabrics that marked the 

boundaries of major basement block boundaries. My review of proprietary reflection 

seismic data in the Kuparuk River field in 1998 suggested to me that the northeast-

trending and parallel Canning Displacement zone (CDZ) of Grantz and May (1983), 

located to the east of the Kuparuk area, could indeed represent one of these basement 

discontinuities. It is envisioned that the basement fabric that may influence the Q)Z 

might be responsible for constraining or buttressing compressional deformation beneath 

the westernmost salient of the eastern Brooks Range. It is known that Grantz and May's 

interpretation of the CDZ as a transcurrent fault zone is not subscribed to by everyone. 

Some suggest instead that the northeast salient of the eastern Brooks Range and CDZ is 

the result of a narrow foredeep associated with the Cenozoic advancement of thrusts in 

the eastern Brooks Range (e.g. Wallace and Hanks, 1990 and T. Moore, 1998 pers. 

comm.). Based on this morphotectonic study and interpretation of geophysical data in 

the Kupanik area, I suggest that the CDZ is indeed a wrench zone, and one that is not 

unique. The near-vertical basement-to-surface shears that are cunently shaping the 

geomorphic evolution of the Kuparuk River-Prudhoe Bay area suggests that other parallel 

zones across the AAT also exist 
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1.2.4 Methodology/materials 

This regional investigation of basement control was made possible only because of the 

availability of subsurface geological and geophysical data that is derived from nearly four 

decades of federal and private industry petroleum exploration across Arctic Alaska. 

Special acknowledgement is made of the extremely thorough foundation of surface data 

and subsurface map interpretations produced by the Alaska Natural Resources-Division 

of Geological and Geophysical Surveys, the United States Geological Survey and the 

British Petroleum Exploration company. 

Data used in the morphotectonic analysis of Arctic Alaska include published U. S. 

Geological Survey (USGS) topographic and bathymetric maps, coarse DEM data, 

Landsat imagery and a varied of surface and subsurface geological and geophysical 

maps and studies, produced by the USGS and the Alaska Division of Geological and 

Geophysical Surveys (ADGGS). Subsurface map interpretations and a review of 

proprietary seismic data in the Kuparuk River field area were generously provided by BP 

Exploration, Inc. (Alaska). 

A variety of tectonic geomorphic indices were apph'ed in several concentrated study areas 

across the AAT in the effort to identic areas of potential neotectonic deformation and to 

test the transplate nature of the basement block boundaries identified on the North Slope. 

These areas included the Ambler River-Survey Pass quadrangles (Casavant and Gross, 
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1998a; Casavant and Gross, 1998b), the Delong Mountains quadrangle (Casavant and 

Miller, 1999a) and the Harrison Bay-Beechy Point quadrangles (Casavant, 1997b, 

Chapter 4 this study). A variety of published well log and some proprietary reflection 

seisim'c data were available for this study. Unfortunately, only a few studies provided 

any regional interpretation of the basement architecture across Arctic Alaska (Bird, 

1987b; Bird, 1988) and those studies only briefly addressed the basement rocks in the 

northwestern quarter of Arctic Alaska or NPRA and small portions of the central North 

Slope where the oldest oil field developments existed. Most other regional studies of 

Arctic Alaska made only general comments about the basement architecture using a few 

regional cross-sections (e.g. Bird and Molenaar, 1992; Deming et al., 1992; Hubbard et 

al., 1987; Magoon and Bird, 1988). Furthermore, most studies concentrated only on the 

distribution of petroleum reservoirs, heat flow and groundwater recharge within 

shallower horizons, and did not explore linkages to any surface phenomena. 

The process of inquiry throughout the research was iterative, switching back and forth 

frequently between regional and local data sets. No predetermined order or emphasis was 

assigned to the use of any of the above data sets. The geotectonic model proposed in this 

study was derived largely from the common spatial associations between a variety of 

geological and geomorphic data at different scales. 
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1.2.5 Constraints on regional geomorphic field studies in the Arctic 

In the last two decades the study of tectonic geomorphology and paleoseismology, 

remote sensing, and advances in geochronology, geodetic and geophysical surveying 

have pushed the envelope in identifying linkages between basement faulting and 

neotectonic deformation in many regions. Despite these technical advances, however, a 

great variety of factors continue to constrain field research in the Arctic. These include 

the remoteness and vast size of the Arctic (Fig. 1.2), inclement weather (fog, rain and 

even heat), the scarcity of human infrastructure such as road and rail access, and a variety 

of other natural barriers to ground travel, which include tundra vegetation that is difficult 

to traverse, inquisitive grizzly bears, pesky ground squirrels that chew on tents and food 

materials and those ubiquitous mosquitoes; the latter being known to challenge the 

hardiest of field patrons. These constraints were experienced first-hand during our 1998 

field season in the foothills of the western Brooks Range. 

Except for large government agencies such as the USGS, the above factors continue to 

greatly constrain the scope and frequency of research of regional neotectom'c fabrics 

across the Arctic. Completing field work in the arctic can be extremely difficult and is 

always expensive. Thus, the few morphotectom'c investigations in Aictic Alaska have 

historically focused on areas where (1) neotectom'c movement has been obvious (e.g. 

deformed strath or river cut-fill terraces and documented earthquake epicenters), (2) the 

geology is relatively accessible and could be studied cost effectively along rivers. 
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coastlines, or near oil field-related infrastructure such as the pipeline road, and (3) where 

published geological and geophysical data are available (e.g. eastern ANWR, the central 

coastal plain). 

Even when adequate funding becomes available, the use of advanced technology still 

seems to be constrained by the geomorphology, harsh climate and logistics of doing 

studies in the Arctic. For example, a recent deep-crustal geophysical investigation of 

Arctic Alaska was constrained to the narrow corridor of the Alaskan pipeline (Puis et al., 

1997), mostly for logistical and cost reasons. The pipeline and associated haul road, the 

Dalton Highway, extend north-south across the Arctic, starting from the Prudhoe Bay oil 

field facilities on the coast of the North Slope, pass through the high Atigun Pass in the 

east-central Brooks Range (Fig. 2.2) and terminate at the coastal storage facility in 

Valdez, Alaska some 800 miles to the south. This suggests that the implementation and 

maintenance of regional seismological and geodetic networks in the Arctic, although 

excellent tools for characterizing regional-scale neotectom'c fabrics and identifying 

regions of active tectomcs may not be realized for years to come because of high costs 

and logistics of doing geologic studies in the Arctic. 



45 

ARIZONA: 

Figure 1.2 Map showing the portioti of northern Alaska that is covered in this research. Shown 
for companson is the State of Anzona against the Arctic Alaska teiTane(northem 
Alaska). Not only does the companson illustrate the vastness of the terrane, but it 
visually emphastzes the challenge that was encountered in synthesizing large amounts 
of geomorphic and geological data, in both a vertical and lateral sense across this 
complex region. Small yellow colored polygons are the Kupaiuk River and Milne 
Point oil fields. The dashed polygon shows the outline of the Brooks Range fold-and-
thrust belt. 

1.2.6 Classification of this study 

Classifying the nature of this study has not been a simple exercise. Throughout this 

presentation the reader will note that I have used the term neotectonics, neotectonic 

deformation and morphotectonics. Some findings fi"om this Arctic study could be 

interpreted by the reader as representing a neotectonic or tectonic geomorphic event in 

the sense of Morisawa and Hack(1985) and Slemmons (1991), who emphasized present-
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day landforms in relation to recent vertical and horizontal ground movements, or in the 

sense of Bull and Wallace (1986), who emphasized tectonic geomorphology in relation to 

associated erosional and depositional processes. I do not use the term as denoting 

tectonic movement or processes that occurred only since the Miocene (e.g. Sleirmions, 

1991 and references therein). Instead, I use the term, neotectonics or neotectonic 

deformation, in the broader and more kinematic context as proposed by Momer (1990) 

and Stewart (1994). In that sense, I view that observed or interpreted neotectonic 

deformation across the Arctic, which may still be occurring today, started at different 

times and different places in the past The regional nature and the proposed long duration 

of basement-to-surface linkages presented in this work categorized this study, more 

appropriately, as a morphotectonic study in the sense of Hills (1956) and Rumsey (1971 

and references therein). It represents an exploration of many, if not all, aspects of the 

relationship between deep geological structure and evolution of landforms—both old and 

new. 
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CHAPTER 2: REGIO^AL GEOMORPHOLOGY, CLIMATE AND 
BIOTA OF ARCTIC ALASKA 

"Calling Arizona Bob. Calling Arizona Bob. Come in Arizona Bob! See ar  ̂of them mosquitoes 
today?" ....pw&a...." Absolutely NONE in sight where we are Gil." (Stretching the truth during a 
morning radio check with C.G. Mull at the Alaska Geological Survey base camp on July, 16, 
1998. The University of Arizona tectonic geomorphic survey crew field site was locattrf along the 
west bank of the Kukpowmk River in the noithwest foothills of the western Delong Mountains, 
Alaska.) 

2.1 Physiographic provinces of Arctic Alaska 

Northern Alaska or the Arctic Alaska terrane contains three of the twelve major 

physiographic divisions described for Alaska by Wahrhaftig (1965; 1994). It is divided 

into three major, east-trending physiographic provinces. From north to south these are 

the Arctic Coastal Plain, the Arctic Foothills, and the Brooks Range (Fig.2.1). 

2.1.1 Arctic Coastal Plain 

The Arctic Coastal Plain is a broad and flat or level plain, which rises gently from the 

coastlines of the Beaufort and Chukchi Seas to a maximum elevation of approximately 

300 m in the foothills of the Brooks Range. The Arctic Coastal Plain is part of the 

Interior Plains physiographic division in North America that extends through Canada and 

the conterminous United States along the front side of the western Cordillera 

(Wahrhaftig, 1965) (Fig. 2.1). 
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Figure 2.1 Major geological and physiographic provinces of Alaska and northwestern Canada. 
Taken from Wahrhaftig (1994). 

The surface of this physiographic province is dotted by numerous thaw lakes of various 

sizes and dimensions and interrupted by numerous complex river systems which drain 

northward from the Brooks Range orogen across Cretaceous and Tertiary sedimentary 

rocks on to the Alaskan Beaufort continental shelf The northern margin of the coastal 

plain is marked by numerous marine embayment and a few deltaic regions {e.g. Colville 

River delta). The coastal plain is underlain by a broad, low-relief bedrock surface that is 

mantled by a thin veneer of interleaved transgressive marine (interglacial) and regressive 

non-marine (intraglacial) deposits of Pliocene and Quaternary age (Black, 1964; Dinter et 

al., 1990; O'Sullivan, 1961; Williams, 1979; Williams et al., 1978). Known as the Gubik 

Formatioa, this unit thickens from 60 m onshore to several hundred meters of&hore 
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across the Beaufort Shelf (Dinter et al., 1990; Grantz et al., 1990a). Beneath the surface 

of the plain the upper 300 to 650 m of sediments are characterized as permafrost The 

formation of ground ice is mostly manifested as polygonal networks of near-surface 

vertical ice-wedge, other patterned ground feature, and pingos or ice-cored mounds. 

The upper 1-2 m of the permafrost interval is defined by an active layer that is prone to 

thawing during the summer months (Pewe, 1975). 

9.2.1 Arctic Foothills 

Moving southward the flat topography of the coastal plain transitions into the rolling 

hills, mesas and east-trending ridges that characterize the Arctic Foothills province 

(Wahrhafb'g, 1965). The Arctic Foothills province is characterized by of a collage of 

rolling hills, butte, mesas, and east-trending ridges and interdispersed tundra uplands 

(Fig. 2.2). The foothills can be divided into a northern and southern section based on 

relative elevation and the geomorphic expression of these features. Elevations range 

from less than 300 m (984 ft.) in the northern section to approximately 500 m (1640 ft.) 

along the front of the Brooks Range. Southward, the hilly topography of the Arctic 

Foothills gives way to the mountainous Brooks Range fold-and-thrust belt or Arctic 

Mountains province of Wahrhaftig (1994). 

Although Wahrhaftig combines the Arctic Foothills and Brooks Range provinces into a 

major physiographic division known as the Rocky Mountain System, arctic geologists 
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and geographers more often link the Foothills and the Arctic Coastal Plain provinces into 

a single domain known as the North Slope of Alaska. The term North Slope is used 

interchangeably in both a geological and physiographic context The origin of the term 

relates back to the region of potential of oil and gas occurrence that is characterized by a 

gentle north-dipping slopes and strata of the northern Brooks Range and Foothills, 

northward to the continental shelf of the Beaufort Sea and northeastern Chukchi Sea. 

Eastward the North Slope narrows rapidly and terminates against the eastern Brooks 

Range. 

Lisfaumi Hab. 

NPK/f 
'0' 

MadKidfTmV<vtMAig(l9£ai)«idRaisO%Q 

Figure 2.2 Shaded relief map illustrating the physiographic provinces of northern Alaska. Taken 
from Mull and Adams (1989c). Outlines of the National Petroleum Reserve of 
Alaska (NPRA) and Arctic Kational Wildlife Refuge (ANWR) are shown in black. K-
Kuparuk River and Milne Point field area. The dashed line that runs fi-om Prudhoe Bay 
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through the Brooks Range south to the Yukon Tanana Uplands represents the Dalton 
Highway and Trans-Alaskan oil pipeline. This pipeline extends approximately 800 
miles from the North Slope to the port of Valdez in southern Alaska. The AAT 
encompasses the area from the southern margin of the Brooks Range northward to the 
Beaufort and Qiukchi Sea shorelines. For scale, the size of the AAT approximates the 
combined area of the states of Arizona and New Mexico. 

To the west the Chukchi Sea coastline and low, north-northwest-trending Lisbume Hills 

define the western extent of the North Slope. Principal river systems which drain the 

North Slope from east to west include the Jago, Canning, Sagavanirktok, Colville, 

Utukok and Kukpowruk Rivers. Many of these rivers are illustrated in Chapters 4,6 and 

7 where morphologies and trends are discussed relation to position of know and inferred 

deep structural control. 

2.1.3 Brooks Range 

To the south of the foothills lies the mountainous terrain of the Brooks Range (Fig. 2.2). 

The range is a predominantly east-striking, north vergent, Mesozoic- to Cenozoic-age 

orogen. It is a major part of the northern Cordillera or Rocky Mountain system of North 

America that extends northward from the northern part of the conterminous United States 

through Canada and into Alaska (Wahrhaftig, 1965). Major rivers that drain the province 

include the Colville, Noatak, Kobuk and tributaries of the Koyukuk and Chandalar rivers. 

Dimensions of this relatively large orogem'c zone include a length that exceeds 1000 km 

(620 mi.) and a width that averages 300 km (186 mi.). At its widest point, the Brooks 

Range is approximately 180 kilometers (112 mi.) wide. Summit elevations range from 
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1000-1500 m (3280-4921 ft) in the western Arctic to 2100-2400 m (6890-7874 ft.) in the 

eastern Brooks Range (Plafker and Beg, 1994a; Wahrhaftig, 1965). 

2.2 Climate 

Although die importance of cold climate on the geomorphic evolution of Arctic Alaska 

can not be overstated, interrelationships between climate and geomorphology are not yet 

fully understood. This is largely due to short field seasons and the remoteness of the 

region, which make long-term data collection of data logistically difficult and cost-

prohibitive. This brief section on ch'matic influences is a highly condensed from several 

more thorough reports on Arctic climate (e.g. Brewer, 1987; Carter et al., 1987; Chapman 

and Sable, 1960; Dingman et al., 1980; Searby and Hunter, 1971; Wahrhaftig, 1965). 

Arctic Alaska are characterized by low air temperatures, short cool and windy summers, 

long cold and dark winters and low precipitation, the latter which um'quely characterizes 

the Arctic as arid to semiarid. Precipitation in the coastal plain and foothills regions is 

highly variable from year to year and is dominated by rainfall, which is generally 

confined to the months of June through middle September. Rainfall occurs 

predominantly in the form of persistent drizzle with storm-related peak discharges 

occurring mostly during the late summer months. Snowfall contributes less to the overall 

precipitation budget of the Arctic region. Snow does cover essentially all the Arctic 

landscape from middle to late September through May and effectively armors the terrain 
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from erosional processes. The highest amount of snowfall usually occurs in the month of 

October and blizzards are frequent during the long, dark winters. The mean depth of 

snowfall across the North Slope of Alaska is only about 20-30 cm with maximum depths 

approaching 50 cm. However, thicker sections can be associated with variable drift 

deposits. 

Extremely low winter temperatures dominate the Arctic temperatures north of the 

Continental Divide. Mean annual temperatures vary across the North Slope region, but 

generally range in the lower elevations from approximately 14°F to 0°F (minus 10°C to 

minus 18°C). Winter temperatures can get as low as minus 36°F (minus 38°C), however, 

relative maximum and mim'mum temperatures are usually of very short duration. During 

the warmest month of July, average temperatures range from 39°F to 47°F (4° to 7°C) 

along the coast, but can exceed 65°F (18®C) in the foothills region. Freezing 

temperatures can occur in any month of the summer. 

Unlike the interior of Alaska, wind is an important climatic factor across the Arctic. In 

the winter on the coastal plain velocities of 13 ms'^ (30 mph) are not uncommon 

(Wahrhaftig, 1965) creating severe wind chill factors and white-out conditions during 

periods of drifting snow. During summer months the early morning warming of the 

tundra results in offshore to onshore convection of air masses. Moisture-laden ocean air 

masses that create clouds and coastal fog move inland for many kilometers and persist 

until the air is sufficiently warmed to dissipate them (Brown and Kreig, 1983). 
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2.2.1 Climate-related geomorphic features: Permafrost and ground ice 

Average modem day -day surface temperatures on the North Slope range from -5 ° to -12 

°C (Brewer, 1987; Lachenbruch and Marshall, 1986; Lachenbruch etal., 1988). This was 

not always the case. Prior to 5 Ma, paleoclimate reconstructions (Habicht, 1979; Parrish 

and Barron, 1986) indicate that surface temperatures across the North Slope were above 

freezing, ft was not until approximately 1-2 Ma that subfreezing surface temperatures 

dominated the region and led to the development of thick perennially frozen ground or 

permafrost. 

Permafrost is defined as a subsurface interval of soil, superficial deposit and/or bedrock, 

with or without included moisture or organic materials, that has remained at a 

temperature below freezing for a period greater than two years (Muller, 1947; Sumgin 

and others, 1940), or more specifically, a period covering two consecutive winters and 

the intervening summer (Brown and Kupsch, 1974). Permafrost develops because the 

mean air temperature is low enough to maintain an average near-surface ground 

temperature at or below 0°C. Consequently, the depth of winter freezing exceeds the 

depth of summer thawing. This equilibrium causes a frozen layer to be added to the base 

of the permafrost each year until the downward development is counteracted by 

geothermal heat loss to the surface (Brewer, 1958; Ferrians, 1994). Thus, the lower the 
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ground temperature and geothermal gradient in a region, the deeper and thicker the 

permafrost layer can develop. 

Local variations in the thickness, area extent, and temperature of permafrost depend on 

variable thermal properties of the sediments and on local differences in the rate of heat 

flow from within the earth, climate, topography, vegetation, geology and hydrology 

(Brewer, 1958; Williams, 1970). In Arctic Alaska, permafrost is considered to be 

continuous from the continental divide in the Brooks Range northward to the proximal 

portion of the continental shelf (Ferrians, 1994). The term 'continuous' implies that 

permafrost lies beneath all or nearly all of the landscape, including small ponds and 

streams, and exhibits a temperature lower than 23 °F (-5®C) and at a depth of zero annual 

seasonal change, which is about 15 m (15 ft.) (Mull and Adams, 1989c; Williams, 1970). 

South of the continental divide, the thickness of the permafrost is greatly reduced and is 

characterized as discontinuous. Here temperatures exceed 23°F and most north-facing 

slopes and low areas are underlain by permafrost, whereas south-facing slopes and areas 

underlying bodies of water may be permafrost free (Mull and Adams, 1989c)-

Permafrost is often considered synonymous with "perennially frozen ground", although 

the matrix may be nearly ice free. This is the case for numerous locations across the 

North Slope where (a) pressured or saline pockets of water lower the ice solidus, (b) 

hydrocarbon seeps mix with the permafrost, and (c) interstitial water content is low (e.g. 

gravelly intervals) (Brewer, 1987). In fine-textured soils permafrost may be composed of 
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more than 50 percent of ice. The ice forms where water separates from saturated soils 

during the freezing process. The distribution of ground ice varies significantly in habit 

and amount occurring as films, lenses, layers, pore fillings, and other small isolated 

masses (Black, 1954; Brewer, 1987). Ground ice also occurs in massive forms such as 

sheets and domal masses within peat mounds and pingos. Active ice-wedges, which 

grow vertically through the permafrost soils, are another common mode of ground ice. 

Ice-wedges may or may not exhibit polygonal surface expression (Lachenbruch, 1962a; 

Leffingwell, 1915). Additionally, pond ice, buried icings, and buried glacial ice are other 

forms of ground ice encountered across the Arctic (Brown and Kreig, 1983; Mull and 

Adams, 1989c). 

Other factors that affect the thermal conductivity of near-surface deposits include the 

depth and areal extent of thaw lakes and rivers, the infiow of warmer waters from major 

rivers, grain size and amount of interstitial ice, the mean temperature and depth of 

seawater in the shallow, nearshore environments of the Beaufort and Chukchi Seas, 

extent of marine incursions, and the permanency of migrating nearshore deposits such as 

spits and barrier islands (Brewer, 1955; Brewer, 1958; Brewer, 1987; Lachenbruch et al., 

1962b; Rogers and Morak, 1980; Selkregg, 1975; Selhnan and Brown, 1973; Sellman 

and Hopkins, 1983). 
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2.2 J. 1 Pingos 

Pingos are scattered isolated ice-cored, dome-shaped hills, which are common to the 

permafrost regions of the world in both regions of continuous and discontinuous 

permafrost (Black, 1954; Embleton and King, 1975). Leffingwell (1919) and PorsQd 

(1938) were among the first to describe pingos on the Arctic Coastal Plain. To date, 

more than 1000 pingos have been mapped across the region. Across the Arctic Coastal 

Plain pingos exhibit heights that usually range from 2 to 15 m, with a mode of about 5 m 

(Carter and Galloway, 1979; Walker et al., 1985). Some can exceed 20 meters in height 

(Carter and Galloway, 1979). The mean diameter of the broad-based mounds is 242 m 

and the mean slope is 3 degrees (Walker et al., 1985). The higher, steep-sided pingos are 

characterized by a mean base of 72 m wide and a mean slope of approximately 8 degrees 

(Walker et al., 1985). 

Pingos are commonly subdivided into two major classes of formation; the McKenzie type 

or 'closed-system' pingo and the East Greenland type or 'open-system' pingo (Black, 

1954; Muller, 1959). Closed-system pingos initiate after a thaw lake becomes shallow 

due to infilling by sediments or draining because of stream pirating. The shallow lake 

water then freezes from the top downward. Hydrostatic pressure caused by fireezing of 

water-saturated sediments in the thaw bulb beneath the lake squeezes in on the bulb from 

the sides. Increasing pressures are relieved by the upward bulging of the thinner, less 

permeable lake sediments (MacKay, 1962; MacKay, 1973; MuUer, 1959; Walker et al.. 
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1980). The closed-system type is thought to be the most common type on the Arctic 

Coastal Plain and occurs also in the northern valleys of the Brooks Range (Hamilton and 

Obi, 1982). 

In the East Greenland or open-system pingo subsurface hydraulics play a more important 

role. They are common to the discontinuous permafrost regions of interior Alaska and 

found in many southern valleys of the Brooks Range. Open-system pingos form on the 

lower slopes where artesian pressures are greatest. Disruptions in lateral ground-water 

flow, due to rapid changes in sediment type from coarse to fine-grained deposits and/or 

because of rock fractures and faults, cause freezing to take place and pressures to increase 

locally (Bostrom, 1967; Holmes etal., 1963; 1968; Leffingwell, 1919). The pre-requisite 

of an existing thaw lake, which is the case for the close-system type, is not required for 

the formation of open-system pingos, although lakes can be associated with open-system 

pingos. Open-system pingos are characteristically found in silt and shale-nch strata that 

is commonly related to subsidence in the area. Subsidence results in the addition of 

layers to the top of the permafrost, while thawing takes place at the base of the 

permafrost as it passes out of the 0°C isotherm because of the rise in geothermal 

conductivity. The increased overburden coupled with a subpermafrost aquifer can create 

high enough pore pressure to create an artesian evacuation of waters along zones of 

weakness. Shallow lakes can form in these locations. When silted in and frozen to 

bottom the thin lake deposits can become domed by upward movement of water under 

hydraulic pressure. In a similar fashion, Pissart (1967) in a study of pingos on Prince 
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Patrick Island, N.W.T, described a type of pingo that seemed not to belong to either of 

the other two classes. These pingos occur on high ground far from any low areas and 

lakes and apparently are related to the discharge of ground water moving up faults. 

Published detailed mapping and studies of pingos across the coastal plain of Arctic 

Alaska, have so far indicated no definitive relation to structural control (e.g. Carter and 

Galloway, 1979; Galloway et al., 1978; Hickmott, 1986a; Rawlinson, 1986; Walker et aL, 

1980; Walker et al., 1985; Williams et al., 1977). The distribution of pingos has been 

linked more to the type and thickness of the unconsolidated sediments, which entrain 

them, the occurrence of thaw lake basins, and to the slope of the region (Carter and 

Galloway, 1979; Rawlinson, 1993; Williams et al., 1977). WUliams and Carter, for 

instance, interpreted that pingo formation across the central North Slope was 

concentrated in areas underlain by a thick sand or sandy alluvium. Although a small 

number of pingos do occur in areas mapped as upland silt, none apparently occur in areas 

where bedrock, rather than sand, underlies the silt. A minimum thickness of saturated 

unfrozen sediment and accessibility to pore-water are required for pingo development 

(Carter and Galloway, 1979; Galloway et al., 1978). Within areas of similar surface 

material, the formation of pingos is thought to be closely related to the draining of thaw 

lakes and the subsequent deformation and freezing of the lake sediments. 

Since the distribution of thaw lakes on the North Slope is reportedly random within a 

particular surface sediment type, it could be assumed that distribution of pingos is also 
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generally random (e.g. Brewer, 1987). Yet, a preliminary spatial statistical study of 

pingo occunence across the central North Slope done here at the UA implies that pingo 

formation is not random. If structural control can be envisioned constraining the 

morphology of some river segments and given the genetic relationship between rivers and 

thaw lake formation across plains as is discussed in Chapter 4, then it is conceivable that 

structure could play both an indirect and direct role in the development and distribution 

of pingos? The possibility of this morphotectonic linkage is explored in Chapter 4. 

13 Vegetation 

Thorough descnptions of arctic vegetation have been addressed in many professional 

reports on the Arctic, most notably (e.g. Chapman and Sable, 1960 ; Selkregg, 1975; 

Spetzman, 1959; Viereck, 1983; Walker etal., 1982; Walker etal., 1980). The following 

brief summary is mostly compiled from these reports and updated studies and 

information brochures provided by active oil producers on the North Slope. 

The two major classes of vegetation in the Arctic are tundra and taiga (boreal forest). 

