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Abstract

The fluvial style and syntectonic deposition of conglomerate in the upper part of 

the Nanushuk Formation are resolved using facies architectural analysis and structural 

geometry. Along the Kanayut River in the northern foothills of the Brooks Range, 

Alaska, fluvial conglomerate is exposed as benches on the north and south flanks of the 

Arc Mountain anticline. Photo mosaics of each bench on the north side, along with 

thirty-three detailed measured sections, were used to evaluate facies architecture. Eight 

lithofacies were described that characterize six facies associations including longitudinal 

and transverse gravel bars, diffuse gravel sheets, sediment gravity flow deposits, crevasse 

splay and floodplain deposits, and scour fills of a gravel-bed braided river. Strata on the 

south limb of the anticline show characteristics of syndeformational deposition during the 

growth of the south limb of the Arc Mountain anticline. These structural data provide 

new evidence for syndepositional contractional deformation during the mid-Cretaceous at 

this locality in the northern foothills of the Brooks Range. These results provide clues to 

the character and extent of potential reservoir rocks from the Nanushuk Group that are 

present in the subsurface of the National Petroleum Reserve in Alaska, which is 

important for continued recovery of natural resources on the North Slope.
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Chapter 1 -  Introduction

Fluvial deposits represent the ancient record of one the most significant 

nonmarine environments. The characteristics of a fluvial assemblage, including the 

lithofacies, vertical sequence, and depositional architecture, reveal the effects and 

interplay of many processes (Ramos and Sopena, 1983; Kraus, 1984; Eberth and Miall, 

1991; Karpeta, 1993; Miall, 1996; Jones et al,2001). It is difficult to completely 

recognize mechanisms for the formation of coarse fluvial deposits using modem 

examples alone, because these deposits tend to form in high-energy environments where 

observation and documentation are difficult (Hein and Walker, 1977). Therefore, studies 

of ancient assemblages are necessary for a better understanding of gravel environments. 

Facies and architectural element analysis are useful techniques for discriminating 

between genetically related macroform elements and inferring depositional environments.

One common place where coarse fluvial deposits are found is in tectonically 

active areas. In these areas, a common mechanism to accommodate compression is 

folding. Three types of thrust-related folds are commonly recognized: fault-bend folds 

(Suppe, 1983), fault-propagation folds (Suppe and Medwedeff, 1990), and detachment 

folds (Jamison, 1987). The three different types of folds can generate identical final 

geometries. Growth stratal architectures provide a valuable tool for interpreting the 

mechanism and kinematics of folding (Storti and Poblet, 1997). These syntectonic 

sediments record the progressive evolution of a fold (Suppe 1992). Many 

conceptual models have been created that simulate growth stratal patterns formed in 

association with fault-bend and fault-propagation folds (Suppe and Medwedeff, 1990;
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Suppe et al, 1992; Hardy and Poblet, 1994; Hardy, 1995; Suppe 1997). Fewer

equivalent models have been developed for detachment folds (Hardy and Poblet, 1994; 

Hardy, 1995; Poblet et al, 1997; Storti and Poblet, 1997). The application of existing 

models to individual deposits may lead to the refinement of these models or to the 

development of new ones.

The main objective of this project is to study the origin and provenance of a thick 

conglomerate package that forms the upper part of the Nanushuk Formation exposed 

along the Kanayut River, Alaska, and its relationship to the Arc Mountain anticline (Fig. 

1.1). In order to achieve this objective, this study will document the sedimentology, 

depositional architecture, provenance and structural geometry of the conglomerate. This 

project is organized into two main parts: a sedimentological study and a structural 

geology study.

The sedimentological section has three primary goals. First, architectural element 

analysis is used to define and interpret facies and architectural elements, which are used 

to reconstruct the depositional environment and suggest a fluvial style for the deposits. 

Second, compositional data are examined in order to discuss mineralogy and grain types, 

modal distribution, textural characteristics, and provenance. Finally, the results from this 

study are compared and contrasted with other gravel-bed braided rivers.

The sedimentological section may help infer characteristics of similar potential 

reservoir rocks at the same stratigraphic interval that are present in the subsurface of the 

National Petroleum Reserve in Alaska (NPRA) and elsewhere on the North Slope. This 

study will also contribute detailed architectural and facies analyses that will help
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constrain the regional, high-resolution sequence stratigraphy on the North Slope of 

Alaska. Continued studies of modem and ancient fluvial deposits may also help to refine 

existing fluvial facies models and methods of analysis, which will provide a better 

understanding of ancient fluvial environments.

The structural part of this study has four key objectives. First, a fold type is 

proposed for the Arc Mountain anticline along the Kanayut River, Alaska, using local 

and regional map evidence. Second, growth stratal geometry is recognized from a global 

positioning system (GPS) survey of the south limb of the Arc Mountain anticline, and is 

used to interpret the relative timing of deposition of the conglomerate with respect to the 

evolution of the anticline. Third, the documented growth stratal architecture is used to 

restrict which geometric and kinematic models can be applied to the fold. This 

architecture is discussed and used to analyze the mechanisms by which the fold formed. 

The final goal of this section is to recreate the paleotopography of the Arc Mountain 

anticline and the river that deposited the Nanushuk conglomerate and to infer the 

relationship between tectonics and sedimentation in the study area.

The structural part of the study supports contractional deformation at this location 

during deposition of the conglomerate. Recorded observations also assist in refining the 

location of potential reservoir rocks in the subsurface to the north and northwest.

Enhanced awareness of landscape evolution in tectonically active areas will develop from 

studies such as this, that incorporate an examination of depositional architecture and 

structural geometry, of sediments deposited simultaneously with deformation. Studies of 

ancient sedimentary rocks in the field, and evaluation of the interaction between tectonics

3



and sedimentation will lead to a greater understanding of the influences on landscape 

evolution (Burbank et al, 1996). Studies like these will also help to assess and develop 

new theoretical and qualitative models for landscape evolution (Burbank et al, 1996).
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Chapter 2 - Geologic Setting

2.1 Tectonic evolution of Arctic Alaska

The geologic evolution of the Brooks Range, as described by Moore and others 

(1994), began with the Brookian Orogeny in the Middle Jurassic, when the ocean basin 

that lay south of the former passive margin of Arctic Alaska began to subduct beneath an 

intraoceanic arc to the south. The drift and rotation of Arctic Alaska created the Canada 

Basin and Beaufort passive margin to the north (Fig. 2.1). As subduction continued 

along the southern edge of Arctic Alaska through Neocomian to Aptian time, successive 

pieces of the passive margin were thrust northward so that each allochthon is underlain 

by a facies that originated farther to the north (Mull, 1985). During this time, the 

Okpikruak Formation, the Kongakut Formation, and the pebble shale unit were deposited 

in the developing foreland basin to the north (Figs. 2.1 and 2.2). The Brooks Range was 

uplifted, and unroofed, during Albian to Cenomanian time (Mull, 1985), and sediments 

eroded from the rising mountains were deposited into the Colville basin to the north and 

the Koyukuk basin to the south (Fig. 2.1).

The Colville basin is an early Mesozoic to Cenozoic foreland basin that is bound 

to the south by the ancestral Brooks Range, to the east by the Canadian continental 

interior, to the north by the Barrow Arch and the Arctic Ocean, and to the west by the 

Tigara Uplift and Herald Arch (Huffman et al,1988). The Barrow Arch is a subsurface 

structural high that resulted from Jurassic rifting of Arctic Alaska (Moore al, 1994).

The Tigara Uplift is interpreted as the onshore extension of the Herald Arch, and
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described as a northwest-trending fold-and-thrust belt (Moore et al, 1994). In the 

subsiding Colville basin, first deep-marine sediments and then shallow marine shoreface 

successions and deltas prograded from southwest to northeast, oblique to the rising 

Brooks Range. At this time, deposition of the Fortress Mountain Formation, Bathtub 

Graywacke, Torok Formation, and Nanushuk Formation (Fig. 2.2) into the Colville Basin 

took place. Latest Cretaceous and Tertiary tectonics were restricted largely to the eastern 

Brooks Range and North Slope (Mull, 1985).

Sediments of the Nanushuk Formation filled the western portion of the Colville Basin 

from middle to late Albian time as an ovate river-dominated delta complex that deposited 

terrestrial sediments over marine sediments of the underlying Aptian and Albian Torok 

Formation (Huffman et al,1988). Ahlbrandt and others (1979) assert that a major 

depocenter of this delta complex was present in the vicinity of the Corwin Bluffs (Fig.

2.3). Molenaar (1985) interpreted seismic data from the National Petroleum Reserve in 

Alaska (NPRA) to show that the Torok Formation represents foresets and bottomsets that 

grade into topsets of the Nanushuk Formation, revealing a genetic relationship between 

the two. The basal contact with the Torok Formation has been described as gradational 

by Ahlbrandt and others (1979). The western deposits show evidence of little wave 

activity and water circulation in an area with high sedimentation rates where sediments 

were deposited into a low energy, turbid environment (Huffman et al, 1988). These 

sedimentary deposits include fine-grained sandstones that were deposited farther from 

their source area than sediments deposited in the central and eastern portions of the Arctic
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Coastal Plain (Fig. 2.3). Ahlbrandt and others (1979) stated that the fluvial style of the 

Nanushuk Formation grades through time from gravel braided to meandering. Probable 

source rocks for these deposits are the Lisbume Group (Mississippian — Pennsylvanian), 

the Siksikpuk Formation (Pennsylvanian -  Early Triassic), and the Otuk Formation 

(Triassic) (Fig. 2.2; Huffman et al, 1988).

The eastern part of the outcrop belt was deposited by a Middle Albian to 

Cenomanian, elongate to lobate, river-dominated delta complex (Huffman et al, 1988). 

These rocks are coarse-grained lithic sandstones that were deposited relatively close to 

their source in a higher energy marine environment. They show no genetic relationship 

to the underlying Torok Formation, as their basal contact is sharp (Ahlbrandt et al, 1979), 

and they are interpreted as the deposits of braided and meandering rivers. Source rocks 

for these deposits were the Kanayut Conglomerate (Devonian -  Mississippian) and the 

Hunt Fork Shale (Devonian) (Fig. 2.2; Huffman et al, 1988).

Northern Alaska comprises two lithotectonic terranes (Moore et al, 1994). The Arctic 

Alaska Terrane is the more extensive one and it underlies all of the Arctic Coastal Plain 

and Arctic Foothills, and most of the Brooks Range. The Angayuchum Terrane 

represents small portions of a north-vergent allochthon composed of oceanic crust, and 

forms the structurally highest klippe in the southern Brooks Range. The sedimentary 

rocks deposited in the Colville Basin form part of the Brookian sequence of the North 

Slope subterrane (Fig 2.2). The North Slope subterrane is the northernmost subterrane of 

the Arctic Alaska Terrane, and is autochthonous to parautochthonous. The stratigraphy



of the North Slope subterrane is divided into three parts by regional unconformities 

(Moore et al, 1994). The lowermost part is the Franklinian Sequence. It is composed of 

deformed, pre-Mississippian meta-sedimentary rocks derived from a northern source, and 

Devonian granites. The middle portion is the Ellesmerian Sequence, consisting of 

Mississippian to Lower Cretaceous sedimentary rocks. Rocks of the Ellesmerian 

Sequence record deposition on a south-facing passive margin, also with a northern 

source. The uppermost section of the North Slope subterrane is the Brookian Sequence.

It is composed of siliciclastic sedimentary rocks interpreted to have been deposited in the 

Colville Basin from a southern source in Cretaceous to Tertiary time. The upper 

Nanushuk Formation, which is the focus of this study, is part of the Brookian sequence.

2.2 Nanushuk Formation

2.2.1 Nomenclature and Stratigraphy

The Nanushuk Formation was initially named for sandstones and conglomerates, 

interbedded with finer-grained sedimentary rocks and coals, found along the Nanushuk 

River in the east-central Colville Basin (Gryc, 1951). It was later redefined as the 

Nanushuk Group, which contains several intertonguing marine and nonmarine formations 

(Detterman et al, 1975). At the base of the Nanushuk Group was the Tuktu Formation, 

which is dominantly marine. Overlying the Tuktu Formation was the Grandstand 

Formation, which consists of transitional marine and nonmarine sediments. At the top of 

the Nanushuk Group was the Chandler Formation, the lower part of which consists of 

nonmarine sediments and was termed the Killik Tongue. Marine beds of the Ninuluk
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Formation and nonmarine beds of the Niakogon Tongue overlie the Killik Tongue. The 

Ninuluk Formation and the Niakogon Tongue form the top of the Nanushuk Group (Fig.

2.4).

The Nanushuk Group was redefined by Sable (1956) in the western part of the 

Colville basin to consist of two formations, the Kukpowruk Formation at the base 

overlain by, and interfmgering with, the Corwin Formation. The Kukpowruk Formation 

is considered dominantly marine, while the Corwin Formation consists of nonmarine 

sandstone, conglomerate, and coal. The Kukpowruk Formation is similar genetically and 

lithologically to the Tuktu Formation of the central Colville basin, and the Corwin 

Formation is similar to the Chandler Formation. Molenaar (1985) described the 

depositional setting of the Nanushuk Group and defined the genetic relationships between 

similar units across the Colville basin.

Recently, the Nanushuk Group has been demoted to formation status (Mull et al, 

2003) because only two regionally mappable units can be distinguished within the 

Nanushuk. The lower Nanushuk Formation consists mostly of marine sandstone. The 

upper Nanushuk Formation is dominantly nonmarine and consists of sandstone, 

conglomerate, siltstone, shale and coal. Both the upper and lower units were deposited 

by marine-influenced, prograding deltas. Therefore, in some areas, the dominantly 

nonmarine rocks of the upper Nanushuk may contain thin tongues of marine sediments.
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2.2.2 Previous Work

From 1945 to 1953, the United States Navy and the United States Geological 

Survey conducted petroleum exploration in the National Petroleum Reserve in Alaska 

(NPRA). Reed (1958) and Schindler (1988) chronicled this exploration and other work 

in northern Alaska during the 19th and 20th centuries. Brosge and Wittington (1966), 

Chapman and others (1964), Chapman and Sable (1960), Detterman and others (1963, 

1975), Gryc and others (1951), and Smiley (1966, 1969a, 1969b) attempted to put the 

Nanushuk Formation into a regional context. Gryc (1988) provided a more recent 

account of the petroleum potential of the central North Slope, substantiated by fieldwork 

from the 1970s and 1980s. A comprehensive survey of the Nanushuk Formation from 

the same fieldwork was given by Huffman (1985). Molenaar (1985) gave details of the 

stratigraphic relationships in northeast Alaska. An investigation of the petrography of the 

Nanushuk Group was presented by Ahlbrandt (1979). More recently, the Nanushuk 

Formation was put into a regional sequence stratigraphic context by Morrow (1985,

1987), Myers and others (1993, 1995), Noonan (1987), and Schenk and Bird (1993). 

Johnsson and Sokol (2000) conducted a petrographic study of the Nanushuk Formation at 

Slope Mountain on the North Slope. Parrish and Lamberson (1998) documented clastic 

successions in the Nanushuk Formation that contain profuse plant megafossils.

Currently, the Alaska Division of Geological and Geophysical Surveys (DGGS) is 

conducting a regional study of the Cretaceous sedimentary rocks exposed in the foothills 

of the Brooks Range that includes the Nanushuk Formation. Data gathered in the DGGS
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study will eventually form part of a regional, high-resolution sequence stratigraphic 

framework for these rock intervals.
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Figure 2.2. Generalized stratigraphy of the North Slope, Alaska (modified from Grantz 
and others, 1988).
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Figure 2.4. Stratigraphic nomenclature for the Nanushuk Group and related rocks, western and central North 
Slope, Alaska (modified from Ahlbrandt and others, 1979, and Mull and others, 2003).



Chapter 3 - Fluvial Sedimentology and Facies Models

One goal of this study is to determine the depositional environment of the upper 

part of the Nanushuk Formation using facies models and architectural element analysis.

It is, therefore, important to discuss significant background research in fluvial 

sedimentology that forms the basis of this study. First, different channel patterns are 

described and discussed, with an emphasis on gravel-bed braided rivers. Then, facies 

models are discussed, beginning with a definition of facies, facies associations, and facies 

successions. This is followed by discussions of the utility of vertical sedimentary profiles 

and architectural element analysis.

3.1 Definitions and Descriptions of River Types

The term “fluvial” is applied to anything related to rivers. Channels generally 

contain flowing water in elongate depressions or scours on the land surface. When rivers 

reach flood stage, water may flow out of the channels and onto the surrounding overbank 

area or floodplain. Flooding occurs when more water is supplied to the river than the 

channel can accommodate.

Four basic types of river exist: straight, anastomosing, meandering, and braided 

(Cant, 1982; Fig. 3.1). Straight rivers contain single channels that are not divided by 

bars. Sinuosity is determined by dividing the distance between two points measured 

along a channel by the straight-line distance. Meandering rivers have high sinuosities 

and bends that gradually change shape through time by a process of erosion and 

deposition on opposite banks. Anastomosing rivers are characterized by a belt of 

relatively stable channels of varying sinuosity, and commonly show low slopes and high
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aggradation rates (Smith, 1973, 1983; Smith and Smith, 1980). Braided rivers have 

channels that divide and join, but the bars present between the channels are only 

emergent during low water. Braided rivers usually have low sinuosities. Although four 

main river types have been defined, a spectrum of intermediate types undoubtedly exists 

between the end members (Schumm, 1981; Miall, 1996; Bridge, 2003).

