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Abstract

Cretaceous sandstones of the upper Torok and lower Nanushuk formations were 

deposited in a storm-dominated, deltaic depositional system during filling of the Colville 

basin, North Slope, Alaska. This study focuses on distal shelf and slope sandstones of the 

Torok Formation and shoreface sandstones of the Nanushuk Formation from Arc 

Mountain, Slope Mountain, Gunsight Mountain, and the Grandstand Test Well. Ten 

lithofacies were identified at these locations. Facies associations define depositional 

environments ranging from deep marine debris flows and tubidites deposited in distal shelf 

and slope settings of the Torok Formation to deposition of hummocky cross-stratified 

sandstones deposited above storm wave base in the proximal shelf settings of the 

Torok/Nanushuk transition. Sandstones from these locations are fine grained and include 

abundant detrital grains of quartz, chert, various lithic fragments, and feldspar. 

Compositionally these sandstones plot as litharenites to sublitharenites and are derived from 

a quartzose to transitional recycled orogenic provenance. These sandstones record the uplift 

of the ancestral Brooks Range and exhumation of the Endicott Mountain allochthon. There 

is a decrease in lithic material from the deeper water outer shelf setting to the storm 

dominated shoreface setting that is attributed to increased reworking and winnowing by 

waves in the higher-energy, shallow water settings.
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Chapter 1 Introduction and Statement of Problem

1.1 Introduction

The recent discovery of Alpine field in Upper Jurassic shallow-water strata beneath 

the modern Colville Delta and several small oil fields in Cretaceous deepwater strata near the 

northeastern corner of the National Petroleum Reserve-Alaska (NPRA) has sparked 

significant exploration interest in northern Alaska. Two of these recent discoveries were 

found in slope apron and basin-floor fans of the Torok Formation. Much of the previous 

exploration activity in the NPRA occurred during World War II, and in the late 1970s and 

early 1980s, and resulted in the discovery of several oil and gas fields in shallow-water strata 

of the Nanushuk Formation. These recent and older discoveries (Tarn, Umiat, etc.) have 

established deep water reservoir targets in the Torok Formation and shallow water targets in 

the Nanushuk Formation as proven play concepts.

In addition to these discoveries, the U.S. Geological Survey (USGS) and Alaska 

Division of Geological and Geophysical Surveys (DGGS) encountered oil stained 

sandstones and a gilsonite dike in the Torok Formation near the Chandler River, south of 

Tuktu Bluff, during the 1998 field season. During the 1999 and 2000 field seasons, DGGS 

discovered oil stained sandstones in the Nanushuk Formation at Rooftop Ridge and in 

exposures along the Chandler River near big bend in the Umiat Quadrangle (figure 1). These 

outcrop observations demonstrate that oil has migrated through the Torok and Nanushuk 

formations, underscoring the importance of these units as carrier beds during hydrocarbon 

migration, and as potential reservoirs. Consequently, an understanding of the depositional 

setting and composition of sandstones in both units will contribute to the success of future 

exploration and production efforts involving these formations.
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Most previous work on the Torok and Nanushuk formadons was limited to regional 

geologic mapping and stradgraphic studies in the NPRA and Brooks Range foothills to the 

south (Detterman and others, 1963; Brosge and Whittington, 1966). This study focuses on 

the petrology and deposidonal setting of sandstones in the uppermost Torok Formation and 

lowermost Nanushuk Formation (middle to late Albian; Detterman and others, 1963; Brosge 

and Whittington, 1966) in a relatively small area in the central foothills belt south of the 

NPRA, between the Chandler and Sagavanirktok rivers (figure 1). In this area sandstones 

within this stratigraphic interval were deposited in slope, outer shelf and shoreface settings 

and, as such, they span a textural change from dirty sands (e.g. argillaceous and lithic-rich) in 

offshore settings to relatively clean sands at the shoreface. This study documents these 

changes as reflected in the composition of sandstones.

1.2 Location of Study Area

This study focuses on exposures of the Torok and Nanushuk formations along river 

cuts in the northern foothills of the Brooks Range south and southeast of the NPRA, 

between the Chandler and Sagavanirktok rivers (figure 1). Measured sections are located at 

Arc Mountain and Gunsight Mountain in the Chandler Lake Quadrangle, and at Slope 

Mountain in the Philip Smith Quadrangle (figure 1). In addition, in order to collect 

sandstone samples that have not been subjected to surface weathering processes, core from 

the Grandstand Test well south of Umiat (figure 1) was logged and sampled at the USGS 

Core Research Center in Denver, Colorado.
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1.3 Research Objectives

The overall objective of this research is to document the sedimentary facies and 

petrology of rocks of the upper Torok and lower Nanushuk formations (Torok-Nanushuk 

transition) in order to provide more detailed information on depositional environments and 

reservoir properties that may be of future benefit in the search for new hydrocarbon targets. 

More specifically, I will address the following questions:

1. What are the depositional environments represented by rocks present at the Torok- 

Nanushuk transition in the Brooks Range foothills southeast of the NPRA?