The following forest types are subdivided for mapping and descriptive purposes. These 

include bottomland spruce-popular forests, upland spruce-hardwood forests, and lowland 

spruce-hardwood forests. The tundra is divided into barren ground; and wet, moist, and 

alpine tundra. Low and high shrub communities are also recognized. 
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Along the slopes and in valleys within the Brooks Range willow, balsam, popular and 

white spruce are generally confined to narrow corridors of permafrost-frost terrain along 

rivers. Bog and black spruce dominate the higher older terraces and higher cutbanks 

underlain by a higher permafrost table. Thick loess deposits, common to south-facing 

slopes, promote the growth of aspen, birch, and white spruce up to elevations no more 

than 400 m (1300 fl.) high. From 400 m up to treeline and on the thinner loess-blanketed 

north-facing slopes, black spruce dominate the forest cover. Above treeline 

(approximately 750 m (2,500 ft.), vegetation types are dominated by open stands of 

mixed black and white spruce within a carpet of shrub birch and alder. 

Except for willow bushes immediately adjacent to streams and rivers, most of the Arctic 

tundra is characterized by dwarf types of vegetation which include tufted cottongrass 

tussocks, sedges, lichens, mosses, dwarf birch, small willows, mountain heather, dwarfed 

blueberry bushes, lingenberry-mountain cranberry, crowberry, cloudberry, and numerous 

wildflowers. Most plants average less than 12 inches in height. Along with the 

underlying humus and soil in the active layer, all of this low-lying vegetation is 

collectively called tundra. 

Poorly dramed tundra occupies an estimated two-thirds of the Arctic and occurs 

throughout the coastal plain, on drainage divides, and in lowlands in the foothills. 

Cottongrass tussock, grasses, mosses, reindeer lichen, and low willows in protected areas 

and marsh or wet sedge meadows commonly characterize the tundra. The marshes 



62 

contain boggy terrane that is represented by niany shallow lakes and ponds that harbor 

sedges, grasses, aquatic flowering plants and algae. A layer of peat underlies the marsh 

vegetation in the lowland areas. 

In the coastal plains regions of Arctic Alaska poorly drained timdra dominates the 

landscape. Higher up in the foothills, marshes can be found in abandoned stream 

meander belts and lowlands. In the highlands of the Brooks Range, isolated marshes and 

small lakes also occur where frozen ground and topography combine to restrict drainage. 

Well-drained dry upland meadow or alpine tundra can be found on partly barren highland 

bluffs, in the hills in the Arctic Foothills province and on gravel bars above floodplain 

levels. Gravel bars and terraces along modem rivers are more completely covered by 

willows, grasses, mosses, and flowering plants. Higher, older terraces tend to be more 

barren except where tussock timdra encroaches. Mosses, lichens, heath shrubs, grasses 

and sedges occur in patches between barren active soil areas on the sides of bills. 

Lichens, mosses, and even specific flowering plants dominate bedrock and talus on 

hillslopes and in the more mountainous terrain where sufficient soil thickness has been 

able to develop. 

2.4 Wildlife 

Like the vegetation, wildlife across the Arctic Alaska is also abundant, variable and 

unique to the region. Only a brief synopsis is provided here. More robust descriptions of 



63 

the Arctic wildlife are available in many of the early geological literature on the Arctic 

(e.g. Chapman and Sable, 1960; LefRngwell, 1919; Smith and Mertie Jr., 1930). 

The diversity of freshwater fish is rather small with the most common being the Arctic 

grayling, followed by a variety of trout. Bird life abounds and is characterized by 

ptarmigans, hawks, falcons, plovers, eagles, geese, loons, owls and eagles. Birds of prey 

are most abundant near rivers and streams in the foothills where small manmials are more 

plentiful. Common to the coastal plain is a tremendous variety of migratory shorebirds 

that include mostly ducks, geese and swans. 

Large migratory arctic mammals include the huge caribou herds and associated wolf 

packs. Their numbers are most abundant in the summer months. Grizzly bear are more 

commonly found in the foothills region, whereas polar bears are restricted to the drifb'ng 

shore ice during the sxmmier and marginal areas of the coastal plain during the winter 

months. Moose tend to occupy the lowland area of the foothills and mountainous terrain 

of the Brooks Range, mostly the southern flanks. Musk ox can be found in certain areas 

of the coastal plain and lowlands of the foothills while Arctic foxes seem ubiquitous to 

the coastal plains and lower foothills. Colored foxes, ground squirrels, hoary marmots, 

lemmings, shrews, voles, and occasionally porcupine and rabbit are common small 

animals that can be sighted throughout Arctic Foothills and Brooks Range. 
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For this geologist the ubiquitous and tenacious mosquito and the great variety of flies and 

gnats are what ensure that doing geomorphic field work in the Arctic remains a 

memorable experience. Like the caribou, savvy Arctic field geologists have devised a 

variety of ways to minimize contact with these pests. One such strategy adopted by us 

was to camp on high ground in order to take advantage of the gentle breezes that fan the 

Arctic on most summer days 

During our field research in the foothills of the western Brooks Range, the author and 

colleagues noted that a high frequency of circular 1-2 meter wide ground excavations 

dotted the flank of a long, linear ridge that overlooked a major river that we were 

surveying (Casavant and Miller, 1999a). The stratigraphic position of the 1-2 m deep pits 

along the ridge seemed remarkably consistent suggesting to me that these features could 

be mineral exploration pits. Gil Mull of the ADGGS informed us upon our return to base 

camp that these were "bear pits", the excavations resulting from the hunting and 

consumption of the tiny and apparently delectable Arctic ground squirrel. It has been 

estimated that over the past 35 million years processes such as these and other forms of 

burrowing may be responsible for approximately 1 to 2 percent of the integrated long-

term denudation of that region, and possibly more, if one considers rates based on the 

other apparent recent activity we had noted (Scott Miller, pers. com.). When one couples 

the excavation pits with the extensive bioturbation induced by tunneling by the ground 

squirrels themselves and other animals such as foxes, the making of bear dens for 

hibernation, and the extensive tramping of large areas of the terrain by huge migratory 
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caribou herds that pass through each summer, the geomorphologist should begin to 

appreciate the role that wildhfe play as agents of long term erosion in the Arctic. 
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CHAPTER 3: REGIONAL GEOLOGY AND HYPOTHESIZED 
BASEMENT TECTONIC MODEL FOR THE AAT 

3.1 Introduction 

The AA.T is divided into three major structural provinces, which include from south to 

north: the mountainous Brooks Range, the hilly Foothills province and the relatively flat 

continental shelf of the Beaufort-Chukchi Sea and the North Slope, (Moore et al., 1994). 

The purpose of this chapter is to provide an overview of the structural and stratigraphic 

framework within each of these regions, especially in relationship to observations related 

to the first-order morphological architecture of the underlying and indenting south-

vergent North Slope plate (Puis et al., 1997). For detailed coverage of the geology of 

specific subterranes and major structural provinces the reader is encouraged to review the 

compilations ofGryc (1988), Mull (1989a), Mull (1989b), Moore(l994) and Kombrath 

(1997) from which parts of this chapter have been derived. The comprehensive 

bibliographies of these works represent several decades of the most important studies of 

northern Alaska completed by the petroleum industry, government and academia. 

The observations and interpretations presented in this chapter are derived from several 

distinctive subsurface data sets. The conjunction of these data presented a model that 

defined the lower plate's architecture as being segmented into discrete northeast-trending 

blocks. Interpreted differential uplift of the blocks partitioned and segmented structures 

in the overlying rocks of the AAT. Spatial correlations and trends of shallow and deep 

subsurface geologic lineaments, interpreted to be related to fault block boundaries. 
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indicate that the extent of the block boundaries are transplate nature. Chapters 4 and 5 

explore regional-scale linkages between surface and deep structural fabrics across the 

northern portion of the North Slope, while Chapter 6 tackles a detailed subsurface 

geological and geophysical characterization in the vicinity of the Kuparuk River and 

Milne Point oil fields on the central North Slope. This "control site" provides important 

constraints on understanding and imaging morphotectom'c linkages across northern AAT. 

3.2 Deciphering Alaskan geology—terranes, subterranes and allochthons 

Before presenting the general geologic framework of Arctic Alaska, a brief description of 

terranes mapping in Alaska seems in order. The ability to decipher the complex geology 

of Arctic Alaska was significantly advanced during the past two decades by the 

realization that Alaska was constructed firom the consolidation of numerous blocks of 

cratonic and oceanic rocks. These blocks or terranes, sometimes called microplates (e.g. 

Beck et al., 1980; Hubbard et al., 1987), suspect terranes (Coney, 1990), and 

tectonostratigraphic or lithotectonic terranes (Howell et al., 1985; Jones et al., 1987; 

Siberling and Jones, 1984; 1994) are fault-bounded packages of distinctive rocks or rock 

assemblages that are regional in their extent and distinctly different from adjacent 

packages of similar age. 

Some of the terranes are interpreted to be exotic to North America, suggesting that they 

may be far-traveled, having docked where they are as a result of sigm'ficant horizontal 
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translation and collision via conventional plate tectonic processes (Coney, 1990). 

Although there remains on-going debate as to the magnitude and style of some terrane 

dislocations in Arctic Alaska and northwestern Canada(e.g. Lane, 1997; Lane and 

Dietrich, 1995; Lawver and Scotese, 1990a), the terrane concept has done much to 

categorized and map the complexities of Arctic Alaskan geology (Moore et al., 1994; 

Mull, 1982). 

Another significant tool used in deciphering the geology of complex orogens like the 

Arctic Brooks Range fold-and-thrust belt, was the identification and mapping of 

allochthons or discrete thrust sequences (Mull, 1982). The recogm'tion and defim'tion of 

allochthons is based primarily on similarities in stratigraphic sequences, facies and 

structural position among displaced thrust sequences (e.g. Mayfield et al., 1988a; Moore 

et al., 1994; Mull, 1982; 1989a). As these studies have so effectively demonstrated, the 

mapping of allochthons has made it possible to distinguish regional or mega-structural 

patterns, from the "noise" or sheer abundance and variety of structural deformational 

features mapped across the range. 

3 J Description of tlie Arctic Alaska Terrane 

The terranes and subterranes of Arctic Alaska are illustrated in F igure 3.1. Arctic Alaska 

is composed of only two major terranes; I) the Angayuchum terrane, characterized 

mostly by oceanic basalts and siliceous pelagic rocks of Devom'an through Jurassic age 
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(Siberling and Jones, 1984), and 2) the Arctic Alaska terrane, made up of Proterozoic to 

Cenozoic continental deposits of passive margin affinity (Fujita and Newberry, 1982; 

Mull, 1982; Mull et al., 1987a; Newman et al., 1977). Of the two, the Angayuchum 

terrane is relatively thin and scattered. It is represented by the greenstone belt of the 

southern Brooks Range and the structurally highest klippen in the crestal and disturbed 

belts (Moore et al., 1994; Mull, 1982; Siberling and Jones, 1984). In places such as 

southeastern Brooks Range, this terrane is highly attenuated (Dover, 1994). 

In contrast, the thick Arctic Alaska terrane, herein referred to as the AAT, encompasses 

an estimated 95% of Arctic Alaska. The North Slope, the continental shelves of the 

Beaufort and Chukchi Seas, most of the Brooks Range and its extension into Canada (the 

British Mountains), and part of northeastern Siberia are part of major continental terrane 

or plate known as the Arctic Alaska terrane (Moore et al., 1994), also referred to as the 

Arctic Alaska plate (Bird and Bader, 1987c) and Alaska Arctic microplate (Hubbard et 

al., 1987). The AAT encompasses relatively autochthonous rocks which underlie all of 

the North Slope region of Alaska. The North Slope is a major petroleum province that 

encompasses more than 160,000 km* (100,000 mi') (Bird, 1987b) and includes all the of 

the terrane north of the Brooks Range, an undetermined part of the Brooks Range, and 

the Alaskan Beaufort continental shelf and slope adjacent to the North Slope. It includes 

the Arctic Coastal Plains and Arctic Foothills physiographic provinces of Wahrhafhg 

(1965), and can be found outcropping in various locations throughout the southern 

Foothills and Brooks Range provinces. 
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In the Foothills province, the AAT underlies Cretaceous and Tertiary foredeep 

sedimentary rocks of the Colville basin and Brooks Range orogen. The southernmost 

third of the AAT is composed mostly of east-trending allochthonous subterranes of the 

Brooks Range fold-and-thrust belt, except for the westernmost and easternmost portions 

which trend northwest and northeast, respectively (Moore et al., 1994). 

The southernmost exposure of the AAT is represented by an interpreted right-lateral 

transpressional fault zone, known as the Kobuk fault zone (Grantz, 1966) or Kobuk 

suture (Mull, 1982; Mull et al., 1987a). Along much of the Kobuk suture (Figure 3.1), 

the rocks of the AAT are thought to dip southward for some unknown distance beneath 

the Cretaceous and younger rocks of the fCoyukuk basin (Dillon, 1989a; Mull et al., 

1987b). Eastward the Kobuk fault merges with the Malamute fault to form the Kobuk-

Malamute-South Fork fault zone (KMSF) (Dillon, 1989a). This fault system cuts 

Cretaceous rocks in the Koyukuk and Yukon Flats basins as well as Paleozoic rocks of 

the Angayuchum terrane and Slate Creek subterrane (Dillon, 1989a; Grantz, 1966; Patton 

et al., 1994). The complexity of this suture is represented by not only variations in rock 

type along the fault zone and by transverse fabrics that cut across this boundary and post­

date the formation of the Kobuk suture as revealed in aerom^etic data shown in 

Chapter 8. 
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Figure 3.1 Subterranes and major structural provinces across Arctic Alaska (taken from Moore 
and others, 1994). The morphologies of the various tectom'c elements are shown in 
schematic form. The Arctic Alaska Terrane (AAT) includes the Beaufort Shelf, North 
Slope, Foothills and most of the Brooks Range structural provinces, except for pieces 
of the Angayucham terrane as indicated. Some structural and geomorphic elements 
referred to in this study include the CA = Cosmos arch-Ambler mining district; large 
bold "K" = Kupaiuk Uver field and adjacent NE-trending Oliktok Point coastline 
lineament to the west of it; small "K" = Cretaceous rocks of the Koyukuk basin; MF = 
Malamute fault; SFF = South Fork fault; TK=Cretaceous and Tertiary rocks of 
Brookian sequence; WLL = Walker Lake lineament In this inu^e the inflections 
along the Barrow arch are simplified and do not reflect the true axial inflections and 
offsets of this prominent subsurface structure. Grid lines represent 1:250,000 
topographic quadrangles. Other structural elements shown in the image are indexed 
and described in Figure 23 of Moore and others (1994). 

Along the southeastern margin of the Brooks Range the KMSF is locally expressed by 

the truncation and juxtaposition of northeast-trending Devonian and Cretaceous-age 
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lithoiogic and structural trends to the north of the fault against similarly-oriented shear 

zones in the Ruby geanticline or terrane to the south of the KMSF (Dover, 1994). 

Dextral wrench deformation along the KMSF is also inferred by the morphology of the 

northern margin of the Yukon Flats basin, shown later in this study. In the field the fault 

zone is observed as intermittent narrow zones of brittle deformation, characterized by 

abundant brecciation, fault gouge and slickensides (Dover, 1985). Significant crustal 

discontinuities are also associated with this fault zone as demonstrated by large and 

abrupt variations in aeromagnetic and gravity intensities on either side of it that are also 

discussed in Chapter 8.0. 

The western margin of the AAT is defined by the edge of the continental shelf of the 

Chukchi Sea, probably in the vicim'ty of the Haima Trough, a north and north-northeast-

trending zone of transtensional wrench faults (Thurston, 1987; Thurston and Theiss, 

1991). Theeastemboundaryoftlie AAT has been more difficult to determine. To the 

east, rocks of the AAT are juxtaposed against rocks of continental affinity that are 

associated with the North American plate (Grantz, 1966). There is a general consensus 

that the eastern margin probably lies somewhere beneath Cenozoic sedimentary cover in 

the vicinity of the Mackenzie River delta region of northwestern Canada (Grantz et al., 

1987; Grantz et al., 1990a; Hubbard et al., 1987; Moore et al., 1994), however, consensus 

on which structures define the terrane boundary has not been achieved. 
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Some workers have suggested that the Porcupine lineament, a hypotiiesized northern 

extension of the northeast-trending Kaltag wrench fault (Figs. 3.1 and 3.2), could be the 

boundary that separates the AAT from the North American craton (NAM) (Grantz, 1966; 

Norris and Yorath, 1981). They would have the northeastward projection of the Kaltag 

fault running beneath the Yukon Flats basin and aligning closely with the eastern salient 

of the eastern Brooks Range. Field relationships, however, have not yet been found that 

support this hypothetical lineament (Dover, 1994; Lane, 1992; Lane, 1998; Moore et al., 

1994). Lane discounts the northern continuation of the Kaltag fault on the basis of a lack 

of observed strike-slip faulting along thT trend north the Porcupine lineament and that a 

variety of Paleozoic and Mesozoic facies belts, a Devonian-age intrusion and regional 

gravity and aeromagnetic gradients appear to cross the supposed Porcupine lineament 

with no offset observed. 

Lane's interpretation, however, may not be totally inclusive. My assessment of the 

structural grain of the region is that it is highly complex and that the area between of the 

South Fork fault system and west margin of the North American craton in the Yukon 

Territory can be segmented into a number of major northeast-trending basement blocks. 

The block margins exhibit characteristics common to other northeast-trending tectonic 

lineaments that parallel the Porcupine fault such as the Canning Displacement 

zone(CDZ) of Grantz and May (1983a) and the Oliktok Point lineament (OPL) across the 

central North Slope. The basement block architecture in the eastern Brooks Range-

Yukon region can be determined from variations among discrete structural domains. 
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wiiich are distinguished from one another by terminations and abrupt changes in the 

strike of compressional features and deep-rooted extensional salients (Fig. 3.2). This 

method of determining the location and model the geometries of basement blocks has 

been used successfully in a variety of settings including the Colorado Plateau (e.g. Davis 

and Kiven, 1975; Davis, 1978; Casavant and Wagner, 2001) and others parts of the 

southern Cordillera of the southwestern U.S. (e.g. Casavant, 2000; 1999; Casavant and 

Horstman, 2000). Speculation, derived from observed fault and drainage fabrics 

analyzed in this shidy, suggest that the eastern margin of the ATT is characterized by a 

basement block boundary that runs northeastward from the northeast extension of the 

South Fork fault zone along the western margin of the Crow Basin and partitions into the 

Taglu fault zone (Lane, 1998; Lane and Dietrich, 1995) as shown in Figures 3.2 and in 

Chapter 7. The distribution of features, implied basement architecture and inferred 

kinematics of the eastern Brooks Range-Yukon Flats region are explored more fully in 

Chapter 7. 
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Figure 3.2 Map of major structures in northeastern Alaska and the northwest Yukon Territory, 
Canada. (HgurelofLane, 1998). The eastern margin of the Arctic Alaska terrane is 
interpreted to be a northeast extension of the Kobuk-Malamute-South Fork shear zone, 
which runs from west to east along the southern margin of the Brooks Range and then 
bends northeastward. There it marks the eastern margin of a large thrust duplex in the 
eastern Brooks Rang and runs along the western margin of the Old Crow Basin. Its 
northeast projection is a complex system of an en echelon in-line horst and graben 
structures that roughly parallels the strike of the Canadian Beaufort shelf. On the 
continental shelf this boundary is marked by the termination of an east-striking 
detachment foldbelt The cartoon block model interpretation of this complex region is 
proposed and schematically shown later in this chapter. 
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3.4 Regional tectonic framework of the AAT 

The northern and southern regions of the AAT exhibit distinctive structural and 

geomorphic characteristics that represent a complex history of basin development and 

subsequent orogenesis (Hubbard et al., 1987; Moore et al., 1994; Mull, 1982; Mull, 

1989a; Mull, 1989b). For the most part the regional structure of the northern one third of 

the AAT is represented by an uplifted, south dipping flexure beneath the northern coastal 

plain and coastline (Fig. 3.3). The flexure separates the Colville basin to the south from 

the Canada basin to the north. 

Beneath the low relief of the Arctic North Slope and continental shelf, deep structure is 

dominated by extensional deformation related to the rifting event of the AAT (Grantz and 

May, 1983a; Hubbard et al., 1987). Following rifting, subsequent uplift along the rifted 

northern margin of the AAT produced a structural hingeline known as the Barrow arch. 

The Barrow arch, also referred to as the "Barrow inflection" (Ehm and Tailleur, 1985) or 

the "Barrow sill" (Mull, 1985), is a broad structural high that trends west-northwest for 

several hundreds of miles subparallel to and beneath portions of the north Alaska 

coastline. A variety of structural traps across the arch account for the presence of oil 

fields. 
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Figure 3.3 Diagrammatic north-south cross-section of eastern Colville basin at end of the 
Cretaceous time. Pre-Brookian units are not shown. Adapted from Mull (1989a) 

South of the Barrow arch lies the east-trending Colville basin, which occupies most of the 

central part or middle one-third of the AAT. Within the northern part of the Colville 

basin thick wedges of mostly late Cretaceous and Tertiary-age sedimentary rocks onlap 

the southern flank of the Barrow arch (Figs. 3.3 and 3.4). The bulk of the sedimentary 

units of the Colville basin were derived from the uplift and erosion of the Brooks Range 

to the south. Units prograde northwards and thicken towards the axis of this deep 

foreland basiiL The deepest portions of the Colville basin or trough contain EUesmerian 

through Brookian sequences that exceed 6,100 m (20,000 ft) in total thickness (Bird, 

1988; Kirschner and Rycerski, 1988). In the southern half of the basin, these wedges are 

mostly detached from the underlying EUesmerian rocks in the form of detachment folds 

that trend east-west (Bird, 1987b; Kirschner and Rycerski, 1988; Mull, 1985; Mull et al., 

1987a). The structures are generally broad, ease-west ridge-forming synclines separated 

by narrow diapiric anticlines with steeper north limbs that transition into thrust-faulted 
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and isoclinally folded older rocks of the disturbed belt along the northern margin of the 

Brooks Range (Kombrath et al., 1997; Mull, 1985; Mull et al., 1987a) (Figure 3.2). 
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Figure 3.4 Diagrammatic north-south cross-section of the Brooics Range and Arctic Slope in the 
east-central Arctic (taken from Mull, 1989). Geologic units; sch-lower Paleozoic to 
Proterozoic schist belt; IPzP-lower Paleozoic to Proterozoic rocks; DC-Devonian to 
Cambrian metamorphic rocks; D, Devonian ricks; m-um, Jurassic to Mississippian 
mafic and ultra-maHc rocks; TrD-Triassic to Devonian rocks; TiM-Triassic to 
Mississippian rocks; J-Jurassic rocks; IK-Lower Cretaceous rocks; uK-Upper 
Cretaceous rocks; T-Tertiary rocks. 

South of the basin axis units become progressively deformed as they are incorporated 

into the Brooks Range, a north-vergent fold and thrust belt (Mull, 1982). This range is 

the culmination of polyphase deformation associated with the on-going Brookian 

orogeny. It is the result of Early Mesozoic plate movement and convergence between the 

passive margin rocks of a continental plate (AAT) and the ophiolitic rocks of a probable 

oceam'c plate-island arc complex (Angayucham terrane). This convergence involved the 

canml}aiization of a south-facing continental passive margin along what it now the 



79 

southern margin of the AAT (Hitzman et al., 1986; Moore et al., 1994; Mull, 1989b) 

(Figs. 3.1 and 3.5). 
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Figure 3.S Diagrammatic interpretation of tectonic evolution of the Brooks Range, Colville basin 
and continental margin of the AAT. eK-eariy Cretaceous, mK-middle Cretaceous. 
Modified from Mull (1989b) 

3.5 Regional stratigraphic framework of the AAT 

The geologic history of the AAT can be largely reconstructed from the rocks of three 

unconformity-bounded plate sequences; the Franklim'an, Ellesmerian, and Brookian 

megasequences, which were defined and named after similar sequences in Canada 

defined by Lerand (1973). These are represented in the generalized stratigraphic columns 
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shown in Figures 3.6 and 3.7. Figure 3.6 shows the stratigraphic organization across the 

northern part of the AAT or Barrow arch, whereas Figure 3.7 shows the generalized 

cbronostratigraphic relationship of the three sequences along a north-south transect across 

the Colville basin. 

Along the Barrow arch in the central and eastern North Slope areas, Hubbard and others 

(1987) describe a fourth sequence, the Beaufortian plate sequence. This Jurassic to Early 

Cretaceous-age interval is defined by a relatively thin package of basinal and nearshore 

marine deposits that marks the rifting of the AAT away from a highland region to the 

north. To the south and west Mull (1989a), Kirschner (1988) and others suggest only 

three sequences and correlate the Beaufortian sequence of Hubbard and others (1987) to 

the top of the upper Ellesmerian sequence. In the subsiuface of northern Alaska these 

three plate sequences are further subdivided into 8 distinctive megasequences, based on 

regional seismic stratigraphic and lithostratigraphic character. These subdivisions 

continue to provide a detailed stratigraphic framework for regional mapping and oil and 

gas exploration across the North Slope (e.g. Hubbard et al., 1987 and Kombrath, 1997 

#355). 

The Franklinian sequence, the lowest plate sequence, consist mostly of Proterozoic to 

Middle Devom'an low-grade metamorphosed clastic sedimentary rocks that are 

unconformably overlain by Mississippian and younger Ellesmerian sediments. This 

sequence is considered to be the economic basement for petroleum exploration 
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throughout the region. Franklinian rocks are thought to be sourced from a hypothetical 

northern provenance terrane called Barovia (Tailleur, 1973a). 

Multiple generations of folding and faulting within this sequence characterize a mid-

Paleozoic orogeny in northern Alaska. Beneath the North Slope the sequence is 

dominated mostly by argillites, however, in the northeastern Brook range, the sequence is 

a heterogeneous assemblage of low-grade metasedimentary and metavolcanic rocks made 

up of mixed units of limestones, dolomites, volcanic rocks, phyllite, chert, and 

graywacke. These units, which have been locally intruded by Lower to Middle Devoman 

granites (Brosge et al., 1988; Dillon, 1989a), are combined into what is called the 

Nerukpuk Formation (Brosge et al., 1962). They have been interpreted by some workers 

as eugeoclinal volcanic-arc deposits (Mull, 1989a). Deformation and deposition of the 

Franklinian rocks have been subscribed by many workers to a mostly north-vergent 

compressional event called the Innuitian or Ellesmerian orogeny in northern Canada. 

Some workers propose that a south-vergent event may have produced the sequence (e.g. 

Oldow et al., 1987). In either case, diverse rock umts were significantly telescoped and 

duplexed and several plutons of Devoman age were generated (Mull et al., 1987a). 

The overlying Ellesmerian plate sequence is the depositional record of a mid-Paleozoic to 

Early Cretaceous south-to southwest-facing passive continental margin (Dutro, 1981; 

Grantz et al., 1981; Hubbard et al., 1987; Moore et al., 1994). The base of the 
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Figure 3.6 Generalized north-south stratigraphic column for northern Arctic Alaska. A-AIpine 
Ss., Kl-Nuiqsut Ss., N2-Nechilik Ss. These marine sands produce in the recently 
discovered Alpine Field and are lithologically similar to younger sand units that 
produce in the Kuparuk Field and elsewhere. The autochthonous conglomerate-rich 
unit. Fortress Mountain Group (FM), is found in the subsurface and in outcrop along 
the northern margin of the central Brooks Range. This unit unconformably overlies 
thrust slivers and marks the closure of major crustai shortening and deformation in the 
Central Brook Range by Albian time or 100 Ma (Mull, 1982). In the western Brooks 
Range, shortem'ng ceased earlier at around 120-135 Ma, while in the eastern Brooks 
Range crustai shortening and thrusting continue today. 
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Ellesmerian sequence is marked by an angular unconformity separating it from 

polydeformed rocks of the Franklim'an Sequence (Fig. 3.6). Within the Colville basin the 

sequence reaches a thickness approaching 6,100 m (e.g. Umiat basin) and thins by basal 

onlap over basement highs. Across the Barrow arch it thins as a function of onlap, 

pinchout and truncation from multiple unconformities within the sequence. The 

unconformities are almost always associated with sandy facies that link to cyclic 

transgressions and regressions resulting from differential regional uplift and eustatic sea 

level changes. 