Many variables affect the form a river takes. The most influential factors are 

gradient, discharge and the size ratio of bed-material (Bridge, 2003). The extent of 

braiding and the width/depth ratio of rivers increase as discharge increases if slope and 

bed-sediment size remain constant, or as slope increases, with constant discharge and 

bed-sediment size (Leopold and Wolman, 1957; Schumm and Khan, 1972; Leeder, 1973; 

Ashmore, 1991; Bridge, 2003). The degree of braiding decreases as slope and/or 

discharge decrease and bed-sediment size decreases (Ferguson, 1984; Ashmore, 1991;

Van den Berg, 1995; Bridge, 2003). The sinuosity of straight or meandering rivers 

increases with decreasing bed-material size, and constant slope and discharge (Schumm, 

1963; Bridge, 2003). However, if river patterns are controlled by discharge, gradient, and 

the amount of sediment supplied, then infinite gradations between the four main channel 

patterns exist (Bridge, 2003).

Gravelly braided rivers have variable mid-channel bars that are beneath the water 

surface during moderate to high flow, and emergent during low flow (Cant, 1982; Bridge, 

2003). In these gravelly systems, channel beds commonly are covered with flat-bedded, 

imbricate gravel deposited by the migration of longitudinal bars. Transverse bars, with a 

down-stream facing slipface (Smith, 1974), and migrating gravel sheets (Hein and

18



Walker, 1977) may also occur. The maximum dimension of a longitudinal bar extends 

along the axis of a channel, whereas transverse bars are oriented with their maximum 

dimension perpendicular to the channel (Miall, 1996). Deposits of braided rivers are 

complex because braid bars are formed from many smaller bedforms by many different 

flood events (Cant, 1982). Fine-grained floodplain material is less abundant than in 

meandering systems, so the channels on a braidplain are free to migrate laterally (Cant, 

1982; Miall, 1996).

Braid bars are highly mobile components of a braided river system (Bristow,

1987). Material from the upstream portion of the bar is transported by the flow and 

deposited mainly on the downstream end of the bar, but also along its flanks. Transport of 

material occurs chiefly at moderate to high flows, when the bars are not emergent. As 

mentioned previously, the resulting deposits may be cross-bedded conglomerate, from 

migration of slipface-bounded transverse bars, or massive to horizontally stratified 

conglomerate, produced by the migration of longitudinal bars.

3.2 Facies and Facies Models

3.2.1 Definition of facies

Geoscientists have employed many methods in the study of sediments and 

sedimentary rocks. One commonly used method is facies modeling, which amalgamates 

large amounts of information from ancient and modem sedimentary environments to 

define the essential characteristics of one depositional environment (Walker, 1992).

Facies models have many applications, including the interpretation of ancient
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environments, exploration for oil, gas, and minerals, and the creation of predictive 

procedures for ground water and pollution modeling (Walker, 1992).

The term facies has been widely used since Gressly first introduced it in 1838. 

Much debate about the treatment and most useful working definition of the term has 

occurred since its inception (Middleton, 1973). Reading (1996) discusses the various 

uses of the term. He defines rock facies as masses of rock with distinct generalized 

characteristics, lithofacies for rock masses with unique physical and chemical 

characteristics, biofacies for which key significance is placed upon biological content, 

and microfacies for attributes definable in thin section. These terms are purely 

descriptive in nature, but facies can also be used in a more genetic sense. For example, 

‘turbidite facies’ is used for rocks inferred to be deposits of turbidity currents (Reading, 

1996). Other uses of the term facies are environmental, such as ‘fluvial facies’, or as a 

tectonic facies, for example, ‘molasse facies’ (Reading, 1996). Most uses of the term 

facies are warranted, as long as the reader is aware of the way in which it is being used.

In this study, facies refers to the physical characteristics of a rock, similar to the 

lithofacies of Reading (1996).

Facies can also be defined on many scales. The scale is usually dependent upon 

the objectives of the study, the time spent in the field, the degree of preservation, and the 

amount of recognizable physical and biological components in the rock (Walker, 1992). 

Most authors suggest subdivision into as many facies as possible while in the field, 

incorporating as much detail as possible, and then refining the descriptions later in the 

lab.
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3.2.2 Facies associations and successions

Many authors subdivide facies on a very small scale, based on minor lithologic or 

physical changes, such that the distinctions are beyond our capability to interpret the 

different processes responsible for such minute changes in character (Walker, 1992). In 

these cases, it is often useful to combine closely related facies into facies associations. 

Collinson (1969, p. 197) defines a facies association as “groups of facies genetically 

related to one another and which have some environmental significance”.

In stratigraphic studies, facies can also be combined into facies successions, 

defined as “a vertical succession of facies characterized by a progressive change in one or 

more parameters, for example, abundance of sand, grain size, or sedimentary structures” 

(Walker, 1992, p. 2). Environmental interpretations for individual facies can often be 

somewhat uncertain because individual facies can occur in many different depositional 

environments. However, if the succession in which the facies occurs is analyzed, a 

genetic interpretation of the deposit can be made. This relationship was first expressed 

by Johannes Walther (1894), and translated in part by Middleton (1973). Walther’s Law 

of Correlation of Facies states, “it is a basic statement of far-reaching significance that 

only those facies and facies areas can be superimposed primarily which can be observed 

beside each other at the present time” (Middleton, 1973, p. 979). This implies that a 

gradational contact between two facies means that they were adjacent to each other 

during deposition (Walker, 1992).
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3.2.3 Facies Models -  The Vertical Profile

Simplified facies models, generally composed of a vertical stratigraphic 

succession that defined a sequence of lithologies, biological features, and sedimentary 

structures, began to appear frequently in the literature in the 1980s. Walker and Cant 

1984) proposed a model, using previously published literature, for a meandering system 

based on modem and ancient sediments. In plan view, a meandering system is composed 

of a series of wave-like loops that migrate by erosion on the outer banks of the loop, with 

deposition on the inner banks of the loop. On the inner part of each loop is the main 

depositional environment, termed a point bar. The point bar model of Walker and Cant

(1984) is shown in Figure 3.2. The basal contact is a scour overlain by a lag deposit. 

Above the lag, preservation of sinuous-crested dunes that migrate during average 

discharge results in trough cross-stratification. As water depth decreases, migrating 

ripples are preserved as trough cross-lamination. This vertical transition from coarser 

trough cross-bedded sands to finer trough cross-laminated sands produces a fining- 

upward sequence typical of point bar deposits. As water depth and grain size continue to 

decrease, parallel laminated sands are deposited. These laminations may be capped by 

alternating sandstones and mudstones, followed by mudstones.

Several generalized vertical profiles, based on modem and ancient sediments, 

have been proposed for braided systems by different authors. Cant and Walker (1978) 

proposed three profiles for different environments of a sandy braided system based on 

their study of the South Saskatchewan River (Fig. 3.3). The sand flat profile consists of a 

thick package of planar-tabular cross-bedding produced by the development and
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emergence of a transverse bar during falling stage. The channel profile represents the 

gradual filling of a channel by a transverse bar, producing sets of cross-stratification that 

decrease in grain size and dimension up-section. A mixed influence profile shows the 

interaction of these two environments. All the profiles are capped by a sandy to muddy 

succession deposited on bar tops.

Miall (1977) described four vertical profiles representing a range of braided river 

deposits (Fig. 3.4). The main controls on the differences among profiles are channel 

depth, bedload grain size, and amount and variability of discharge. The profiles are 

based upon descriptions of ancient rocks, but each bears the name of a modem river that 

most exemplifies its characteristics. The Scott type, named after the Scott fan of 

Boothroyd and Ashley (1975), represents a proximal, gravelly braided river. The 

deposits are composed of gravel-sand cycles resulting from changes in discharge, 

interspersed with longitudinal bar deposits. The Donjek type, named after the Donjek 

River described by Williams and Rust (1969) and Rust (1972), displays different scales 

of fining-upward cycles. The Platte type, bearing the same name as the Platte River 

described by N.D. Smith (1970, 1971a, b, 1972), is dominated by mostly linguoid and 

transverse bars, thought to be deposited in very shallow rivers without significant 

topographic differentiation. The Bijou Creek type, examined by McKee and others 

(1967), is composed mostly of planar bedding with parting or streaming lineation 

interpreted to have been deposited in ephemeral streams with frequent catastrophic 

floods.
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A summary sequence of ancient sandy braided fluvial deposits is given in Walker 

and Cant (1984). They identified a channel-floor lag overlain by poorly defined trough 

cross-bedding (Fig. 3.5). Well-defined trough cross-bedding and planar-tabular cross

bedding characterize the in-channel deposits. Bar top deposits are composed of smaller 

sets of planar-tabular cross-bedding, with lesser amounts of cross-laminated siltstones 

with mudstones, and low-angle cross-stratified sandstones.

3.2.4 Architectural Element Analysis

In the last two decades, some workers have focused on a 3-D architectural 

approach to fluvial studies. Simplified facies models composed mainly of vertical 

profiles were greatly exploited in the past. There are two primary problems with using a 

vertical profile as the key investigative tool (Miall, 1996). First, different allocyclic and 

autocyclic processes can create the same vertical succession. 'Allocyclic' refers to those 

changes to sedimentation that come from outside the depositional basin, as opposed to 

'autocyclic', which come from inside the depositional basin. Second, remarkable 

similarities can exist in two vertical profiles produced by rivers with different channel 

patterns undergoing different depositional processes.

Through time, it has been acknowledged that certain architectural elements occur 

in recent and ancient sediments, and in many different geological settings (Walker,

1992). Therefore, facies schemes have been proposed that consist of elements, made up 

of combinations of various facies, which represent a particular depositional environment. 

These elements can be found in almost all modem examples and are recognized in most 

ancient deposits (Walker, 1992).
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In his keynote address at the First International Symposium on Fluvial 

Sedimentology in 1977, J.R.L. Allen used the term “fluvial architecture” to fully describe 

the large-scale geometry and small-scale arrangement of architectural elements in a 

fluvial deposit (Miall, 1996). Subsequently, Allen (1983) put forth the first clear attempt 

to define a hierarchy of bounding surfaces in fluvial deposits in his study of the Devonian 

Brownstones in England. He defined four orders of bedding contacts (Fig. 3.6). The 

zero-order contacts are “normal” bedding contacts, non-erosional contacts between 

concordant bedding. First-order contacts delineate individual cross-bedded sets, or 

packages of plane-bedded laminae genetically related to cross-strata. These contacts tend 

to be erosional, planar, or concave-up. Sedimentation units that are genetically related by 

facies and/or paleocurrents are bound by second-order surfaces. These units are termed 

complexes. Their contacts are rarely convex-up, and more commonly are planar or 

concave-up. The third-order surfaces bound assemblages of complexes, delineating the 

sandstone bodies. These surfaces are typically planar or slightly concave-up and are 

overlain by a gravelly facies. Allen (1983) used the identification of these bounding 

surfaces to describe the shape and larger-scale internal geometry of the fluvial sandstone 

bodies. This concept was extended by Miall (1996) to include additional orders of 

bounding surfaces. The highest order of bounding surface identified in this study is 

fourth-order. Fourth-order surfaces outline individual macroforms, such as channel bars, 

channel scours, or floodplain elements. These surfaces are usually planar or slightly 

concave-up.
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Ramos and Sopena (1983) contributed to this method with their study of Permian 

and Triassic fluvial conglomerates and sandstones in central Spain. They defined six 

facies, based on their geometry and internal structure in cross-section, including sheets of 

massive conglomerates, channel-fill conglomerates, coarse-to-medium sandstones, lateral 

accretion conglomerates, tabular cross-stratified conglomerates, and fine-grained 

sediments. They developed a general depositional model based on the occurrence and 

spatial distribution of their facies. Friend (1983) discussed the classification of ancient 

sediments using (a) grain size and (b) two- or three-dimensional macroscale features. He 

contended that the percentage of fine-grained material in a deposit must not by itself be 

used as a parameter for determining channel pattern. However, grain size in 

conjunction with two- or three-dimensional geometry may be useful for interpreting 

ancient depositional environments.

In 1985, Miall proposed a new method of architectural analysis that was based on 

the studies of Friend (1983), Allen (1983) and Ramos and Sopena (1983) and could be 

applied to all fluvial deposits. He suggested that at the scale of a macroform, as defined 

by Jackson (1975), a few hundred meters in width and length, there exist only eight basic 

architectural elements. These elements can be classified by grain size, bedforms, 

composition, internal sequence, and external geometry. The scale of the elements may 

vary depending upon the size of the original depositional system. Larger ancient rivers 

would require larger exposures in outcrop in order to identify the elements.
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Lateral exposure is of utmost importance when attempting an architectural study, 

in order to observe adequate two-dimensional geometry (Miall, 1985). Descriptions and 

definitions of architectural elements should include the following:

1) Character of lower and upper bounding surfaces: erosional or 

gradational; planar, irregular or curved.

2) External geometry: sheet, lens, wedge, scoop, U-shaped fill.

3) Scale: thickness, lateral extent parallel or perpendicular to flow.

4) Internal geometry: lithofacies assemblage, vertical sequence, 

presence of secondary erosion surfaces and their orientation, bedform 

paleoflow directions, relationship of internal bedding to bounding 

surfaces.

The eight basic architectural elements Miall (1985) identified are channels (CH), 

lateral accretion elements (LA), sediment gravity flows (SG), gravel bars and bedforms 

(GB), sand bedforms (SB), foreset macroforms (FM), laminated sand (LS), and overbank 

fines (OF) (Figure 3.7). Element CH is the largest recognizable element in any fluvial 

system. This element can only be identified if the concave-up scour surface is 

recognizable. Within this larger element, there may exist a variety of architectural 

elements consisting of minor channels and bar complexes. Element CH commonly 

occurs on many scales in an outcrop and should be described in relationship to its 

bounding surfaces.

Bars and bar complexes can include elements GB, FM and SB. Elements GB and 

FM encompass a range of mid-channel and bank-attached mesoform to macro form bar
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complexes. Where bedding surfaces dip obliquely to flow within elements GB, FM and 

SB, a special type of bar deposit can be identified, element LA. Element SB may also 

represent fields of ripples or dunes migrating down channels, across bar tops, or in 

crevasse splays. Element LS forms mainly during flood events. Element OF forms in 

floodplains and abandoned channels. Element SG forms in proximal regions, typically 

on alluvial fans.

Miall (1985) described twelve fluvial models, based on published studies, in 

terms of their geomorphology and fluvial architecture. He suggested that these models 

only be used as a guide, and that a full spectrum of fluvial styles exists between any 

combination of the twelve he illustrated.

After the introduction of the new approach to architectural analysis by Miall 

(1985), many authors designed their studies using this method, some with slight 

modifications. Soegaard (1990) conducted a paleoenvironmental analysis of the coarse

grained delta deposits in the Pennsylvanian Sandia Formation in northern New Mexico 

using the method of Miall (1985). S.A. Smith (1990) analyzed the sedimentology and 

accretionary style of an ancient gravel-bed stream in the Lower Triassic Budleigh 

Salterton Pebble Beds (BSPB) in southwest England. He defined seven sedimentary 

facies based on sedimentary structures and bed geometry, and used lateral profiles to 

describe abundant and abrupt lateral facies changes in the BSPB. He recognized the 

usefulness of the new architectural approach for sand-bed streams and tested its 

applicability to conglomerates. He found it a useful tool, especially because it helped to 

distinguish between genetically related macroforms.
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Eberth and Miall (1991) proposed a classification of the architectural elements in 

the Cutler Formation in New Mexico by subdividing the architectural elements of Miall 

(1985). They recognized eight elements, two of braided and anastomosed fluvial origin, 

and six of overbank origin. Major sandstone sheets and ribbons are two different types of 

element CH. The minor sandstone sheets and lenses could be classified as element SB, 

and the remaining components would fall into element OF. Sometimes “many 

architectural subdivisions of [an] element may be required for complete formation 

description” (Miall, 1988a, p.688).

Karpeta (1993) used architectural element analysis to interpret the three 

dimensional architecture of the Witpan Conglomerate Member in the Welkom Goldfield 

in South Africa. He was able to reconstruct bar morphology and development in the 

conglomerate. Then, by mapping the distribution of gold deposits in the bar bedforms, it 

was possible to construct models of gold mineralization at scales of meters to hundreds of 

meters.

In his 1996 book, The Geology of Fluvial Deposits: Sedimentary Facies. Basin 

Analysis, and Petroleum Geology. Miall outlined the formal methods for field 

investigation, analysis, and interpretation of studies involving architectural element 

analysis, combining the modifications, improvements, and suggestions made by other 

authors. First, a photomosaic is constructed from photographs of the outcrop and the 

scale and orientation of the profile are documented. Then, on an overlay, all visible 

bounding surfaces are drawn in, and checked in the field. Preliminary element 

interpretations should also be made. Next, in-depth annotations of the lithofacies and
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paleocurrents are made from close observation of the outcrop, and “hanging” surfaces on 

the overlay are completed. Finally, the characteristics of elements and bounding surfaces 

are recorded, correlation between different outcrops is attempted, and interpretations of 

fluvial style and channel pattern are recorded.

3.2.5 Opposition to Architectural Element Analysis

Some authors disagree with the use of Miall’s scheme for classification of fluvial 

deposits. One of the most outspoken was Bridge (1993), who attempted to summarize his 

discontent with the method. In reference to Miall’s classification and application of 

bounding surfaces, Bridge (1993) stated that “even with well exposed deposits it is 

commonly difficult to distinguish Miall’s 2nd through 5th order surfaces....” and he 

further contended that Miall’s 2nd through 4th order surfaces can change rank laterally. 