2. What is the petrology of sandstones in the uppermost Torok and lowermost 

Nanushuk formations, and how does sandstone composition vary through space and time?

3. What petrofacies are present in the studied sandstones?

4. How does the depositional history (facies, petrology and provenance) of the Torok- 

Nanushuk transition relate to the evolution of the Brooks Range and the infilling of the 

Colville Basin?

3



Chapter 2 Stratigraphic Nomenclature

2.1 Introduction

Definitions of the Torok and Nanushuk formations have undergone numerous 

revisions since they were first described in the early part of the 20th century (Schrader, 1902; 

Gryc and others, 1951; Chapman and others, 1964). Recent work by the United States 

Geologic Survey (USGS), and the Alaska Division of Geological and Geophysical Surveys 

(DGGS) has highlighted the need to clarify the nomenclature for Cretaceous and Tertiary 

units of the Brookian sequence (figure 2). This recent work has focused on the outcrop belt 

north of the Brooks Range, in the central part of the Colville Basin. Changes suggested by 

Mull and others (2003; figure 3) include the abandonment of the Corwin, Kupowruk, Tuktu, 

Grandstand, Chandler and Ninuluk formations and the Colville Group, the demotion of the 

Nanushuk Group to formation status, and the revision of several other existing stratigraphic 

units.

2.2 Torok Nomenclature

The Torok Formation was formally defined by Gryc and others (1951) during the 

United States Geologic Survey’s exploration of the National Petroleum Reserve (NPRA) in 

the 1940s and 1950s. Gryc and others (1951) and Patton (1956) defined the Torok 

Formation as a thick sequence of dominantly nonresistant sedimentary rocks below the 

Nanushuk and above the Okpikruak Formation. Gryc (1956) recognized the Topagoruk and 

Oumalik formations below the Nanushuk Formation in the subsurface in the NPRA. These 

formations were later assigned by Molenaar (Molenaar and others, 1988) to the Torok 

Formation. Mull and others (2003), in their revision of the Brookian sequence, defined the

4



Torok as dark-gray to black, silty shale, mudstone, and clay shale with interbedded, thin- 

bedded siltstone and lesser amounts of greenish-gray, thin-bedded siltstone and fine-grained 

sandstone. They also suggested that the Torok Formation can be broadly considered to 

represent the clinoform portion of the Torok-Nanushuk clastic wedge.

This definition of the Torok Formation is based on seismic data alone. From the 

perspective of field mapping, it would be difficult or impossible to apply this definition to 

outcrop where the topset, clinoform, and bottom set geometries are not observed. Molenaar 

(1988), who studied the Torok and Nanushuk formations throughout the North Slope 

(outcrop and subsurface), clearly recognized the gradational nature of the Torok-Nanushuk 

contact. He arbitrarily placed the lower Nanushuk contact at the base of the first sand body 

with demonstrable shallow water facies (Molenaar, 1988). Houseknecht and Schenk (2001) 

stated that the Torok Formation includes some "topset” deposits. Their topset Torok beds 

represent outer shelf deposits that consist largely of shale-rich facies with isolated, thin- 

bedded sands and, possibly, thin sand bodies. LePain (2005, personal communication) and 

LePain and Kirkham (2001) mapped the Torok-Nanushuk contact using Molenaar’s 

definition (i.e. the boundary lies at the base of the first shoreface/delta front sand body, a 

sand body typically consisting of a succession of amalgamated sand beds with structures 

indicative of deposition above fairweather wave base) because it was effective from a 

practical perspective in outcrop. Recognizing slope deposits in outcrop or subsurface can be 

very difficult in the absence of syn-sedimentary deformation, slump folds, etc. For this 

research I have adopted the conventions of Molenaar (1988) and placed the Torok- 

Nanushuk contact at the base of the first shoreface/delta front sand.
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2.3 Nanushuk Nomenclature

Schrader (1902) defined the Nanushuk Series during reconnaissance mapping in the 

early part of the 20th century. Gryc and others (1951) formally defined the Nanushuk as a 

formation during the United States Geologic Survey’s (USGS) exploration of the National 

Petroleum Reserve (NPRA) in the 1940s and 1950s. These rocks are exposed along 

Nanushuk River in the east-central Colville Basin and consist of a thick package of resistant 

sandstones and conglomerates with less resistant intervals of shales, siltstones, and coals 

(Gryc and others, 1951). The Nanushuk Formation was later upgraded to group status by 

both Detterman (1956) and Sable (1956). These authors further subdivided the Nanushuk 

into various formations in their areas of interest. For example, Detterman (1956), working in 

the central foothills of the Northern Brooks Range, divided the Nanushuk Group into the 

Tuktu Formation, Grandstand Formation and the Chandler Formation representing marine, 

marginal to nonmarine and nonmarine deposits respectively (figure 3). Sable (1956) 

subdivided the Nanushuk Group into the lower, marine Kukpowruk Formation and the 

upper, nonmarine Corwin Formation in the western foothills and North Slope (figure 3).