The Ellesmerian sequence is composed of rocks derived from a broad northern source 

area, and were deposited on a stable platform during two regional transgressive intervals 

interleaved with a major regressive cycle. The rocks and geologic history of the lower 

and middle Ellesmerian include an assemblage of mixed marine and non-marine shales, 

sandstones, conglomerates and carbonate rock units typical of the Paleozoic and Lower 

Mesozoic passive margin sedimentation that exist elsewhere across the North American 

craton. The lower Ellesmerian sequence contains the Endicott and Lisbume Group, 

which range from Early Mississippian to Early Permian. The chronostratigraphic 

sections shown here diagrammatically represent the lithostratigraphy of the sequence. 
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Figure 3.7 Generalized south-noith chronostratigraphic column across the western AAT taken 
from Kirschner and Rycerski (1988). Illustrated are variations in the depositional, 
provenance and tectonic histories of the major plate sequences. Althou  ̂not shown 
here the Beaufottian megasequence of Hubbard et al. (1986) is represented by the 
Neocomian-age rift-margin clastic units (N) that are present to the east along the 
Barrow arch, most notably within northeast-trending crustai sags that are fault 
controlled. Units of this rift-related Beaufortian sequence are detailed in Figure 3.6. 

Regional cross-sections and isopach mapping reveal that the lower portion of the 

sequence, the Endicott Group, is irregular and lenticular in thiciaiess and occurrence. 

This is the result of infilling and onlap across a highly irregular basement topography. 

Infilling of relatively deep and narrow intracratonic basins by non-marine clastics of the 

Endicott Group is suggestive of transtensional rifting and subsidence along the central 

part of the AAT during Early Paleozoic time as proposed by Kirschner and Rycerski, 
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(1988), Hubbard et al. (1987) and by this study. The composition of the Endicott Group 

includes in ascending order, shallow to deep marine and non-marine fine-grained clastic 

deposits that were succeeded by coarse-grained fluvial river and braidplain gravels and 

sands. Overlying the Endicott Group is a thick sequence of shallow marine sandy and 

shaly carbonate deposits that are indicative reduced sedimentation rates. These marine 

carbonates filled the basins and onlapped or overlapped highs within and north of the 

basin to form a broad stable carbonate platform (Bird, 1987b). The consistent 

distnbution and orientation of coarse-grained fluvio-deltaic systems within the upper 

Endicott Group and carbonates rocks within the overlying Lisbume Group, however, 

suggest a potential link with structural controls that may have giuded the distribution and 

orientation of shallower fluvio-deltaic systems across the AAT. This discussion is 

presented in Chapters. 

Overlying the lower Paleozoic section is the lower half of the upper Ellesmerian 

sequence or "middle Ellesmerian" as it is sometimes refer to (e.g. Kirschner and 

Rycerski, 1988). This chronostratigraphic sequence is represented as an unconformity-

bound package of sandstone, shale and carbonate rocks that was also sourced from a 

provenance to the north of the Barrow arch. It includes the conglomeratic to fine-grained 

clastics of the Sadlerochit Group (Echooka to Ivishak), the shaly Shublik Formation and 

Sag River Sandstone, which range firom Permian to Triassic in age (Fig. 3.7). Facies 

mapping (Kirschner and Rycerski, 1988) reveals that the sequence thins by onlap to the 

north with deposits also being successively younger or transgressive to the north. Across 
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the Barrow arch the interplay between well-developed secondary porosity within coarse­

grained units, truncation of reservoir units by regional unconformities and the presence of 

marine shales, the latter which serve as both source rocks and seals, has resulted in some 

of the most prolific stratigraphic oil plays and production settings (e.g. Prudhoe Bay 

field). 

Mull (1989a) recognized within the EUesmerian sequence three major tectonic settings. 

These include: I) an autochthonous complex in the subsurface of the North Slope; 2) an 

autochthonous to parautochthonous sequence in the northeastern Brooks Range, in which 

the rocks are deformed by detachment folding and thrust faulting; and 3) an 

allochthonous complex along the northern portion of the western and central Brooks 

Range that is dominated by thrust faulting having tens of kilometers of displacement. 

Some parautochthonous sequences are also exposed as windows or fensters near the core 

of the central Brooks Range (e.g. Mt Doonerak, Figs. 3.1 and 3.7). The rocks of the 

EUesmerian Sequence did not undergo sigm'ficant deformation until the late Mesozoic-

Cenozoic formation of the Brooks Range (Brookian Orogeny). 

The upper EUesmerian (Beaufortian megasequence of Hubbard) contains a succession of 

Jurassic to early Cretaceous (Lower Neocomian) marine mudstones that contain 

interdispersed fine- to medium-grained marine sandstone units, which coarsen-up 

towards the top of the sequence. Rocks representing the upper EUesmerian are present 

mostly in the subsurface (Hubbard et al., 1987), but distal equivalents are also exposed 
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along the mountain front of the Brooks Range (Mull, 1989a). Major units include (1) the 

thick Jurassic-age Kingak Shale Formation and (2) the overlying Early Cretaceous-age 

Miluveache, Kuparuk River and Kalubik Formations. 

In the subsurface of the North Slope, the upper parts of these mud-rich clastic formations 

transition into coarsening-upwards packages of thin interbedded shales and fine-grain 

nearshore marine sandstones. The Kuparuk River Formation contains the bulk of the 

sandstone facies and is divided into two main sand-rich sequences that are separated by a 

regional unconformity, known as the Lower Cretaceous Unconformity or LCU (Fig. 3.6). 

The remarkable linear distribution and petrologic character of the upper sands suggests 

that they were deposited in a wave-dominated setting, while the lower shalier sand units 

of the Kuparuk River Formation were more distal and deposited across a broad shallow 

marine shelf below wave-base. Across many parts of the Barrow Arch the nature of the 

LCU is not so clear as the unconformity converges with other unconformable surfaces 

within the uppermost part of the shale-rich Jurassic interval (Fig 3.6). To the south of the 

arch, the LCU is thought to be stratigraphically equivalent to the base of the Pebble Shale 

Unit, a regional marker bed that is found across much of the AAT (Fig. 3.3). 

Northeast-trending sand lobes of the lower sequence abruptly thicken and lens-out to the 

southeast in a downdip direction. Subtle, linear and regularly-spaced inflections across a 

low gradient of shelf suggest to some petroleum geologists the presence of underlying 

structural control on the shelf configuration. In the Kuparuk River Field and adjacent 
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Milne Point Field these shaly and highly interbedded marine sand units constitute the 

Kuparuk A and B Unit oil reservoirs (Fig. 3.3 and 3.4). The package is referred to as the 

Milne Point Member or Lower Kuparuk River Formation (Carman and Hardwick, 1983; 

Gaynor and Scheihing, 1988). In some locations along the southern part of the Kuparuk 

field, abrupt changes in the character of well log signatures at the contact between the 

Milne Point member and the underlying shale-rich Miluveache Formation suggest that 

the formational contact could also be unconformable. 

Similar sandstone and shales units comprise the main reservoir interval in the recently 

developed Alpine Field. (Fig. 3.6). Along the western margin of the Kuparuk River 

Field, the LCU truncates the entire Milne Point member and probably the upper portions 

of the underlying the Miluveache Formation. Approximately 50 km to the west of the 

Kuparuk River Field in the Colville River delta area, the LCU erodes down into a similar 

shale and thin sand package in the upper portion of the Jurassic-age Kingak Formation. 

These umts, informally referred to as the "Alpine Sands" serve as the main reservoir units 

within the newly developed Alpine oil field (Kombrath et al., 1997) (Fig. 3.3). Thus, the 

Lower units of the Kuparuk River, Milne Point and Alpine oil fields share several 

attributes. First, in all fields oil-prone Lower Beaufortian sandstone units are truncated 

by the regional LCU. Second, these deposits are lithologically similar and represent 

mostly storm dominated pre- and syn-rift deposits that signify a lower shoreface 

environment Third, the orientation and general distribution of these thinly-bedded outer 

shelf marine sands indicates that they were deposited along a low-gradient shelf along the 
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western flank of a complex northeast-trending crustal sag across the Barrow arch. The 

morphotectonic significance of these units in relation to observed basement faulting is 

discussed in more detail in Chapters 5 and 6. 

Sitting above these Lower Neocomian fine-grained sandstones, and onlapping the LCU, 

is a sequence of wave-dominated, nearshore marine sandstones of Upper Neocomian-age 

(Hauterivian). These units constitute the upper member of the Kuparuk River Formation 

and equivalent Kemik Formation (Carman and Hardwick, 1983: Masterson, 1987 #17; 

Eller and others, 1986). Along the strike of the Barrow arch the thickness of these units 

vary considerably, thickening within half-grabens and larger troughs. In the troughs, the 

sands become relatively continuous and well-developed as is the case for the reservoir 

sands of the C Unit in the Kuparuk River and Milne Point fields. Occurrences of the 

thickest and best-developed sands are linked to syntectom'c deposition along the 

downthrown sides of northeast and northwest-trending faults (see Chapter 6). These 

coarser units reflect erosion and deposition along a plate margin uplift following the 

successful rifting of the AAT away from a region somewhere to the north (Hubbard et al., 

1987). 

Within depositional lows across the central and eastern North Slope (e.g. Kuparuk field) 

the upper Kuparuk River Formation or Beechy Point member and equivalent Kemik 

sandstones are often capped by the siderite-rich mudstones and siltstones of the Kalubik 

Formation (Carman and Hardwick, 1983; Hubbard et al., 1987; Wethington and 
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Casavant, 1990). Where the Kemik or upper Kuparuk sandstones are absent, the LCU is 

overlain by a regionally extensive orgam'c-rich, laminated black shale that contains 

abundant matrix-supported sand grains, pebbles and shell and woody fragments. This 

umt marks the top of the Ellesmerian plate sequence and is informally known as the 

"pebble shale unit" or PSU (Figs. 3.3 and 3.7). 

The composition of the PSU is indicative of marine anoxic conditions that are often 

associated with the presence of a sediment-starved basin where the rate of subsidence 

exceeds erosion and uplift of adjacent margins. Because of its high radioactive gamma 

ray log signature the PSU is used regionally as a log correlation marker for subsurface 

mapping across the North Slope, especially throughout the Naval Petroleum Reserve of 

Alaska or NPRA (e.g. Bird, 1988). To the east of the NPRA the PSU correlates with the 

upper portion of a highly radioactive shale unit that is easily recogm'zed on wireline logs. 

This unit, referred to as the HRZ, is not only one of the richest source rocks in throughout 

the northern AAT, but it also acts as a reservoir seal for Ellesmerian units that are 

truncated by the LCU along the flank and crest of the Barrow arch (Bird, 1983; Haimila 

et al., 1990) (see Fig. 3.3). Southward, down the southern flank of the Barrow arch, the 

LCU disappears and the PSU appears to grade into the underlying Kingak Shale. Local 

and regional isopach maps and facies relationships within the PSU also indicate a 

northern or northeastern provenance similar to that for the underlying Ellesmerian 

sequence (Fig. 3.4) (Carman and Hardwick, 1983; Eller and others, 1986; Hubbard et al., 

1987). 
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Above the Ellesmeriaa sequence Ue the distal deposits of the allochthonous and 

autochthonous Cretaceous-Tertiary Brookian sequence. Deposition of these units 

represents an abrupt reversal in the location of provenance relative to the underlying 

Ellesmerian sequence (Figs. 3.1 and 3.4). The rocks of the Brookian sequence in the 

northern Brooks Elange and across Arctic North Slope were derived from the Brooks 

Range orogenic belt to the south. These syntectonic clastic deposits occur in two major 

settings: 1) a relatively thin interval of allochthonous rocks that overlie the Ellesmerian 

rocks on the allochthons of the northern Brooks Range (e.g. Okpikruak and Kongakut 

Formations, and 2) a thick section of mostly autochthonous rocks that fill the 

asymmetrical Colville foreland basin, north of the Brooks Range, onlap onto the gentle 

southern flank of the Barrow arch and prograded across the rifled margin of the AAT 

(Hubbard et al., 1987; Mull, 1989a) (Figs. 3.3 through 3.5). These units are mostly 

represented by a clastic wedge of marine and non-marine rocks of the Torok Formation, 

Nanushuk Group, and Colville Group in ascending order, which in turn are overlain by 

the glacio-fluvial and marine clastics of the Cenozoic Prince Creek, Sagavam'rktok and 

Gubik Formations (Figs. 3.6 and 3.7) 

The Brooks Range fold and thrust belt is made up of mostly allochthonous slices of the 

AAT, which were thrust northward (in present-day coordinates) as a result of the 

obduction of the Angayucham terrane and south-vergent underthrusting and indention of 

the Arctic Alaska plate (Figs. 3.3 and 3.5) (Fuis et al., 1997; Mull, 1989b; Tailleur, 
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1973a). The timing and amount of north-vergent thrusting and obduction varies along the 

axis of the orogen. Convergence began in the western Brooks Range during Middle 

Jurassic time with the major displacements being largely completed by Albian time 

across the whole range. Amounts of crustal shortening across the western Brooks Range 

are estimated to exceed 700 to 800 km (Mayfield et al., 1988a; Mull et al., 1987a). In the 

central Brooks Flange, the presence of a thick and widespread occurrence of lower 

Brookian turbidites, demonstrated by the early Neocomian-age Okpikruak Formation 

(Fig. 3.3) indicates that the convergence and uplift began sometime during the Late 

Jurassic to Early Cretaceous in the central Brooks range(Mull et al., 1987b). 

The deposition of the early Neocomian Okpikruak Formation was roughly coeval with 

the deposition of fine-grained marine sands of the middle Jurassic-Lower Cretaceous 

(e.g. Alpine and Kuparuk A-B sands, Fig. 3.6) along the northern margin of the AAT. 

These sands are coeval with an unsuccessful rifting event that occurred intermittently 

along the northern margin of the AAT (Hubbard et al., 1987). Evidence of this history is 

demonstrated by the presence of a small rift basin, known as the Dinkum graben that is 

located just offshore of the Milne Point oil field. Observations about the morphology of 

this small basin and the kinematics inferred firom the distribution and character of rift 

marginal and transfer faulting are presented later in Chapter 5. The failed rift event, 

which produced the Dinkum graben, was followed later by a successful Early Cretaceous 

rifting event, which ultimately separated the AAT firom a large continental landmass to 

the north and resulted in the opening of the deep Canada Basin. The subsurface signature 
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of the event is also represented by the widespread occurrence of the Lower Cretaceous 

Unconformity across the Barrow arch and the deposition of a syntectomc coarser marine 

clastic sequence, known as the Beechy Point Member of the Kuparuk River Formation or 

Kuparuk C-D units. A detailed characterization of these Upper Neocomian-age oil-

bearing sandstone units and their morphotectonic implications for the northern AAT is 

presented in Chapter 6. 

In the Brooks Range both Jurassic and Cretaceous orogenic events have since been 

overprinted by renewed thrusting, which culminated during the Eocene time (e.g. 

O'Sullivan and others, 1993). Crustal shortening has remained active through the 

Cenozoic and is especially apparent in the northeastern Brooks Range(Grantz and May, 

1983a; Carter et al., 1987; Rawlinson, 1993). The high elevation of the northeast Brooks 

Range is a function of crustal thickem'ng related to continued thrusting and shortening 

throughout the late Tertiary and Cenozoic(Mull, 1989b; Wallace and Hanks, 1990). 

Foredeeps to the northwest and east of the range result from the loading of north-vergent 

nappe emplacements and thick accumulations of Upper Cretaceous and Cenozoic 

foreland basin sediments, which rapidly erode from the elevated region (Grantz et al., 

1987). Estimates of nappe displacements vary, but the total amount of shortening is 

estimated to greater than 400 km (Rattey, 1985). Cenozoic thrusting in the eastern 

Brooks Range is, however, greatest to the east of a narrow, northeasterly striking zone of 

earthquake epicenters known as the Canning displacement (fault) zone or CDZ (Fig. 2.2) 
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(Grantz and May, 1983a). According to Grantz and others (1990a), the CDZ represents 

an extension of Aleutian arc Benioff zone earthquakes from stem from central Alaska to 

the Beaufort Sea. Interpreted counterclockwise rotation of fold axes, faults, geological 

contacts and P-nodal solutions or focal mechamsms of earthquakes indicates that the 

CDZ continues to be a zone of left-lateral displacement (Fujita et al., 1990a; Grantz et al., 

1983b). Roughly 25 to 50 km of left-lateral displacement have been assigned to 

Cenozoic displacement based on the restoration of rotated structures along or within the 

CDZ (Grantz et al., 1983b). My analyses of available data suggest that this sense of left-

lateral displacement is plausible and may be characteristic of other northeast-trending 

basement fault block boundaries that underlie the cover rocks of the AAT. Parallel 

basement fabrics throughout are well represented by composite aeromagnetic data 

(shown later in Chapter 8). Until a sufficient amount and density of subsurface data is 

made available, the morphotectonic significance of the CDZ will continues to be a 

subject of healthy debate and study among Arctic workers. 

1.2 Introduction to the AAT basement block model 

T think of the basement as mack up ofdiscrete rectangular mattresses, tying roughly side-by-side 
that are covered by (taped and crumpled sheets of cover rocks. Linear geomorphic and 
subsurface geologic anomalies that systematically transverse the deformed sheets and covers can 
be seen and reveal to us how the underlying mattresses might be arrcmged. Fortunately, the 
lineaments are usually associated with both subtle and obvious changes in the continuity and 
morphology of both geomorphic and geolo^cfeatures across the Arctic," 

("back of the napkin" notes recorded during a 1998 coffee chat with polar researcher and 
colleague, Scott Miller). 
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With the regional geologic framework of the AAT now established, it is time to introduce 

a composite geotectonic model for the AAT that resulted primarily from a preliminary 

study of spatial and genetic linkages between surface and subsurface features across the 

central North Slope. The model, shown in Figure 3.8, suggests that the AAT is a block 

faulted terrane or microplate, whose basement rocks have long been partitioned into 

discrete northeast-trending rectangular megablocks whose long axes trend northeast-

southwest. Lineaments, observed on surface and subsurface mapping, suggest that the 

long dimensions of individual blocks vary as a result of northwest-trending conjugate 

block faulting whose location and distribution are postulated as being influenced by 

Precambrian to early Paleozoic rift-bounding and transverse faults. 

The architecture of the Brooks Range fold and thrust, Colville foreland basin and the 

paleo-rift margin beneath the coastal plain (the Barrow arch) are all interpreted to be 

structurally partitioned by the same basement megablock architecture. When projected 

southward, geomorphic and subsurface lineaments, first observed along the northern 

margin of the AAT, appear to be coincident with partitioning of Paleozoic to Cenozoic 

geomorphic and structural features across structural provinces to the south. This 

important spatial relationship indicates that some lineaments observed across the coastal 

plain and underlying Barrow arch are actually transplate in nature. In other words, some 

block domains may extend across the whole AAT. The model implies that the AAT may 

be a tectonically active terrain that is characterized not just by active north-vergent 

compressional deformation in the eastern Brooks Range. Periodic deformation, both 
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subtle and probably aseismic, is inferred across much of it breadth. The model predicts 

that block margins are defined by conjugate fault sets that involve small amounts of 

shearing and differential uplift and tilting of the blocks. Small amounts of block rotation 

as consolidation continues as a result the far-field partitioning of stresses associated with 

the subduction of the Pacific plate beneath Alaska. 

The purpose for presenting the model in the early part of the dissertation is to provide the 

reader a mental image or picture of the tectonic framework that they could refer back to 

as more data, observations and interpretations are presented. In this way the reader can 

assess independently how various genetic and spatial linkages are derived relative to the 

model. The mattress metaphor mentioned above, indicates that the first- and/or second-

order organization of the "sheets and covers" has provided ii\formation about the general 

architecture of the underlying basement. Although this seems quite sound, it still remains 

quite remarkable to me that this does indeed happen, given the fact that a thick sequence 

of sedimentary rocks covers much of the region. The cover rocks include a thick package 

of Paleozoic-age rocks of continental passive margin affinity that is overlain by an even 

thicker, and relatively deformed sequence of Mesozoic- to Cenozoic-age foreland basin 

and rift-margin sediments. One might expect that this cover could have effectively 

masked or subdued the linearity of deep basement block fabrics. Yet, the large number 

of linear discontinuities or lineaments observed on the surface and throughout the 

covering interval is amazing. This same observation and fascination with the propagation 
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of deep fault fabrics has been expressed by others (e.g. Gay, Jr. 1995, 1999; Zolnai, 

1991). 

The role of basement architecture has long been recogm'zed across many passive margin, 

rift and foreland basin settings throughout the world (e.g. Allen, 1965; Barosh, 1990; 

Gay, 1995; Gay, 1999; Kingma, 1958; Kinsland, 1986; Lister etal., 1991; Marpleand 

Talwani, 1993; Marple and Talwani, 2000; Stevenson and Baars, 1986; Thomas, 1974; 

White et al., 1986, Sutton, 1986 #430; Zolnai, 1975; Zohiai, 1991). Where the 

distribution of surface and/or subsurface have been sufficiently dense to recognize the 

basement block architecture in these geological settings, it has been shown that the 

majority of regions contain through-going basement discontinuities (mostly transcurrent 

faulting), which have had pronounced influence on the geometry and formation of large-

and moderate-scale basinal and orogem'c features. This is most often identified by the 

segmentation of deformational belts and the focusing of depositional and geomorphic 

discontinuities across the region. I believe this scenario also applies to the Arctic Alaska 

terrane where faulted block margins, identified or inferred, can be linked to neotectonic 

deformation, as well the emplacement of important ancient and modem mineral, 

petroleum and water resources. 

Throughout the following chapters, a re-examination of a great number of geomorphic 

and subsurface geologic data across the AAT should help the reader determine whether 

the morphotectonic model is plausible. If so, it can be easily integrated into current 
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tectonic models of the AAT. In general sense, the block boundaries shown in Figure 3.8, 

are characterized by conjugate rectilinear to curvilinear lineaments. These include north-

and northeast-trending transverse fault zones that segment surface and subsurface 

features across the AAT and account for the observed differential uplift or subsidence 

that segments east-trending structural provinces such as the Barrow arch and Colville 

foreland basin. Predominantly west- and northwest-trending normal and/or thrust faults 

largely bound the northern and southern the margins of the blocks. 

In subsequent chapters the reader will be exposed to data and interpretations that show 

that some prominent tectonic and modem geomorphic lineaments, associated with block 

boundaries, are spatially and temporally coincident with major ancient sediment-dispersal 

routes that traverses the whole of the AAT. These boundaries established structural 

control on the evolution and morphology of major depositional basins and subbasins 

across the region. Additionally, it appears that the offshore projection of inferred and 

observed block fabrics along the northern margin of the AAT may also have played a role 

in the general morphology of the continental shelf and slope of the Alaskan Beaufort and 

Chukchi Seas and on the location of some Tertiary- and Quaternary-age submarine 

canyon complexes as well. Other related data and map analyses (not presented in this 

dissertation) reveal that a good alignment also exist between onshore transverse fabrics 

along the rift margin and continental shelf and interpreted ocean transform faulting in the 

deep Canada Basin, observed on marine aeromagnetic and gravity data (Vogt et al., 1982; 

Laxon and McDoo, 1994). 
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A detailed characterization spatial linkages between surface and subsurface features 

along one of the basement block boundaries is presented in Chapter 6. Linkages are 

determined from the correlation of surface and subsurface elements interpreted from 

high-resolution surface and subsurface maps in the area. In Chapter 8 the observations 

and interpretations offered in the preceding Chapters 4 through 7 are supported by well-

defined, composite aeromagnetic mapping of the terrane (e.g. Saltus and others, 1999). 

Aerom^etic maps indicates that the lineaments not only extend across much of the 

northern AAT, but that some deep-seated lineaments probably continue southward and 

beneath the northern edge of the Brooks Range fold and thrust belt as suggested and 

characterized in preliminary tectonic geomorphic analyses by Casavant and Gross 

(1998a, 1998b). In some cases, one can even observe on the aeromagnetic data what 

appears to be the persistence of basement lineaments southward of the southern surface 

expression of the AAT (Kobuk suture). The apparent pervasiveness of the tectonic fabric 

across the AAT indicates that the basement is a more complex collage of crustal blocks 

than what is illustrated in the generalized model in Figure 3.8. 

The piano keyboard or parquet-like basement architecture and inferred kinematics, shown 

in Figure 3.8, are not at all unique to the arctic. The geomorphic lineaments at the scale 

of those assigned to the AAT model are similar to fabrics demonstrated by field mapping 

and geophsyical mapping across other thrust belts or pericontinental margin settings (e.g. 

Zonai, 1975; Lawton et al, 1994; Casavant and Horstman, 2000). Basement faulting has 
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also been linked to segmentation of ancient and modem passive margin and intracratonic 

settings (e.g. Allen, 1965; Barosh, 1990; Bezerra and Vita-Finzi, 2000; Casavant, 1999c; 

Casavant, 2000; Casavant, Wagner and Giddings, in press; Davis and BCivan, 1975; 

Frostick and Steel, 1993; Gay, 1995; Karistrom and Bowring, 1988; Kingma, 1958; 

Kinsland, 1986; Lister et al., 1986; Marple and Talwani, 2000; Page et al., 1995; Thomas, 

1974; Titley, 1976; and Zolnai, 1991). In these and many other studies the deep crustal 

lineaments were interpreted as long-lived E*recambrian-age shear zones that have been 

subject to repeated reactivation through a wide range of principal stress regimes. 
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Figure 3.8 Conceptual geotectom'c model for the basement rocks of the Arctic Alaska terrane 
(AAT). Nomenclature and structural features adapted from Dover (1994), Lane 
(1998), Moore et al. (1994), Mull (1982), and Plafker and Berg (1994b). 
Physiographic provinces are outlined by dashed lines. Asterisks = potential position of 
small basins (sphenochasms) inferred by the model; larger full arrows = relative 
magnitude and sense of vergence, small half arrows = sense of fault displacement. 
Although shown in schematic form, the approximated dimensions and (^stributions of 
many of the major block boundaries are based on observed, interpreted and inferred 
positions of geomorphic and subsurface lineaments presented in this study. Dextral 
transpression along the KMSF, the surface expression of the southern boundary of the 
AAT, is interpreted to link up with the TAP in defim'ng the eastern margin of the 
terrane. Motion along this boundary is derived from the north-northwest transport and 
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indentation of terranes at and along the southern side of the oroclinai bend (intersection 
of the Kaltag and Tintina strike-slip fault systems). A small amount of antithetic block 
rotation and shearing results from the differential underthrusting of the AAT blocks 
beneath obducted terranes of the Koyukuk terrane. Hypothesized kinematics are 
illustrated by the simple shear model shown above. ACP, Arctic Coastal Plain; AF, 
Arctic Foothills; BP, Bonnet Plume basin, BM, Baird Mountains; BT, Blow trough; 
CBR, central Brooks Range; CDZ, Canning displacement zone; CRR, Charlie River 
recess; DM, Delong Mountains; EBR, eastern Brooks Range; ELF, Eskimo Lakes 
shear zone & western edge of N. Am. Craton; KF, Kaltag shear zone; KMSF, Kobuk-
Malamute-South Fork dextrai shear zone; MD, Mackenzie River delta; OC, Old Crow 
pull-apait basin; OH, outer hingeline of Canadian Arctic Islands; OPL, Oliktok Point 
lineament; PB, Point Barrow lineament; RG, Ruby Geanticline-shear zone SP, Seward 
Peninsula; TAF, Tarsuit-Amauligak fault zone, TAG, Taglu shear zone; TF, Tintina 
shear zone; VC, Victoria Creek splay of Kaltag fault; WLL, Walker Lake lineament; 
YF, Yukon Flats; YTU, Yukon-Tannana uplands. 