Bridge (1993) also observed that the time scales for depositional units presented by Miall

(1985) are “too restricted”. He cited an example for channels and bars, which can be 

formed in a single flood event, which would be a comparable time scale set forth for co

sets of cross-strata developed by the migration of ripples and dunes. However, channels 

and bars also form under more consistent conditions for longer periods of time.

Bridge (1993) also criticized the use of predefined lithofacies codes. He stated 

that use of such codes may deter “close observation and detailed, quantitative 

measurements”. He also noted that the acronyms used in predefined codes are hard to 

read and are only suitable for field notes. Finally, he suggested that the interpretations 

given by Miall (1985) for each lithofacies may not apply to every deposit of that 

lithofacies.
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Bridge (1993) condemned the use of lithofacies associations and/or architectural 

elements with the same admonishments he applied to lithofacies codes, along with a few 

additional ones. First, he stated that the terms used in such classifications are an 

“inconsistent mixture of descriptive and interpretive terms” and that the “elements are not 

mutually exclusive”. He also asserted that the graphic representation of such elements is 

poor, and the terms used to describe the elements (i.e. -  tabular, blanket, sheet, lens) are 

not defined and describe three-dimensional objects when most outcrops are two- 

dimensional.

Bridge’s (1993) final criticisms addressed the use of facies models and the models 

presented by Miall (1985) and other authors. He declared that graphic representations of 

these models do not show sufficient 3-D information and generally lack scales. He also 

suggested that Miall (1985) implied that river channel patterns (i.e. -  meandering, 

braided, anastomosing) control the presence or absence of fines.

However, many authors (Kraus, 1984; Middleton and Trujillo, 1984; Smith, 1990; 

Soegaard, 1990; DeCelles et al, 1991; Karpeta, 1993; Jo et al, 1997; Jones et al, 2001) 

have found the method presented by Miall (1985, 1996) very useful in analyzing fluvial 

deposits. S.A. Smith (1990) commented specifically on the usefulness of this method 

when applied to conglomerates, and found an immense value in its ability to discriminate 

between “genetically related macroform elements, therefore enabling a more accurate 

reconstruction of paleogeomorphology”. Some of his comments are summarized below:

1. Definition of bounding surfaces may be hard to apply to 

conglomerates because of the poor degree of grain segregation and
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characteristically more ambiguous sedimentary structures and 

stratification of fluvial conglomerates.

2. Surfaces that lie between two beds of conglomerate may be hard to 

distinguish unless substantial lateral exposure is available, leading to 

misclassification of the order of some surfaces (e.g. -  large-scale channels 

not fully exposed in outcrop).

3. In modem rivers, especially abandoned reaches, distinct 

macroforms may be juxtaposed next to each other, but each represents a 

different depositional episode. Deposits of this nature would consist of 

laterally continuous horizons separated by high-angle contacts. These 

contacts could be mistaken for reactivation surfaces. S.A. Smith (1990) 

asserted that “The hierarchical ordering system does not really make 

allowance for this type of contact”.

4. A more comprehensive understanding of modem processes will aid 

in our understanding of ancient deposits. Because the architectural 

element approach is interpretive and descriptive, a better understanding of 

modem processes would aid in our interpretation of architectural elements.

3.3 Concluding Remarks

A continuum of intermediate types of channel patterns exists between the four 

end-members previously described: straight, meandering, braided, and anastomosing. 

Several parameters have been cited which may affect the form a river takes. Those 

parameters include channel gradient, discharge, and size of bed-material. Although some
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general statements can be made about how each variable affects the morphology of a 

channel belt, unambiguous conclusions cannot be made about channel patterns based 

solely on these parameters.

The term “facies” has been widely used in the fluvial literature. In this study, 

facies refers to the physical and lithologic characteristics of a rock body (i.e., lithofacies). 

Architectural elements are composed of various combinations of lithofacies, which are 

then used to make interpretations about the sedimentology and depositional environment 

of an ancient deposit. Architectural element analysis can be a useful technique where 

good laterally extensive exposures are present.



Figure 3 .1. Principal river channel patterns (modified from Cant, 1982).



Figure 3.2. Model for deposits of a meandering river 
(modified from Walker and Cant, 1984).
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Figure 3.3. Three proposed sequences of sedimentary structures in braided river deposits based on the South 
Saskatchewan River (modified from Walker and Cant, 1984).



Figure 3.4. Types of braided-river depositional profiles. Scott Type - named to suggest a broad similarity with the 
proximal part of the Scott Glacier outwash river, Alaska. Donjek Type - named to suggest a broad similarity with deposits 
of the Donjek River, Yukon Territory. Platte Type - named after the Platte River, Colorado-Nebraska. Bijou Creek Type - 
named after Bijou Creek, an ephemeral stream in Colorado (modified from Miall, 1977).
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BATTERY POINT 
SUMMARY SEQUENCE

Figure 3.5. Example of an ancient sandy braided fluvial deposit. Summary 
sequence for the Devonian Battery Point Sandstone, Quebec (modified from 
Walker and Cant, 1984).



Figure 3.6. Hierarchy of bedding contacts, sedimentary facies and position of sedimentation units in a 
depositional sequence. Schematic summary of the features of the sheet sandstones present in the 
Brownstones, together with the conventions used in their diagrammatic representation (modified from 
Allen, 1983).



Figure 3.7. Major architectural elements. No vertical exaggeration. 
Note variable scale (modified from Miall, 1985).



Chapter 4 -Fold Types and Growth Strata

4.1 Fold Types

Three main types of thrust-related folds are fault-bend, fault-propagation, and 

detachment folds (Figure 4.1) (Jamison, 1987). Thrust faults, in certain types of thrust- 

related folds, step up from one decollement to a higher one, or to the land surface, 

forming a ramp (Suppe, 1983). Deformation must occur in a fault block when it is 

shoved over a non-planar surface, such as a ramp. A fault-bend fold (Figure 4.1a) forms 

when the hangingwall of a thrust is carried over the ramp of the thrust. A fault- 

propagation fold (Figure 4.1b) forms contemporaneously and is positioned immediately 

above its associated ramp (Jamison, 1987). As the fault continues to propagate, the fold 

continues to grow (Suppe and Medwedeff, 1990).

A detachment (decollement) fold (Figure 4.1c) also commonly develops at the tip 

of a thrust, but is not coupled with a ramp (Jamison, 1987). This type of fold develops 

above a bedding detachment. The displacement along the detachment decreases to zero 

toward the foreland. Detachment folds can be found in the frontal zones of many fold 

and thrust belts, at the leading edges of salt sheets, and in progradational deltas, and 

commonly form major hydrocarbon traps (Poblet and McClay, 1996). Detachment folds 

can be symmetric or asymmetric, and can take many forms: chevron or kink styles, box 

folds, rounded-hinge folds, or any combination of these (Poblet and McClay, 1996).

Some geometric models describe the final shape of detachment folds (Jamison, 1987). 

Other models describe the kinematics of detachment folds (Epard and Groshong, 1995; 

Homza and Wallace, 1995; Poblet and McClay, 1996; Mitra, 2003).
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Fault-propagation and detachment folds both form at the tip of a blind thrust 

(Jamison, 1987). The form the fold takes is determined largely by the mechanical 

stratigraphy. In cases where the thrust propagates in a ductile unit overlain by a more 

competent unit, a detachment fold is likely to develop. In layered units with less 

distinguishable ductility contrasts, a fault-propagation fold may develop.

4.1.1 Axial Surface Migration and Limb Rotation

Two mechanisms are recognized that can accommodate shortening in a growing 

fold, axial surface migration and limb rotation (Homza and Wallace, 1995). Figure 4.2 

shows the essential differences between these two processes. Folds that have fixed axial 

surfaces and constant limb length grow by limb rotation. This type of fold growth is 

common in detachment folds. Axial surface migration occurs when the axial surfaces 

migrate with respect to the competent unit so that one or both limbs of a fold increase in 

length as fold growth progresses. Some folds that develop by axial surface migration 

may maintain a constant depth to detachment throughout their development; however, 

folds that develop by fixed-hinge limb rotation must have a variable depth to detachment 

during fold evolution (Homza and Wallace, 1995).

4.2 Growth Strata

Sediments that are deposited on a growing fold are termed growth strata or 

syntectonic sediments. These sediments commonly form a ‘cumulative wedge system’ or 

‘progressive unconformity’ (Riba, 1976) (Figure 4.3). The cumulative wedge system 

results directly from uplift, and the geometry of the system depends on uplift rate and 

sedimentation rate. For example, when uplift rate remains constant, offlap would occur
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with decreasing sedimentation rates (Figure 4.3a) and onlap would occur with increasing 

sedimentation rates (Figure 4.3b). Likewise, if sedimentation rate remains constant, 

offlap occurs when uplift rate increases (Figure 4.3a) and onlap occurs when uplift rates 

decrease (Figure 4.3b). Composite syntectonic progressive unconformities (Figure 4.3c) 

may develop when sedimentation rates remain constant and uplift rates initially increase 

and then decrease. Figure 4.3d shows a genetic model of syntectonic unconformities.

Folds with different kinematic evolutions may display identical final geometries. 

One way to interpret fold kinematics is to observe growth strata. Syntectonic stratal 

geometries have been recognized as a useful way to distinguish not only between 

different types of thrust-related folds, but also to make interpretations about the 

kinematics of a fold (i.e., Suppe et al,1992; Hardy and Poblet, 1994; Poblet and McClay, 

1996; Poblet et al, 1997; Storti and Poblet, 1997).

Three models have been recognized for the evolution of asymmetric kink 

detachment folds in a competent layer detached over a ductile unit (Poblet et al, 1997) 

(Figure 4.4). In Model 1, shortening occurs mainly by limb rotation, with variable limb 

dips and constant limb length (Figure 4.4a). In order to maintain constant stratigraphic 

thickness, the axial surfaces rotate and the fold width increases. In contrast, Model 2 

folds have constant limb dip and variable limb length, and the folds grow solely by axial 

surface migration. As the fold amplifies, the wavelength increases. Model 3 folds are a 

combination of Models 1 and 2 (Figure 4.4c). The fold develops by both axial surface 

migration and limb rotation, and therefore has variable limb dip and variable limb length.
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Similar to Model 1, the axial surfaces also rotate to maintain constant stratigraphic 

thickness.

Each model has been used to evaluate the resultant geometry of growth strata 

under conditions of low or high sedimentation rate, and where the growth strata deform 

by flexural slip-flexural flow, shear parallel to pre-growth beds, or vertical shear (Poblet 

et al, 1997). Figures 4.5 and 4.6 illustrate the final geometries of folds developed by each

mechanism at high sedimentation rates and low sedimentation rates, respectively. 

Resultant growth stratal geometries are different for each of the models, and for each of 

the fold mechanisms.

Storti and Poblet (1997) constructed similar models for constant limb length and 

variable limb length detachment folds under varying sedimentation rates (Models 2 and 3 

of Poblet et al, 1997). They assumed deformation occurred by flexural slip-flexural flow 

and kink-band folding. Potential variation in depth to detachment during fold growth 

(Homza and Wallace, 1995) was not taken into account because it does not influence the 

geometries of syntectonic sediments (Storti and Poblet, 1997).

Three main factors influence growth stratal architecture: (a) variations of limb 

length, (b) variations of limb dip, and (c) variations of elevation through time (Storti and 

Poblet, 1997). Variations of limb length relate to axial surface activity, variations of dip 

to limb rotation, and variations of elevation to uplift, sedimentation, and erosion rates. 

Generally, axial surface migration produces limb-parallel and flat-lying panels with 

constant dip in the growth strata, and limb rotation generates wedge-like architectures 

with progressive variation in dip. When fold limbs have both variable dip and length, i.e.
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axial surface migration and limb rotation, limb-parallel beds and wedge-like geometries 

may both occur. Figure 4.7 shows the resultant growth stratal architectures for constant 

limb length and variable limb length detachment folds with sedimentation rates higher 

than uplift rates (Figure 4.7a and 4.7b), sedimentation rates lower than uplift rates with 

no erosion (Figure 4.7c and 4.7d), and with erosion (Figure 4.7e and 4.7f).

Growth stratal architectures can also be used to determine rates of folding and 

faulting (Suppe et al, 1992). Many folds in the upper crust form by kink-band migration 

as a result of fault-bend, fault-propagation, or box-folding. As the kink bands widen 

during folding, one or more kink-band boundaries move through the rock. The rate of 

folding can be determined by dividing the rate of kink-band migration by the 

sedimentation rate, producing a dimensionless number. Absolute rates can be determined 

if key stratigraphic horizons can be dated. Structural growth rates can also be similarly 

assessed in fixed-hinge folds by examining the stratal geometry and determining 

sedimentation rate.

4.2.1 Tectonics and Sedimentation

Many issues are related to the effect of tectonic activity on the evolution of 

topography and sedimentation (Burbank and Verges, 1994). What was the topography of 

the land surface at the time of deformation? What course did the rivers take with respect 

to structures? What was the relative importance of local streams versus regionally 

extensive rivers? How did continuing deformation control deposition? Can the rates of 

uplift, erosion, and sedimentation be determined? Examining the architecture and 

determining the age of growth strata can answer many of these questions. However, two
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problems can interfere with these examinations (Burbank and Verges, 1994). Erosion of 

growth strata may lead to the loss of key elements, and terrestrial rocks are commonly 

hard to date precisely.

A conceptual model has been developed that can be used to describe the 

interactions of fluvial systems with growing folds (Burbank et al, 1996). Four variables 

act upon the interactions of fluvial systems with growing folds: (1) the traits of the fluvial 

system, (2) the form and rates of uplift of folds and faults, (3) the interaction of multiple 

structures, and (4) the preexisting topography. The model suggests that when 

sedimentation rates are less than uplift rates, the river will be diverted around the fold. 

Conversely, if sedimentation rates exceed uplift rates, the river will flow without 

obstruction over the fold. If the fold does develop topographic relief, seven primary 

factors affect the ability of the river to continue its course: (1) stream power, (2) rate of 

aggradation, (3) rate of hinterland sediment supply, (4) rate of crestal uplift, (5) fold 

wavelength, (6) erodability of rocks in the core of the fold, and (7) presence or absence of 

transverse structures. The ability of a river to maintain an antecedent course is favored 

by high stream power, high rate of aggradation, low rates of sediment supply and uplift, 

small wavelengths, readily erodable rocks in the core of the fold, and the presence of 

transverse structures.
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c detachment folding

Figure 4.1. Three types of thrust-related folds: (a) fault-bend fold, 
(b) fault-propagation fold, and (c) detachment fold (modified from Jamison, 1987).



Figure 4.2. Diagram showing the fundamental difference in kinematics 
between fixed arc-length folding (a), in which the arc-length remains 
constant and hinges are fixed throughout the evolution of the fold, and 
folding by hinge-migration (b), in which arc-length increases. AL = 
arc length (modified from Homza and Wallace, 1995).
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front

Figure 4.3. Genetic model of progressive and syntectonic unconformities (modified 
from Anadon and others, 1986). (A) Rotative offlap envelope developed during 
accelerated uplift of a block adjacent to a basin. (B) Rotative onlap recording a 
decrease in the rate of uplift. (C) Combination of (A) and (B) envelopes: a composite 
syntectonic progressive unconformity results in the inner zones of the basin, and a 
syntectonic angular unconformity develops near the uplifted block. (D) Synoptic 
model of syntectonic unconformities: (1) syntectonic angular unconformity of active 
orogenic front; (2) syntectonic climbing angular unconformity (progressive overlap 
of passive orogenic block); (3) preorogenic sequence; (4) passive orogenic block with 
buried topography; (5) syntectonic sequence.
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Figure 4.4. Evolution of three different models for asymmetric kink detachment folds involving a 
homogeneous competent layer detached over a ductile unit. All three kinematic models produce 
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Figure 4.5. Forward modeled growth detachment folds for uplift rate lower than sedimentation rate . Growth strata are 
deformed by flexural slip-flexural flow in a, b, and c; by shear parallel to pre-growth beds in d, e, and f; and by vertical shear in 
g, h, and i. Only the final stages are shown (modified from Poblet and others, 1997).



Low sedimentation rate

Figure 4.6. Forward modeled growth detachment folds for uplift rate higher than sedimentation rate . Growth strata are 
deformed by flexural slip-flexural flow in a, b, and c; by shear parallel to pre-growth beds in d, e, and f; and by vertical shear in 
g, h, and i. Only the final stages are shown (modified from Poblet and others, 1997).
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Figure 4.7. Forward modeled growth detachment folds for (a) and (b) uplift rate 
lower than sedimentation rate; (c) and (d) uplift rate higher than sedimentation rate 
and no erosion; (e) and (f) uplift rate higher than sedimentation rate and erosion. In 
(a), (c), and (e) folds grow with constant limb length. In (b), (d), and (f) folds grow 
with variable limb length (modified from Storti and Poblet, 1997).



Chapter 5 - Sedimentology

5.1 Introduction

The purpose of this chapter is to present and discuss the results of a 

sedimentological study along the north limb of the Arc Mountain anticline at the Kanayut 

River, Alaska. This part of the study has three main goals. The first is to conduct an 

architectural element analysis. This includes defining and interpreting lithofacies and 

architectural elements for the conglomerate in the study area, and then using these 

interpretations to suggest a fluvial model for the river that deposited the conglomerate. 

The second is to analyze the compositional data in order to discuss mineralogy and grain 

types, modal distribution, textural characteristics, and provenance. The final goal is to 

discuss and compare the results with other studies of gravel-bed braided rivers.