3.6.1 Discussion: General implications of the model 

The reader should note that modeled block boundaries trend oblique to the regional strike 

of ancient transtensional rift margins, which characterize the northern and southern edges 

of the AAT. The northern margin of the AAT (Alaskan Beaufort shelf) was formed from 

rifting during the mid-late Mesozoic, while the southern margin of the AAT (southern 

Brooks Range) was occupied by rift fabrics developed by rifting during the Early 

Paleozoic (Moore et al., 1986). Since the Late Jurassic, stresses have been partitioned 

along the curved transpressional southern margin of the AAT or the dextral(?) Kobuk-

Malumute-South Fork fault system (KMSF). The remarkable spatial correlation of 

geomorphic lineaments along both margins and through the central part of the AAT and 

structural and depositional discontinuities in the subsurface of the Colville basin and 

through the Brooks Range indicates to me that some of the fabric could well be transplate 

in nature. 
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The general architecture of the block model implies that some of the stresses, currently 

accumulating from thrusting and crustal indention in the eastern portion of the AAT, 

ought to be partitioned westward in a decreasing fashion across the highly faulted terrane 

as block domain undergo consolidation. Accumulate stresses and strain are related to the 

continued north-vergent compression and subduction far-field Pacific-North American 

plate during the Late Mesozoic and Cenozoic. Deformation would be not only be 

manifested as block consolidation, but also crustal shortening and differential uplift and 

small amounts of clockwise rotation about a vertical axis. The model suggests that a 

significant amount stress should be partitioned along the margins of the blocks. Because 

of the highly faulted nature of the basement and the oblique orientation of the crustal 

blocks relative to the regional principal stress direction, aseismic deformation might be 

actually more prevalent along the margins that we realize. This could explain, in part, 

why earthquake activity is greatly dimim'shed or absent west of the eastern Brooks 

Range. 

Since much of the AAT is underlain by the rigid and thick North Slope plate of Fuis and 

others (1997), I propose that the block or parquet (keyboard) morphology of the terrane 

could be inherited from reactivation of relict transfer-transform fault zones, which played 

a role in the rifl history of the plate. As shown in Figure 3.1, the northern half of the 

AAT is made up of the autochthonous pre-Cretaceous rocks of the North Slope plate and 

an overlying blanket of thick sequences of Brookian-age passive margin sediments. The 

southern portion of the AAT is characterized by the indentation and partial coupling of 
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the North Slope plate to the lower crust beneath an obducted and complexly deformed 

allochthonous portion. This portion of the plate includes the Brooks Range orogen and 

southern Foothills region of the AAT. The morphotectonic model points to a predictable 

variability in the structural, stratigraphic and geomorphic character of the cover rocks 

across the AAT. Indeed, this is just what is observed across the strike of the terrane. The 

variability, of course, is governed by the orgamzation of the underlying basement blocks 

and differential uplift along block margins. 

Regional and detailed local mapping along the Barrow arch reveal that the changes in 

trend correlate spatially with fault zones that separate blocks of differential uplift and 

tilting at the plate margin edge. These in turn are expresses as regional geophysical 

lineaments that are seen on local and regional gravity and aeromagnetic surveys. These 

lineaments often define the margins of intracratonic sags, subbasins and uplifts across the 

Barrow arch and the Colville foreland basin to the south. They also appear to mark areas 

where changes in the trend and amount of crustal shortening associated with the Brooks 

Range fold-and-thrust belt are noted. The regional extent of many of the surface and 

subsurface lineaments points to the transplate nature of some of the block boundaries. 

More recent subsurface mapping and seismic data now suggest that an undetermined 

amount of translation has probably occurred along some of the block margins. Obvious 

discontinuities and left-stepping inflections along the Barrow arch suggest an apparent 

sim'stral translation (?) or offsets that ranges firom less than 25 km to more than 75 km. 1 
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am cognizant that some of this apparent translation could be related to the map 

expressions of stratigraphic um'ts resulting from differential uph'ft, block tilting and 

truncation of relatively shallow basement rocks at some locations. Because the locations 

of discontinuities along the arch spatially correlate so well with pronounced irregularities 

in the shoreline of the overlying Beaufort Sea coastline (e.g. OPL) and with the linear 

distal river segments that flow over the arch, the issue of previously unrecogmzed 

neotectonic deformation was also tackled in this study. 

The basement lineaments seen across the northern half of the AAT are spatially linked to 

complexly deformed and diffuse fault zones. As this dissertation will reveal, these zones 

often coincide with zones associated with higher than normal heat loss, complex 

stratigraphic and structural relationships, and in some case, by differential structural 

inversion of basinal features. The distribution of this linear fabric, interpreted as 

transcurrent, is probably guided by long-lived anisotropics within the basement rocks 

(e.g. older fault fabrics reactivated by rifting, facies changes and suture zones). The 

basement block fabric is apparently maintained upward through a thick column of 

sedimentary cover. This is validated by the presence of reactivated fault structures, 

abrupt facies changes at block boundaries and a spatial linkage between modem and 

ancient depositional systems that may have been constrained to zones of weakness and 

differential uplift that characterize the block margins. Differential reactivatioa along 

faulted block margins is most often governed by the orientation of the crustal blocks 

relative to the regional or local stress/strain field set up by block consolidation and larger 
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plate stresses (Coward, 1994; Zolnai, 1991). The exceptional commonality that exists in 

the orientation and distribution of the basement fault fabric and Cenozoic structural and 

depositional landforms across the AAT indicates that deformation has been propagated or 

reactivated in a stress/strain field that has remained relatively consistent in orientation 

throughout time (e.g. Coward, 1994). 

Now the presence of long-Uved wrench-fault systems does not necessarily mean that a 

large amount of horizontal displacement has occurred along them. Furthermore, 

displacement along such zones may not have been consistent in sense of slip. Instead, I 

would propose that total displacements along a block margin is probably the summation 

of small increments of alternating horizontal and vertical displacements over long periods 

of geologic time as basement blocks jostle, consolidate and slightly rotate. Thus, I can 

imagine that small to moderate horizontal offsets (<1-10 km) may be all that is required 

to keep these zones active. Yet, even small lateral shifts of crustal blocks can create 

sizeable vertical anomalies since crustal attenuation is not required with this type of 

architecture (Mann, 1997; Sylvester, 1988;Zohiai, 1991). This would be especially true 

for regions of thick crust such as the Arctic, where the typical crustal thickness is on the 

order of 30 km or more (Puis and Plafker, 1991; Moore et al., 1994). 

A small amount of block rotation and internal antithetic shearing along block boundaries 

is implied by the block model as dextral transpression continues along the southern 

faulted margin of the AAT. Consequentfy, small to moderately-sized deep intracratonic 
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pull-apart basins and sphenochasms, resulting from the transtension opening of small but 

deep small basins at the intersection of conjugate transcurrent faults and old rifl bounding 

faults, are predicted to occur along the southern margin by the model (Fig. 3.8). Similar 

kinematics were proposed for the formation of the enigmatic Early Paleozoic-age 

triangular-shaped Meade and the segmented rhomb-shaped Ikpikpuk-Umiat basins in the 

deep the Colville foreland basin (Fig. 3.7). These basins were interpreted from regional 

seismic and well log cross sections iiv the NPRA (Grantz et al., 1994; Hubbard et al., 

1987; Kirschner and Rycerski, 1988). A few of the individual block boundaries or 

lineaments proposed in this report have already been described in previous independent 

studies, however, they were not presented in as regional a context as this dissertation does 

(e.g. Grantz and May, 1983a; Grantz et al., 1994; Hitzman et al., 1986; Hubbard et al., 

1987; Moore et al., 1994; Mull, 1982; Mull and Sonneman, 1974b; Mull and Sonneman, 

1974c; Siberling and Jones, 1984; Smith, 1987; Tailleur, 1973a). 

2.6. U Reactivation, basin inversion and plate tectonic setting 

It is easy to envision that intraplate fabrics of the AAT model should have been 

reactivated during rifting and orogenic events, which took place along the margins of the 

AAT. It is inferred that the block architecture was inherited from Precambrian structural 

and stratigraphic am'sotropies that played a role in rifting events along the both the 

southern and northern margins of the AAT in the Paleozoic and Mesozoic, respectively. 
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Subsequent transpressional events occurred along die southern margin of the AAT from 

the early Paleozoic to the present. 

Northeast-trending basement faults, manifested mostly as reactivated transfer strike-slip 

faults and lateral ramps structures, are probably inherited from long-lived Proterozoic to 

Early Paleozoic transform-transcurrent fault zones. Differential crustal flexure and 

compression along the strike of the AAT resulted in structural inversion and fault 

reactivation along these transverse zones, which is interpreted as causing the structural 

and geomorphic segmentation that is seen across the Barrow arch, Colville basin and 

Brooks Range orogen. Segmentation of orogem'c belts due to underlying amsotropies is a 

common trait of many orogens (e.g. Butler, 1989; Cooper et al., 1989; Moore et al., 

1994). In this study I also propose that the migration of ore-bearing hydrothermal fluids 

along deep-seated fault zones and emplacement of polymetallic mineral deposits 

throughout the southern Brooks Range (Dillon, 1989a and this study; Einaudi and 

Hitzman, 1986; Goldfarb et al., 1997a) is related to the location of deep transverse and 

rifl-parallel crustal fabrics. Northeast-trending fault block boundaries also appear to 

exhibit control on the trends and morphology of ancient and modem fluvio-deltaic 

systems and nearshore marine deposits and structure. Correlative modem drainage 

asymmetries, abmpt changes in river trends, linear coastline segments and the locations 

of marine embayments and offshore submarine canyons (discussed in Chapter 3) are just 

some of the regional geomorphic features that infer diat block tilting and differential 

uplift may still be occurring beneath the surface of the AAT, albeit subtly. 
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Conjugate west-northwest trending fault systems also exhibit a long record of 

reactivation. This pervasive structural fabric was probably inherited from the formation 

of early rift-bounding transtensional basins that bordered the margins of the AAT. Along 

the southern margin of the AAT, these basins and extensional faults have been inverted 

and linked to the differential transpressional deformation and uplift along that margin. 

Composition and rapid lateral variations in these Early Paleozoic facies have inferred the 

presence of marginal and transverse rift basins along the east-trending southern margin of 

the AAT that existed prior to cannibalization and shortening associated with the north-

vergent shortening of the Brooks Range (Einaudi and Hitzman, 1986; Hitzman et al., 

1986; Moore et al., 1986; Mull, 1982; Mull, 1989b; Mull et al., 1987a). It is conceivable, 

given the model here, that small rift margin basins (e.g. sphenochasms) could have been 

preserved at the offset comers of blocks as a result of alternating episodes of transtension 

and transpression and minor block rotation along the margin (Figure 3.8). Right-lateral 

transpression and underthrusting of basement blocks beneath the obducted crustal flakes 

and telescoped subterranes along the southern margin of the AAT or Kobuk-Malamute-

South Fork fault zone (KMSF) could be producing a minor amount of clockwise rotation 

of the AAT megablocks about a vertical axis. Unfortunately, the detection of block 

rotation through paleomagnetic analysis has not been successful due to the significant 

overprinting associated with regional metamorphism during the Brookian orogeny 

(Hillhouse and Coe, 1994). 
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It is also probable that during the incipient stages of the Brooldan orogeny differential 

inversion of such basins may also have taken place. The recognition that basinal 

inversion is often associated with long-lived zones of crustal weakness, deposition of 

coarse-grained basinal facies and the buttressing of overlying thrust sheets against 

backstops, such as the footwall of pre-existing high-angle normal faults, has benefited 

greatly from advances in seismic imaging and modeling techniques (e.g. Butler, 1989; 

McClay, 1989). Indeed, explored in this report is the hypothesis that the segmentation of 

the east-trending subterranes across the Brooks Range and the em'gmatic height and 

intensity of deformation within the core of the Brooks Range as noted by Mull (1982), 

may be linked to the differential buttressing and telescoping of terranes. It is 

hypothesized that differential buttressing, shortening and uplift were guided by 

underlying transverse fault zones along a south-facing north margin of an earlier east-

trending rift basin. Differential underthusting and flexure of blocks in the lower North 

Slope plate resulted in the upward propagation of faulting into overlying Northern 

Alaskan plate, as defined by Fm's and others (1997). More and more studies (e.g. 

Coward, 1994; McClay, 1989; Butler, 1989) are showing that structural inversion is more 

often associated with the transpression of former rift basins that are postulated to occur 

along the southern margin of the AAT (e.g. Mull, 1982). 

There is little doubt that crustal inversion relates to large variations in composition and 

rock mass strength of the units involved. In the case of the southern margin of the AAT 

this would apply to the weak north-vergent thrust sheets and the more rigid and thick 
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underthnisted blocks of the North Slope plate. One might expect differential flexure of 

the lower "piano keys" as they were loaded by the obduction and thrusting and stacking 

of the cover rocks. The observed relative differences in thickness and density between 

the blocks of the lower and upper plates (Puis et al., 1997) could well account for 

differences height, isostatic rebound, and intensity of deformation across the Brooks 

Range. Resistance from crustal buttressing and inversion associated with increased dips 

of the underthrusted blocks of the North Slope plate along the southern margin of the 

AAT. This could explain the apparent remarkable rigidity of the North Alaskan plate that 

was noted by Puis and others (1997) and the sigmficant and differential uplift of the 

range, despite the relative small size of the North Alaska plate as a crustal indentor. 

The basement block model, presented in Figure 3.8, can also be integrated into current 

regional plate tectonic models of Arctic Alaska, which take into account the on-going 

consolidation and uplift of the eastern Brooks Range and the counter-clockwise rotation 

of Arctic Alaska as a result of far-field intraplate stresses derived from the subduction of 

the Pacific plate (Plafker and Berg, 1994b). In one sense I envision the Cenozoic 

deformation of the AAT in the form of an indention-tectom'c escape model (e.g. Burke 

and Sengor, 1986). Tectonic studies have already suggested that the indentation of the 

buoyant Yakutat continental terrane and partial coupling of the subducting Pacific plate 

along the southern margin of the Alaskan craton can account for the transmission of 

stresses far north to the Arctic (e.g. Moore et al., 1994; Plafker and Berg, 1994b). This 

inboard partitioning is accomph'shed through continued consolidation and translation of 
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cnistal flakes and subterranes along major transcurrent fault zones such as the Queen 

Charlotte-Fairweather system and the Denali and Tintina fault systems. The 

identification of block rotation, tilting, and internal antithetic shearing observed in within 

terranes adjacent to and south of the AAT (e.g. Page and others, 1995) offers an attractive 

model for the AAT. Recognizing that the basement of the AAT may also be segmented 

into discrete basement domains makes it possible to conceive that (1) regional stresses 

would transmitting stress along block margins and towards the freeboard margins of the 

AAT, (2) surface and subsurface geomorphic and geologic elements across the Arctic 

may be genetically and spatially linked to each other, and (3) sites of structural inversion 

could be more prevalent throughout the region than has been previously modeled. 

3.6.1.2 Commentary on neotectonic deformation 

One could draw the conclusion &om the current literature that neotectomc deformation in 

the Arctic is restricted to only the eastern Brooks Range and associated offshore foreland 

basin sediments (Grantz et al., 1990a; Moore et al., 1994; Plafker and Berg, 1994b). 

Spatial relationships between the geomorphology and deep-basement fault zones 

introduced so far in this study indicate that basement reactivation and neotectomc 

deformation may be actually more prevalent across the AAT than has previously been 

assigned. Support for this idea comes from the notion that the basement architecture, as 

deduced in this research, is the same as was deduced from seismic studies and geological 

mapping of terranes between the Tintina and Denali wrench fault systems (Page et al.. 
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1995) just to the south. The AAT is bordered by active wrench deformation along its 

southern, western and eastern boundaries (Dillon, 1989a; Dover, 1994; Jones et al, 1987; 

Lane, 1998; Mull, 1982; Thurston, 1987; Thurston and Theiss, 1991). Evidence for 

shearing along the northern boundary of the AAT is suggested by en echelon fault 

patterns that were observed on proprietary seismic maps by the author. This evidence is 

presented in Chapters 4 and 6. Intrapiate shearing and differential block faulting across 

the AAT have been identified or inferred by Mull (1981), Mull and Sonneman (1974a, 

1974b, 1974c), Casavant (1997) and Casavant and Miller (1999). 

Finally, it is hoped that the block model presented here will pose new questions and 

provide new insights into our understanding of intracontinental deformation across 

northern Alaska as well as on the formation of the adjacent Canada Basin. The formation 

of the Canada Basin has been a hot subject of debate for some time now (e.g. Lane, 1997; 

Lawver and Scotese, 1990a). Preliminary research by this author on morphotectonic 

linkages between oceanic transform and transcurrent fault fabrics in the southeast Pacific 

appears to hold promise for advancing the understanding of the formation of the Canada 

Basin fabrics. 

3.6.2 Closing remark on transcurrent faults and block architectures 

It is not surprising that keyboard basement architectures and associated transcurrent fault 

zones sometimes go unidentified if one pnncipally employs conventional field mapping. 
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This can occur where synoptic imagery may not be available and/or is not accessed. This 

can also result if the scope of geologic and geophysical studies remain too provincial. 

Across the arctic a variety of geological and geomorphic factors conspire to mask 

basement block domains and transcurrent faulting across the Arctic. Some of these 

include (I) the high degree of structural complexity that physical models predict should 

characterize these long-lived zones of deformation (e.g. overlapping of compressional 

and extensional deformation, (2) the subsidiary amounts of dip slip relative characteristic 

of wrench fault deformation), (3) the tendency for faulted block margins to sometimes be 

covered by deposition and masked by erosion processes and sediments, and in some 

cases, (4) the lack of an interpreter's experience in recognizing and linking geomorphic 

and subsurface geologic indicators across such a vast and complexly deformed region. 

Well log and reflection seismic data are expensive to acquire in the characterization of 

deep basement fabrics. Remote sensing products such as aerial photos, satellite imagery, 

isostatic Bouguer and residual aeromagnetic maps, however, are more cost-effective. 

When coupled with high-resolution DEM data, they can identify major structural and 

stratigraphic linkages across vast regions like the Arctic Alaska. Field or structural 

geologists should always seek to incorporate these data and morphotectom'c analyses in 

their work. Regional arctic studies would also be greatly enhanced if we could step up 

efforts to develop and incorporate on a more regional basis high-resolution 

geochronological dating techniques (e.g. Noller et al., 1996; O'Sullivan and others, 1993), 
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reflectioa seismic data and paleoseismic studies, although the high costs of such studies 

can often negate the return on investment in the short run. 

This study also underscores the importance of continuing multidisciplinary studies and 

taking on GIS-based regional geomorphic and hydrologic studies throughout the Arctic, 

in addition to mineral and oil and gas exploration. If many map products of this research 

could have been initially assembled within a GIS format, I could have taken advantage of 

the extensive federal and state geological data bases that I know already exist 

Eventually I plan to have data and maps from this study reformatted, digitized and 

entered into a GIS architecture. The framework is interactive and cost-effective and can 

become the mainstay of future arctic research if organizations such as the USGS market 

basic GIS data at no cost to university researchers and students. It is hoped that this study 

causes others to formulate new ideas and questions that will advance or rectify our 

understanding of basement architecture and morphotectonic linkages in intracratonic and 

across passive margin settings. This study demonstrates that regional geomorphic 

studies, when integrated with subsurface and surface geological mapping, can serve as an 

important guide in resource exploration, development and preservation efforts across one 

of this nation's most important regions for natural and economic resources. 



116 

CHAPTER 4; GEOMORPmC INVESTIGATION OF MORPHOTECTONIC 
LINKAGES ACROSS THE NORTHERN AAT 

"Morpholecionics"—The tectonic interpretation of the morphological or topographic features of 
the &rth' surface; it deals with their tertonic or structural relations and origins, rather than their 
origins by surficial processes of erosion and sedimentation. (R L Bates and J. A Jackson, eds., 
1980, AGI Glossary of Geology) 

4.1 Introduction 

This chapter introduces a variety of geomorphic elements, mostly lineaments, which I 

have observed spatially correlate with structural and stratigraphic features that have been 

mapped in detail by the U.S. Geological Survey and petroleum industry companies and 

reside thousands of meters below the surface. Some of the geomorphic elements such as 

anomalous coastline lineaments and aligned river patterns were the first features to catch 

my eye. 

4.2 The Oliktok Point geomorphic lineament (OPL)—characteristics and 
tectonic significance 

Study of geomorphic fabrics that might define variations in the basement architecture 

across the AAT was initiated from the observation that an anomalously long and linear 

section of Beaufort Sea coastline, referred to as the Oliktok Point lineament or OPL, 

closely paralleled structural and stratigraphic features mapped in the subsurface in the 

nearby Kuparuk and Milne Point oil fields. The spatial correlation suggested a never-

before-realized structural linkage between surface geomorphology and deep crustal 

fabrics across the central North Slope. 
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The OPL is a linear anomaly that encompasses the majority of the eastem shoreline of a 

broad and very shallow marine embayment, known as Harrison Bay (Fig. 4.1). The OPL 

is approximately 15 km long and extends from the prominent Oliktok Point at the western 

mouth of Simpson Lagoon south-southwestward to the mouth of northwest-trending 

Kalubik Creek. Here the coastal linear abruptly terminates at the margin of Quaternary-

age distributary channel mouth bar deposits of the Colville River delta and Kalubik 

Creek. The latter is a structurally-controlled northwest-trending stream that intersects the 

eastem margin of the shallow Harrison Bay. The significance of Kalubik Creek to the 

orientation and position of deep basement fault fabrics is presented later in this chapter. 

Because of the high density of wells and availability of high-resolution reflection seismic 

data in the fields, the central North Slope serves as an excellent control site for the 

validation of morphotectonic linkages. The subsurface features are associated with 

deposition and structural inversion of a large northeast-trending transfer fault zone or 

shear that segments and offsets the axis of Barrow arch. The Barrow arch is a buried 

Early Cretaceous-age rift margin whose trend approximates that of the Beaufort coastline. 

Differential uplift, segmentation and offset have been documented along this structural 

hingeline (Grantz and May, 1983a). The Kuparuk and Milne Point Fields occur within 

one of the most prominent axial offsets on the arch. As shown later, this zone is a 

complexly deformed and weakened area that has been prone to periodic structural 

inversion. Within it numerous Mesozoic-age marine sandstone units were deposited and 



118 

structurally deformed creating a recipe for the formation of world-class oil reservoirs and 

traps. 

The OPL coincides remarkably close in both orientation and location with the northwest 

limits of the giant Kuparuk River Field and the smaller Milne Point Field, both located 

deep beneath the coastal plain of the central North Slope. The giant Kuparuk River Field, 

often called just the "Kuparuk Field", is located mostly onshore, whereas the northern 

half of the Milne Point field resides mostly offshore. Both are structural-stratigraphic 

fields that cover a combined area of more than 350 km^. The southern, eastern and 

northern limits of Kuparuk Field roughly coincide with the positions of the Miluveache, 

Sakonowyak and northern reaches of the Ugnuravik Rivers (Fig. 4.1). 

Oil production from these two fields is from several interbedded sand-rich units that 

occur within mostly shale-dominated Lower Cretaceous to Tertiary-age intervals. 

Production from separate formations in these Held is combined into a single producing 

unit These are known as the Kuparuk River Unit (KRU) or Mihie Point Unit (MPU). 

The majority of oil reserves in these fields occurs within several stacked unconformity-

bound sequences composed of interbedded Early Cretaceous (Neocomian) shallow 

marine sandstones and mudstones (Carman and Hardwick, 1983; Eller and others, 1986; 

Gaynorand Scheihing, 1988; Masterson and Paris, 1987). 
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Figure 4.1 Physiographic map of the central North Slope region showing the location of shoreline 
lineaments and major oil fields on the central North Slope. The Oliktok Point marks 
the northernmost point of a noitheast-trending anomaly, defined by a remarkably linear 
section of shoreline along the Beaufort Sea coast The linear section, herein called the 
OPL, extends southwestward from Oliktok Point to the eastern margin of the Colville 
River delta and makes up most of the eastern margin of the large, shallow Harrison 
Bay. Approximately two km beneath the surface of the coastal plain lie a variety of 
Mesozoic-age structural and depositional features in the Kuparuk River oil field unit 
whose trend and location coincide with the OPL. Dense well control and 3-D seismic 
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within nearby oil fields make this area an ideal control site for the study of basement-
related morphotectonic linkages. A-Alpine oil field, KR-Kuparuk River field, MP-
Milne Point field, PB-Prudhoe Bay field,, HT-subsurface ffanna Trough, BCS-Barrow 
Sea Canyon, CoR-Colville R, SR-Sagavanurktok River, CaR-Canning River Image 
is modified from the State of Alaska Map E (U.S.G.S., 1996). 

Facies types and the reservoir architecture indicate foreshore to lower shoreface 

deposition across a mud-rich shelf. Individual reservoir units or parasequences can 

exceed 18 m thick (60 ft.) with a gross thickness for a sand-rich sequence approximating 

122 ra (400 ft.) (Casavant et al., 1990). They occur at depths ranging from 1.7 to 2.4 km 

(5600-8000 ft.) below the surface of a flat and rather featureless coastal plain. Reservoir 

intervals are composed of complex cyclic transgressive and retrogradational shelf 

sequences that contain numerous intraformational unconformities. Reservoir units are 

generally clean, quartz-rich sandstones that coarsen-upward. Field development 

strategies in both fields include coeval primary infill and extension drilling to a variety of 

tertiary injection programs (Casavant et al., 1990). 

The KRU, the second most prolific producing oil field um't in North America holds an 

estimated oil-in-place reserve of 6 billion barrels while Milne Points contains 

approximately 3.3 billion (Brown, 1998). The Kuparuk Field is surpassed in production 

only by the giant Prudhoe Bay Field with an estimated oil-in-place of 25 billion barrels 

(Brown, 1998). Trie Prudhoe Bay Unit or PBU is located approximately 16-48 km (10-

30 mi) to east of the KRU in the vicimty of Prudhoe Bay and Deadhorse (Fig. 4.1). That 

field currently produces over 700,000 barrels of oil mostly from a thick sequence of 

Permo-Triassic-age fluvio-deltaic sandstones and conglomerates. The bulk of the total 
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oil production on the North Slope is currently from these two giant oil fields. The newly 

discovered 2 billion barrel Alpine Field, located km (34 mi.) west of the KRU and north 

of Nuiqsut, is the first significant Jurassic reservoir discovered on the North Slope 

(Brown, 1998; Kombrath et al., 1997). 

4.2.1 Potential influence ofnon-tectonic processes on the formation of the OPL 

Up to this point I have argued (in a somewhat biased sense because of my familiarity 

with subsurface data) for the influence of structural control on the evolution of a variety 

of geomorphic features across the central North Slope. Since it was the anomalous OPL, 

which seeded the research concept, let's explore the possibility that non-tectonic 

processes determined the formation of this feature. 

How is it that the subtle reactivation of deep basement faults could be mam'fested at the 

surface? Some might argue that certainly the flat and rather featureless physiography of 

the Arctic Coastal Plain province does not lend itself to the immediate recognition of 

subsurface deformation. Indeed, the basement rocks beneath the surface of coastal plain 

reside some 3-5 km deep in the area of the OPL. The basement is blanketed by a thick 

sedimentary sequence, composed of a relatively thin section of Paleozoic fluvial-deltaic 

sediments and shallow marine carbonates that is overlain by a thick and rather consistent 

section of Mesozoic-age marine shales and siltstones that are in turn capped by thick 

sequences of aggradational marine and non-marine coarse-grained Tertiary-Holocene 
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deltaic and coastal plain sediments. Therefore, it might be expected that incremental 

displacements along deep-seated faults should be masked by the compaction and draping 

of these shallower clastic units. 

If we assume for the moment that the linear morphology and northeast orientation of the 

OPL and other coastal lineaments are not structurally-controlled, the formation of the 

OPL would then have to be explained by invoking Quaternary httoral and/or wind 

processes as prindple causes for the linearity and length of the OPL and for other 

systematic occurrences of other northeast-trending linears. Ocean circulation in the 

Arctic Ocean is defined by the confined Beaufort Gyre, a major ocean current in the 

Canada Basin or southern Arctic Ocean (Kassens et al., 1998) (Fig. 4.2). This current 

flows in a clockwise-fashion distributing marine waters, sediments, freshwater discharge 

and ice flows, the majority of which originate on the shallow Laptev-Kara-Brents 

continental shelves. As a consequence of this rotation, a predominantly east-to-west 

longshore current is established along the Alaskan Beaufort coast. Thus, the gyre is 

responsible for transporting siliciclastic sediments along the 816 km stretch of Alaska 

Beaufort coastline from Demarcation Point at the U.S.-Canadian border to Point Barrow 

(Naidu and Mowatt, 1974a). 

Sediments that contributed to the formation of the OPL would have to be derived from a 

source very nearby or located to the east of the feature. One possible candidate might be 

Colville River delta, located just west and downcurrent of the OPL. It is conceivable that 
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nearshore sediments derived from the east could become entrained in a counter-clockwise 

eddy current as the current bends inland just west of Oliktok Point and deposited 

upcurrent of the eddy as an unconsolidated bar or spit feature. However, it seems 

unlikely that the formation of this 15-km coastline would be so linear and orthogonal to 

the general trend of the coastline. It is also difficult to imagine how this feature would 

maintain this linear character during the long winter months when the ice-pack anchors to 

the shore and gouges out sediments along the coast as it recedes or transgresses. 
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Figure 4.2 The Beaufort Gyre flows clockwise dispersing sediments, marine and fresh water 
and the ice pack across a variety of broad and narrow continental shelves, which rim 
the Arctic Ocean. The approximate locations of the Colville River delta and the 
Mackenzie River delta along the Alaska Beaufort Shelf are indicated as letters "C" 
and "M", respectively. Sediments discharged from the mouths of these fluvio-deltaic 
systems are carried westward along the strike of the continental shelf by the gyre. 

Given the flow direction of the Beaufort Gyre, sources of sediment and erosional agents, 

such as sediment-bearing ice rafts and ice bergs, would be located upcurrent or eastward 

of the OPL and adjacent Coiville River delta. Candidate rivers, located upcurrent or east 

of the OPL which could provide appropriate amounts of sediments, include the Kuparuk, 

Sagavanirktok, Canm'ng and Mackenzie Rivers. The largest and easternmost of them all, 

is the Mackenzie River and delta complex (Fig. 4.2). The Mackenzie River with its 

deeper channels and relatively large drainage basin is the largest contributor to the 

coarser sediment budget of the Beaufort continental shelf Unlike many of the arctic 

rivers that flow to the Beaufort Sea, the Mackenzie River does not freeze to bottom 

during the winter and discharges sediments year round 

Admittedly, the influence of the Beaufort Gyre might be more complicated than what is 

presented here. In a study of clay mineral type distributions across the Alaskan Arctic 

continental shelf, Naidu and Mowatt (1974) generally confirmed the scenario presented 

above. To their surprise, however, they discovered a particular suite of clay minerals that 

were characteristic of discharge from the Colville River in a location that was actually 

eastward of the Colville River and basinward of the Canning River. The clays were 

found in ice-bome sediments, that were isolated in distal location on the shelf and close 

to the upper continental slope. This observation led them to consider the possibility that 
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during part of the winter, nearshore wind-driven currents might be moving toward the 

east instead of the west These authors did readily acknowledge, however, that very little 

is known about the distribution of sediments derived from ice rafting and they reasoned 

that the role of ice rafting as a dispersal agent could be much more significant and 

complex than even they envisioned. Naidu and Mowatt ultimately hypothesized that the 

common occurrence of sudden peak fluvial discharges of water and sediment across and 

over the ice-capped Beaufort Sea during early spring thaws and/or eolian deposition 

probably accounted for the enigmatic location of the "Colville clay suite". 

Besides, thermokarst erosional processes and wind-dominated wave action, which are 

generally considered to be the most influential agents in reconfiguring the Arctic 

coastline (Carter et al., 1987; Dinter et al., 1990), other agents can influence nearshore 

and deposition and erosion processes that influence coastal morphology. These include 

river floods, longshore cunents, storm surges, and to a lesser extent astronomical tides 

and drift ice (Short et al., 1974a). Although erosional processes are reportedly ubiquitous 

across the shelf, documented descriptions of these processes indicate that their effects are 

rather local in nature. Thus, the relatively large scale of the OPL and similarity to other 

coastal lineaments suggests that nearshore processes play only a minor role in its 

formation. 

Finally, it is worth mentioning too that the Alaskan Beaufort coastal system is ice-locked 

and covered by ice and snow for 8 to 9 months out of each year. In that case, it seems to 
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me that the coast is esseatially armored &om significant erosional or depositional 

processes for the majority of the year, except for bottom gouging by the shifting ice-pack. 

Gouging appears to me a more significant process in deeper water away from the shallow 

shoreline where coupling of ice with the ocean floor is incomplete. For approximately 

three months out of each year beach and nearshore features are exposed to alteration by a 

open water processes and winds after the pack ice recedes several km from the shoreline. 

Although the expansive ice pack does recede offshore during the short sunmier period, its 

proximity should act to baffle any significant build-up of current or wave action that 

could be orthogonal intersect the coast and create the OPL. On the other hand, since the 

shelf is also extremely shallow in depth, it is conceivable that modest winds might 

develop sufficient wave action along the shelf. I would not expect, however, lineaments 

which were more frequent and less distinctive than the OPL might develop. 

During the open water period, alternating northeasterly and southwesterly winds are 

known to dominate meteorological tidal or storm surges, which are known to shape the 

morphology of the Beaufort coast to some degree (Wiseman et al., 1973). A predominate 

NE-SW wind direction has been confirmed by numerous studies of the trends and 

morphology of landforms such as thaw lakes (e.g. Sellman, 1975) and linear dunes across 

the coastal plains (e.g. Carter, 1981). They're findings were confirmed by my 

independent analysis of dominant wind direction in the vicinity of the Kuparuk River and 

Prudhoe Bay field areas. Analyzing aerial photos, I noted that highly visible steam 

enussions, generated by several oil field facilities, could be used as vah'd and consistent 
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wind indicators during both winter and summer months. The duration of the photo 

coverage spanned a period of six years (late 80's to early 90's) and were available during 

both winter and summer months. The photos indicated that there was little, if any, 

marked change in the predominate wind direction throughout the six years. Linkage of 

the regional wind direction with the orientation and focusing of wind-generated waves or 

currents that could have produced and maintained the OPL seemed unlikely. 

Thus, although nearshore erosional agents are present, they are short-lived and their 

influence is mostly at a local scale. Furthermore, it remairB unclear how any 

combination of these depositional and erosional agents could maintain the length (15 km) 

and linearity of the OPL for any significant period of time. The systematic occurrence of 

these U'nears is also not well explained by erosional processes. 

Finally, it is worth noting that located just inland and southeast of the OPL, reside a series 

of exposed parallel Plio-Pleistocene age marine terraces along the western flank of a 

erosional highland remnant known as the Tertiary Uplands (TU). These so-called 

"erosional" terraces exhibit a remarkable linearity, parallelism and sediment composition 

to the OPL and other coastal linears to the north and northeast of it (Carter and Galloway, 

1982; Rawlinson, 1993). The strike of the major trunk stream, which flows across the top 

of the exposed TU, also parallels the strike of the flanking terraces and the OPL. Because 

the OPL is parallel to known structural features in the subsurface and is located almost 

directly above a fault zone that marks the limits of sandstone units in the subsurface, it is 

concluded that it and similar orthogonal offsets in coastline are probably surface 
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manifestations of structural control. The latter may be the result of differential isostatic 

adjustment and reactivation of block faulting along the Barrow arch, and/or, the subtle 

consolidation of basement blocks across the AAT as a result in on-going indention and 

uplift that is partitioned westward of the eastern Brooks Range area. Thus, the OPL and 

other coastal linears may be indicators of aseismic neotectonic deformation along the 

Barrow arch. 

4 J The OPL—other inferences of structural control on Arctic river trends, 

barrier islands and coastal marine terraces 

Additional support for the Oliktok Point lineament being structurally controlled can be 

gleaned from other geomorphic observations in the region. These include: (I) differences 

in the depositional and erosional histories on either side of the OPL, (2) a coincident 

offset in the strike of offshore barrier island complexes with the OPL, and (3) the 

anomalously linear morphology and northeast orientations of the distal portions of many 

arctic rivers such as the Colville River and a host of other small scale geomorphic 

features across the central coastal plain 

4.3.1 Relation of the OPL to differences in the sediment composition and river 

deposition across the coastal plain 
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Topographic variability across the coastal plain is attributed to mostly localized fluvial 

and eolian erosion and deposition, which accounts for only a few meters of elevation 

difference across the plains (Lawson, 1983; Leffingwell, 1915). Except for localized 

escarpments of ancient shoreline deposits (Carter and Galloway, 1982; Rawlinson, 1993; 

Short et al., 1974a) and cutbanks along some of the major rivers in the area (e.g. Colville 

River), it is the pingos, or ice-cored mounds that provide the highest points of elevation 

across the plains. Pingos often occupy the sites of filled in thaw lakes and commonly 

reach heights of 10 to 15 m. Some have attained heights of 60 m in a few locations 

(Black, 1954; Carter etal., 1987). 

The coastal plain generally has a relatively subtle, but variable topography that is 

characterized by relief of less than 90 m. U is composed of many lakes and marshes, 

poorly defined meandering streams, and few outcrops that are confined to the cutbanks of 

the major streams. Relief across this lowland terrain is strongly influenced by the amount 

of ground ice entrained in the near-surface, thinly layered, fine-grained sediments that 

dominate this province. Characteristic features that contribute to this relief include 

ubiquitous thaw lakes, polygonal networks of vertical ice wedges, thermokarst 

depressions and scattered pingos that are interdispersed among fluvial-deltaic systems 

(Black, 1954; Bovis, 1987; Brewer, 1987; Carson andHussey, 1962; Carter etal., 1987; 

Dinter et al., 1990; Embleton and King, 1975; Lachenbruch and Marshall, 1986; 

Leffingwell, 1915; Leffingwell, 1919; t»fecKay, 1962; Rawlinson, 1993; Sellman, 1975; 

WiUiams et al., 1978; Williams et al., 1977). 
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The Late Cenozoic sediments of the coastal plain are mostly terrestrial. They are made 

up of glacial drift, fluvial and glacio-fluvial sediment, eolian silt and sand, and thaw lake 

deposits (Dinter et al., 1990). Except for the drift, all are assigned to the Gubik 

Formation. Terrestrial units are interleaved with six and up to possibly eight 

transgressive marine deposits, which represent relatively warm periods or interglacials 

periods when sea level was higher and the Bering Strait provided a marine connection 

between the Arctic and Pacific oceans (Dinter et al., 1990). 

These marine units seem to be best preserved west of the Kuparuk River area To the 

east only one marine deposit is exposed onshore (Rawlinson, 1993). This geographic 

variation or marked disparity in preservation suggests some kind of variation in the 

tectom'c evolution of the central North Slope region during the Late Cenozoic. West of 

the Colville River, the coastal plain is a marine abraded surface that is mantled by 

marine, fluvial and glaciofluvial sands and fan gravels, blanket deposits of eolian silts, 

loess and sands and fine-grained lacustrine deposits (Black, 1951; Carteret al., 1987; 

Dinter et al., 1990; Rawlinson, 1993). 

Fluvial deposits of the coastal plain west of Oliktok Point seem to be composed of mostly 

sand mixed with minor amounts of gravelly sand, whereas to the east of Oliktok Point, 

fluvial deposits are mainly gravel and sandy gravel (Dinter et al., 1990). Because many 

of the major streams east of the Colville River originate in the glaciated Brooks Range, 
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coarser-grained deposits characterize this portion of the easternmost portion of the coastal 

plain. The lower gravel-to-sand ratio to the west of the OPL is due to the fact that the 

major streams that cross the western and central coastal plain head mostly in the northern 

Arctic foothills, which is mostly covered by dense tundra vegetation and has not been 

glaciated. 

To the west of the Colville River, Middle Pleistocene to Holocene deposits are preserved 

in fluvial or marine cut terraces exposed along modem river valleys. Extensive deltas of 

silt and sand, no thicker than 15 m, have formed at the mouths of the Colville River and 

other rivers to the west during the Holocene (Dinter et al., 1990). Inboard and downwind 

of most river and deltaic settings, ice-rich eoUan silt and loess deposits dominate the 

coastal plain sediments (Carter, 1981; Dinter etal., 1990; Rawlinson, 1993). These were 

deposited during four periods of dry, colder climate (Carter et al., 1984). Downwind the 

eolian um'ts grade from sand wedges (sand-filled ice-wedge terrane) to small stabilized 

Holocene parabolic and longitudinal dunes (Black, 1951; Rawlinson, 1993). These give 

way westward to stabilized Pleistocene (Wisconsin-age) linear sand dunes up to 30 m 

high and 20 km long (Carter, 1981; Carter et al., 1987). 

From the OPL eastward to the Mackenzie River delta the topography of the coastal plain 

tends to be dominated by coalescing alluvial plains and fans with pediments common 

along the front of the eastern Brooks Range. Deposits consist mainly of alluvial fans at 

the front of the Brooks Range, sheets of silt-covered fluvial or glaciofluvial gravel on 
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coastal plain interfluves, alluvial terrace deposits within modem river valleys and deltas 

of sand and silt at major river mouths (Carter et al., 1986). In the north and west of the 

active Sadlerochit and Romanzof Mountains in the eastern Brooks Range, streams 

crossing the coastal plains have incised valleys across detached anticlines that have been 

produced by Late Cenozoic shortening and uplift of the eastern Brooks Range (Carter et 

al., 1987; Dinter et al., 1990; Rawlinson, 1993). To the east of Demarcation Point, 

located close to the U.S.A.-Canada border, much of the Arctic Alaska coastal plain is 

veneered by glacial moraine deposits with interdispersed eolian sits and sands (Carter et 

al., 1987). 

Vanations in the deposinonal history and composition of Late Cenozoic deposits across 

the Arctic Coastal Plain can be found to either side of the OPL-Kuparuk area; this 

indirectly suggests that the area straddles a major tectonic boundary. The Oliktok Point-

Kuparuk area does straddle a major basement tectonic boundary defined by subsurface 

data. As already shown the boundary is related to the offset of the basement rocks of a 

buried rift margin (the Banow arch) and evolution of a northeast-trending Mesozoic-age 

Kuparuk trough. The Kuparuk area is not the only area where geomorphic features and 

their formation have suggested structural control. Additional sites of neotectom'c 

deformation along the Alaskan Beaufort coast have been postulated for the Prudhoe Bay 

area (Rawlinson, 1993) and unequivocally identified in the eastern coastal plains (e.g. 

Grantz et al., 1990a). 
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4.3.2 Variations in sediment composition and formation of offshore barrier islands 

The influence of neotectonic activity across the Beaufort Shelf may be inferred not only 

from the discontinuities in the trends of offshore barrier islands, as discussed earlier and 

shown in Figure 4.3, but can also be infened from their sediment composition. Between 

Point Banow on the west and Demarcation Bay to the east, four irregular and 

discontinuous barrier island chains occur. These bar complexes occupy nearly 52% of 

the 816 km of coastline (Dinter et al., 1990; Short et al., 1974a). They occur at varying 

distances from the mainland and act as barriers to coarser sediment input into the Canada 

Basin by damping current action in the shallow lagoonal areas between them and the 

shoreline (Walker, 1974). 

The gravel lithologies present on the barrier islands more closely resemble those 

incorporated into the Pleistocene-age Gubik formation onshore. These deposits were 

derived from regressive erosion of the offshore extension of the Gubik formation during 

onset of the late Wisconsin glaciation, or from transgressive erosion during the last 

14,000 years (Barnes and Rodeik, 1974). The composition of the gravels that constitute 

the bulk of the coastline and barrier islands falls into two distinct facies types-dolomitic 

and cherty (Rodeick, 1979). The chert facies correlate with exposures of the crystalline 

basement rocks in the central Brooks Range provenance and clastic-rich fluvial 

Cretaceous rocks of the central Foothills region, whereas, the dolomitic facies correlate 
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more with exposure and erosion of the thick Lower Paleozoic carbonates that dominate 

the core of the northeastern Brooks Range. 
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Figure 4.3 Rivers systems of the Arctic Alaska in relation to geomorphic and subsurface elements 
in the El^'son Bay quadrangle (boxed area). Fluvial deposits of the coastal plain west 
of the OPL are composed of mostly sand mixed with only minor amounts of gravelly 
sand. To the east of the OPL, fluvial deposits are dominated by gravels. A trends 
analysis of small scale geomorphic features across the Harrison Bay Quadrangle 
reveals that many features parallel the OPL. The soppled region represents the area in 
which thaw lakes predominate. The trend of major subsurface fabncs in Harrison Bay 
predate the mid-Tertiary formation of the eastern Brooks Range, suggesting that the 
CDZ may also predate the uplift and influenced the orientation of the range. Major 
changes in thaw lake distribution and morphology of the Brooks Ranges occurs on 
either side of the OPL and CDZ. Indexed area shows the location of Harrison Bay A-2 
I; 63,360 quadrangle and a geomorphic trend study. The Teshekpuk Quadrangle lies 
just westward of the Harrison Bay quad. OPL = Oliktok Point lineament, CDZ = 
Canning Displacement zone of Grantz and May (1983), HB = Fbrrison Bay, Co = 
Colville River. 
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Since peak discharge of Arctic rivers across the North Slope occurs rapidly during the 

spring breakup period, one can envision that rapidly available snowmelt and water from 

the thawed upper portions of an extensive permafrost would combine to provide adequate 

runoff and stream power to erode and transport sediments to the coast Indeed, in 

nonarctic rivers statistical relationships between suspended sediment concentrations and 

discharge show concentrations normally increasing during high flow stages (Carter et al., 

1987). In addition, the accelerated thermokarst erosion of river banks throughout the 

foothills could be a significant contributor to the formation of sediment-laden waters that 

would reach the coast and provide sediment for the construction of beaches and offshore 

bars. 

Yet. studies of North Slope rivers indicate that, at present, they are not providing gravels 

to the offshore barrier islands or island chains of the inner Beaufort shelf 

Solute concentrations and suspended sediment loads in the Arctic rivers are not consistent 

with what one might characterize for similar fluvial systems, located in more temperate 

climates (Carter et al., 1987). As mentioned earlier, except for the Mackenzie River, 

many of the rivers freeze to bottom and do not flow in winter (Carter et al., 1987; Walker, 

1974). The presence of perma&ost and shorefast ice in combination with river bottom ice 

and snow cover throughout most of the year ensures that a relatively low sediment budget 

is actually made available to the Beaufort shelf When sediments do become available 
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during the short breakup periods in the spring the entrainment and dispersal of sediments 

are unpredictable and erratic. 

During early spring breakup, when runoff is at a maximum, sustained contributions of 

sediments from the Arctic rivers do not occur. Instead, brief and sporadic episodes of 

sedimentation are the norm. These episodes are most often linked to sudden releases of 

water associated with the bursting of snow dams and ice jams upstream (e.g. McCann, 

1973b; McCann and Cogley, 1973a; Woo and Sauriol, 1981). The small volume of river 

sediment discharge (except for the Mackenzie) that does reach the coast and is available 

for bar formation instead becomes entrained in the shifting nearshore sea ice on the 

shallow shelf (Walker, 1974). The shallowness of the Arctic river channels and presence 

of a thick, shallow permafrost along the coast causes many river channel mouth areas to 

remain frozen during early runoffs periods when the bulk of fluvial sediments is 

deposited. This often results in sediments carried by initial floodwaters being transported 

basinward over the frozen river mouths and frozen lagoons to more distal settings, often 

on the seaward side of the barrier islands (Carter et al., 1987; Walker, 1974). 

So in essence, much of the sediment budget that is provided by arctic rivers by-passes the 

nearshore environment and does not become available for beach and barrier bar 

construction. Consequently, the thickness of Holocene sediments aaoss the Alaskan 

Beaufort shelf averages less than 6 m, despite numerous rivers systems that carry 

washloads charged with high clay content to the coast (Reimnitz and Bruder, 1972). 
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Additionally, the presence of Jones Island complex, located just offshore of the OPL, and 

shown in Fig. 4.1, buffers the OPL from much of the sediment that might be supplied by 

rivers to the east. Sediments supplied by the Colville River at the southern end of the 

OPL are either trapped within Harrison Bay or transported downcurrent by longshore 

cunents. 

It is likely that some of the westbound longshore current does eddy to the south into 

Harrison bay just west of Jones Island. It seems unlikely though that this could produce 

the remarkable length and linearity of the OPL as argued earlier. Smaller, but similar 

orthogonal shorelines and northeast coastline linears to the east of the OPL (e.g No Point 

and Milne Point, Fig. 4.11) are sheltered from significant longshore cunent and their 

trends also correlate remarkably well with known northeast-oriented structures in the 

subsurface. 

4.3.3 Detailed trend analysis of other geomorphic features, Harrison Bay Quadrangle 

Discharging into the eastern half of Harrison Bay and just to the west of the OPL is the 

Colville River delta, the largest fluvial-deltaic complex along the Alaska Beaufort Sea 

coastline. The distal trunk section of the Colville River and several distributary channels 

in the Colville River delta are also linear and trend parallel or subparallel to the OPL. 

This suggested to me that those controls, which influence the northeast orientation of the 

OPL, also existed some distance to the west of the KRU. 
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The idea that deep structure might somehow relate to the regional distribution of fluvial 

features led to a more detail investigation of other geomorphic features on the central 

coastal plain. Because of the higher degree of certainty related to the subsurface 

characterization in vicim'ty of the KRU, a trend analysis of surface linears was undertaken 

in the general region. The area study included the northeast quarter of the Harrison Bay 

A-2 topographic quadrangle (1:63,360 scale). The quadrangle is outlined in Figure 4.3. 

The Harrison Bay A-2 Quadrangle encompasses the structurally complex Kuparuk River 

and Milne Point oil fields in which subsurface mapping reveals both stratigraphic and 

structural futures that are strongly controlled by northeast- and northwest-trending high-

angle normal and strike-slip faulting. Geomorphic lineaments measured in this study 

included linear segments of several river courses, linear topographic features, and 

anomalously straight, northeast-trending margins of thaw lakes whose strike parallels the 

prevailing wind direction. A spatial statistical analysis of pingo distributions in the 

region was also initiated at this time (Casavant, Skirvin and Caruthers, in progress). The 

investigation of structural control on pingo distribution was introduced earlier in this 

dissertation. 

Figure 6.3 shows polar histogram plots for 106 geomorphic lineaments that were 

observed throughout the northern half of the quadrangle. They include linear reaches 

greater than 0.5 km along the Nechelik Channel in the Colville River delta region and 
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linear segments greater than I and 2 km along the Itkillik and Colville Rivers, 

respectively. Also measured were linear northeast-trending margins of thaw lakes and 

any linear topographic ridges or sags. The orientations of the two longest coastal linears 

in this quadrangle (the Oliktok Point and Prudhoe Bay linears) are hsted in Figure 6.3 for 

comparison. All measurements were taken from the USGS topographic map, entered and 

converted to a text tabulated format in Microsoft Excel and plotted using a structural 

plotting program, ROSY v. 2.13 (Eachran, 1994). The apparent coincidence between the 

trends of the geomorphic features and the orientation of major coastal linears plotted in 

Figure 6.3 and the orientation of underlying structural and paleodepositional features 

mapped beneath the surface of the coastal plain is quite remarkable. 

It was noted that many of the better developed thermokarst or thaw lakes in the study 

were characterized by a remarkably linear shoreline that occupies the downwind side of 

the lake and oriented perpendicular to the prevailing wind direction. This shoreline also 

usually parallels the long axes of the lake. For the most part, hydrodynamic theory, field 

observations of lacustrine processes and modeling support the importance of non-tectonic 

processes in thaw lake formation (Carter et al., 1987; Kaczorowski, 1977). Except for the 

earliest stages of lake formation, there is general consensus among researchers that the 

orientation of the long axes should be rather linear and oriented normal to the 

predominate wind direction as reflected by data shown in Figure 4.5. Generally, 

shoreline linearity and the axial trend of lakes have been attributed to wind-driven 
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thermokarst erosion and differential erosion and removal of sediments by littoral drift 

laterally along the downwind lake margin (Rex, 1961). 

Linear trend comparisons 
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Figure 4.4 Polar histogram plots of geomorphic linears observed across the Harrison Bay A-2 
topographic quadrangle. Scale is 1:63,360. Note the prevalent northeast orientation 
shared by a variety of different geomorphic features in this area. The trends in these 
plots match remarkably well with conjugate shear fabrics predicted by the basement 
block structural model shown in Figure 3.8. 

Fine-grained sediments are then transported and deposited along the short lateral margins 

of the lake. These shorelines, which roughly parallel the prevailing wind direction, 

develop from the increased erosion and transportation of sediments in currents that sweep 
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and scour out the sides or lateral margin of the lake on their way back to the upwind part 

This circulation pattern also sets up maximum current velocities along these short 

shoreline segments (Carson andHussey, 1962; Livingston, 1954). This process is further 

aided by the presence of sublittoral shelves that serve to dampen incoming wave action 

and which insulate the permafrost throughout the later stages of lake development 

(Carson and Hussey, 1962). Thus, it's not usual that many of the short northeast-

southwest trending lateral lake margins across the coastal plain are characterized by 

relatively rounded or curvilinear shorelines, which bow outward relative to the center of 

the lake. 

However, I observed that not all thaw lakes in the vicinity of Harrison Bay exhibited a 

convex outward northeast-trending lateral margin. A preview of topographic maps and 

aerial photos shows that some lateral shorelines are exceptionally linear. It was observed 

that the strike of these lateral margins also trended oblique to the prevailing wind 

direction as shown in Figure 4.5. This suggested to me that the morphology of some 

lakes could be partially influenced by something other than the wind, possible a 

previously unrecognized structure (e.g. joints within the permafrost)? Relict 

paleotopographic controls, inherited from ancient sand dune ridges, was suggested by 

Rosenfeld and Hussey (1958) for some variations in thaw lake morphology in the Point 

Barrow area. A comparison of lateral lake margin segments in the Harrison Bay area, 

plotted in Figure 4.4 and the prevailing wind direction, shown in Figure 4.5, reveals that 
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some lateral margins do not parallel the prevailing wind direction. Rather their trend is 

oblique to it and parallels more closely the trend of some subsurface geologic structures. 