The sedimentological part of the study provides information that may lead to 

conclusions about potential reservoir rocks of the same stratigraphic interval that are 

present in the subsurface of the National Petroleum Reserve in Alaska (NPRA) and 

elsewhere on the North Slope. This study also contributes detailed architecture and facies 

analyses that will eventually contribute to the construction of a regional high-resolution 

sequence stratigraphic framework. In a broader sense, a better understanding of ancient 

and modem gravelly braided fluvial deposits will be developed from continued research. 

Field observations of ancient rocks and comparisons with modem fluvial environments 

will strengthen our ability to make interpretations about such deposits.
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5.2 Methods

5.2.1 Field Methods

Like many other authors, I have adopted the methods of Miall (1996) for this 

study, with some modifications. Conglomerates at the top of the Nanushuk Formation 

along the Kanayut River are exposed in a series of benches on the north and south sides 

of the Arc Mountain anticline (Fig. 5.1). Photomosaics of the four benches on the north 

side, and Bench 2S on the south side were constructed using Polaroid film, and Benches 

IS and 3S on the south side were sketched in the field because they could not be fully 

photographed. Visible bounding surfaces were drawn onto an overlay on each of the 

photomosaics in the field. The character of the bounding surfaces, whether they were 

erosional or gradational, and whether they were planar, irregular or curved, was also 

recorded. Initially, a preliminary architectural element interpretation was made following 

the scheme of Miall (1996), but these initial interpretations were later changed to follow 

more closely the scheme of Ramos and Sopena (1983), which are more applicable 

because of the type, spatial distribution, and scale of the deposits in this study.

Thirty-one vertical stratigraphic sections were measured on the north side of the 

anticline, and an additional thirty-five sections were measured on the south side. 

Paleocurrent measurements were taken on cross-bed orientations within sandstone 

horizons, on the long axes of logs, and on imbricated clasts where they could be found in 

gravel beds, as obvious imbrication was rare. Pebble counts, totaling fifty points per 

count, were taken at random intervals using an 18 cm x 8 cm grid with 2 cm intervals.

The lithology of the pebble found at each grid intersection was recorded. Thirty-seven

55



samples were also collected for subsequent petrographic analysis.

5.2.2 Lab Methods

Photomosaics were constructed from 35 mm slides taken of the outcrops. Due to 

poor photographic conditions, including steep slopes at the base of outcrops and large, 

out of place boulders in front of them, complete photomosaics were constructed only for 

the benches on the north side of the anticline and for Bench 2S on the south side. The 

photos were analyzed to identify significant surfaces and complete the architectural 

analysis.

Thirty-seven samples were collected and analyzed petrographically; they consist 

mostly of pebble to cobble conglomerate, with a few coarse sandstone lithologies. All of 

the samples collected are from the upper part of the Nanushuk Formation. Samples were 

collected to represent a complete lateral and vertical suite from the north and south limbs 

of the Arc Mountain anticline. Samples were impregnated with clear resin prior to thin 

sectioning. Large format (51 mm x 71 mm) thin sections were cut from conglomerate 

samples and standard size thin sections (27mm x 46mm) were made for sandstone 

samples. Framework grains in the conglomerate were considered to be grains larger than 

very coarse sand. The thin sections were used to describe framework grains in a 

petrographic context, and to confirm conglomerate clast lithologies assigned in the field.

5.3 Architectural Element Analysis

5.3.1 Lithofacies

The conglomerate at the top of the Nanushuk Formation near the Kanayut River 

consists of eight sedimentary facies, defined on the basis of grain size, lithology and
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sedimentary structures. A description of each facies follows, accompanied by suggested 

interpretations. The codes are adapted from Miall (1996) and are summarized in Table 

5.1. The conglomerate codes begin with ‘G’ for gravel, whereas the sandstone codes 

begin with ‘S’ for sandstone. Bar type and accretionary histories are discussed in a later 

section, as they are dependent upon facies body geometry.

Matrix-supported massive conglomerate (Gmm)

Lithofacies Gmm (Fig. 5.2a) is a minor facies. It consists of beds, a few 

centimeters to decimeters thick, composed of matrix-supported, massive conglomerate. 

Clasts range in size from 1 mm to 8.5 cm. Clasts are composed of quartz, black, green, 

brown, gray and red chert, and quartzite in a coarse to very coarse sandstone matrix. The 

clasts are angular to rounded, poorly sorted, and rarely imbricated. Log casts and small 

organic fragments are scattered throughout.

Interpretation. Facies Gmm is interpreted as the deposits of hyper-concentrated 

debris flows or bar gravels due to their internal chaotic nature and matrix-supported 

framework (Rust, 1978; Schultz, 1984; Hubert and Filipov, 1989; Miall, 1996). The 

deposits occupy pre-existing topography, either within channels or on floodplain 

surfaces.

Clast-supported massive conglomerate (Gem)

Lithofacies Gem (Fig. 5.2b) is the dominant lithofacies in the conglomerate. This 

facies consists of clast-supported, massive conglomerate in beds a few centimeters to
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decimeters thick. Clasts range in size from 1 mm to 21 cm, and consist of quartz, black, 

green, brown, gray and red chert, and quartzite. The clasts are subangular to well 

rounded and poorly sorted, and the conglomerate may be normally or inversely graded. 

The matrix is coarse to very coarse sandstone. Small lenses of 1 mm to 1 cm clasts, 

composed predominantly of black chert, are common. Log casts and small organic 

fragments are spread throughout.

Interpretation. This facies is interpreted as bedload gravel that was deposited 

from clast-by-clast accretion during higher discharges. Characteristics that support this 

interpretation include thin bedding a few centimeters to decimeters thick, and a clast- 

supported framework with no internal organization (Smith, 1974; Hein and Walker,

1977; Miall, 1977; Rust, 1978, Karpeta, 1993).

Clast-supported horizontally stratified conglomerate (Gh)

Lithofacies Gh (Fig. 5.2c) occurs in most of the outcrops in the study area. It 

occurs as beds a few centimeters to decimeters thick, composed of clast-supported, 

horizontally stratified conglomerate. The horizontal stratification is usually recognized 

by slight clast size variations between crude horizontal layers. Clasts in this lithofacies 

range in size from 1 mm to 7.5 cm. The clasts are composed of quartz, black, green, 

brown, gray and red chert, and quartzite. The clasts are subangular to rounded and poorly 

sorted in a matrix of coarse sandstone. Log casts and small organic fragments are found 

strewn throughout.
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Interpretation. The characteristics of this lithofacies, specifically horizontal 

stratification of clast-supported conglomerate, support the interpretation that lithofacies 

Gh resulted from the migration of longitudinal bedforms (Rust, 1972; Gustavson, 1974; 

Smith, 1974; Smith, 1990; Miall, 1996).

Clast-supported planar cross-stratified conglomerate (Gp)

Lithofacies Gp (Fig. 5.2d) is a minor component of the conglomerate. This 

lithofacies is composed of beds a few centimeters to decimeters thick that consist of clast- 

supported, planar cross-bedded conglomerate. Clasts in the conglomerate range in size 

from 2 mm to 8.4 cm and consist of quartz, black, green, brown, gray and red chert, and 

quartzite. The clasts are subangular to rounded, and some are well rounded. The clasts 

are poorly sorted in a coarse to very coarse sandstone matrix. Log casts and small 

organic fragments are found throughout this facies.

Interpretation. Planar cross-stratification in a clast-supported conglomerate 

indicates that facies Gp was deposited by the migration of large, isolated, gravelly 

straight-crested transverse bedforms (Miall, 1977; Hein and Walker, 1977; Smith, 1990; 

Karpeta, 1993).

Cross-bedded sandstone (Sc)

Lithofacies Sc (Fig. 5.2e) comprises a small proportion of the conglomerate 

package overall, but it is a major component of the sandstone fraction. This facies occurs 

as discontinuous lenses or beds a few centimeters to decimeters thick, composed of cross
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bedded sandstone. The sandstone is predominantly coarse- to very coarse-grained, and 

rarely, medium-grained. This facies includes clasts from 4 mm to 4 cm in diameter, 

either randomly scattered within beds, or as pebble layers along bedding planes. The 

sandstone grains are angular to sub-rounded and poorly to moderately sorted. Log casts 

and small organic fragments are rarely found.

Interpretation. This facies was deposited by the migration of straight- or sinuous- 

crested dunes, as indicated by the cross-bedding in the sandstone (Allen, 1984; Harms et 

al, 1982; Miall, 1996). It occurs on gravel bar tops and sides, in falling to shallow water 

conditions (Boothroyd and Ashley, 1975; DeCelles et 1991; Miall, 1996).

Horizontally bedded sandstone (Sh)

Lithofacies Sh (Fig. 5.2f) is also a small component of the package as a whole, 

but a chief component of the sandstone fraction. It consists of discontinuous lenses, or 

beds, a few centimeters to decimeters thick. The sandstone is horizontally bedded, and 

typically coarse-grained, but medium-grained lenses or beds do occur. The sandstone 

grains are angular to sub-rounded and poorly to moderately sorted, with 1 cm to 3.8 cm 

clasts occurring locally as lenses or on bedding planes.

Interpretation. Lithofacies Sh forms in lower and upper flow regimes, where 

horizontally bedded sandstones of this grain size fraction occur (Boothryod and Ashley, 

1975; Allen, 1984; Harms et al, 1982; Todd, 1989; Maizels, 1989; Miall, 1996; Jo et al, 

1997). It may occur on gravel bar tops and sides in falling to shallow water, or in high 

flood stage flows that are not confined to channels (i.e. sheet floods) (DeCelles et al,

1991; Miall, 1996).
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Massive sandstone (Sm)

Lithofacies Sm (Fig. 5.2g) is a minor component of the conglomerate package, 

but it commonly occurs within sandstone-rich sections. This lithofacies consists of 

medium- to coarse-grained massive sandstone that occurs as discontinuous lenses or 

layers a few centimeters to decimeters thick. The sandstone grains are angular to sub

rounded and poorly to moderately sorted. Scattered pebbles, ranging in size from 1 mm 

to 10 cm, occur throughout. Log casts and small organic fragments are rare.

Interpretation. The lack of sedimentary structures indicates that lithofacies Sm 

may have been deposited by sediment-gravity flow deposits, or by rapid deposition 

during falling flow conditions (Todd, 1989; Maizels, 1993; Miall, 1996; Jo et 1997). 

This lithofacies may also result from post-depositional modification, such as dewatering 

or bioturbation (Miall, 1996).

Ripple cross-laminated sandstone (Sr)

Lithofacies Sr (Fig. 5.2h) forms a very minor part of the conglomerate package.

It occurs as ripple cross-laminated sandstone in beds a few centimeters thick. The ripples 

are straight-crested and asymmetrical. It is comprised of coarse sandstone that is angular 

to sub-rounded and poorly to moderately sorted.

Interpretation. Ripple cross-lamination indicates that this lithofacies resulted 

from migrating current ripples (Harms et al, 1982; Miall, 1996; Nichols, 1999).
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5.3.2 Architectural Elements

Miall (1988b, p. 68) defined an architectural element as “a lithosome 

characterized by its geometry, facies composition and scale, and represents a particular 

process or suite of processes occurring within a depositional system.” Subdivision of the 

architectural elements defined by Miall (1996) may be necessary to fully describe the 

depositional character of an outcrop (Eberth and Miall, 1991). The architectural elements 

identified in this study are more closely based on the work of Ramos and Sopena (1983), 

because their codifying scheme was more applicable to the deposits in this study. The 

codes are summarized in Table 5.1.

The conglomeratic portion of the Nanushuk Formation at the Kanayut River has 

been divided into six architectural elements that are summarized in Table 5.2. Units of 

massive, clast-supported conglomerate (MCC) dominate, with smaller proportions of 

lateral accretion conglomerate (LAC) and channel-fill conglomerate (CH) present. 

Massive, matrix-supported conglomerate (MMC), tabular cross-stratified conglomerate 

(TCC), and units of coarse to very coarse sandstone (SS) play relatively minor roles in 

these deposits.

Massive, clast-supported conglomerate (MCC)

This element is the most common in the conglomerate. It occurs as sheets, 

usually tabular-shaped bodies, with a flat base bounded by a fourth-order bounding 

surface according to the classification of Miall (1996) (see Table 5.3). The basal contact



can be sharp or erosional. MCC is usually found in vertical successions, consisting of 

sheets 1-7 m thick and tens of meters wide (Fig. 5.3). The upper contact is usually flat 

or eroded. Common lithofacies include Gem and Gh with minor amounts of Sc, Sh, and 

Sm. Lithofacies Gh is usually identified by slight variations in clast size between crude 

horizontal layers. Sheets of MCC may grade laterally into other elements such as MMC 

or LAC. Scour surfaces or units of SS between them may delineate individual 

conglomeratic units within a sheet. Individual units may be hard to define when 

conglomerate is overlain by conglomerate.

Interpretation. Sheets of MCC are interpreted as the deposits of braided fluvial 

channels (Fig. 5.4). The absence of lateral accretion surfaces and other types of internal 

organization imply shallow channels with relatively few large, well-developed 

macroform bars (Eberth and Miall, 1991). Massive or crude horizontal bedding in 

conglomerate is commonly attributed to deposition by a longitudinal bar in straight, 

shallow reaches with high rates of sediment discharge (Ore, 1964; Williams and Rust, 

1969; N.D. Smith, 1974; Hein and Walker, 1977; Rust, 1978; Ramos and Sopena, 1983; 

Miall, 1996). Longitudinal bars are mid-channel bars that are elongated parallel to flow 

in a diamond- or lozenge-shape. Leopold and Wolman (1957) described the process by 

which they are formed using flume experiments and field observations. In an originally 

straight, single or undivided channel, gravel is carried near the deepest part of the 

channel. As the flow wanes, gravel is deposited within the channel in the form of a 

“diffuse gravel sheet”, as described by Hein and Walker (1977). Finer particles are
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trapped within the original deposit and coarser material is deposited downstream. The 

flow is diverted around the bar and the stream erodes its banks to compensate.

Massive, matrix-supported conglomerate (MMC)

This element is one of the least common elements, only occurring on Bench IN 

(Fig. 5.3). It consists of discontinuous successions of conglomerate sheets with flat basal 

surfaces and upper fourth-order bounding surfaces. The basal contacts can be sharp or 

erosional. Element MMC is composed of individual units of lithofacies Gmm with minor 

amounts of Gem, Sm, and Sc. Sheets of MMC are 1 to 13 m thick, extend tens of meters 

laterally, and show no internal structure.

Interpretation. Sheets of MMC are interpreted as sediment gravity flow deposits 

that occupy channels, as indicated by their lack of internal structure and character of their 

bounding surfaces (Fig. 5.5) (Miall, 1996). Because of the high levels of sediment 

concentration (>40%), the flow is said to be hyperconcentrated.

Tabular cross-stratified conglomerate (TCC)

TCC is also a minor component of the conglomerate in the study area, and is only 

documented at Bench 2N (Fig. 5.6). It occurs as laterally continuous sheets, 1 to 6 m 

thick, and tens of meters wide. Lithofacies in this element include Gp, and minor 

amounts of Sc, Sh, and Sm. The foresets dip at ~20° and end at an oblique angle to the 

bottom contact, forming planar foresets. The bottom contact can be either erosional or 

sharp, and both top and bottom contacts are fourth-order bounding surfaces.
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Interpretation. The presence and character of the foresets indicate that element 

TCC was deposited as transverse barforms that develop at low rates of discharge (Ore, 

1964; Rust, 1972; Smith, 1974; Ramos and Sopena, 1983; Smith, 1990; Miall, 1996). 

Transverse bars occur in channels that are deep and are confined between banks that are 

relatively narrow in width (Fig. 5.7) (Rust, 1972). Hein and Walker (1977) observed the 

occurrence of transverse barforms in the same channels as longitudinal barforms, but 

under conditions of reduced sediment and water discharge. Transverse bars may also be 

deposited as large-scale bedforms that formed during flood stage (Collinson, 1970;

Smith, 1971a).

Lateral accretion conglomerates (LAC)

This element occurs as tabular bodies of conglomerate bounded by fourth-order 

surfaces on the top and bottom, with gently dipping third-order surfaces internally (Fig. 

5.8). The basal contact may be sharp or slightly erosional. The top contact is either flat 

or slightly scoured. Lithofacies in this element include Gem, with minor amounts of Sc, 

Sh, and Sm. Element LAC ranges in thickness from 1 to 4 m, and extends laterally a few 

tens of meters. The internal accretion surfaces have gentle dips of 6° to 16°. Where 

paleocurrent measurements could be taken, the flow direction strays significantly from 

the direction of the lateral accretion surfaces. Lateral accretion sets vary in thickness 

from 2 0 -  150 cm, with no visible changes in clast size. Element LAC may grade 

laterally into element MCC (Fig. 5.9).
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Interpretation. Element LAC reflects changes to existing bar topography during 

diminishing flow (Ramos and Sopena, 1983). When the bar topography increases 

significantly enough to affect the water flow so that clasts cannot be moved over it, or the 

flow diminishes but is still strong enough to move clasts along the margins of the bar, 

element LAC may develop (Fig. 5.10). These lateral accretion surfaces dip towards the 

channels next to the bars and form at an angle less than 90° to the general flow. Costello 

and Walker (1972) and Smith (1974) have described similar processes.

Channel-fills (CH)

Element CH ranges in thickness from 0.5 to 7 m and can extend from one to tens 

of meters laterally. This element has the highest proportion of sandy lithofacies 

compared to the rest of the dominantly conglomeratic elements. Element CH is 

comprised of different fills depending upon the scale. Smaller scale features may be 

filled only with sandy lithofacies and lie above a fourth-order surface (Fig. 5.9), whereas 

larger scale features may have sandy and gravelly components above a fifth-order 

surface. Examples of this were described by Williams and Rust (1969) and Bristow 

(1987). Some of the major channel-fills consist of sandy facies at their base that grade up 

into gravelly facies (Fig. 5.3). All the basal surfaces are erosional with a typical concave- 

up shape. Internal third-order surfaces may mimic this shape (Fig. 5.3).

Interpretation. Element CH may have formed next to longitudinal bars (Smith,

1990), or it may have resulted from scouring the upper surface of an existing longitudinal 

bar (Fig. 5.11). Smaller scale features of element CH may represent the dissection of an
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existing bar by small, chute channels during falling water (Miall, 1996) (Fig. 5.11). 

Common fill patterns in the larger features of this element include the basal surface 

below various sandy facies passing vertically into gravelly facies. This may represent the 

formation of a new active channel (Miall, 1996). It begins as a chute or crevasse channel 

with deposits of Sh, Sm, or Sc forming at lower rates of discharge. Then, as the flow 

increases and diverts into this newly developing channel, the competence increases 

gradually enough to deposit coarser, gravelly facies on top while not eroding away all of 

the underlying sandy facies.

Units o f coarse to very coarse sandstone (SS)

This element forms thin beds, 0.3 to 2 m thick, that extend up to tens of meters 

laterally, or small lenses up to 1 m thick and a few meters wide. As sandstone forms a 

relatively small proportion of the overall package, this element is a minor one in this 

study. However, it does occur in conjunction with all other elements. Element SS is 

bounded by fourth-order surfaces when not an intricate part of another element. Its basal 

contact may be sharp or erosional, and its top contact is usually flat.

Interpretation. The thicker, more laterally continuous beds of this element are 

interpreted as crevasse splay and floodplain deposits (Fig. 5.12) (Ramos and Sopena,

1983; Miall, 1996). These are produced during high flood stage when water is not 

confined to existing channels. The bed may extend laterally over various other deposits, 

including those of longitudinal or transverse bars, or channels (Ramos and Sopena,

1983). The smaller lenses of this element commonly occur in conjunction with deposits 

of MCC and TCC. These are interpreted as bar tops and edges that are deposited during
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falling or waning water flow (Fig. 5.12) (Miall, 1996). As the flow decreases, it loses the 

competency to carry a sand fraction and deposits of facies Sm, Sc, and Sh develop in 

channels adjacent to bars or on tops of bars.

5.4 Compositional Data

5.4.1 Mineralogy and grain types

Conglomerates of the upper Nanushuk Formation are predominantly polymictic, 

clast-supported and poorly to moderately sorted. Individual clasts are angular to rounded. 

Clast types are described briefly here.

(1) Quartz: Quartzose grains include monocrystalline quartz (Fig. 5.13a) 

and polycrystalline quartz (Fig. 5.13b). Polycrystalline quartz is 

relatively more abundant and generally is larger in grain size than 

monocrystalline quartz.

(2) Chert: These siliceous clasts are most commonly black, gray, green, or 

brown, and less commonly, red in outcrop. Chert grains may be 

banded (Fig. 5.13c). They show a continuum in the amount of 

radiolarians from none (Fig. 5.13d) to many (Fig. 5.13e).

(3) Metasedimentary: Quartzite is the only metasedimentary grain type 

identified. It is fine- to medium-grained and typically light to dark 

gray (Fig. 5.13f). No preferential grain orientations or fabric were 

observed within the quartzite clasts, therefore they could be considered 

to be slightly recrystallized sandstone.
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(4) Other clasts types that were observed in outcrop, but not encountered

in the clast counts or during petrographic analysis, include tasmanite 

and silicieous limestone. The grain size of the tasmanite clasts was 

close to the average clast size for the conglomerate. Very few 

siliceous limestone clasts were observed. Of those that were, most 

were light to medium gray, with a slight conchoidal fracture. Fossil 

fragments were observed within the siliceous limestone clasts. 

Histograms from all of the pebble counts on the north and south side of the 

anticline can be found in Appendix 1. The conglomerate shows a predominance 

of sedimentary clasts (Fig. 5.14), and is therefore classified as a sedimentary-clast 

conglomerate. Most of the sedimentary clasts are chert (Fig. 5.14), so it is more 

specifically classified as a chert clast conglomerate.

5.4.2 Textural Data

Rounding was determined for both ranges of clast sizes: the matrix consisting of 

very coarse sandstone and finer-grained material (< 2 mm), and the clasts in the 

conglomerate, or granule- to cobble-sized grains (2 -  256 mm). The matrix is sub- 

angular to rounded with high sphericities. The clasts are sub-rounded to well-rounded 

with low sphericities. The four types of grain contacts present include: (1) concavo- 

convex grain contacts (Fig. 5.15a); (2) long or straight contacts (Fig. 5.15b); (3) point or 

tangential contacts (Fig. 5.15c); (4) and floating grains that are not in contact with other 

framework constituents (Fig. 5.15d).
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5.5 Discussion

5.5.1 Fluvial Style

Longitudinal bars dominate the deposits in the study area, with a lesser proportion 

of identifiable channels, transverse bars, crevasse splays and sediment-gravity flow 

deposits. As noted earlier, the dominance of longitudinal bars reflects shallow water 

depths in a fluvial system (Eberth and Miall, 1991). The dominance of identifiable 

barforms versus sediment-gravity flow deposits suggests prevailing bed-load transport. 

The presence of longitudinal bars with simple internal organization and deposits of lateral 

accretion are interpreted as characteristic features of a gravelly stream with distinct high 

and low discharges (Smith, 1974). Therefore, the conglomerate in the upper part of the 

Nanushuk Formation near the Kanayut River is interpreted as the deposits of high energy, 

gravel-bed, braided rivers, as indicated by the overwhelming presence of element MCC, 

rare channels with margins that are hard to identify, and lesser proportions of crevasse 

splay and sediment-gravity flow deposits (Fig. 5.16).

Miall (1996) described a facies model for a shallow, gravel-bed braided river.

Most of the characteristics he uses to describe this fluvial style could also be used to 

describe the deposits in this study. These characteristics include rare to absent sediment- 

gravity flow deposits, rare recognizable channel margins in outcrop, and the dominance 

of his element GB (gravel bars and bedforms), consisting of tabular bodies with about 5% 

element SB (sandy bedforms) as lenses or wedges. Figure 5.17a shows a representative 

vertical section and an architectural block diagram from Miall (1996) for a shallow, 

gravel-bed braided river. It consists of a changing system of unstable, low-sinuosity
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channels. Channel depths are typically on the order of 1 meter. The deposits in the 

system form distinctive thick, multi-story conglomerates, similar to the deposits in this 

study.

Ramos and Sopena (1983) also identified the conglomerates in their study as 

deposits of “relatively high energy streams with prevalent bedload transport” (Fig.

5.17b). The architectural elements in this study are based on those of Ramos and Sopena 

(1983), and the deposits of this study and their study are remarkably similar. One 

important distinction is the very rare preservation of convex-up bar tops in this study 

versus that of Ramos and Sopena (1983). They suggested that common preservation of 

such features indicates rapid subsidence during deposition. I interpret the virtual lack of 

these features in this study to mean little to no subsidence during deposition. Smith 

(1990) also cited the absence of floodplain sediments and paleosols and a multi-story 

geometry in outcrop to strongly suggest that rates of channel migration were high relative 

to rates of subsidence. The deposits in this study exhibit all of these features.

5.5.2 Qualitative Interpretation of Paleochannel Geometry and Paleohydraulics

Some authors have developed and used quantitative and qualitative depositional 

models (e.g., Bridge, 1993b, and Willis, 1993) to interpret outcrop orientations of channel 

deposits from ancient braided rivers. To complete this type of analysis, there are three 

major requirements (Bridge, 1993b). First, the author must acquire very detailed 

descriptions of large outcrops. Second, the author must have a complete comprehension 

of the geometry, flow and sedimentary processes related to modem channel bars and fills. 

Finally, the author must know how deposits resulting from various manners of channel
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migration appear in outcrop parallel, perpendicular, and oblique to flow. Most ancient 

river deposits, including the ones in this study, do not have large enough outcrops with 

details of large-scale bedding geometry, grain textures, internal structures and 

paleocurrents preserved to permit detailed interpretations. However, some general 

interpretations can be made about channel orientations and migration.

Bridge (1993b) has developed qualitative models that put emphasis on large-scale 

bedding geometries that are related to intermittent seasonal accretion on bars and in 

channel fills (Figs. 5.18, 5.19, and 5.20). The models can be used to interpret channel 

geometries from ancient deposits. They do not take into account cross-bar channels, net 

vertical accretion, or in-filling of channel belts after abandonment. The first model (Fig. 

5.18) shows a simple braided channel pattern with downstream bar migration. The 

second model (Fig. 5.19) is also a simple braided pattern with downstream bar migration, 

but it also includes lateral bend expansion. The third model (Fig. 5.20) incorporates a 

simple braided channel pattern with downstream bar migration, lateral bend expansion, 

and channel switching where the lower channel has started to fill and the upper channel is 

expanding.

Several line drawing interpretations from the study area are shown in Figure 5.19. 

The upper part of the first drawing (Fig. 5.21a) shows a geometry most closely matched 

by that of cross-section 3 in Fig. 5.18. The line of section crosses the head of a 

downstream migrating bar that is bounded by channels on either side. The element MCC 

(highlighted in Fig. 5.21a) is interpreted as the head of a bar migrating downstream,
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bordered on both sides by channels, with flow approximately perpendicular to the 

outcrop.

The second line drawing (Fig. 5.21b) shows element LAC capped by element 

MCC. This geometry is very similar to that shown in the bottom part of cross-section 4 

in Figure 5.18, which represents an oblique section through a channel that is expanding 

due to channel switching adjacent to a bar migrating downstream and undergoing lateral 

bend expansion. Element LAC (Fig. 5.21b) represents the downstream migration and 

lateral expansion of a braid bar in a channel belt undergoing channel switching.

In the last line drawing (Fig. 5.21c), the upper element CH has a similar geometry 

to that of the bottom part of cross-section 5 in Figure 5.16. Element CH (highlighted in 

Fig. 5.21c) represents an oblique view of a channel adjacent to a bar migrating 

downstream with no net vertical accretion, near the confluence of the channel that 

borders the opposite side of the bar (Fig. 5.18, cross-section 5).

Based on these interpretations, some bars in the deposits of this study probably 

migrated downstream as they grew. Channel switching was an important process within 

channel belts as suggested by the stacking of stories and the dominance of coarse-grained 

channel fills (Willis, 1993). These characteristics suggest braided channel patterns, 

which are also indicated by low paleocurrent variations within individual stories (Willis, 

1993).
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Initial estimates for channel width and channel depth can often be estimated 

directly from the field data. The key is to find channel morphologies that are not eroded. 

The conglomerate in this study does not have signs of high levels of compaction, such as 

sutured grain boundaries or flattened clasts. Therefore, channel width and depth can be 

estimated from measurements taken in the field. However, these numbers are mere 

estimates and may bit reflect the actual width and depth of channels at the time of 

deposition.

Five channels were observed in the outcrops. Three are considered major 

channels, due to their greater lateral extent, and two are minor channels. Estimates of 

channel width and depth are shown in Table 5.4. Major channels range in width from 

79.32 m to 85.30 m, and minor channels from 12.40 m to 29.80 m. Channel depths range 

from 3.60 m to 7.17 m for the major channels, and 1.03 m to 2.92 m for the minor 

channels. The width:depth ratio was calculated for all of the channels, and has a range of 

10.21 to 22.03 (Table 5.4).

A crude estimate of water discharge (Q) can be calculated from channel width and 

depth measurements (Chang, 1980). Water discharge (Q) can be estimated using the 

following equation:

B = 1.8 Q0'5 (1)

where B = channel width of gravel streams. Estimates of water discharge calculated for 

the conglomerate in the Nanushuk Formation vary from 55.00 m3/s to 60.00 m3/s for 

major channels, and from 1.34 m3/s to 7.76 m3/s for minor channels.
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The paleogeographic setting of this ancient river was probably very similar to 

modem braided fluvial systems in northern Alaska that extend from the northern foothills 

of the Brooks Range to the Arctic coast of Alaska. This setting consists of rolling hills 

near a topographic high, with relatively high stream gradients. The modem 

Sagavanirktok River in northern Alaska is a good analog for the river in this study. The 

Sagavanirktok River, at Pump Station 3 on the Dalton Highway, has had an average 

discharge of 44.6 m3/s from 1983 to 2000. The maximum recorded discharge occurred in 

1995 at 60.5 m3/s, and the minimum recorded discharge occurred in 1983 at 28.2 m3/s. 

These numbers are comparable to the estimates for water discharge within major 

channels in this study.

5.5.4 Modal Distribution

The pebble counts revealed no systematic compositional variation laterally across 

the anticline. However, when plotted stratigraphically, they show a few distinct patterns. 

Figure 5.22a shows all of the pebble counts for the north side from the lowest 

stratigraphic unit, Bench IN, to the highest, Bench 4N. The amount of quartz decreases 

from Bench IN to 3N, but then increases between Benches 3N and 4N. Gray chert shows 

a large increase from none at Bench 2N to 19% at Bench 4N. Black chert grains increase 

from Bench IN to 2N, and then decrease to Bench 4N. Red, green and brown cherts 

show only slight variations through the stratigraphic column. Quartzite decreases in 

abundance from Bench IN to 2N, and then increases to Bench 4N. Black chert and 

quartzite show an inverse relationship to each other, one increasing when the other 

decreases, and vice versa.
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Figure 5.22b shows the modal distribution for the pebble counts on the south side 

from the lowest stratigraphic unit, Bench IS, to the highest, Bench 3S. Benches IN and 

IS, 2N and 2S, and 3N and 3S are presumed correlative across the anticline. On the 

south side, quartz increases steadily from Bench IS to 2S, then shows a decrease to 3S. 

Gray, green and brown cherts do not show much variation. Black chert decreases in 

abundance from Bench IS to 2S, then increases to 3S. Quartzite abundance increases 

from Bench IS to 2S, then decreases to Bench 3S. Figure 5.22b shows a direct 

relationship between quartz and quartzite, and an inverse relationship of both to black 

chert. A very insignificant number of red chert clasts were counted on the south side (< 

1%). This may be because the red chert grains fall into a smaller size fraction of the 

conglomerate clasts. Flow velocities in adjacent branches of braided rivers can vary 

significantly, and may also have played a role in the distribution of red chert.

5.5.5 Provenance

The conglomerate clast compositions of the Nanushuk Formation are high in 

quartzose and metasedimentary grains. The average conglomerate contains about 25 

percent quartz (monocrystalline and polycrystalline), 27 percent black chert, 13 percent 

brown chert, 10 percent gray chert, 8 percent green chert, 2 percent red chert, and 15 

percent quartzite. Contractional deformation in the Brooks Range during Cretaceous 

time produced a structural and topographic high from which sediments were shed to the 

north into the Colville Basin (Mull, 1985). According to the classification of Dickinson 

and others (1983), the conglomerate in this study was deposited from a lithic to 

transitional recycled orogen (Fig. 5.23), presumably the ancestral Brooks Range.
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The quartz and quartzite clasts of the Nanushuk Formation conglomerate may 

have been sourced from the clastic rocks of the allochthonous Endicott Group, as it is the 

most abundant potential source of siliciclastic sandstone and conglomerate in the source 

area. The distribution of different varieties and colors of chert in the Brooks Range can 

be relatively distinctive and are often confined to a specific formation (Mull, 1995). 

Therefore, chert clasts in this study may have unique and identifiable sources. Gray to 

black banded chert may have been eroded from limestones of the Mississippian and early 

Pennsylvanian Lisbume Group, which is the most extensive chert-bearing unit in the 

Brooks Range. Gray and black banded chert, as well as tan chert, may also have been 

eroded from the limestone member of the late Jurassic to Triassic Otuk Formation. Jet 

black chert with no mottling or banding may have been derived from the Mississippian 

Akmalik Chert, which is relatively thin, but composed entirely of thinly bedded chert. 

Cherts that are various shades of gray, greenish gray, or pale green may be sourced from 

the Permian Siksikpuk Formation or the Triassic to mid-Pennsylvanian Imnaitchiak 

Chert.

5.6 Summary and Conclusions

The conglomerate of the Nanushuk Formation has been divided into eight 

lithofacies: massive matrix-supported, massive clast-supported, horizontally-stratified, 

and planar cross-stratified conglomerate, and cross-bedded, horizontally-bedded, 

massive, and ripple cross-laminated sandstone. Six architectural elements have been 

defined for these units. Sheets of massive, clast-supported conglomerate (MCC) are
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interpreted as the deposits of longitudinal barforms. Debris flows deposited sheets of 

massive, matrix-supported conglomerate (MMC). The migration of transverse barforms 

deposited tabular, cross-stratified conglomerate (TCC). Lateral accretion conglomerates 

(LAC) were deposited adjacent to bars during diminishing flow. Channels (CH) may 

have existed adjacent to longitudinal bars, or may have crosscut barforms, eroding the 

upper surface. More extensive units of coarse to very coarse sandstone (SS) may 

represent crevasse splay and floodplain deposits, whereas smaller, more confined units 

found in conjunction with elements MCC and TCC may represent bar tops and edges in 

falling discharge. High-energy, gravel-bed braided rivers deposited the conglomerate in 

the Nanushuk Formation. The conglomerate was deposited from a lithic to transitional 

recycled orogen, the Brooks Range. The paleotopography was probably very similar to 

fluvial systems in northern Alaska that extend from the northern foothills of the Brooks 

Range to the Arctic coast of Alaska. Quartz and quartzite clasts may have been derived 

from the allochthonous Endicott Group, whereas the different colors and types of chert 

may have had various sources.
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68° 4 0 ’ ' - 68° 4 0 ’

Base from U.S. Geological Survey 
Chandler Lake C-2 Quadrangle, Alaska 150° 5 0 ’

Figure 5.1. Field area for this study. Benches on the north and south side of the Arc 
Mountain anticline shown as bold lines. Steeply dipping tors are the stratigraphic 
continuation of Bench IS.
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Figure 5.2. Photographs of lithofacies in this study, (a) Massive, matrix- 
supported conglomerate (Gmm); (b) Massive, clast-supportd conglomerate 
(Gem).
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Figure 5.2 continued, (c) Horizontally-stratified conglomerate (Gh); (d) Planar 
cross-stratified conglomerate (Gp).
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Figure 5.2 continued, (e) Cross-bedded sandstone (Sc); (f) Horizontally- 
bedded sandstone (Sh).
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Figure 5.2 continued, (g) Massive sandstone (Sm); (h) Ripple cross-laminated 
sandstone (Sr).
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Figure 5.3. M easured sections, photom osaic and line drawing interpretations for Bench IN. Key to lithofacies and architectural elements codes in Table 5.1.
Num bers in circles indicate order o f bounding surface.