Figure 4.5 Taken from Figure 10 of Dinter and others (1990) derived from (Carter. 1981). Polar 
histogram showing azimuths and total ridge length for the linear dunes (shaded) taken 
from Landsat-1 image (ID 1237-2153) and the orientation of elongated axes (unshaded) 
of thermokarst lakes of the Dcpikpuk dune area, Teshekpuk Quadrangle. Note the ridge 
trends are roughly perpendicular to lake elongation and are therefore parallel to the 
dominant wind directions that charaaerize the Wisconsin to Holocene. The trend of 
some of the higher angle thermokarst lake shorelines shown in Figure 4.4 may well be 
controlled by paleotopographic features such as linear dune ridges or by structures 
within the permafiiist (e.g. Joint sets and related ice wedges). Note too that many 
features in Figure 4.4 trend oblique to the wind direction, but are parallel with other 
fluvial geomorphic features and subsurface structures in the Kuparuk Field area. 

It is conceivable that some degree of structural control could be influencing the 

morphology and location of some thaw or oriented lakes across the coastal plain. 

Observations that support this concept are; (1) the anomalous linearity of some thaw lake 

lateral margins, (2) the oblique trend relative to the prevailing wind direction, (3) an 

orthogonal appearance of some comers or intersections of lake margin, (4) a parallelism 

with orthogonal bends, observed in nearby streams and shorelines, which is interpreted to 

be relate to subsurface faulting, and most importantly, (5) the observation of basement 
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faults on seismic lines, which intersect the overlying permafrost The latter two points 

will be represented in more detail in Chapter 6. 

4.4 Other geomorphic patteras: Potential indications of structural control along 

the Barrow arch 

4.4.1 Coastline anomalies, marine embayments and offshore bar complexes across the 

Alaskan Beaufort Shelf 

Changes in the trend of the Barrow arch seem to correlate with marine embayments and 

northeast-trending linear segments along the Beaufort sea coastline (e.g. the IS km long 

Oliktok Point linear). The linear segments run oblique or normal to the average Beaufort 

shoreline trend. Most are linked to a left-stepping inflection or offset in the strike of the 

coastline. In many cases an abrupt change in shoreline trend is also accompam'ed by 

offsets or terminations of offshore bar complexes, which indicates that the expression of 

the liniment can be extended basinward for some distance across the entire shelf In 

addition to the OPL at least 7 other significant northeast-trending coastline anomalies can 

be observed along the Alaska Beaufort shelf. The linear coastline segments and 

associated marine embayments (discussed later) are illustrated in Figure 4.6. From west 

to east, these include the northwestern shoreline segment of the AAT just south of Ft. 

Barrow, the more linear sections of shoreline along the eastern margins of Deese Inlet, 

Smith Bay, Harrison Bay (the Oliktok Point lineament), linear segments of Simpson 
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Lagoon, the eastern margin of Prudhoe Bay, Mikkelsen Bay and Camden Bay. The 

lineaments are easily identified on DEM displays, Landsat imagery and on 7.5 minute 

U.S. Geological Survey topographic maps. The length of individual lineaments varies 

from the few km that mark the eastern shoreline of Prudhoe Bay to the 50+ km linear 

coastline that runs south of Point Barrow. The 15 km-long OPL and the Point Barrow 

lineaments are the most prominent and longest. 

It has long been known that differential uplift of basement rocks along the Barrow arch in 

the vicinity of the Kuparuk River and Milne Point fields resulted in the formation of a 

northeast plunging crustal sag in the subsurface (Carman and Harwick, 1983). This study 

will show that this sag is also related to a left-stepping Jog or offset in the axis of the 

Barrow arch that is interpreted as a complex transfer fault zone. The zone is fully 

characterized in subsequent chapters. Since the discontinuity is spatially coincident with 

the location of the OPL and adjacent coastal anomalies such as the northeast-trending and 

shorter Mibe Point lineament, I am hypothesizing that other segments of linear 

shorelines might also be products of deeper structural control. The spatial correlation of 

these northeast-trending coastal lineaments with (1) the eastem margins of marine 

embayments, (2) the location of major deltaic complexes, and (3) asymmetrical river 

drainages along the Alaskan Beaufort Shelf suggests that the morphology of these 

features may also be structurally controlled—at least in part. 
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Figure 4.6 Distribution of major rivers, coastal linears, marine embayments, ofiTshore bars, and 
major mineral occurrences relative to pervasive geomorphic and geologic lineaments 
across the AAT. The general region of abundant thaw lakes is also shown in dark 
gray. The outlines of the Brooks Range and the Lisbume Hills to the west are 
represented as a thick gray line. The locations of some river lineaments (dashed red 
lines) illustrated above have been positioned adjacent to river courses so as not to 
obscure the linearis, alignment or termination of the river segments themselves. The 
yellow box indicates the area of a tectonic geomorphic study in the Harrison Bay 
Quadrangle. The remarkable parallelism and alignment of numerous coastal, fluvial 
geomorphic and topographic lineaments across the AAT suggest a pervasive linkage 
to a set of regional conjugate basement fabrics at depth. The general NE and NW 
alignment of many river and topographic lineaments and the abrupt changes or 
terminations along their trend are interpreted as reflecting differentiai tilting of 
basement fault blocks and differential uplift along their margins. Fault reactivation 
and structural inversion along block boundaries have been linked to numerous coastal 
and river lineaments across the region (e.g. the OPL in the Kuparuk field area, the 
CDZ, Barrow high. Tertiary Uplands). The length and alignment of lineaments and 
anomalies suggest the possibility of subde transcurrent faulting across the AAT. 
Basement-controlled coastal lineaments include: I-Barter-Jago Spit barrier island 
complex, 2-east shore of Camden Bay (adjacent to the Caiming (fisplacement zone, 
Q)Z, of Grantz et al, 1983), 3-Mikkdsen Bay (MBX 4-Prudhoe Bay, 5-Milne Point-
KT (Kuparuk trough lineament), 6-Hanison Bay (western margin = Cape Halkett, 
while the eastern margin=OPL), 7-Smith Bay, 8-Deese Inlet or Admiralty Bay, 9-
Point Barrow, lO-Peard Bay. River lineaments: A-Angun, Ai-Aichilik, An-
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Anaktuvuk, Ca-Canning, Cc-Carfaon Creek (tributary of the Utukok), Ch-Chandler, 
Co-Colville, Chn-North Fork of the Chandalar River, Chm- Middle Fork of the 
Chandalar River, Che-East Fork of the Chandalar River, H-Hulahula, It-Itkillik, J-
Jago, Jr-John River, Kup-Kuparuk, Ki-Killik, Kan-Kanayut, Kob-Kobuk, Ko-
Kokolik, Kuk-Kukpownik, Kv-Kivalina, M-Meade, No-Noatak, O-Okerokovik, P-
Pitmegea, Sd-Sadlerochit, Sh-Shaviovik, Sg-Sagavanurktok, T-Toolik, U-Utukok, W-
Wullik., Yc-Your Creek tributary of the Middle Fork of the Chandalar River. 
Miscellaneous features: 11-Tertiaiy Uplands, 12-Kukpowruk R. and foothills tectonic 
geomorphic study of Casavant and Miller(1999a), Mc-Marsh Creek anticline and 
northernmost thrusting of the Brooks Range in ANWR, WLL-Walker Lane lineament 
in the Central Brooks Range. 

The systematic occurrence and spatial correlation of these coastal lineaments with 

changes in the architecture of shallow basement rocks (Barrow arch) and their parallelism 

to structural trends in the basement rocks south of the arch (shown in Chapter 5) suggests 

that neotectom'c block tilting and differential uplift may be pervasive across the shelf 

since the inception of the rifted margin. Similar morphotectomc associations have been 

documented aaoss a variety of active and passive margin settings (e.g. Cox, 1994; 

Leeder and Gawthorpe, 1987; Marple and Talwani, 2000) 

Many of the coastal lineaments share some common geomorphic attributes. These 

include; (1) a remarkable parallelism to each other and to the distal reaches of many 

rivers that cross the coastal plain, (2) rather systematic spatial distribution from east to 

west across the shelf, (3) marked linearity, and (4) coincidence with the eastern shoreline 

of Quaternary-age marine embayments. Some are adjacent to deltaic complexes that 

empty into some of these embayments (e.g. the Colville and Sagavanirktok River deltas). 

Whether or not the formation of all embayments across the North Slope is linked to deep 

normal faulting and/or block tilting across the Barrow Arch remains uncertain. 

Resolution of this issue is largely a function of the availabiUty of detailed subsurface data 
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(e.g. seismic data, dense well control), which at this time is present in a relatively small 

cluster of large oil fields, located on the central portion of the North Slope. 

Correlation between linear river segments and deltaic complexes is demonstrated in the 

area of the OPL. Discharging into the eastern half of the shallow Harrison Bay and just 

to the west of the OPL is the Colville River delta, the largest fluvial-deltaic complex 

along the Alaska Beaufort Sea coastline. The distal trunk section of the Colville River 

and several of the major deltaic distributary channels are very linear and trend parallel or 

subparallel to the OPL. Similarly oriented fault fabrics are known to exist deep in the 

subsurface beneath the Colville River delta. This surface fabric coincides with the 

general trends of Jurassic marine sand bodies in wells drilled throughout the delta (e.g. 

Alpine field and adjacent wells). The anomalous hnearity of the distributary channels 

suggests the possibility that the morphology of the delta may actually be structurally 

controlled for some distance inboard of the coast and west of the OPL. 

In many cases the seaward projection of the coastal anomalies also coincides with either a 

bend or termination in the trend of modem longshore bar complexes. The bar complexes 

represent coarse sediments (gravels and sands) that have shoaled and accumulated on top 

of offset Pleistocene-age shoreline remnants. Examples of barrier island complexes that 

undergo abrupt offset or termination include the Barter Island complex northeast of 

Camden Bay, Tigvariak Island off of Mikkelsen Bay, offset between Cross Island and 

Midway Islands associated with the Prudhoe Bay lineament, the western termination of 
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the Jones-Return Islands complex, and the orthogonal bend of the Plover Islands at the 

fishing village of Nuwuk, located just north of Point Barrow. Some of these are shown in 

Figure 4.6. Given the potential structural control on rivers, coastlines and deltaic 

features, the possibility that underlying fault structure may also play a role in bar 

distribution should also be considered. Such intriguing morphological and spatial 

associations clearly indicate the need for additional geological and geophysical studies to 

characterize linkages between deep structure and nearshore geomorphology. 

4.4.2 Coastal lineaments as estimators of basement block dimensions 

Given that coastal lineaments such as the OPL appear to be directly link to basement 

block boundaries, and assuming that other linear offsets in the coast also signify the 

presence of transfer faults zones or bends along the Barrow arch, then it is feasible that 

one could employ surface lineaments in the estimate of first-order dimensions of the 

widths of basement blocks. Taking the strike of the west-northwest Alaska Beaufort 

coastline as 250 degrees (north 0-360), if one looks east-to-west, down structure and 

along the coastline in Figure 4.6, several large-scale left-stepping offsets are observed. 

The easternmost northwest-trending segment, extends from just east of Demarcation Bay 

west of the Canadian-U.S. border near the mouth of Kongakut River delta westward to 

the eastern edge of the broad Camden Bay. Here the shoreline turns south and becomes 

the linear, northeast-trending eastern margin of Camden Bay. This lineament is one of 

four significant left-stepping offsets in the strike of the coastline. Raised strath terraces 
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along the lower reaches of the Kongakut River indicate that this general area has 

experienced neotectonic deformation (Carter et al., 1987). The straight line along-strike 

distance represented by this easternmost segment approximates 120 km. Moving 

westward the distance from the apex of the Camden Bay offset to the next major left-

stepping jog in the shoreline coincides with the linear eastern shore of Mikkelsen Bay, 

which is again approximately 120 km. The next jog to the west is located in the vicinity 

of the OPL and marine cut linear fluvial terraces along the prominent and linear eastern 

margin of Harrison Bay. Note that the length of this segment is again quite similar to the 

previous two. 

Given this spacing so far, the next predicted segment or offset one would expect is 

located just west of the Harrison Bay-Colville delta area. Although a prominent marine 

embayment does exist there (Smith Bay) no appreciable offset in the coastline is 

observed. The area of Smith Bay lies above or adjacent to the western portion of Fish 

Creek Platform, a basement high that underlies the Harrison Bay or Colville delta area. 

This is shown in cross-sections in Chapter 5. As the reader will see, a comparison of the 

relative position of the basement rocks during the Early Cretaceous and Holocene 

indicates that the Fish Creek platform may not have experience as much post-Early 

Cretaceous inversion as regions to the west and east of the platform. In a sense, the Fish 

Creek Platform may have behaved like a tectonic "fulcrum" or hingeiine with highly-

faulted regions to either side of it doing all the subsiding or uplifting. Although the 

kinematics and significance of the proposed Fish Creek hingeiine are not fully understood 
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at this time, it should be noted that the eastern margin of Smith Bay or western edge of 

the platform does indeed coincide with a major inflection in both the axial trend of the 

Barrow arch as well as the trend of the Beaufort Shelf "tectonic hingeline" as defined by 

Grantz and others (1990). Additionally, the position of Smith Bay also coincides with the 

western margin of the Early Paleozoic-age Ikpikpuk basin located farther to the south and 

shown later in Chapter 5. Whether or not the coincidences in position and trend of 

surface and subsurface features are unequivocal is not the main issue here, rather, in my 

mind, such inferences point to a need to employ current and future reflection seismic data 

in resolving complex and subtle morphotectonic linkages across the flat coastal plain. 

Some 120 kilometers to the west of Harrison Bay lies the prominent northeast-trending 

Deese Inlet Reflection seismic data show that in the subsurface the Deese Inlet is 

characterized by a large, ancient northeast-trending submarine canyon complex. Known 

as the Simpson Canyon, this Tertiary-age submarine complex cut deeply into coarse 

Nanushuk deposits during Cenomaman time. The canyon was later filled with marine 

shales of the Upper Cretaceous Colville Group (Moore et al., 1994; Payne and others, 

1951). Isopach maps of Nanushuk deposits across the Colville basin suggest that the 

Simpson Canyon may have served as a major outlet for fimneling deltaic sands across a 

shallow marine shelf during and, after late Nanushuk time as evidenced by the abrupt 

termination of the coarsest sands in the Umiat delta in the canyon area. 
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Subsurface cross sectioru and geologic maps (Figs. 5.1 and 5.4 of Chapter 5) show that 

the area just west of the eastern margin of the Deese Inlet (#8, Fig. 4.6) toward Point 

Barrow (#9, Fig. 4.6) has experienced significant uplift since the Early Cretaceous. This 

agrees with the earlier statement which indicated the area west of the Fish Creek Platform 

was probably a highly faulted and therefore, structurally weakened area along the arch. 

Indeed, the basement rocks to the west, known as the Meade arch, are known to have 

experienced significant and differential uplift associated with crustal inversion. This is 

what one might expect to occur along the boundaries of adjusting basement fault blocks. 

Continuing westward, the position of the next predicted block boundary aligns roughly 

just west of the northeast-trending linear western coast of the AAT that runs south of 

Peard Bay (#10, Fig. 4.6). This basement block boundary is associated with a marked 

change in the structure and trend of the Barrow arch. The orientation of this large 

transfer zone is in alignment with the north-northeast-trending axis of the modem giant 

Barrow Submarine Canyon complex, located to the west. The next block boundary 

westward of this is marked by a complex transtensional wrench fault zone, known as the 

Hanna Trough, (Grantz and May, 1988b; Grantz et al., 1990a; Thurston, 1987; Thurston 

and Theiss, 1991). As the reader will note later in Chapter 5, the first-order estimates of 

block widths based on coastline lineaments and discussed here, match remarkably well 

with block widths and margins derived fiom basement lineaments that are inferred on 

mapped um'ts across the Colville basin. 
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If one pays attention to only the most prominent or longest coastal offsets shown in 

Figure 4.6, it can be also concluded that the underlying Barrow arch could be partitioned 

in only three mega-size crustal blocks. Estimated widths of the megablocks would be 

around 340 kms. Block boundaries, located &om east to west, would include the area 

around Demarcation Bay at the Canada-USA border, another at Harrison Bay and another 

located just west of Point Barrow. The linear nature of the coastline south and west of 

Point Barrow and the prominent change in structural style to the west of Point Banow 

(Grantz and May (1988; Thurston, 1987) leaves little doubt that the western or Chukchi 

coastline of the AAT marks the boundary of a major basement block or subterrane. 

Such similarities in block widths at a variety of different dimensions suggest to me that 

the distribution of transcurrent shearing across the AAT may be fractal in character. In 

fact the distribution of crustal lineaments is somewhat remim'scent of modem-day 

oceanic transform-transcurrent fault settings in the eastern Pacific that are also the subject 

of recent research by the author. 

4.4.3 Distribution and alignment of major drainage systems 

The morphologies of many rivers across the AAT are suggestive of an underlying block, 

fabric. Figure 4.6 is a composite map of both supported and inferred geomorphic and 

basement lineaments across the AAT. Regional geomorphic lineaments have been 

defined based on the correlation of termini and changes in the orientation and linear 
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morphology of some rivers across the AAT. These lineaments are shown relative to a 

variety of geomorphic features, which include: (I) the location and morphology of the 

Brooks Range and Lisbume Hills, (2) linear segments of major drainage systems that 

head in this orogen and flow to the coast, (3) offshore bar complexes and key marine 

embayments, (4) a region of the coastal plain marked by a relatively high concentration 

of thermokarst or thaw lakes, and (5) smaller-scale geomorphic features studied by the 

author. Although at the small scale of Figwe 4.6, this relationship is not so readily 

apparent as in some areas across the AAT at larger scales, the linkage of structural 

control becomes obvious. It is postulated that differential uplift, tilting and shearing 

along block margins may have served to focus modem deposition, erosion, and 

transportation of coarse-grained sediments across the region. Where block boundaries 

are oriented favorably to the regional dip, the occupation by river and submarine canyon 

systems would be favored.. 

Examination of Figure 4.6 illustrates a pervasive nature to these geomorphic lineaments. 

I observed that many river lineaments matched closely with conjugate fabrics seen in the 

natural landscape and with fault fabrics predicted by experimental models of northeast-

trending block faulting and sinistral displacement along block boundaries as shown in 

Figiire 4.6. Note too the paralleh'sm between fluvial patterns and numerous coastal 

lineaments across the coastal plain. The southward projection of many of the more 

prominent shoreline lineaments often coincides with the general trend or a bend of a 
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major river course (represented by some of the northeast-trending red dashed lines in Fig. 

4.6) suggesting that some of the rivers are responding to the underlying structure. 

This linkage is most apparent as the Barrow arch or hingeline shallows in depth beneath 

the coastal plain. Southward, away from the arch and aaoss the deeper portions of the 

Colville basin, the direction of the rivers tend to be more north-south reflecting the 

increased slope and general influence of folds and thrusts throughout east-striking the 

Foothills and Brooks Range provinces. It is only when the rivers reach the flat coastal 

plain area that the river trunks become more linear and change relatively abruptly to a 

northeast orientation. I propose that the differentially uplifted rift margin or Barrow arch, 

located beneath only a few kilometers of shale-dominated strata and several kilometers of 

permafrost, is influencing the morphology and location of some modem river systems 

(e.g. Colville and Sagavanirktok Rivers). The remarkable parallelism and alignment of 

regional surface and subsurface lineaments across a variety of structural and geomorphic 

provinces indicates that a common set of deep basement conjugate fault fabrics may 

actually extend across the whole of the AAT (Casavant, 1997b; Casavant and Gross, 

1998b). This transplate interpretation is suggested by the regional distribution and 

morphology of arctic rivers and alignment of geomorphic trends.. Undoubedtly, fracture 

zones and faults, exhibiting small dip displacement, must be intersecting near surface 

um'ts. Recogmtion of these structures may be hampered by a number of factors such as: 

(1) displacements being at a scale that is below the resolution of subsurface data, (2) 

masking of the zones by dense low-lying tundra cover, (3) the immediate occupation and 
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burial of these zones by lakes and river deposits or (4) diffusion of their signature by 

erosion processes. 

The trends and locations of some prominent coastal and river lineaments across the 

coastal plain (or Barrow arch) have already been noted by researchers (e.g. Short and 

Wright, 1974b; Vigdorchik, 1980). Vigdorchik's explanation that the lineaments of Short 

and Wright are related to tangential stress orientations along a global system of earth 

lineaments requires further study. In contrast, my analysis suggests that they are more 

related to a regional block architecture that may unique to the continental AAT. 

4.4.2.1 The Tertiary Upland region—erasional or structural control? 

At the boundary between the northern foothills and coastal plain in the central part of the 

North Slope lie several em'gmatic landforms that have been designated as being erosional 

landforms formed by a eustatic sea level drop and the subsequent incision by arctic rivers 

in the area (Rawhnson, 1993). One of these landforms, called the Tertiary Uplands, lies 

directly above and adjacent to a northeast-trending basement boundaries that have been 

inferred from fault patterns seen in the subsurface in the Kuparuk River field (presented 

in Chapter 6). Until this study, a linkage to subsurface structure had never been proposed 

for geomorphic uplands such as the Tertiary Uplands (TU) and the architecture of the 

linear marine cut terraces that flank the western margin of the TU. 
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Figure 4.7 is a enhanced DEM display of the TU and surrounding coastal plain of the 

central North Slope. The image was image processed to highlight geomorphic linears. 

Gray level assignments were reversed to accentuate shadows and a contrast stretch, edge-

enhancement algorithm and false-sun illumination were applied. The processed DEM 

was used to make detailed drainage map of the area shown in Figures 4.8 and 4.9. The 

western margin of the image includes the Colville River and Colville River delta, which 

feeds into Harrison Bay. Along the eastern margin lies Foggy Island Bay on the coast 

and Kadleroshlik River, which feeds into it Prominently highlighted are the linear 

eastern margin of Harrison Bay (OPL), the large and linear eastern distributary channels 

of the Colville River delta and the linear western margin of E*rudhoe Bay, located west of 

Foggy Island Bay. South of the coast, three enigmatic hills, commonly referred to as 

erosional remnants, dot the central coastal plain. From west to east these are the Tertiary 

Uplands (TU), White Hills (WH) and Frankhn Bluff (FB). Brief descriptions of these 

topographic highs suggested that these uplands represent erosional landforms that are 

composed of unconsolidated Late-Tertiary to Quaternary river sands and gravels and 

have probably not been subjected to any structural control (e.g. Rawlinson, 1993; D. 

Carter, 1998, pers. com.). 
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Figure 4.7 Enhanced DEM across the Tertiary Uplands region of the central North Slope, Alaska. 
Inversion of gray levels and false-illumination from die southeast (orthogonal to 
drainage and topographic trends) has highlighted geomorphic lineaments. Shown are 
enigmatic hills interpreted to be erosional remnant highs (TU-Tertiary Uplands, WH-
White Hills, FB-Franklin Bluffs). Note that although tributary patterns are mostly 
dendritic, many segments of trunk streams exhibit anomalous linearity and parallelism. 
The orthogonal trend of some reaches relative to each other across these hi^s and 
remarkable parallelism of stream segments across this excepdonally flat terrane and 
coastal lineaments to the north infen the influence of local structure control. This is 
not expected if only fluvial indsion was at play across this gravel-rich and tundra 
covert re^on. Thaw lakes show up in the image as tiny white ellipses in the image. 

Indeed, one first notes that the general shape of the TU and adjacent positives is rather 

elliptical as one might expect &om fluvial incisioiL The shapes and the drainage patterns 
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of the hills revealed in Figures 4.7 and 4.8 suggest that the processes, which shaped them, 

were relatively consistent across the area. The TU is located where the northwest-

trending and parallel trunks of the Itkillik and Kuparuk Rivers diverge and flow around 

the TU to the northwest and north-northeast, respectively (Fig. 4.8). The western and 

northwestern flanks of the TU are defined mostly by the Itkillik River and Miluveache 

River, respectively, while its eastern and northern margin is defined by the trunk and 

numerous tributaries of the Kuparuk River and smaller Ugnuravik and Sakonoravik 

Rivers, respectively. Along the southeast border of the TU, the trunk of the Kuparuk 

River separates the TU from the adjacent White Hills upland (WH), while a major 

tributary of the Kuparuk Eliver marks the eastern margin of the White Hills. Note that 

where the Itkillik and Kuparuk intersect the TU, both rivers abruptly divert in opposite, 

but a more or less orthogonal manner around the TU. The radial and annular drainage 

patterns that define the TU and WH are remimscent of a patterns that are often associated 

with a low amplitude asymmetrical doubly-plunging folds or asymmetrical domes. We 

also see an orthogonal change in trend along the Sagavanirktok River, which flows 

northwestward from the foothills of the eastern Brooks Range and then turns abruptly to 

the northeast after crossing the southern margin of the FB. Here it defines the remarkably 

linear western margin of the FB until its termination as the northeast-tending deltaic 

complex along the east shores of Prudhoe Bay. The point where it abruptly changes its 

trend to the northeast is where it would have crossed a northeast-trending lineament that 

included the linear section of the Kuparuk River to the southwest This segment of the 

Kuparuk River runs between the TU from the WH. 
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A large number of fluvial lineaments across the area also parallel and/or link to 

anomalous coastal lineaments to the north. An example of this is the parallelism between 

the larger and linear distributary channels of the Colville River delta and the OPL just to 

the east Some geomorphic lineaments apparently spatially correlate with known 

subsurface geological lineaments. These features are mapped from seismic and geologic 

data in the Kuparuk River and Alpine oil fields. These fields are located just to the north 

and west of the TU, respectively. Figure 4.8 shows the orientation of some features that 

infer morphotectom'c linkages in the vicinity of the TU and other upland features. One 

example of this morphotectonic linkage is the northwest flank of the TU, which coincides 

with the trend and position of controlled marine sandstone deposits that were deposited 

along a northeast-trending truncated and faulted western margin of the Kuparuk trough 

(imaged in Chapter 6). In fact, the reader will later see in Chapter 6 that the drainage 

divide of the TU and the general morphology of the TU and its drainages can be linked 

spatially with the prominently faulted portions of a mid-Tertiary-age anticline. 

Another example shown in Figure 4.9 involves the axial trend and position of a Tertiary-

age anticline and location of a fault zone, both which spatially correlate with the 

northwest-trending distal segment of the Kalubik Creek. To the northwest the Kalubik 

Creek segment ends at the southern terminus of the 15 km long OPL. To the southeast 
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Figure 4.8 Drainage network map of the Tertiary Uplands and surrounding area. Note the 
similarity in orientation between fluvial lineaments and linear shoreline segments. 
Note too that the anomalous parallelism of the flanks and axes of topographic uplands 
such as the Tertiary Uplands (TU), White Hills (WH), and Franklin Bluffs (FB) and 
match with coastal lineaments to the north. Detailed subsurface mapping in the 
Kuparuk River field area, located Just north-northwest of the TU, contains a number of 
subsurface structural-stratigraphic lineaments (arrows)shows that match in their 
orientation and position with overlying geomorphic lineaments. Subsurface features 
shown for comparison include the approximate surface position of the fault-controlled 
western margin of the Kuparuk trough t hat is also truncated by the LCU, and the axial 
trends and position (arrows) of Lower Cretaceous-age reservoir sands (AI-A4 axes) 
that rim the trough. A review of east-west 3D seismic lines reveals that some 
basement-seated faults do intersect the shallow and thick perma&ost just beneath the 
surface. This bolsters a hypothesis that underlying structure may control some 
drainage patterns and influences the morphology of the TU and other uplands in the 
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area and coastal and nearshore marine features. A, B, C -Plio-Pieistocene "Colvilie 
terraces" of Carter and Galloway (1983); Kup. R. -Kuparuk River, Ugnu-Ugnuravik 
River. 

the projection of the river segment coincides with the northern limit of the TU and 

approximates the southern margin of the FB. This lineament is also closely associated 

with major bends in the Kuparuk and Sagavanirktok Rivers. In the subsurface beneath 

this northwest-southeast trending stream, 3D seismic mapping at the Lower Cretaceous 

level (Chapter 6) reveals a northwest-southeast trending zone of en echelon, right-

stepping normal faults. The zone, herein called the "Kalubik Creek" fault zone (KCFZ), 

correlates with the apex or hingeline of a northwest-trending and southeast-plunging 

Tertiary-age anticline. The fault pattern within this zone suggest transtensional 

displacement along the northem margin of the highly asymmetrical antichne. 

It was noted that the stream pattern of the FB, taken from the DEM, closely resembled 

patterns exhibited on the western flanks of both the TU and WH. Given this spatial 

information, it is reasonable to speculate that maybe the similar stream patterns, which 

mark the western flanks of both the WH and FB (Figures 4.8 and 4.9), could have been 

genetically linked to one another at some time in the past If one ah'gns both flanks and 

along a northeast-trending lineament that was offset by the KCFZ, the restoration 

removes a bend in the Kuparuk River (located below the "E" in Figure 4.9) and even 

aligns the OPL with the more linear distributary channels in the Colville River delta 
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Even without the above speculation, one still observes a remarkable alignment of among 

the hills. For instance, the northeast-trending axis and margin of the WH projects or 

aligns roughly with the linear segment of the Sagavanirktok River on the western edge of 

the FB. The linear trunk stream along the eastern margin of the WH parallels fairly 

closely with the eastern edge of the FB. Note that these lineaments also parallel the axis 

(drainage divide) and trend of the marine-cut Plio-Pleistocene terraces (Carter and 

Galloway, 1982) along the northwestern flank of the TU (Fig. 4.8). In short, these spatial 

observations suggest at least that the upland features may have shared not only a common 

fluvial, but maybe a common structural history that has since been complicated by stream 

piracy and/or deformation in the region. 

Some researchers might argue that the remarkable parallelism of these gravel-rich hills 

could be due solely to erosional processes. The parallelism between linear aimular 

stream segments and the drainage divides along the axis of so-called "erosional 

remnants" like the TU and WH seems more suggestive of structural control (minor 

asymmetric folding or tilting of gravel-rich units). The postulation of structural control in 

the formation of one upland feature was previously implied by Mull (1989a), who 

observed that the top strata of the FB exhibited a slight flexure. Other than Mull's 

observation, the notion of structural influence of the evolution of these uplands remains 

largely speculative to this day. 
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The reader should be made aware at this time that both structural and stratigraphic 

relationships, observed in the underlying Tertiary and Cretaceous rocks, have been linked 

to a history of repeated structural inversion along this portion of the Barrow arch 

(Hubbard et al., 1987; Eller et al., 1986; Carman and Hardwick, 1983). A history of 

structural inversion, discussed in detail in Chapter 6, implies that the strength of the upper 

crust in the region is relatively low compared to other areas. For most regions where 

inversion has been documented, complex structural linkages accompanied by seismic and 

aseismic neotectonic deformation are common place. In that case, similar 

morphotectonic linkages should be expected in the Tertiary Uplands region of the North 

Slope. Although intriguing, this inference of structural control that is suggested by the 

stream patterns and the spatial coincidence of geomorphic lineament and underlying 

structure remains hardly conclusive. The purpose of presenting these spatial relationships 

is to raise the awareness of such potential linkages and promote the importance of 

conducting future morphotectonic studies across the area. 
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Figure 4.9 Same figure as Fig. 4.8, but with some major northeast and northwest-trending 
subsurface features indicated. Dashed lines approximate the location of fault zones and 
structures (mapped and inferred) in Lower Cretaceous-age rocks, located thousands of 
meters below the surface. The shape of the TU and numerous drainage patterns across 
the area appear to be structurally controlled in part This raises speculations that 
undocumented neotectou'c deformation may have existed in this portion of the coastal 
plains (e.g. inflections in the trend of the TU, FB drainage divides project with a major 
bend in the Colville River). The faults shown conform to a propos  ̂block model that 
was derived from other geomorphic and subsurface geological and geophysical data. A 
channel profile analysis of the I^uveache River (shown in blue with arrows) indicates 
that the orientation and location of a linear marine terrace, along the western edge of 
the TU, could be related to faulting that controlled depositional and structural features 
several kilometers beneath the permafrost The letters "A" through "L" along the 
Miluveache River refer to the data stations shown in Figure 4.10. 
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4.4.3.2 Longitudinal channel profile analysis—the Miluveache River 

A precursory study of the longitudinal channel profile (long profile) and stream-length 

gradient indices (SL) (Hack, 1973) along the Miluveache River to investigate the profile 

of this coastal plain river and its behavior as it intersected the linear marine-cut terraces 

that flanked the northwest side of the TU. The idea was to check for possible evidence of 

structural control and/or neotectonic activity that has not been identified before given the 

knowledge of subsurface faulting beneath the area. The Miluveache River flows across a 

thick, relatively young aggradational sequence of bedded, unconsolidated and coarse-

grain fluvial sediments that are blanketed by tundra vegetation. It heads at the apex of 

the TU, first running northeast then turns to the northwest as it aosses the terraces in 

perpendicular fashion (Fig. 4.9). 

The long profile in Figure 4.10 reveals that along most of its length the Miluveache River 

exhft)its a typical concave upward profile as would be expected for a graded river The 

general profiles indicative of a stream that has, for the most part, achieved a state of 

dynamic equilibrium that is often characteristic of tectonic quiescence (Hack, 1957; 

Hack, 1973). Note however, the presence of a significant kmckpoint or anomaly at 

approximately station G-H on the longitudinal profile. It was not expected that a such a 

large kmckpoint in the channel's profile could be maintained for any length of time given 

the gravelly and relatively unconsolidated nature of the sediments and the relatively flat-

lying attitude of the stratigr^hy. Yet, this anomaly was indicating a very localized area 
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of downcutting at a location (station G-H). Note too that the location coincides with the 

abrupt cliauge in Ihc river's trend. 

sw 
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Figure 4.10 Longitudinal channel profile (long profile) and stream length gradient index analysis 
(SL) along the Miluveache River, which feeds into Harrison Bay along its eastern 
margin. The SL curve provides a more sensitive indication of subtle gradient 
changes, which might occur along a channel profile. A large knickpoint at station G 
along the profile correlates with a marked changes in the direction that can be seen 
for several streams that flowing across the Tertiary Uplands (TU). The long profile 
suggests that the Miluveache is pretty much at gr^e, except in the vicinity of 
reaches "G" through TC". Station "G" is located approximately where die northeast-
trending river crosses the apex of a low, northeast-trending topographic ridge and 
changes trend to northwestward. This ridge defines the western linear margin of the 
TU. The pronounced knickpoint may be the result of pronounced thermokarst 
erosion along the western flank of the TU that could be related to some flood and 
sedimentation processes that occurred east of Colville River delta at some time in the 
past The sharpness of the anomaly is, however, unexpected given the gravelly-
sandy nature of the units that make up the TU and the amount of time that has 
transpired since the deposition of the Plio-Pleistocene units On the other hand the 
location of the knickpoint and northwest trend of the river segment matches very 
closely the trend and position of a northwest-trending hingeline of a large anticlinal 
structure in die subsurface. The latter suggests potential fault control (less than 10 
m) on the Miluveache and other rivers. 
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Shown also in Figure 4.10 is a profile of calculated stream-length gradient indices (or SL 

indices) along the river. The SL index is a highly sensitive indicator of changes in the 

stream profile (Hack, 1973). Like the long profile, it also was measured and calculated 

fi-om the USGS topographic map and, therefore, should be considered precursory. 

Additional SL analyses across the remaining flanks of the TU and WH revealed no other 

significant knickpoint developments. Thus, the prominent knickpoint seen between 

stations G-H along the northwestern flank of the TU appears to be unique. 

The character of the TU knickpoint and its SL index signature is remimscent of what one 

might expect to find either associated with an active fault scarp, rather than an erosional 

scarp in partially fi-ozen gravels and sands. Assuming that the faulting of the gravel-rich 

section occurred relatively recent (during the Cenozoic), even in just over a few hundred 

of years the shape of the scarp should have become more rounded and concave fi-om 

diffusion processes. Why this pronounced knickpoint persists is unclear and would 

require field examination. One possibility is that the water saturated gravels of the 

Colville River keep the region along the west side of the TU permafi^ost fi-ee and allow 

for thermokarst erosional processes to keep eroding away at the western margin of the 

otherwise firozen TU. A scenario of occasional flooding east of the Colville River and 

undercutting of the TUs western flank seems quite unlikely given the climatic conditions, 

lack of large flooding events during historical time, and the significant distance of the 

knickpoint away fi^om the river (-30 km). Another possibility is that the anomalous 
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knickpoint seen in Figure 4.10 might be an artifact or error in the topographic map. If 

one examines the adjacent drainage just to the south of the Miluveache River, however, 

they will also see that most of the larger tributaries terminate along the strike of a 

northeast-trending lineament that includes the anomalous knickpoint of the Miluveache. 

Directly north of the Miluveache River is the Ugnuravik River (Figs. 4.8 and 4.9), which 

exhibits a same morphology to the Miluveache. From its headwaters it too runs along the 

lineament mentioned above that parallels the axis of the TU. And like the Miluveache it 

too makes a sudden bend and trends to the northwest These linear stream patterns and 

the knowledge that faulting exists in the shallow subsurface in the immediate vicinity 

suggest structural control on the drainage may be the result of recent fault displacement 

along the western margin of the TU that has occurred within the permafrost This spatial 

agreement between disparate geomorphic features and subsurface elements fuels 

strengthens the hypothesis that shallow faulting may have influenced the morphology of 

other similarly-oriented upland features in the area. 

This hypothesis is bolstered by the observation that some basement-seated faults, seen on 

seismic lines, intersect shallower strata and the permafrost interval in an area to the 

northwest of the TU. Recall, earlier in this chapter, that the frequent changes occur in the 

trend and morphology of many rivers or streams that cross the coastal plain area. In 

Chapter 6 a spatial correlation between faulting at the Lower Cretaceous level and abrupt 

changes in the surface stream patterns across the Kuparuk River field area is analyzed 

and presented for the reader's review. Proprietary seismic lines, reviewed by the author at 
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the BP (Alaska) headquarters in Anchorage, Alaska, revealed the presence of high-angle 

normal faults, which propagate &om the basement and penetrate the permafrost interval 

to shallow levels below the surface. Also, well-documented from the high-resolution 

seismic and well data, are fault attitudes below and above the Lower Cretaceous level 

that are predominantly high angle. The calculated dips of the majority of deep-seated 

fault planes in the field are often greater than 65° from the horizontal (Greg Jurkowski, 

pers. com.). 

An example of a probable linkage between a deep fault zone and the morphology of a 

surface feature can be demonstrated by the morphology and trend of the northwest-

trending Kalubik Creek. This small stream flows directly above and parallel the faulted 

hingeline of the buried asymmetrical and northwest-trending Kuparuk anticline (Fig. 4.9 

and Chapter 6). Along most of its length, small tributaries appear to align with the trend 

and subsurface location of several N-NE trending major fault zones at the Cretaceous 

level. At its more distal reach the Kalubik Creek abruptly turns to the northwest and 

become very linear. The northwest-trending fault zone, also marks the southern terminus 

of the 15 km-long OPL coastline anomaly. This location also coincides with the northern 

termination of the youngest (mid-Pleistocene) marine-cut terrace (terrace C) along the 

northwestern flank of the TU (Fig. 4.8), and marks the northeastern extent of the 

Holocene-age Colville River delta. The distal segment aligns exactly above the trend and 

location of a fault zone, hereafter called the Kalubik Creek Fault Zone or KCFZ. This 
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complex fault zone marks the hingeline of a large asymmetric anticline, known as the 

Kuparuk anticline at the Lower Cretaceous level. 

These above observations suggest that the evolution of fluvial and coastal lineaments 

(e.g. OPL, various rivers segments, Colville River delta and TU terraces) may all be 

linked to the basement-related fault control. In the end, these spatial correlation and the 

associated inferences will still need rigorous testing with detailed Held mapping and 

geophysical studies before an unequivocal morphotectonic linkage and the cause(s) of the 

Miluveache River knickpoint can be ascertained. If future analysis verify that the TU is 

structurally controlled, then other geomorphic features across the North Slope will need 

be re-examined in light of the potential clues they might offer in relation to unknown 

structure at depth and used in evaluating the extent of potential neotectom'c deformation 

and partitiom'ng of regional stresses westward of the eastern Brooks Range and Foothills 

region.. 

4.4.4 Morphology of the continental shelf and submarine complexes, Alaskan Beaufort 

Shelf 

Submarine canyons are ubiquitous to most of the world's continental shelves and for the 

most part, have been categorized into two major types. Types are based on the degree of 

tectomc activity (passive or active) and the width of the shelf that they intersect 

Canyons that cut landward across the shelf and enter the shore zone are generally 
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restricted to coasts with narrow continental shelves that receive an abundant supply of 

sand (Shepard and Dill, 1966). The majority of submarine canyons across the Alaskan 

Beaufort shelf do not head in the shore zone. Their morphology is characteristic of 

canyons that exist on what is known as a "trailing edge" shelf (Inman and Nordstrom, 

1971; Shepard, 1981) or continental shelf that has been prograding and widening seaward 

from passive margin sedimentation. The exception is the large modem Barrow sea valley 

and canyon complex (BSC), which cuts far up into the shelf (Fig. 4.11). One reason for 

this is that the BSC is located along a fundamental structural boundary (shear zone), 

which separates two regions of different tectonic styles (Grantz and May, 1988b; 

Thurston, 1987; Thurston and Theiss, 1991). It is thought that the Tertiary-age Simpson 

Canyon (Fig. 3.9),which is located in the subsurface in the area of Deese Inlet, was 

similar to the BSC. It too headed in the shore zone and acted as a major bypass that 

allowed Nanushuk sediments to reach the deep abyssal plain of the Canada basin, shown 

in Fig. 4.11. 

Numerous studies have documented that buried pre-rift basement faults or shear zones, 

which transverse both passive and active margins, can play a major role in controlling the 

location and morphology of many submarine canyon complexes (Scholl et al., 1970; 

Seger and Alexander, 1993; Shepard, 1973). This is in line with this study, which 

proposes that much of submarine landscape along the Alaska Beaufort Shelf and 

continental slope are structurally controlled. Figure 4.11 shows the location and 

orientation of major coastline lineaments in relation to the morphology of the continental 
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shelf. Noted that the shelf-slope appears to be segmented morphologically along strike 

whert these coastline lineaments project seaward. Changes in the strike of continerrtal 

slope (stippled pattern) are shown as a offset lines. The segmentation is often associated 

with changes in the width of the shelf As might be expected the locations of submarine 

canyons appear to correlate well with segmentation of the coastal plain as determined 

from both surface and subsurface lineaments. 

Note also that largest inflections in the modem continental slope coincide with 

pronounced changes in the character and/or trend of the buried Barrow arch and the 

seaward Cretaceous rift hingeline. These major discontinuities include the CDZ, KT, 

Simpson Canyon, and BSC. Note the "capture" of river systems along northeast-trending 

lineaments as they cross the coastal plain and the alignment with offshore modem and 

ancient submarine features. Finally, the northeast-trending and anomalously linear 

continental shelf of the Canadian Arctic Islands parallel the OPL, which coincides with 

one of the largest changes in trend along the Alaskan shelf It is possible that the OPL 

may represent a major crustal boundary that projects to the north and which may have 

played an important role in the opening of the Canada Basin. 
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Figure 4.11 Distribunon of major rivers, coastal linears, marine embayments in relation to the 
morphology of the Beaufort continental shelf and location of submarine canyon 
complexes. Bathymetry &om EMnter(1982); geology modified from Grantz et al. 
(1988). Note that changes in the morphology (e.g. width and trend) of the shelf and 
locadon of submarine canyon complexes correlate with the seaward projections of 
subsurface and surface linears that traverse the buried Barrow arch. This spatial 
correlation suggests that continental shelf and slope may be structural segmented and 
that the submarine canyon complexes are structurally controlled. Major coastline 
lineaments are shown as dashed linear. The table lists the azimuth and lengths of 
linear segments of coastline. Al-Alpine sand subsurface lineament, BSC-Barrow sea 
valley and canyon complex, CB-Camden Bay, CDZ-Canning displacement zone, 
CH-Cape H^kett, DI-Deese Inlet (coincident with the location of the paleo Simpson 
Canyon), HB-Ha^son Bay, KTL-Kuparuk trough surface/subsurface lineament, 
OPL-Oliktok Point surfac^subsurface lineament, P-Prudhoe Bay, PBL-Point Barrow 
surface/subsurface lineament, MB-Mikkelsen Bay, SB-Smith Bay, T-Teshekpuk 
Lake. 
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The table in Figure 4.11 reveals that the average azimuth of the major coastline 

lineaments measured from detail bathymetric maps is N38°E. This orientation matches 

closely the general azimuth of numerous northeast-trending lineaments seen throughout 

the AAT (e.g. refer to Fig. 4.6). Also not a surprise is that the general the spacing 

between major submarine canyon systems is similar to the block width dimensions that 

were calculated earlier from the spacing of coastal and river lineaments. Based on the 

above observations, one might deduce that the location and architecture of submarine 

canyons and the general morphology of the continental shelf along the northern margin of 

the AAT are controlled by the underlying basement block architecture of the Barrow 

arch. Whether or not neotectonic adjustments of the blocks played any role in the 

morphology and location of these submarine elements is a subject that remains open to 

speculation. 

4.4.5 Variations in heat flow and ice-bearing permafrost thickness 

East to west across the coastal plain depths to the base of the ice-bearing permafrost 

range from less than 61 m (200 ft) to more than 610 m (2,000 ft.) (Collett et al., 1989; 

Lachenbruch, 1957). The northern offshore limit of the ice-bearing permafrost (IBPF) is 

not as well defined because fewer wells have been drilled offshore. A general thinm'ng of 

the interval towards the north is thought to be a function of the blanketing affect and 

higher heat capacity of the overlying water column in the Beaufort Sea (Lachenbruch, 
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1957). The apparent thinning of the IBPF interval to the south and to the west is due to 

the interval becoming more patchy and segregated as a function of vertical and horizontal 

variatioT« in the relative coarseness and relative permeability of the shelf sediments (e.g. 

Morack and Rogers, 1982; Osterkamp and Payne, 1981; Selhnan and Hopkins, 1983). 

Vanations in the thickness of the permafrost have also been attributed to changes in the 

climate and geothermal gradient. Since the Pleistocene the climate is considered to have 

remained relatively constant across the Arctic Coastal Plain (Rawlinson, 1993), any 

localized differences in the thickness of the permafrost are most likely related to the 

variations in the geothermal gradient. Variations in the geothermal gradient have usually 

been assigned to three general categories: (1) local thermodynamic effects of bodies of 

water on temperatures at the solid Earth surface (e.g. rivers and lakes), (2) lateral 

variations in heat flow from below the permafrost, and/or (3) lateral variations in thermal 

conductivity of the permafrost due to lithologic variations (Lachenbruch et al., 1962b; 

Lachenbruch et al., 1988). Despite a significant number of investigations of permafrost 

distribution across the North Slope of Alaska, few, if any, have directly addressed the 

role of faulting on permafrost thickness and quality. Now that faulting, involving 

basement-to-permafrost linkages, has been observed, it seems logical that fault zones 

(active or not) that segment the underlying Barrow arch and which are prone to 

reactivation, might have a profound link to variations in geothermal gradient and thermal 

conductivity of the permafrost on both a local and regional level. Additionally, it is 

plausible that relatively coarse-grained sediments that are often associated with fluvio-
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deltaic systems that are constrained by these fault zones, are also contributing factors to 

the heterogeneity in thermal conductivity and subsequent thickness of the IBPF. 

In 1992, Deming and others of the U.S. Geological Survey presented a convincing model 

that correlated general variations in the shallow basement architecture (depth-to-

basement) of the Barrow arch with a basinal hydrological flow regime that inferred the 

upwelling of basinal waters from the deep Colville basin northward and upward along the 

southern flank of the Barrow arch. A published map of less abundant deep bottom-hole 

temperature data revealed a similar along-strike heterogeneity in deep heat flow 

distribution (Deming et al., 1992). A map re-interpretation of the USGS shallow bottom-

hole temperature data suggested that the shallow heat flow distribution across the North 

Slope was actually more heterogeneous than what had been published. The 

reinterpretation, revealed in Figure 4.12, led to several other observations: (1) that 

northeast-trending zones of high heat flow common to both the Colville basin and 

Banow arch and (2) an apparent spatial correlation exists between the locations of 

observed and inferred interpreted northeast-trending transverse fault zones that cross the 

Banow arch and segment it into discrete structural domains. 

Thus, the along-strike heat flow variations and proposed hydrological cycle presented by 

Deming and others (1992) bear special relevance to the basement block model that is 

presented in this research. It is proposed that complex and highly fractured fault zones 

(basement shear zones) that define the fault block margins, continue to act as both 
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pressure and temperature sinks. The high density of brittle deformation associated with 

transfer fault zones across the Barrow arch (see Chapter 6) undoubtedly promotes an 

increase in the conduction and transmission of heat and basinal fluids towards the fault 

zone, where they in turn move upwards into a fractured and faulted sediment cover that 

includes the permafrost. For an eloquent characterization of fractures, pressure and fluid 

behavior within a similar structural setting the reader is directed to presentations by 

Connolly and Cosgrove (1999), summarized in Chapter 6, and Sibson (1990). 
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Figure 4.12. Author's reinterpretaticn of corrected shallow heat flow data across the NPRA. Data 
was compiled by Deming and others (1996). Wanned basinal waters are interpreted 
to have migrated northward fix>m the deep Colville basin and updip through 
permeable and fractured Paleozoic formations along the southern flank of the Barrow 
arch and transverse fault zones. Recharge occurs in the northern Brooks Range and 
southern Foothills regions where the units outcrop. The along-strike heterogeneity in 
shallow heat flow and a persistent northeast-orientation of areas of high heat flow are 
related to known and suspected transverse fault zones, which segment the Barrow 
arch and Colville basin. From east to west, regions of high heat flow lie close to 
inferred transcurrent fault zones that border basement highs. These include the 
northeast-trending Camung displacement zone located Just east of the flgure), the 
highly-faulted Oliktok Point-Kuparuk tough (OPL-KT) in the central North Slope 
area, and the Deese Inlet-Simpson Canyon (DI-SC) to the west Proven linkages to 
intense faulting in the DI-SC area are uncertain, but suspected since the area 
coincides with (1) a northeast-trending basement block boundary that defines the 
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flank of the Meade arch (Figs. 5.1b, c\ (2) an associated bend in the strike of the 
arch (Figs. 3.9 and 3.19) and (3) numerous major oil seeps. The DI-SC anomaly also 
correlates with the structurally controlled northeast-trending paleo-submarine canyon 
complex, known as the Simpson Canyon. This feature was discussed in the previous 
section and is shown in Figure 3.9. 

The structural model for IBPF variation could also relate to thermal variations that are 

linked to the distribution of coarse-grained ancient and modem deposits within the 

permafrost For example, the deposition and transport of the thickest and coarsest 

sediments associated with a variety of depositional settings (e.g. incised valley, river, 

delta, estuary, beach, marine bay) could have been controlled by hangingwall-footwall 

contacts along northeast- and northwest-trending graben and half-graben structures. This 

structural style would have resulted from the translation, tilting and rotation of different 

basement blocks along the arch. Thus, one might expect that the surface location of 

relatively porous and permeable coarse-grained deposits that are conducive to the 

formation of thick permafrost because of their relatively low geothermal gradient 

(Lachenbruch et al., 1962b; Lachenbruch et al., 1988), would be concentrated to one side 

or the other of the surface expression of the faulted block margin. It would be expected 

that directly above the fault the permafrost thickness nught thin due to the transrm'ssion of 

heated basinal fluids and groundwater along the fault plane. 

In 1989 Collett and others addressed this issue and published a map showing the depth to 

the base of the ice-bearing permafrost (IBPF) across portions of the North Slope. Data 

obtained from 156 publicly-available well log suites was sufGcient in quality to identify 

ice-bearing strata. Although as many as nine different wireline logs were used to identify 
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the base of ice-bearing permafrost, it was detennined that the resistivity and acoustic-

transit-time (sonic) logs were the best indicators of IBPF. Using well log picks from the 

Collet study, the thickness of the IBPF interval across a portion of the central North Slope 

was re-evaluated by the author (Figs. 4.13 and 4.14). The area study stretches from the 

eastern margin of Smith Bay in the west to the Canning River in the east. 

Permafrost 
study 

Figure 4.13 Portion of the central North Slope showing where the thickness of the ice-bearing 
perma&ost (IBPF) interval was reinterpreted. Weil log data was adapted from 
Collett and others (1989). Note also that position of the NE-trending axis of the 
Kuparuk trough (KT) and Canning displacement zone (CDZ) overly major 
inflections or offsets in the axis of the buried Barrow arch and project to similar 
inflections in the Brooks Range mountain front Co-Colville River, HB-Harrison 
Bay, OPL-Oliktok Point coastline lineament Boxed area indicates study area 
shown in Figure 4.14. 

The reader will observe from the map in Figure 4.14 that a band of maximum IBPF 

thickness roughly parallels the coastline between the Colville and Canning Rivers. Note 
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that the thickness of the permafrost in the vicinity of the Kuparuk River and Prudhoe Bay 

field unit areas is the greatest across the AAT. Figure 4.14 shows that the depth to the 

base of the EBPF in and around these fields extends from 400 ra to over 700 ra (1300-

2400 ft) below the surface. More importantly, the depth of the IBPF interval in Figure 

4.14 is marked by significant local variations in thickness. It has been proposed that the 

anomalous thermal conductivity and thickem'ng in the area is due primarily to the 

conductivity of near-surface fluvio-deltaic facies that make up the Sagavanirktok and 

Gubik Formations. For example, in the Prudhoe Bay Um't or PBU, the anomalously thick 

IBPF was explained as a direct fimction of the low geothermal gradient within a thick 

interval of high, near-surface gravels that exist in that area (Lachenbruch et al., 1982; 

Osterkamp and Payne, 1981). The substantial thinning of the permafrost interval to the 

south and west of the PBU was also attributed to a thinning of near-surface gravels. 

Although Collett and others (1989) also indicated in their mapping that the anomalous 

thickness of the permafrost within the field area is variable, my reinterpretation of the 

data (Fig. 4.14) emphasizes the many abrupt variations in thickness that do exist along 

strike. My experience with mapping deeper and sedimentologically similar coarse­

grained fluvio-deltaic deposits within the PBU (Casavant et al., 1988a) suggested to me 

that the nature of near-surface sands and gravels, and hence, the thickness of permafrost 

within the Sagavanirktok and Gubik Formations in the PBU area, should be much more 

heterogeneous than pubUshed maps had indicated. My reinterpretation of the IBPF in 

Figure 4.14 reflects that. This interpretation that a higher degree of heterogeneity must 



181 

exist is influenced in part by the knowledge that we now are aware that deep faults 

intersect the base of permafrost. 