Figure 5.4. Schematic plan view and cross-section for massive,
clast-supported conglomerate (element MCC).



Figure 5.5. Schematic plan view and cross-section for massive,
matrix-supported conglomerate (element MMC).
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Figure 5.6. M easured sections, photomosaic, and line drawing interpretations for Bench 2N. See Figure 5.3 for key to symbols.
Key to lithofacies and architectural elements codes in Table 5.1. Numbers in circles indicate order o f  bounding surface.



Figure 5.7. Schematic plan view and cross-section for tabular
cross-stratified conglomerate (element TCC).
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Figure 5.8. M easured sections, photomosaic, and line drawing interpretations for Bench 3N-b. See Figure 5.3 for key to symbols.
Key to lithofacies and architectural elements codes in Table 5.1. Numbers in circles indicate order o f bounding surface.



Section 3N-4
N 68° 39’ 22.6”
W 150° 54’ 39.2"

Section 3N-5
N 68° 39’ 23.0”
W 150° 54’ 39.1”

Section 3N-5a
N 68° 39’ 22.9”
W 150° 54’ 37.3”

Figure 5.9. M easured sections, photomosaic, and line drawing interpretations for Bench 3N-c. See Figure 5.3 for key to symbols.
Key to lithofacies and architectural elements codes in Table 5.1. Num bers in circles indicate order o f bounding surface.
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Figure 5.10. Schematic plan view and cross-section for lateral accretion 
conglomerate (element LAC).
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Figure 5.11. Schematic plan view and cross-section for channels (element CH).



Figure 5.12. Schematic plan view and cross-section for units of coarse to
very coarse sandstone (element SS).
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Figure 5.13. Photomicrographs of conglomerate clasts, (a) monocrystalline 
quartz; (b) polycrystalline quartz; (c) banded chert. PP = plane polarized light. 
XP = crossed polars.
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Figure 5.13 continued, (d) chert without radiolarians; (e) chert with many 
radiolarians; (f) quartzite.
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Metamorphic Clasts

Igneous Clasts

Carbonate Clasts

Figure 5.14. Classification of conglomerates based on clast lithology and type of 
fabric support (after Boggs, 1992).
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Figure 5.15. Photomicrographs of grain contacts, (a) concavo-convex; (b) long or 
straight; (c)point or tangential; (d) floating grain. PP = plane polarized light. XP = crossed 
polars.



Figure 5.16. Model of high-energy, gravel-bed braided river dominated by longitudinal barfonns. Shallow 
water conditions with bed load transport predominate.



Figure 5.17. (a) Model of a shallow gravel-bed braided river, (modified from 
Miall, 1996) (b) Model of a gravel-bed braided river with longitudinal bars, 
lateral accretion, and absence of overbank deposits (modified from Ramos and 
Sopena, 1983).



Figure 5.18. Qualitative depositional model associated with a simple braided 
channel pattern and downstream migration, but no vertical deposition. Lines in plan 
and cross section are smoothed boundaries of seasonal accretionary bedsets (no 
mesoforms or cross-bar channels shown). Arrows represent channel orientation 
relative to section line during deposition of uppermost bedset in the cross section 
(lower bedsets will have different orientations). Vertical exaggerations are 
approximately 2 to 3, and channel belt widths in nature will range from tens to 
thousands of meters (modified from Bridge, 1993).



Figure 5.19. Qualitative depositional model associated with a simple braided 
channel pattern, downstream migration and bend expansion (modified from 
Bridge, 1993). See caption for Figure 5.18.



Figure 5.20. Qualitative depositional model associated with a simple 
braided channel pattern, downstream migration, bend expansion, and 
channel switching (modified from Bridge, 1993). The lower channel has 
started to fill, and the upper channel is expanding. See caption for Figure



Figure 5.21. Line drawing interpretations from (a) Bench IN, (b) Bench 3N-b, and (c) Bench 3N-c. (a) Element MCC (in 
gray) is the head of a bar migrating downstream with flow approximately perpendicular to the outcrop, (b) Element LAC is a 
bar migrating downstream and undergoing lateral expansion, (c) Element CH (in gray) represents a channel adjacent to a 
bar. ^
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Bench 4N

Bench 3N-

Bench 2N-

Bench 1N

Bench 3S

Bench 2S
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% Framework Grains (a) % Framework Grains (b)

Figure 5.22. Modal distribution of conglomerate clasts from the upper Nanushuk Formation.
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Qt

Q

Figure 5.23. Tectonic provenance based on the relationship between clast composition 
o f  c o n g l o m e r a t e  and t e c t o n i c  s e t t i n g  ( a f t e r  D i c k i n s o n  and  
others, 1983). Qt = total quartz, including chert; Q = monocrystalline and 
polycrystalline quartz; F = Feldspar; L = lithics, not including chert; Lt = total lithics, 
including chert.
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Table 5.1. Codes and explanations for lithofacies and architectural elements in this study.

Lithofacies
Code Explanation
Gmm Matrix-supported massive conglomerate
Gem Clast-supported massive conglomerate
Gh Clast-supported horizontally stratified conglomerate
Gp Clast-supported planar cross-stratified conglomerate
Sc Cross-bedded sandstone
Sm Massive sandstone
Sr Ripple cross-laminated sandstone

Architectural Elements
Code Explanation
MCC Massive, clast-supported conglomerate
MMC Massive, matrix-supported conglomerate
TCC Tabular, cross-stratified conglomerate
LAC Lateral accretion conglomerate
CH Channel-fills
ss Units of coarse- to very coarse-grained sandstone
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Table 5.2. Summary of the architectural elements in this study.
Architectural
Elements Lithofacies Description and Geometry Interpretation
MCC Gem, Gh 

(Sc, Sh, Sm)
Tabular-shaped bodies with a flat 
base bound by a 4th-order 
bounding surface; 1-7 m thick; 
tens of meters wide

Deposits of braided fluvial 
channels; migration of longitudinal 
barforms deposited in straight, 
shallow reaches with high rate of 
discharge (Smith, 1974; Miall, 
1996; Ore, 1964; Williams and 
Rust, 1969; Rust, 1978, Ramos and 
Sopena, 1983; Hein and Walker, 
1977)

MMC Gem (Gem, 
Sm, Sc)

Discontinuous sheets; flat basal 
surface and upper 4th-order 
bounding surface

Sediment gravity flow deposits that 
occupy channels (Miall, 1996)

TCC Gp (Sm, Sc, 
Sh)

Laterally continuous sheets; l-6m 
thick; tens of meters wide

Migration of transverse or diagonal 
barforms at low rates of discharge 
(Miall, 1996; Smith, 1974; Ramos 
and Sopena, 1983; Ore, 1964; Rust, 
1972b; Smith, 1990)

LAC Gem (Sc, Sh, 
Sm)

Tabular bodies bound on the top 
and base by 4th-order bounding 
surfaces; gently dipping internal 
3rd-order surfaces

Changes to existing bar topography 
during diminished flow (Ramos and 
Sopena, 1983)

CH Various 0.5-7m thick; one to tens of 
meters wide; basal surface can be 
4th-order or 5th-order bounding 
surface; all basal surfaces 
erosional and concave-up

May have formed next to 
longitudinal bars (Smith, 1990), or 
on the upper surface of an existing 
longitudinal bar (Miall, 1996)

SS Sm, Sh, Sc 0.3-2m thick; tens of meters wide 
or small lenses up to lm thick and 
a few meters wide

Crevasse splay or floodplain 
deposits (Ramos and Sopena, 
1983); bar tops and edges (Miall, 
1996)
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Table 5.3. Hierarchy of depositional units in alluvial deposits. (Miall, 1996)
Group Time 

scale of 
process

Examples of 
process

Instantaneous 
sedimentation 
rate (m/ka)

Fluvial, deltaic 
depositional units

Rank and 
characteristic of 
bounding surfaces

1 10'6 Burst-sweep cycle Lamina Oth-order, lamination 
surface

2 1
•? 

t 
O 

O Bedform migration 105 Ripple (macroform) l st-order, set 
bounding surface

3 10'3 Bedform migration 105 Diurnal dune 
increment, 
reactivation surface

l st-order, set 
bounding surface

4 10'2-  
10 1

Bedform migration 104 Dune (mesoform) 2nd-order, coset 
bounding surface

5 1
o 

~ 
O 

O Seasonal events, 
10-year flood

102-3 Macroform growth 
increment

3rd-order, dipping 5- 
20° in direction of 
accretion

6

O 
O 1 100-year flood, 

channel migration 
and bar migration

102’3 Macroform, e.g., 
point bar, levee, 
splay, immature 
paleosol

4th-order, convex-up 
macroform top, minor 
channel scour, flat 
surface bounding 
floodplain elements

7 103-
104

Long-term 
geomorphic 
processes, e.g. 
channel avulsion

© o 1 CD Channel, delta lobe, 
mature paleosol

5th-order, flat to 
concave-up channel 
base

8

© 
©

Ui
 

-U 1 5lh-order 
(Milankovitch) 
cycles, response to 
fault pulse

10’1 Channel belt, alluvial 
fan, minor sequence

6th-order, flat, 
regionally extensive, 
or base of incised 
valley

9 1
>/"> 

>sC
O 

O 4th-order 
(Milankovitch) 
cycles, response to 
fault pulse

© 1 © Major depositional 
system, fan tract, 
sequence

7th-order, sequence 
boundary; flat, 
regionally extensive, 
or base of incised 
valley

10 106-
107

3rd-order cycles, 
tectonic and 
eustatic processes

10'1 -  10‘2 Basin-fill complex 8th-order, regional 
disconformity
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Table 5.4 Summary of initial estimates of channel width, channel depth, width/depth 
ratio, and discharge.

Channel Width (m) Channel Depth 
(m)

Width/Depth
Ratio

Discharge (Q) 
(m3/sec)

Major 79.32 3.60 22.03 55.00
85.30 5.21 16.37 63.60
82.88 7.17 11.56 60.00

Minor 29.80 2.92 10.21 7.76
12.40 1.03 12.04 1.34



Chapter 6 — Tectonics and Sedimentation

6.1 Introduction

The purpose of this chapter is to present and discuss the results of a global 

positioning system (GPS) survey of the south flank of the Arc Mountain anticline at the 

Kanayut River, Alaska (Fig. 6.1). This part of the study has four main goals. The first is 

to use the local map evidence and regional fold characteristics to describe the fold type 

for the Arc Mountain anticline in the study area. The second is to examine the structural 

geometry in order to interpret the timing of deposition of the Nanushuk Formation 

conglomerate relative to fold growth. The third is to discuss how the stratal architecture 

constrains the geometric and kinematic models that are applicable to the fold, and address 

the mechanisms by which the fold deformed. The fourth is to reconstruct the 

paleotopography of the Arc Mountain anticline and the river systems of the time, and to 

make some inferences about the interactions between tectonics and sedimentation in the 

study area.

This part of the study provides evidence for contractional deformation at this 

location during deposition of the conglomerate. Enhanced understanding of landscape 

evolution in actively deforming regions will emerge from studies such as this that 

integrate observation of depositional architecture and structural geometry of sediments 

deposited contemporaneously with deformation. Field observations of ancient rocks and 

assessment of key variables will allow for better comprehension of the controls on 

landscape evolution and will aid in the creation and testing of conceptual and quantitative 

models (Burbank et al, 1996).
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6.2 Methods

Five conglomerate benches are exposed in the syncline adjacent to the steep south 

limb of the Arc Mountain anticline (Fig. 6.1). Attitudes from sandstone beds were taken 

from each bench and plotted on a Lambert Equal Area stereonet, which was used to 

determine the local plunge. Benches were mapped using a Garmin GPSIII with an 

average horizontal error of 15 meters, by traversing the top of each bench and recording 

latitude, longitude, and elevation where stratigraphic sections were measured for the 

sedimentological part of the study. The GPS data were used to plot a down-plunge 

projection of the strata.

6.3 General Geology of the Study Area

The purpose of this section is to describe the important stratigraphic and structural 

geology of the study area. The study area is located in the foothills structural province 

(Moore et al, 1994) (Figure 2.1). The deposits in this area were shed from the Late 

Jurassic to Neocomian Brooks Range orogen and deposited into the foreland basin, the 

Colville basin, to the north (Mull, 1985). Contraction may have continued to latest 

Cretaceous or earliest Tertiary time in the central and western Brooks Range, as is 

suggested by local evidence for syntectonic deposition of foreland sediments (Cole 

1997; Mull et al, 2000).

The foothills structural province includes a wedge of foreland basin sediments 

that thin to the north (Moore et al,1994). The southern boundary is the southern limit of 

exposure of the stratigraphically lowest deposits of the Colville basin. The northern 

boundary is delineated by the edge of the structurally thickened deposits.
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6.3.1 Lithostratigraphy and Mechanical Stratigraphy

The key formations in the study area are the Nanushuk Formation and the 

underlying Torok Formation (Fig. 2.2). The Nanushuk Formation is divided into upper 

and lower parts, the upper part distinguished from the lower part by a lower sand-shale 

ratio (Mull et al,in press). The Torok Formation is also divided into upper and lower 

parts. Only the upper part is observed in the deposits of the Colville Basin deformed belt. 

Unit descriptions are taken from the area immediately east of the study area (Mull et al, 

in press).

Torok Formation, upper part (middle Albian) -  The upper part of the Torok 

Formation consists of silty mudstone and shale interbedded with siltstone and minor 

amounts of sandstone. The sandstone beds are laterally discontinuous and occur mostly 

in the upper part of the section. The Torok Formation acts as a relatively incompetent 

mechanical unit. The base is not exposed in this area, but seismic data suggest a 

thickness greater than 6000 meters.

Nanushuk Formation, lower part (middle Albian) — The lower part of the 

Nanushuk Formation consists of fine- to medium-grained lithic arenite interbedded with 

silty shale, siltstone and shale. The section consists mostly of upward-thickening and -  

coarsening packages. The base of the Nanushuk is gradational from the underlying 

Torok Formation. The lower part of the Nanushuk is approximately 180 meters thick in 

this area, and is a relatively competent mechanical horizon.

Nanushuk Formation, upper part (Albian to Cenomanian) -  The upper part of 

the Nanushuk Formation consists of fine- to coarse-grained lithic and chert arenite and

112



local conglomerate and pebbly sandstone, which form the resistant beds in the area. 

Interbedded between the resistant rocks are shale, siltstone, and limited coal beds. The 

recessive rocks tend to form greater thicknesses than the more resistant rocks. The 

section generally becomes finer-grained and thinner-bedded upward. The sandstone and 

siltstone form lenses and grade laterally into shale. The conglomerate commonly forms 

large-scale multilateral or multistory deposits. The upper Nanushuk Formation has an 

approximate thickness of 450-500 m in this area. The upper Nanushuk acts as a 

relatively competent mechanical unit.

6.3.2 Folds. Faults and Relative Timing

The Torok Formation and the underlying Fortress Mountain Formation (Fig. 2.2) 

form a northward-tapering wedge of mostly shale between the underlying, regionally 

south-dipping Ellesmerian sequence and the overlying, regionally north-dipping 

Nanushuk Formation (Moore et al,1994). Toward the south, the Torok Formation is 

tectonically thickened, suggesting a decollement within it. The overlying, relatively more 

competent Nanushuk Formation has been folded into sharp anticlines and broad, gently 

curved synclines over this detachment (Moore et al, 1994). The anticlines are generally 

asymmetric with steep limbs to the north. They are commonly breached by north- 

directed thrust faults. The amplitude of the anticlines gradually decreases as wavelength 

increases to the north. In the study area, the resistant lower Nanushuk forms a ridgeline 

at the hinge of the Arc Mountain anticline. Sandstone and conglomerate intervals in the 

upper Nanushuk form resistant benches on both limbs of the anticline.
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Many authors have cited regional structural and stratigraphic relationships in the 

Brooks Range that point to a north-vergent Early Cretaceous (Neocomian) major 

orogenic event (Mull, 1982; Mayfield et al,1988), followed by renewed thrusting in the

Cenozoic (Moore et al, 1994) that is responsible for foothills deformation. In addition, 

recent evidence (Cole et al, 1997; Mull et al, 2000) suggests at least some contractional 

deformation in the Brooks Range foothills during deposition of the Nanushuk Formation.

The local map evidence at Arc Mountain suggests that the anticline in the study 

area is typical of the regional fold style: an asymmetric detachment fold with the 

Nanushuk Formation competently deformed over a detachment in the Torok Formation 

(Fig. 6.2). The structural field data (Fig. 6.2) and cross-section (Fig. 6.3) reveal that the 

anticline s south limb is short and steep. The local plunge of the anticline is 

approximately 8° due east. It is cored by a south-vergent back thrust that postdates initial 

development of the anticline.