The depth map shown in Figure 4.14 suggests also that the PBU anomaly is not as unique 

an occurrence as previous studies imply. Indeed, the reader will note that areas 

exhibiting similar thickness of permafrost occur both west and east of the 600 m (-2000 

ft.) thick "PBU anomaly", which is located just southwest of the northeast-trending 

Sagavanirktok River delta. For example, note that to the west the IBPF thins rapidly 

along a northeast-trending zone that aligns with the axis of Prudhoe Bay and then 

suddenly increases to a thickness that greater than 580 m (1900 feet) in the westernmost 

part of the PBU. 

This abrupt thinning and thickening of the IBPF interval occurs again in the vicinity of 

the Kuparuk River Unit or KRU and repeats again in the Colville River delta area, while 

the same sort of variation can be observed to the east of the PBU. It should be noted that 

the extent and morphology of the permafrost thickness was not as well defined in the 

KRU area as it is was in the PBU. This was because fewer wells were analyzed by 

Collett and others (1989) in this area. Nevertheless, the number of wells in the KRU is in 

fact sufficient to show that the depth to the base of the IBPF does rapidly increase in the 

KRU. I suspect that if more wells were analyzed in the KRU that one might find a 

similar degree of heterogeneity in the IBPF map thickness across the field as was the case 

for the PBU. 
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Figure 4.14 Reinterpretatioa of the depth to the base of the deepest ice-bearing permafrost (IBPF) 
across Ae central Arctic Coastal Plain. Depths are determined &om well logs 
(Posted values nmes 100 ft.) Well locations and data have been omitted for clarity 
of display and are available on a similar map by Collett et al. (1989). BPF thickness 
greater than 1800 feet (550 m) is shaded gray. Numerous northeast-trending 
corridors of thinner permafrost are situated on or adjacent to complex zones of high-
angle faulting that are defined by subsurface geologic and geophysical data. 
Variations in thermal conductivity, and thus permafrost thickness, may relate to both 
rift faulting along the north and south margins of the Barrow arch and to NE-
trending transfer fault zones. The intersection of these 2 fault sets could control the 
location of modem and andent fluvio-deltaic systems, which transport relatively 
coarse-grained sediments across the coastal plain and continental shelf. The 
northwest-trending dashed line with a star represents both an aeromagnetic lineament 
and pronounced gravity gradient from Godson(I994) and Woolson et al. (1962a). 
Northeast- and northwest-trending dashed straight lines represent steep aeromagnetic 
gradients taken from Woolson et al. (1962a) and Saltus et al.(1999). The latter is 
discussed in Chapter 8. These features support the theory of basement fault may 
provide direa and indirect controls on IBPF thickness. C=Colville River delta, Ca = 
Canning River delta, EFZ = segment of the NW-trending subsurface Eileen fault 
zone, KCFZ = basement-surface northwest-trending Kalubik Creek fault system 
(Chapter 4, this study), KT = Kuparuk trough, MB = Mikkelsen Bay, OPL= Oliktok 
Point shoreline lineament, PB = Prudhoe Bay, S = Sagavanirktok River delta. Cross-
hatched polygon = location of the northeast-trending and plunging Eariy Cretaceous-
age structural trough. 

Whether or not the thickening of the IBPF in the KRU is unequivocally due to only an 

increase in the thickness and coarseness of near-surface gravels is questioned at this time. 

Admittedly, my knowledge of the complex sedimentology, stratigraphy and structural 
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architecture of the shallow fluvio-deltaic Sagavanirktok and Gubik Formations is limited 

at the time of this writing. It is noteworthy, however, that in areas in the KRU my 

knowledge of deeper units is adequate to reconstruct that where the permafrost in the 

BCRU area does abruptly thin, there exist complex fault zones directly below that have 

been imaged on high-resolution 3D reflection seismic data at the lower and middle 

Cretaceous levels (Casavant et al., 1990). The basement-seated faults appear to be 

spatially coincident with the location and orientation of the IBPF thins. Some of the 

faults intersect the base of the permafrost zone, and in some locales, appears as if they 

should intersect the surface. One such fault, the northwest-trending Kalubik Creek Fault 

Zone, was already discussed in a previous section of this chapter. 

The reader will note that from east to west, regions of elevated heat flow lie on or 

adjacent to known or suspected northeast-trending transfer or transverse fault zones that 

segment the Barrow arch and that flank basement highs or ridges, which traverse deep 

beneath the Colville basin. Some of these fault zones have been discussed already, others 

will be presented in subsequent chapters in this dissertation. Examples include the 

Canning displacement zone (located to the east just out of the figure), the highly-faulted 

Oliktok Point lineament-Kuparuk trough area (OPL-KT) in the central North Slope area, 

the Deese Inlet-Admiralty Bay and paleo-Simpson Canyon area (DI-SC) to the west and 

the Point Barrow lineament west of that For the DI-SC area, a proven linkage to intense 

basement faulting has not been determined at this time do to unavailability of subsurface 
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data. Deep faulting is suspected, however, given the fact that numerous oil seeps are 

common to that area (Ebbley and Joestings, 1943; Hanna, 1963). 

Note in Figure 4.14 that westward of the KRU beneath the northern terminus of the 

Colville River delta another permafrost thick, was identified by Collett and others. 

Because this anomaly is based on only a one well, the geometry of the feature remains 

speculative. The Colville River delta feature is known to occur on a separate structural 

block from the KRU anomaly as represented by a fault zone which coincides with the 

offset and truncation of basement rocks along the underlying Barrow arch. The fault is 

part of a larger transfer fault system that includes the fault-controlled northeast-trending 

axis and margins of the Kuparuk tough. Thickness of the EBPF interval in the Colville 

River delta area exceeds 540 m (1800 feet), putting it well within the range of the EBPF 

interval that was mapped to the east in the KRU and PBU areas. Since 1986, additional 

exploration and development wells have been drilled throughout the Colville River delta 

(e.g. the recently discovered Alpine Field). Although I have not yet evaluated the 

thickness of the IBPF in these newer wells, it is probable that the geometry and thickness 

of the IBPF in the southern portion of the Colville River delta (as shown in Figure 4.14) 

is underestimated and is more likely to be similar in thickness and heterogeneous 

character with the KRU-PBU areas as new well information become available. 

To the west of the Colville anomaly, the thickness of the IBPF decreases across Harrison 

Bay as would be expected due to the thermal insulating effect of the bay waters. The 
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EBPF interval thickens again just west of the Cape Halkett, a north-south coastal 

lineament along the western margin of Harrison Bay, which is interpreted in this study to 

represent another basement block boundary. Any correlation to deep subsurface faulting 

in this immediate region, however, is speculative due to the scarcity of published 

subsurface data and drilling in the area. 

Over to the east of the Prudhoe Bay EBPF anomaly one observes additional zones or areas 

of abrupt thinning and thickening of the EBPF interval in the vicinity of the Mikkelsen 

Bay and the Canm'ng River delta. Thickness of the interval at the Mikkelsen Bay and 

Canning River sites is estimated to be in excess of 610 m (2000 feet). The character of 

the isopach map suggest a complex morphology similar to that in the PBU area and that 

the Mikkelsen Bay anomaly may be related to another basement domain. In fact, the 

permafrost interval across the Mikkelsen bay area may be equal to or greater in thickness 

than the interval at Prudhoe Bay. Subsurface studies in the area of the Endicott Field, just 

offshore of the area, show that the Mikkelsen Bay area is indeed separated from the PBU 

block by several basement-related transtensional fault zones that include, for example, 

the east-trending Niakuk fault and the west-northwest-trending Mikkelsen Bay and 

Tigvariak Faults (Greg Geehan, BP geologist, pers. com.) 

To the east in the Canning River anomaly any estimation of the thickness of the DBPF 

becomes less certain. The location of the Canning River anomaly lies adjacent to a deep 

and long-lived, northeast-trending depositional and structural trough that will be 
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presented in Chapter 5. Farther to the east (and not shown in Fig. 4.14), it is anticipated 

that the depth to the base of the IBPF could shallow rapidly as the width and extent of 

coastal plains rapidly transition into the foothills and western flank of the northeast-

trending Brooks Range in ANWR as it intersects the coast 

Although the thickest portion of the permafrost in Figure 4.14 generally trends parallel 

the regional strike of the Beaufort shoreline and underlying Barrow arch, where well 

control is sufficiently dense, one observes that the axes of many isopach closures actually 

trend in a northeast direction. Isopach thicks or pods are abruptly segmented from one 

another by narrow zones of thinner permafrost Interestingly, the organization of IBPF 

thicks appears to be en echelon as one moves along the strike of the coastal plain, 

although it is recognized that this could be, in part, more related to the morphology of the 

shoreline. In the end, there is compelling arguments for structural control on permafrost 

distribution and thickness across the North Slope exist These center around the 

observation that the zones of thin permafrost spatially coincide almost exactly with fault 

sets that are sufficiently characterized by both geological and geophysical mapping. 

Independent data include (1) mapped zones of high heat flow, (2) the locations and trends 

of northwest-trending rift bounding fault zones, and (3) the locations and trends of the 

known northeast-trending, complex basement transfer fault zones that produce left-

stepping offsets or inflections in the axis of the Barrow arch. 



187 

The association of narrow zones of thin BPF interval and underlying structure suggests 

that linkages to only variations and composition of near-surface gravels (Collett et al., 

1989; Lachenbruch et al., 1982; Osterkamp and Payne,l981) may be an 

oversimplification. Rather, the IBPF anomalies are likely related to both faulting and 

fracturing beneath and within the permafrost and the composition of near-surface 

sediments. As mentioned earlier, during the summers of 1997 and 19981 observed with 

industry colleagues at BP-Amoco numerous basement-seated faults on reprocessed 2D 

and 3D seismic profiles that intersected the base of the permafi-ost. Some appeared to 

reach the surface. Demonstrable fault reactivation in the KRU implies that the overlying 

strata should be characterized by zones of highly-fractured rocks adjacent to or above the 

fault (see Chapter 6). These same areas would have prone to preferential erosion as well 

as the deposition of coarse-grained fluvio-deltaic and nearshore marine sediments 

through geologic time. Complicating this picture, however, is that fact that the 

permafrost often thins beneath the rivers and lakes of the coastal plain due to the high 

heat storage and heat transfer capacity of water. At some depth the influence of a river's 

insulation properties rapidly dimim'shes and the formation of permafrost ensues. Smaller 

rivers and streams have less effect on the thickness. When I checked into this issue, I 

noted that many of the narrow zones of IBPF thinning, mapped in Figure 4.14, did not 

coincide with the locations modem rivers courses. For example there is the large IBPF 

thick that actually occurs in vicinity of the large Sagavam'rktok River, while the 

structurally controlled and linear eastern margin of Prudhoe Bay seems to correlates 

better with a northeast-trending zone of thin IBPF interval. 
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If the larger arctic rivers that cross the coastal plain are structurally controlled by the 

location of deep, long-lived basement faults, then a relatively narrow zone of stacked, but 

discontinuous taliks (ice-free intervals within the permafrost), should exist near or above 

the fault zone. Hydraulic and thermal conductivity would be greatly influenced and 

enhanced along these fault zones. Active or not, the fault zones would probably act as 

temperature and pressure sinks as mentioned earlier and differentially promote the 

vertical circulation of water to and from the surface along with the lateral migration of 

basinal and groundwater within and below the permafrost interval. The presence of deep-

seated faulting within the permafrost could well explain the emgmatic behavior of heat 

and salt transport processes that are known to occur within the permafrost (e.g. Swift et 

al., 1983). 

In summary, along-strike variations in the deposition of coarse-grain sediments that are 

often associated with zones of high-conductivity such as shear zones, could easily 

account for observed abrupt lateral and vertical heterogeneity in the thermal conductivity 

of the ice-bearing permafrost as first mapped by Collett and others (1989). Thus, fault 

controlled variations in near-surface groundwater recharge, near-surface sediment 

composition and heat loss would establish linear and preferentially oriented geothermal 

gradients within the IBPF interval. In combination these factors can easily account for 

the emgmatic and abrupt variations in the permafrost thickness across the North Slope of 

Alaska. Although a brief summary of permafrost and its formation was presented in 



189 

Chapter 2, to the best of my knowledge this appears to be the first study of its kind to 

seriously investigate the formation of permafrost in relation to the location of fault fabrics 

beneath the surface. 

4.4.6 Regional thaw lake distribution—inferred linkages to structural control 

Thaw lakes are some of the most ubiquitous geomorphic features on the coastal plain. A 

review of a regional shaded relief map (e.g. U.S. Geological Survey, 1996), however, 

reveals large-scale variations in general distribution of thaw lakes. Roughly four notable 

changes in the general width and density of the thaw lake zone occur across the coastal 

plain. Significant changes occur just west of the Mikkelsen Bay, Oliktok Point and 

Deese Inlet (also Admiralty Bay) lineaments as illustrated in Figure 4.15. The reader will 

note that there is a general predominance of thaw lakes that occurs west of the OPL-

Colville River area. 
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Figure 4.1S Generalized distribution of thaw lakes across the Arctic Coastal Plain. Note a 
significant widening of thaw lake occurrence west of the OPL-Colville River delta 
area. Note too that the southward projection of the lineament, defined by the OPL 
and eastern margin of the widened band of thaw lakes, coincides with a change in the 
axial trend of the Brooks Range and bifurcation of the range into two mountain 
ranges; the Deiong Mountains to the north and the Baird Mountains on the south. 

As mentioned in Chapter 2, the formation and distribution of many thaw lakes can be 

linked the abandonment of river and stream systems and the characteristics of the 

associated fluvial deposits. Researchers have noted that fluvial deposits of the coastal 

plain west of the OPL-Colville River are predominately composed of sand mixed with 

minor amounts of gravelly sand, whereas to the east, fluvial deposits consist mainly of 

gravel and sandy gravel (Dinter et al., 1990). Because many of the major streams east of 

the Colville River originate in the steeper and glaciated Brooks Range, coarser-grained 

deposits find their way uninterrupted to the coast, and thus characterize the easternmost 

portion of the coastal plain as being coarser. Westward its a different story. The distal 
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reaches of the Colville River intercept many of the streams that originate in the northern 

part of the western one-third and central portion of the Brooks Range. As a result, 

coarse-grained sediments that would have otherwise made their way across the western 

coastal plain region are instead captured by the Colville River and diverts these sediments 

around the western area. The lower gravel-to-sand ratio found in the permafrost to the 

west of the OPL can also be explained by the fact that the major streams that do cross the 

western and central coastal plain originate mostly in the northern Arctic Foothills and not 

the Brooks Range. The foothills region is mostly covered by dense tundra vegetation and 

has not been glaciated. Thus, surface sediments are characterized as finer-grained 

(mostly sands and shales) and exhibit lower porosity. Finally, these finer-grained 

sediments reportedly tend to exhibit a higher salinity content and it is thought to this 

count account for a higher geothermal output within the permafi-ost and the presence of a 

relatively thinner ice-bearing permafirost sequence (CoUett et al., 1989). Thus, the 

sedimentological composition and budget and the gentler slopes of the western Foothills 

region are considered to be dominant reasons for the occurrence of high density of thaw 

lakes to the west of the OPL (Carter and Galloway, 1979; Williams et al., 1977). 

Yet, knowledge of the location of subsurface faulting in the area and its influence on the 

geothermal gradient of the area is lacking in the literature. It is hypothesized here that 

spatial correlation of structure with the abrupt changes in the abundance and distnbution 

of thaw lakes across the western half of Arctic Coastal Plain could also be linked a higher 

geothermal output that is linked to the shallower levels and highly faulted nature of 
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basement strata along the Barrow arch to the west of the Colville River. As cross 

sections and mapping will clearly demonstrate in Chapter 5 of this study, the western 

region of the northern AAT has undergone a different history of Cenozoic uplift and 

subsidence than the central and eastern portions of the coastal plain. The western half of 

the AAT experienced a significant uplift and structural inversion during the mid-Tertiary 

as demonstrated by increased erosion and uplift of the Barrow arch to the west of the 

OPL seen on cross sections (e.g. Fig. 5.1) (Bird, 1987a; Bird, 1988; Grantz et al., 1990a). 

This regional variation has also been confirmed to the south by mapped bedrock 

relationships throughout the Brooks Range and Foothills regions (e.g. Mayfield et al., 

1988a; Moore, 1992; Mull, 1982; Mull, 1989a; Mull et al., 1987a), and through uplift 

histories, reconstructed from regional fission track analyses across the Colville basin and 

Brooks Range (e.g. Blythe et al, 1997; O'SuUivan and others, 1993; O'Sullivan et al., 

1989). 

Thus, it is very plausible that zones of highly-faulted basement rocks along the Barrow 

arch, as characterized in the vicim'ty of the OPL-Kuparuk trough (Chapter 6), continue to 

serve as conduits for warm basinal waters that migrate upward along the southern flank 

of the Barrow arch from deep levels in the Colville foreland basin and up along fault 

zones as this study and others {e.g. Deming et al., 1992). In addition to sediment 

compositions, this structurally controlled geohydrological framework could also account 

for the observed variability in the geothermal gradient and abrupt change in thaw lake 

distribution. 
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Whether such a regional variation in thaw lake density is due only to the sedimentolo-

gical makeup of the Colville River drainage basin as described earlier remains 

questionable at this time. The relatively patchy distribution of densely-spaced subsurface 

data and the lack of detailed structural characterization across much of the Banow Arch 

conspire to limit our understanding of the linkages between subsurface structure, 

sedimentology and thaw lake formation. More integrated and detailed geophysical, 

sedimentological and hydrological studies will be required to assess changes in 

geothennal gradient and thaw lake development across the Arctic Coastal Plain. 

4.4.7 Commentary on pingo distributions 

The observation that the distribution of pingos across the central North Slope is non-

random and exhibit a preferred northeast-trending orientation has already been mentioned 

in Chapter 2. A connection of underlying fault control is a hypothesis that demands 

further exploration. The hypothesis finds a basis in a relatively recent observation by the 

author on 3D high-resolution reflection seismic lines on the central North Slope. I noted, 

and BP geologists confirm, that some high-angle normal faults that oSset basement strata 

do intersect the base of the permafrost The seismic signature of some of these faults 

suggest that they cut up for some distance throi^h the thick permafrost (450-600 m.) in 

the region. Because the seismic character of the faults becomes diSuses as they approach 

the surface, the actual confirmation of surface offset from the seismic data could not be 
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made. This point gains some support from the fact that few, if any, fault scarps have 

been identified across the tundra-covered surface of the central North Slope. Regardless 

of this, it does not require much of a mental effort to envision that the reactivated 

basement faults could be h'nked to shallow zones of fractured permafrost. Being zones of 

weakness and high transmissivity, the fauh would become sites of upward infusion of 

water that is needed for pingo formation. It is thought that the same fracture zones could 

also be related to the distnbution and linearis of some modem active and inactive fluvial 

channels that flow across the coastal plains. Subsequent abandonment of the channels, 

due to processes such as avulsion or stream piracy (e.g. Pederson, 2001), would give rise 

to linear-like corridors of thaw lake formation. In turn, this could ultimately to the 

formation of aligned pingos as some of the thaw lakes silt up over time. 

Zones of fracturing and faulting within the thick permafrost blanket would most likely act 

as sites of large gradient changes in pressure and temperature throughout the permafrost 

Thermodynamic principles help us predict that such zones, especially if they're in 

commum'cation with the surface and not plugged by cementation or gouge, should act as 

both fluid and heat sinks which would induce and/or promote fluid movement and heat 

conduction towards and upward along the zones. The observed occunence of regional 

north- and northeast-trending discontinuities in the permafrost thickness and apparent 

variations in heat flow distribution across the North Slope illustrated earlier in tfiis report 

would give rise to like-oriented corridors of thaw lakes and pingo features. 
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In a preliminary investigation of the pingo-structure hypothesis, an independent spatial 

statistical analysis of pingo distribution on the North Slope was undertaken by a 

colleague here at the University of Arizona (Casavant and others, in progress). No 

mention of structural control was made and only published sedimentological data were 

provided to the independent researcher. The analysis was done in regions of similar 

sediment composition across the central North Slope as defined by Williams and others 

(1978), in an effort to cancel out that variable. The preliminary findings showed that the 

distribution of pingos across the central North Slope was non-random within areas of 

similar surface sediment composition as was suspected by the author. Interestingly, a 

preferred northeast orientation was calculated within the pingo data set Although quite 

preliminary, these findings suggested for the Hrst time that a potential linkage to 

underlying fault structures might have merit. To date, however, a definitive linkage to 

structure remains elusive The interpretation that many pingos are principally products of 

thaw lake degradation and associated stream abandonment suggests that a apparent 

northeast corridor of pingos could also be due to the orientation of former stream 

segments and not necessarily to any underlying structural control. In other words, the 

non-random occurrence of pingos could simply be a function of the depositional history 

(trend and thickness of facies) of a given area. 

The basement fault-permafrost linkage that is observed on modem seismic lines, 

however, elevates the plausibility of structural control on the formation of these an other 

permafrost features. Shallow and deep subsurface structure across the coastal plain are 
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presented in Chapter 6. At the very least, it is hoped that the above discussions will 

generate interest for others to carry out more subsurface-surface studies of this kind. 

Future detailed isopach mapping of shallow deposits, geomorphic field surveying, 

photogeologic analysis and local, geohydroiogical and geophysical studies will need to be 

completed before the stnicture-pingo hypothesis can be fully tested.. 
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CHAPTER 5: SUBSURFACE INDICATIONS OF MORPHOTECTONICS 
ACROSS THE NORTHERN AAT 

5.1 Introduction 

This chapter presents a number of observations regarding anomalous map patterns and 

structural-stratigraphic lineaments that can be seen on published subsurface geological 

maps. It starts out describing elements across the Barrow arch and progresses to 

discussions of elements throughout the central and western portions of the Colville 

foreland basin and northern foothills of the Brooks Range. Emphasis is on spatial 

linkages between mapped basement lineaments and a variety of structural and 

stratigraphic features at different stratigraphic levels that overiie the basement anomalies. 

The morphology, trend and location of the shallower subsurface and surface features are 

explored in light of the morphotectonic block model, introduced earlier in the 

dissertation. 

5.2 Subsurface investigiitioD—structural segmentation along the Barrow arch 

Our subsurface analysis of the morphotectonic character of the AAT, begins with the 

Barrow arch, a regional antiform that was introduced in Chapter 3. In addition to 

allochthonous slivers and fenesters of exposed basement rocks in a few locations the 

Brooks Range, geological and geophysical mapping across the Barrow arch provided the 
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shallowest and most robust expression of the basement architecture across the AAT. This 

antiform occurs in the subsurface and extends along the northern margin of the AAT 

from a location west of Point Barrow eastward to at least Camden Bay. Subsurface 

mapping indicates the arch may extend slightly farther to the east. 

The structural architecture of the Barrow arch is often characterized by structural 

mapping on either the top of the Lower Cretaceous pebble-shale unit or LCU or on the 

truncated top of the pre-Mississippian rocks that form the core of the structure (e.g. Fig. 

5.2). The flanks of the Barrow arch generally dip less than 2 degrees, and its crest 

plunges subtly east-southeastward less than one-half of a degree. Along the highest point 

of the crest near Banow, pre-Mississippian or "basement" rocks are encountered at 

depths of only 700 m, whereas in the central North Slope around Prudhoe Bay, depth to 

the crest of the arch can exceed 3000 m. The structural relief across both flanks is 

approximately 10 km. Oil production associated with the structural crest and the 

southern flank of the Barrow arch is almost always related to the LCU and the presence 

of overlying shale-rich units, which form an eflfective major trap and seal, respectively, in 

many of the oil fields on the central North Slope (e.g. Prudhoe Bay, Kuparuk River). 

Correlation and mapping of subsurface units along the Barrow arch by the author and 

others (e.g. Wicks et al., 1991; Grants et al. 1988a) reveals a fair degree of structural and 

stratigraphic heterogeneity exist in an east-west fashion or along strike (Figs. 5.1 and 

5.2). Geologic and reflection seismic maps show that the apex of the arch occurs 
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shoreward and sometimes semi-parallel to well-defined tectom'c rift hingeline as shown 

in Fig. 4.11). Basinward of the hingeline the northern flank of the arch is marked by 

complex down-to-the-basin listric normal faulting and massive block slumping (Fig. 5.3) 

(Grantz et al., 1983b; Grantz et al., 1982; Grantz et al., 1988a). Along some sections of 

the arch, an en echelon arrangement of normal faults is observed, which indicates to me 

that rifting of the AAT during the Mesozoic must have been in part transtensional in its 

nature. One example area where en echelon distributions are mapped is within and 

adjacent the west-northwest trending Dinkum graben that is discussed in more detail later 

in this section. The Dinkum graben is a Late Jurassic fault-bounded failed rift basin, 

located just offshore of the Kuparuk trough and OPL area (Fig. 5.2). This trough which 

roughly parallels the present-day shoreline of the central North Slope coincides with a 

left-stepping bend in the trend of the Barrow arch, the Cretaceous hingeline and 

continental slope (Figs. 4.11 and 5.2) verifying that the location of the Dinkum graben 

relates to a fimdamental crustal flaw or discontinuity that traverses the northern rift 

margin of the AAT. Note that along the strike of the arch this area the intersection of the 

basement transverse zone coincides with (1) a significant change in the preservation and 

width of all stratigraphic units that subcrop at the LCU and the thickness of overlying 

units to either side of the transverse zone, and (2) an area of pronounced structural 

inversion along the strike of the arch. The first observation is exemplified in both the 

subcrop map in Figure 5.2 as well cross-section shown in Figure 5.1. The pronounced 

character of post-Cretaceous inversion of the basement rock is dramatically illustrated in 

Figxire 5.1 in the approximate vicinity of the OPL-Colville River delta area. 
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Many of the more significant transverse or transfer fault zones that are characterized by 

pronounced structural and stratigraphic discontinuities along the Barrow arch are also 

observed projecting down the south flank of the arch throughout the rocks of the Colville 

basin. Here too they are revealed by subsurface mapping as distinctive transverse 

lineaments in the basement and cover rocks. Similar to the arch location, these transverse 

zones can be spatially linked to discontinuities that cross the Colville basin and are 

manifested by distinctly different expressions of uplift, erosion and/or tilting of basement 

and overlying cover rocks. While some structure and stratigraphic relationships across 

the northeast-trending discontinm'ties are suggestive of subtle translation of the basement 

rocks across both the arch and Colville basin, most often subsurface mapping reveal only 

zones of complex faulting and abrupt changes in the apparent thickness, distribution and 

trends of Paleozoic and Mesozoic stratigraphic units to either side of the basement 

discontinuity. As was mentioned earlier a morphotectonic linkage is derived &om the 

observation that along several major discontinuities changes in the trend of the surface 

features such as the shoreline and/or with coastal and river lineaments have been 

observed (Figs. 4.6 and 4.8). Chapter 6 we will see the direct evidence of fault linkages 

between the basement and surface on sketches of proprietary 3D seismic lines. 

One of the best examples of a basement transverse fault zone along the arch involved the 

Kuparuk trough. It is a highly faulted zone of complex structural and stratigraphic 

histories, which hosts the complex Beaufortian rift megasequence of Hubbard and others 