6.4 Observations

6.4.1 Stratal Geometry

Just east of the Kanayut River, five conglomerate benches (IS to 5 S, bottom to 

top) are exposed in the syncline adjacent to the steep south limb of the Arc Mountain 

anticline (Fig. 6.1). Benches IS, 2S, and 3S all dip to the southeast between 3 and 19 

degrees and benches 4 and 5 are flat-lying (Fig. 6.2). The same stratigraphic interval as 

Bench IS continues along strike to the east in a discontinuous series of steeply dipping 

conglomeratic tors (Fig. 6.1).
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The cross-section and GPS profile in Figure 6.3 (A-A’ on Fig. 6.2) document 

significant aspects of the geometry of the strata in the study area. Benches 2S and 3S 

taper from south to north toward Bench IS. Benches IS, 2S, and 3S all dip more steeply 

than flat-lying Benches 4S and 5S. Therefore, the younger benches are folded 

progressively less and have greater interlimb angles than the older benches. The 

stratigraphic thickness between the bottom of Bench IS and the top of Bench 5S is much 

greater in the trough of the syncline than is the distance between the northernmost 

exposure of subhorizontal bedding in Bench 5S and the closest tors of Bench IS in the 

steep limb of the anticline. These relationships require that Benches 2S to 5S thin 

abruptly and onlap Bench IS northward toward the steep limb of the anticline.

6.5 Discussion

6.5.1 Svntectonic Deposition

Increase in thickness of strata away from an anticline and decrease in dip 

upsection suggest syndeformational deposition (Poblet et 1997). The cross-section 

and GPS profile in Figure 6.3 (A-A’ on Fig. 6.2) document these geometries in the study 

area. The strongest evidence for deposition during folding is provided by the relations 

between Benches 2S to 5S and the stratigraphically continuous horizon represented by 

Bench IS and the correlative tors. In the trough of the syncline, the stratigraphic 

thickness between Benches IS and 5S is much greater than the thickness represented 

between the northernmost exposure of Bench 5S and the correlative tors of Bench IS. 

Although a north-dipping thrust fault cuts the south limb of the Arc Mountain anticline, 

this fault cannot account for these geometric relations. The thrust fault projects westward
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to a point north of the northernmost exposures of Bench 1S and the correlative tors and 

the exposures are complete enough to demonstrate that Bench IS and the correlative tors 

are not cut by a fault (Fig. 6.2).

6.5.2 Fold Kinematics

Many workers have recognized the usefulness of syntectonic sediment geometries 

to differentiate between different kinematics of detachment folding. Poblet and others 

(1997) used three models for detachment folds in which a uniform competent unit with 

constant bed length and thickness was detached over a ductile unit. The three models are 

anticlines developed with (a) variable limb dip and constant limb length (Fig. 4.4a), (b) 

constant limb dip and variable limb length (Fig. 4.4b), and (c) variable limb dip and 

variable limb length (Fig. 4.4c). Three types of axial surfaces are shown in Figure 4.4:

(a) passive axial surfaces that are fixed and transported with the rocks, (b) limited activity 

axial surfaces, which are pinned to the base of the competent unit but allow a restricted 

amount of rock to pass through due to rotation of the axial surfaces, and (c) active axial 

surfaces, through which material can pass without restraint. Each model was used to 

assess the resultant geometry of growth strata under conditions of low and high 

sedimentation for three different fold mechanisms: in which the growth strata deform by 

flexural slip-flexural flow, shear parallel to pre-growth beds, and vertical shear.

Storti and Poblet (1997) used geometric modeling to reproduce growth stratal 

architecture in detachment folds developed by limb rotation (Figure 4.4a), hinge 

migration (Fig. 4.4b), and simultaneous hinge migration and limb rotation (Fig 4.4c) 

under varying rates of sedimentation. They assert that growth stratal architectures record
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the evolution of an anticline much more clearly than the final geometry of a fold and that 

final geometry is useful for differentiating between detachment and fault-propagation 

folds only under limited conditions. They state that hinge migration would produce limb- 

parallel and flat-lying panels with constant dip in syntectonic sediments (Fig 4.7d and 

4.7f), while limb rotation would produce well-developed wedge-like geometries with 

progressive dip variation (Fig 4.7c and 4.7e).

The geometry of the growth strata in Figure 6.3 clearly shows an offlapping 

relationship between Bench IS and Bench 2S, which indicates that sedimentation rates 

were low relative to uplift rates during deposition of Bench 2S (Riba, 1976). Benches 3S 

through 5S all onlap Bench IS, which indicates higher rates of sedimentation relative to 

uplift during deposition of these benches. However, the whole stratigraphic package 

represented by Benches 2S through 5S offlaps Bench IS, which suggests that the 

anticline had a topographic expression during deposition of the conglomerate. Therefore,

I only consider here the models that utilize low sedimentation rates. Figure 4.8 shows the 

results of modeling by Poblet and others (1997) for detachment folds formed under low 

sedimentation rates by flexural slip-flexural flow (a, b, c), shear parallel to pregrowth 

beds (d, e, f), and vertical simple shear (g, h, i). Figure 4.7 shows the results from Storti 

and Poblet (1997) for folds developed under low sedimentation rates without erosion (c 

and d) and low sedimentation rates with erosion (e and f).

In the study area, growth strata have been eroded from the crest of the anticline. 

Also, conglomerate benches exposed on the north side of the anticline are parallel to 

strike. Insufficient cross-strike exposure is present to determine whether or not growth
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stratal geometries are present in the north limb, so analysis of growth stratal geometries is 

restricted to the steep, south limb of the anticline. Consequently, only limited 

comparisons can be made between the geometry of syntectonic sediments in the study 

area and those documented by other authors.

As stated previously, Benches 2S through 5S show a decrease in dip upsection, 

and an increase in thickness away from the anticline (Fig. 6.3). This geometry is most 

closely reproduced by Poblet and others (1997) in their Model 1, variable limb dip and 

constant limb length, and by Storti and Poblet (1997) in their model using constant limb 

length. Based on these comparisons, I interpret the anticline in the study area to have 

formed as consequence of a detachment fold formed by limb rotation, not hinge 

migration. This is supported by the lack of limb-parallel and flat-lying panels in the 

growth strata (Fig. 4.4, Models 2 and 3), and by the presence of a clearly defined wedge

like geometry (Fig. 4.4, Model 1).

Distinction between the flexural slip-flexural flow, bed-parallel shear, and vertical 

shear models depends on more subtle characteristics that may not have been exposed in 

the study area. Furthermore, these are ideal end-member models, and the anticline may 

have formed by a different mechanism or some combination of mechanisms. However, 

since folding was taking place during deposition, it is plausible that folding may have 

occurred by vertical simple shear in the conglomerate. If the sediments were 

unconsolidated at the time of deformation, clasts within them could have moved 

vertically to conform passively to the underlying folding of the more consolidated pre

growth strata.
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Each interval in a schematic reconstruction of the Arc Mountain anticline (Fig. 

6.4) represents deposition of a bench on the south limb. Variable limb dip as the fold 

progressively develops is supported by the onlap of Benches 3S through 5S relative to 

Bench IS. Figure 6.4 clearly shows that this geometry could only have occurred if 

sedimentation rates were low relative to uplift rates so that the crest of the anticline was 

emergent. Constant limb length (fixed hinges) is shown, although the exposures do not 

rule out the possibility of some hinge migration.

6.5.3 Paleotopogranhic Reconstruction

I would like to answer several questions about the relations between a growing 

fold and deposition: (1) What was the topography of the land surface at the time of 

deformation?, (2) How did the river flow with respect to structures, that is, did the river 

flow over or around the structure?, (3) To what extent did continuing deformation control 

river morphology through time?, and (4) What was the rate of uplift relative to 

sedimentation? In order to answer these questions, it is essential to observe the complete 

geometry of growth strata. Unfortunately, some of the record of sedimentation and 

deformation has been removed by erosion in the study area, as in most cases where strata 

are deposited on the flanks of growing structures (Burbank and Verges, 1994). It is also 

commonly difficult to date alluvial sediments, so that rates of sedimentation and uplift are 

usually hard to constrain. However, some inferences can be made about these questions 

based on the remaining record at the Kanayut River site.

Burbank and others (1996) cited several variables that influence the ability of an 

antecedent stream to maintain its course above an uplifting structure. In order to
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maintain a gradient toward the foreland, a river may aggrade in response to a local rise in 

base level across a fold crest. As rates of uplift increase, so must rates of erosion or 

aggradation in order for the stream to persist. Elevated levels of discharge and stream 

power also favor the perseverance of the river’s preset course. In cases where the 

uplifting structure has no topographic relief, the depositional surface may seem 

undisturbed, but a wedge of syntectonic sediments will develop in the subsurface next to 

the fold (Burbank et al, 1996). Paleocurrent directions on the downstream side of the 

fold should show flow away from the structure, while those on the upstream side should 

indicate flow towards the structure (Burbank et al, 1996). In instances where the growing 

fold does develop a topographic expression due to low rates of sedimentation relative to 

uplift, paleocurrent indicators may show trends parallel to the fold axis. A new ratio, that 

of stream power to erosional resistance, also comes into consideration (Burbank et al, 

1996). If stream power is relatively greater than the resistance of the material at the crest 

of the fold, then the river may be able to maintain its course across the rising structure.

The sedimentological characteristics of the conglomerate at the Kanayut River 

were examined in Chapter 3. Paleocurrent indicators, shown in Figure 6.5, suggest a 

general flow direction toward the north-northeast on the north limb, and north-northwest 

on the south limb. There is no apparent change in direction upsection on the north limb. 

On the south limb, there appears to be a gradual shift upsection from slightly northwest, 

to north, to northeast. This may be due to the increasing topographic expression of the 

anticline through time, and its slight plunge to the east. It is clear, especially on Benches 

3S, 3N, and 4N, that the paleocurrent directions do not show flow toward the anticline on
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the south limb and away on the north limb, as would be expected for a river that flowed 

over the crest of the anticline. However, the strongest evidence for an emergent anticline 

is the stratal geometry of the benches on the south side.

The interpretation of low sedimentation rates and the patterns of the paleocurrent 

indicators suggest that the ancient river did not flow across the crest of the uplifting fold, 

which developed a topographic expression at the time of deposition of the conglomerate 

due to a lower rate of sedimentation than of uplift. Separate streams could have 

deposited the conglomerate on the north and south limbs, but that cannot be determined 

from the results of this study.

6.6 Summary and Conclusions

The Arc Mountain anticline is an asymmetrical detachment fold with a steep 

south limb. The relatively competent Nanushuk Formation deformed over the relatively 

incompetent Torok Formation. The anticline is cored by a north-vergent back thrust that 

postdates initial development of the anticline. An increase in thickness of growth strata 

on the south limb away from the crest of the anticline and a decrease in dip of the strata 

upsection implies syntectonic deposition of the conglomerate in the study area. The 

offlapping relationship between the lowest conglomerate layer, Bench IS, and the 

stratigraphic package represented by Benches 2S through 5S, suggests overall low rates 

of sedimentation relative to uplift, and indicates that the Arc Mountain anticline 

developed a topographic expression during deposition of the conglomerate. The anticline 

most likely developed by limb rotation, with variable limb dip and constant limb length. 

The sediments may not have been completely lithified during growth of the anticline, and
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it is therefore realistic to presume that deformation took place by vertical simple shear 

the conglomerate.



Bench 5S

Bench 4S

Bench 3S
Bench 2S

Bench 1S
Base from NASA JSC 386 

July, 1978 
Alaska CIR 60, 27-025

Figure 6.1. Aerial photograph showing Arc Mountain anticline and syncline. Benches IS though 5S, 
and the tors correlative to Bench IS (in circles).
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Figure 6.2. Generalized geologic m a p  of the study area based o n  ma p p i n g  from this study and Mull and others (in press).
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Figure 6.3. Cross-section o f Arc M ountain anticline at the Kanayut River (see A-A’ on Figure 6.2), showing the growth 
syncline to the south o f the anticline. In enlarged portion, GPS profile o f growth strata is shown.



Figure 6.4. Schematic reconstruction of fold, thrust and growth strata 
of the Arc Mountain anticline at the Kanayut River.
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Figure 6.5. Plot of paleocurrent indicators relative to the axis of the Arc Mountain 
anticline and syncline.



Chapter 7 -Conclusions

7.1 Lithofacies

Eight lithofacies have been described and interpreted from the conglomerate in 

the upper part of the Nanushuk Formation at the Kanayut River, Alaska. Matrix- 

supported, massive conglomerate (Gmm) forms a small percentage of the deposits in the 

study area. Facies Gmm is interpreted as deposits of high-strength debris flows or bar 

gravels that occupy pre-existing topography. Clast-supported, massive conglomerate 

(Gem) is the most abundant facies in the study area, and was deposited from clast-by- 

clast accretion of bed-load gravel during higher discharges. Clast-supported, horizontally 

stratified conglomerate (Gh) occurs consistently in the assemblage. It is interpreted to 

result from the migration of longitudinal bedforms. Clast-supported, planar cross- 

stratified conglomerate (Gp) is a minor facies and was deposited by the migration of 

large, isolated, gravelly straight-crested transverse bedforms.

The sandstone facies as a whole comprise less than 20% of the total deposit. 

Horizontally bedded sandstone (Sh) is the most dominant sandstone facies. It was 

deposited in upper and lower flow regimes, and can occur on gravel bar tops or edges, or 

outside channels during high flood stage flows. Massive sandstone (Sm) may have 

resulted from rapid deposition during waning flow, or may have been deposited by 

sediment-gravity flow deposits. The lack of structure may also be a result of post- 

depositional modification. Cross-bedded sandstone (Sc) was deposited by the migration 

of straight- or sinuous-crested dunes, on gravel bar tops and edges, during waning flow.
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Ripple cross-laminated sandstone (Sr) was identified in only one place in the study area. 

This lithofacies resulted from migration of current ripples.

7.2 Architectural Elements

Six architectural elements have been described and interpreted. The most 

common element is sheets of massive, clast-supported conglomerate (MCC). They are 

interpreted as the deposits of braided, fluvial channels with relatively few macroforms. 

The presence of massive conglomerate or crude horizontal bedding implies deposition by 

a longitudinal bar in straight, shallow channels under high sedimentation rates. The least 

abundant element is massive, matrix-supported conglomerate (MMC) that was deposited 

by hyperconcentrated sediment gravity flows that occupied channels. Another minor 

component is tabular, cross-stratified conglomerate (TCC) that was deposited by 

transverse bars during low rates of sediment discharge, and may indicate channels that 

are deep and confined between narrow banks. Lateral accretion conglomerates (LAC) 

are tabular bodies with internally dipping bounding surfaces. This element may reflect 

changes to existing bar topography during waning flow, when there is not enough energy 

to move clasts over a bar, only along its margins. Channel-fills (CH) contain the highest 

percentage of sandy lithofacies and may have developed under a number of conditions. 

Larger-scale features may have formed next to longitudinal bars, or as a scour on its 

upper surface. Smaller-scale features may represent cross-bar channel dissection of an 

existing bar during diminishing flow. The development of a new active channel may be 

inferred where sandy lithofacies lie directly above the basal scour surface of element CH, 

and grade vertically into gravelly facies. Units of coarse to very coarse sandstone (SS)
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occur alone or in conjunction with all the other elements. The thicker and more laterally 

extensive beds of element SS are interpreted as crevasse splay and floodplain deposits, 

resulting from high flood stage flow. Smaller units of element SS may occur on bar tops 

and edges.

7.3 Depositional Model

High-energy, gravel-bed braided rivers deposited the conglomerate in the upper 

part of the Nanushuk Formation at the Kanayut River. The paleotopography was 

probably very similar to fluvial systems in northern Alaska that extend from the northern 

foothills of the Brooks Range to the Arctic coast of Alaska. Longitudinal bars dominated 

the rivers, with smaller fractions of identifiable channels, transverse bars, crevasse splays 

and sediment-gravity flow deposits. These deposits formed in shallow water conditions, 

with dominantly bed load transport and distinct high and low discharges. The dominant 

mechanism for bar growth was downstream accretion. Channel switching was an 

important process within channel belts.

7.4 Composition and Provenance

The conglomerate in this study is a chert clast conglomerate that is predominantly 

polymictic, clast-supported, and poorly to moderately sorted. Principal grain types are 

monocrystalline and polycrystalline quartz, black, gray, green, brown, and red chert, and 

quartzite. The stratigraphic modal distribution of clasts shows a few clear trends. On the 

north limb of the anticline, quartz initially decreases upsection, and then shows an 

increase. Gray chert increases in the upper part of the section. Black chert and quartzite 

show an inverse relationship to each other, with black chert initially increasing then
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decreasing, and quartzite doing the opposite. On the south limb, quartz shows the same 

initial increase, and then decreases upsection. There is a direct relationship between 

quartz and quartzite, and an inverse relationship of both to black chert. Red chert was 

only counted on the south limb, and for the most part belongs to a smaller size fraction of 

the clasts. Flow velocities may have influenced the distribution of red chert, especially 

because the flow velocity may vary significantly in adjacent branches of a braided river 

system. The matrix, composed of very coarse sand and finer grains (<2 mm) is sub- 

angular to rounded with high sphericities. The clasts are sub-rounded to well-rounded 

with low sphericities. The conglomerate was deposited from a lithic to transitional 

recycled orogen.

7.5 Tectonics and Sedimentation

The Arc Mountain anticline is an asymmetrical detachment fold with a steep 

south limb. It developed by the relatively competent Nanushuk Formation deforming 

above the relatively incompetent Torok Formation. It is cored by a north-vergent back- 

thrust that postdates the development of the anticline. Documentation of an increase in 

thickness of growth strata on the south limb away from the crest of the anticline and a 

decrease in dip of the strata upsection suggests syntectonic deposition of the 

conglomerate in the study area. The offlapping relationship between the lowest 

conglomerate layer, Bench IS, and the stratigraphic package represented by Benches 2S 

through 5S, implies dominantly low rates of sedimentation relative to uplift rates. The 

Arc Mountain anticline developed through limb rotation, with variable limb dip and 

constant limb length. Because the deposition of the conglomerate was coeval with
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deformation, the sediments may not have been completely lithified during growth of the 

anticline. It is therefore reasonable to assume that deformation took place by vertical 

simple shear in the conglomerate. The offlapping relationship, along with the 

paleocurrent data, indicates that the fold developed a topographic expression during 

deposition of the conglomerate.

7.6 Postorogenic vs Syntectonic Deposition

Conglomeratic deposits may be important sedimentary indicators of tectonic 

events (Van Houten, 1974; Steel et al, 1977). Furthermore, units of conglomerate have 

been used to date orogenic events in fold and thrust belts (Rust and Koster, 1984). 

However, synorogenic conglomerates are typically restricted to the parts of foreland 

basins most proximal to the thrust belt, and usually occur within 70 km of the mountain 

front (Heller and Paola, 1989). The conglomerates in this study are located about 40 km 

north of the present range front, and that distance was greater at the time of deposition 

because of later shortening. The growth fold at Arc Mountain anticline indicates that 

some deformation extended at least to the study area, although the range front was 

significantly farther south. Conglomerate is present in the more southerly exposures of 

the Nanushuk Formation along its entire lateral extent (Gil Mull, personal 

communication, 2004).

A model was developed by Heller and others (1988) to explain the widespread 

distal distribution of gravels in foreland basin deposits. They described two stages of 

basin development, a synorogenic phase and a postorogenic phase (Fig. 7.1). In the 

synorogenic phase, the most rapid subsidence occurs close to the tectonically emplaced
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load (Fig. 7.1a). The thickest deposits occur adjacent to the thrust front, resulting in 

thick, but areally restricted gravels. The gravels grade abruptly into finer-grained 

sediments towards the basin. During the postorogenic phase, erosion of the thrust belt 

causes flexural uplift of the foreland basin (Fig. 7.1b). The thrust sheets and proximal 

deposits are eroded and redistributed into the distal parts of the basin. Therefore, coarse

grained deposits in more distal parts of the basin indicate the cessation of subsidence due 

to major thrusting. The deposits would be more areally extensive and have a more sheet

like geometry. In this context, a coarsening-upward sequence in the proximal foreland 

would signal active thrusting (Fig. 7.2). In contrast, a coarsening-upward sequence in the 

distal foreland would indicate progradational deposition during a period of quiescence in 

the thrust belt (Fig. 7.2).

The two phases described by Heller and others (1988) are not necessarily distinct 

events. Erosion may occur in the thrust belt during active thrusting, and some 

contractional deformation may still occur during the postorogenic phase. The 

postorogenic phase of deposition occurs only when erosion rates in the thrust belt and 

proximal parts of the foreland basin are relatively higher than uplift rates (Heller et 

1988). Therefore, some syntectonic deposition may continue during the postorogenic 

phase of thrust belt development.

This study contributes to existing evidence (Mull, pers. comm.; Moore et 

1994) that the Nanushuk Formation was deposited in regional sheets that form the main 

part of the Brookian sequence in the central and western Colville basin, rather than thick 

local deposits. This is in contrast to the Aptian-Albian Fortress Mountain Formation,
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which was deposited in a thick wedge adjacent to the thrust front (Moore et al, 1994) and 

may partly be a proximal equivalent to the Nanushuk Formation (Kelley, 1988). The 

Fortress Mountain Formation represents synorogenic deposits that were shed from a 

structural and topographic high into the developing Colville basin, generated by high 

subsidence rates relative to sedimentation rates. Depositional evidence documented in 

this study for relatively little subsidence during deposition of the Nanushuk Formation 

conglomerate includes the lack of preservation of convex-up bar tops, floodplain 

deposits, and paleosol deposits. The growth fold geometry present in the Arc Mountain 

anticline, along with evidence from other studies (Cole et al, 1997; Mull et al, 2000), 

indicates only local and minor contractional deformation in the foreland basin during 

deposition of the Nanushuk Formation. Therefore, deposition of the Nanushuk 

Formation conglomerate was not during a synorogenic phase, during which there would 

have been major thrusting and thickening in the orogen. The conglomerate was deposited 

into a foreland basin undergoing a decrease in subsidence rates relative to sedimentation 

rates, during a postorogenic phase when there was not significant thickening in the 

orogen. This does not rule out the occurrence of local and minor contractional 

deformation in the foreland basin, but does suggest that a relative decrease in major 

orogenic thrusting, and therefore a decrease in subsidence rates, meant that erosion and 

sedimentation outpaced flexural subsidence, and the basin was filled.
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The concept of accommodation space has been defined as “the space made 

available for potential sediment accumulation [where] in order for sediments to be 

preserved, there must be space available below base level (the level above which erosion 

will occur)” (Jervey, 1988, p. 47). In marine deposits, base level is almost always 

equivalent to sea level. However, in fluvial deposits, base level has a different meaning.

It is the level to which a river will grade its course to obtain and maintain equilibrium 

(Miall, 1996), the level achieved at the mouth of a river. Base level can be affected by 

changes in sea level or hydraulic conditions, or by tectonic movements.

During the Jurassic and Cretaceous Periods, mountains formed on the Pacific 

margin of North America (Eaton and Nations, 1991). Uplift of the source area and 

subsequent erosion of the mountains deposited sediments into an immense adjacent 

foreland basin that extended from the Arctic to the Gulf of Mexico, bounded on the west 

side mostly by fold and thrust belts, and on the east side by the North American craton. 

Some of the sediments have been interpreted as the deposits of sandy- and gravel-bed 

braided streams, that were deposited at nearly the same time, and in the same tectonic 

environment, as the conglomerate in the Nanushuk Formation (McLean, 1977; am Ende, 

1991; Haley and Perry, 1991; Craw and Leckie, 1996).

The Nanushuk Formation is a regressive sequence that coarsens upward from 

marine sediments at its base, to transitional marine, into nonmarine sediments, including 

the rocks in this study, and back to marine (Huffman et al, 1988). It is underlain by the 

Torok Formation, a dominantly marine unit. A regressive sequence is created by 

lowering base level, which may reflect uplift due to tectonics, an increase in sediment
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supply due to climatic changes, or a drop in the eustatic sea level. As discussed in the 

previous section, tectonic activity was minimal during deposition of the upper Nanushuk 

Formation. It is therefore reasonable to assume that tectonic activity was not the sole 

cause for the coarsening-upward sequence in the Torok-Nanushuk deposits. Lack of 

paleoclimatic indicators in this study prohibits discerning between changes in climate or 

eustatic sea level as alternative influences on the changes in base level observed in the 

Torok-Nanushuk sequence.

7.8 Future Work

Broader examinations of the Nanushuk Formation and other formations with oil 

and gas reservoir potential on the North Slope will aid in the discovery and recovery of 

these natural resources. Continued investigations of the conglomerate in the upper part of 

the Nanushuk Formation will help to better characterize their depositional environment, 

as well as their lateral and vertical extent in the subsurface. This could be accomplished 

by using surface and subsurface studies to analyze the regional continuity of reservoir- 

grade rocks in the Nanushuk Formation. Future studies should also address the 

relationship of tectonics and sedimentation in other deposits to help constrain the timing 

of fold formation in the northern foothills of the Brooks Range. This problem could be 

more directly focused on by examining the relationship between the Nanushuk Formation 

and structures upon which it is exposed to determine the relative timing of deposition 

versus deformation. Tighter age constraints within the Nanushuk Formation might also 

help to constrain the relative timing of such events.
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Figure 7.1. Depositional models for a) postorogenic and b) synorogenic phases of 
foreland-basin evolution (modified from Heller &Paola, 1988).
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Figure 7.2. Correlation and interpretation of coarsening-upward sequences from 
proximal and distal foreland-basin sequences (modified from Heller and Paola, 
1988).
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Appendix A
Vertical logs of measured sections, including field notes

Figure A-l. Vertical log of measured section IN-1, including field
notes. *2-10 = Slide and frame number of photograph. *EF-02-KR-l =
sample number.
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Figure A-2. Vertical log of measured section IN-2, including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-3. Vertical log of measured section IN-3, including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-4. Vertical log of measured section IN-4, including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. SeeFig.A-1 for key to symbols.



Figure A-5. Vertical log of measured section 2N-1, including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. SeeFig.A-1 for key to symbols.



Figure A-6. Vertical log of measured section 2N-2, including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-1 for key to symbols.



Figure A-7. Vertical log of measured section 3N-1, including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-8. \fertical log of measured section 3N-2, including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-9. Vertical log of measured section 3N-3, including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-10. Vertical log of measured section 3N-4, incl uding field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A -ll. Vertical log of measured section 3N-5, including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A -1 for key to symbols.



Figure A-12. Vertical log of measured section 3N-6, including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-13. Vertical log of measured section 3N-7, including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.
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Figure A-14. Vertical log of measured section 3N-8, including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A -1 for key to symbols.



Figure A-15. Vertical log of measured section 3N-9, including field notes
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A -1 for key to symbols.



Figure A-16. Vertical log of measured section 3N-10, including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-l 7. Vertical log of measured section 3N-11, including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-18. Vertical log of measured section 3N-12, including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-19. Vertical log of measured section 3N-13, including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-20. Vertical log of measured section 3N-2a/14 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-21. Vertical log of measured section 3N-3a/15 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A -1 for key to symbols.



Figure A-22. \fertical log of measured section 3N-5a/16 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.
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Figure A-23. Vertical log of measured section 3N-7a/17 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-24. Vertical log of measured section 4N -1 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-25. Vertical log of measured section 4N-2 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-26. Vertical log of measured section 4N-3 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-27. Vertical log of measured section 4N-4 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.
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Figure A-28. Vertical log of measured section 4N-4a including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-29. Vertical log of measured section 4N-5 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-30. Vertical log of measured section 4N-6 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-31. Vertical log of measured section 4N-7 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l -  sample
number. See Fig. A-l for key to symbols.



Figure A-32. Vertical log of measured section 4N-8 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-33. Vertical log of measured section 1S-1 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-34. Vertical log of measured section 1S-2 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-35. Vertical log of measured section 1S-3 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-36. Vertical log of measured section 1S-4 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-37. Vertical log of measured section 1S-5 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-38. Vertical log of measured section 1S-6 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-39. Vertical log of measured section 1S-7 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-40. Vertical log of measured section 1S-8 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-41. Vertical log of measured section 1S-9 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-42. Vertical log of measured section IS-10 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-43. Vertical log of measured section 1S-11 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.
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Figure A-44. Vertical log of measured section IS-12 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-45. Vertical log of measured section 1S-13 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-46. Vertical log of measured section 1S-14 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-47. Vertical log of measured section IS-15 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-48. Vertical log of measured section 1S-16 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-49. Vertical log of measured section IS-17 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-50. Vertical log of measured section 1S-18 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-51. Vertical log of measured section IS-19 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-52. Vertical log of measured section 1S-20 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-53. Vertical log of measured section 1S-21 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-54. Vertical log of measured section 2S-1 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-55. Vertical log of measured section 2S-2 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.
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Figure A-56. Vertical log of measured section 2S-3 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-57. Vertical log of measured section 2S-4 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-58. Vertical log of measured section 2S-5 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-59. Vertical log of measured section 3S-1 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-60. Vertical log of measured section 3S-2 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-61. Vertical log of measured section 3S-3 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-62. Vertical log of measured section 3S-4 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-63. Vertical log of measured section 3S-5 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.
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Figure A-64. Vertical log of measured section 3S-6 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-65. Vertical log of measured section 3S-7 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-66. Vertical log of measured section 3S-8 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-67. Vertical log of measured section 3S-9 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-68. Vertical log of measured section 3S-10 including field notes.
*2-10 -  Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.



Figure A-69. Vertical log of measured section 3S-11 including field notes.
*2-10 = Slide and frame number of photograph. *EF-02-KR-l = sample
number. See Fig. A-l for key to symbols.
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Figure B -l.  M easured sections, paleocurrent indicators, lithofacies, photomosaic, and architectural interpretation for Bench 2S.
Key to symbols in Fig. 5.3. Key to lithofacies and architectural elements codes in Table 5.1. Num bers in circles indicate order
o f bounding surface.
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Figure B-2. M easured sections, paleocurrent indicators, lithofacies, photomosaic, and architectural interpretation for Bench 3A. Key to symbols in Fig.
5.3. Key to lithofacies and architectural elements codes in Table 5.1. Numbers in circles indicate order o f  bounding surface.
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Figure B-3. M easured sections, paleocurrent indicators, lithofacies, photomosaic, and architectural interpretation for Bench 3D.
Key to symbols in Fig. 5.3. Key to lithofacies and architectural elements codes in Table 5.1. Numbers in circles indicate order
o f  bounding surface.



Section 3N-9
N 68° 39’ 24.3”
W 150° 53’ 57.9”

Section 3N-10
N 68° 39’ 24.4”
W 150° 53’ 55.4”

Figure B-4. M easured sections, paleocurrent indicators, lithofacies, photomosaic, and architectural interpretation for Bench 3E.
Key to symbols in Fig. 5.3. Key to lithofacies and architectural elements codes in Table 5.1. Numbers in circles indicate order
o f bounding surface.
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3N-11

Figure B-5. M easured sections, paleocurrent indicators, lithofacies, photomosaic, and architectural interpretation for Bench 3F.
Key to symbols in Fig. 5.3. Key to lithofacies and architectural elements codes in Table 5.1. Numbers in circles indicate order
o f  bounding surface.



Section 4N-2
N 68° 39’ 27.2”
W 150° 54’ 9.8”

Section 4N-3
N 68° 39’ 27.4”
W 150° 54’ 7.0”

Figure B-6. M easured sections, paleocurrent indicators, lithofacies, photomosaic, and architectural interpretation for Bench 4A.
Key to symbols in Fig. 5.3. Key to lithofacies and architectural elements codes in Table 5.1. Numbers in circles indicate order
o f  bounding surface.



Section 4N-4
N 68° 39’ 27.7”
W150° 54’ 4.0”

Section 4N-4a
N68° 39’ 26.5”
W150° 54’ 7.1”

Figure B-7. M easured sections, paleocurrent indicators, lithofacies, photomosaic, and architectural interpretation for Bench 4B.
Key to symbols in Fig. 5.3. Key to lithofacies and architectural elements codes in Table 5.1. Numbers in circles indicate order
o f bounding surface.



Figure B-8. M easured sections, paleocurrent indicators, lithofacies, photomosaic, and architectural interpretation for Bench 4C.
Key to symbols in Fig. 5.3. Key to lithofacies and architectural elements codes in Table 5.1. Numbers in circles indicate order
o f bounding surface.
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Section 4N-7
N68° 39’ 28.8”
W150° 53’ 39.3”

Figure B-9. M easured sections, paleocurrent indicators, lithofacies, photomosaic, and architectural interpretation for Bench 4D.
Key to symbols in Fig. 5.3. Key to lithofacies and architectural elements codes in Table 5.1. Numbers in circles indicate order
o f  bounding surface.



Appendix C 
Clast Counts

Table C -l. Summary of clast counts.
Clast Types

Measured Brown Green Black Gray Red Quartz Quartzite Matrix Siderite
Section Chert Chert Chert Chert Chert

1N-1 (125-240cm) 11 5 15 1 1 13 4 0 0
2N-1 (380-500cm) 6 6 20 0 2 11 1 4 0
3N-2 (440-545cm) 9 1 8 3 4 7 9 8 0
3N-8 (340-592cm) 1 0 15 15 0 4 3 12 0
3N-12 (265-475 cm) 6 6 13 3 1 13 4 3 1
1S-1 (136-226cm) 4 2 12 3 0 13 11 5 0
1S-2 (165-325cm) 3 2 17 5 0 7 8 8 0
1S-4 (0-190cm) 6 4 7 2 0 10 17 3 1
1S-6 (120-379cm) 5 1 9 8 1 20 4 2 0
1S-8 (100-343cm) 5 4 9 12 0 5 3 12 0
1S-11 (63-263cm) 5 4 12 7 0 15 5 2 0
1S-13 (230-505cm) 12 4 12 6 0 7 6 3 0
1S-16 (765-1207cm) 2 0 9 9 0 11 6 13 0
1S-18 (295-400cm) 6 5 14 6 0 9 7 3 0
2S-2 (229-439cm) 4 1 7 4 1 20 8 5 0
2S-4 (0-410cm) 6 6 7 3 0 10 10 8 0
3S-2 (200-345cm) 4 8 10 5 0 10 9 4 0
3S-3 (150-475cm) 3 2 9 5 0 13 11 7 0
3S-4t 3 4 6 5 0 16 10 6 0
3S-2t 4 9 9 5 0 10 9 4 0
3S-7 (118-278cm) 6 3 13 0 0 9 12 7 0
3S-8 (85-165cm) 9 3 11 2 0 10 8 7 0
3S-9 (0-53cm) 5 3 13 7 0 10 4 8 0
3S-11 (0-100cm) 5 5 10 7 0 9 7 7 0