The recent demotion of the Nanushuk Group to formation status by Mull and 

others (2003) has the largest impact on this research. In many places the Nanushuk 

Formation has an interfingering relationship with the Torok Formation. In most of the 

locations examined in this thesis, the Nanushuk Formation is exposed up-section of the 

Torok Formation. The suggested change in the status to formation rank was based on 

regional mapping in the southeastern and southwestern parts of the Colville Basin. Mull and 

others (2003) found that they could only distinguish and map two units regionally, the Torok 

Formation and the Nanushuk Formation (figure 3). They further asserted that only two units

6



7

in the Nanushuk Formation could be recognized and mapped regionally. Mull and others 

(2003) recognized an upper, predominantly nonmarine unit and a lower, predominandy 

marine unit that they informally defined as the upper Nanushuk Formation and lower 

Nanushuk Formation respectively (figure 3).



Chapter 3 Regional Geology

The late Paleozoic through Cenozoic stratigraphy of northern Alaska is divided into 

three thick tectonostratigraphic sequences, including the Ellesmerian, Beaufortian, and 

Brookian sequences (figure 4). Each sequence represents a distinct episode in the tectonic 

evolution of Arctic Alaska. The term sequence is not used here as sequence stratigraphers 

currently use the term, but rather as a thick succession of sedimentary rocks that were 

deposited in a specific plate tectonic setting (Bird and Molenaar, 1987). These rocks are 

found outcropping in the Brooks Range mountain front and foothills and are present in the 

subsurface of the North Slope (Bird and Molenaar, 1987). The Ellesmerian sequence 

represents sediments deposited on the south-facing (present day coordinates) rifted 

continental margin of Arctic Alaska and consists of siliciclastic sediments derived from a 

northern source area (Moore and others, 1994). The Beaufortian sequence represents 

sediments deposited during a failed rift event and a subsequent successful rifting event that 

led to the present day north coast of Alaska (Bird and Molenaar, 1987). Beaufortian 

sediments were also derived from a northern source area and grade southwards into 

sediments of the Brookian sequence. Sediments in the Brookian sequence were deposited in 

an asymmetric foreland basin that resulted from thrust loading on the south side of the basin 

(ancestral Brooks Range; Moore and others, 1994). Sediments were derived from the thrust 

sheets in the ancestral Brooks Range.

3.1 Ellesmerian Sequence

In the North Slope subsurface and the northeast Brooks Range, the contact between 

the Ellesmerian sequence and older rocks is a prominent regional unconformity that formed



in response to a Middle to Late Devonian rift event that led to separation of Arctic Alaska 

from a northern source terrane referred to as Barrovia by Tailleur (1969). Ellesmerian strata 

include middle Devonian through Triassic nonmarine and marine siliciclastic and platformal 

carbonate rocks (figure 4; Bird and Molenaar, 1992; Moore and others, 1994). Deposition of 

Ellesmerian clastic rocks was probably initiated by rift-related uplift of Barrovia (Tailleur, 

1969). Ellesmerian sediments were shed southward onto a south facing (present day 

orientation) continental margin during the rift and post-rift phases in the evolution of the 

Arctic Alaska margin (Bird and Molenaar, 1992; Moore and others, 1994).

The base of the Ellesmerian sequence is represented by the Endicott Group (figure 

4), which consists, in ascending order, of conglomerate, sandstone and minor mudstone of 

the Kekiktuk Conglomerate, and shale, sandstone, and limestone of the Kayak Shale 

(LePain, 1993). Discontinuous, thin coal seams are present interbedded with conglomerate 

and sandstone in the Kekiktuk Conglomerate. Limestones are interbedded with shale in the 

Kayak Shale near the top of the group where they grade into platform carbonates of the 

overlying Lisburne Group (figure 4; Brosge and others, 1962; Bird and Molenaar, 1992). The 

Lisburne Group is a southward deepening carbonate ramp (Armstrong and Bird, 1976; Bird 

and Molenaar, 1992; McGee, 2004). A regional unconformity is present above the Lisburne 

Group that was probably caused by a relative sea level drop during the Late Pennsylvanian 

and Early Permian (Bird and Molenaar, 1992). Overlying this regional unconformity is a 

thick package of clastic rocks assigned to the Sadlerochit Group (figure 4; Bird and 

Molenaar, 1992; Moore and others, 1994). These rocks consist of a regressive-transgressive 

succession of shale, siltstone, sandstone, and conglomerate deposited in shelf through 

alluvial plain settings interfingering with marine and marginal marine sandstones, siltstones
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and mudstones (Lawton and others, 1987; Crowder, 1990; Bird and Molenaar, 1992). The 

Ledge Sandstone Member of the Ivishak Formation is the main reservoir of the Prudhoe 

Bay oil field (Bird, 1994). The Shublik Formation directly overlies the Sadlerochit Group and 

consists of fossil-rich shale, mudstone, limestone, siltstone, and sandstone of middle to late 

Triassic age (figure 4; Moore and others, 1994). The Shublik Formation represents a 

continuation of the transgression recorded at the end of the Sadlerochit Group (Bird, 1994; 

Moore and others, 1994; Parrish and others, 2001).

3.2 Beaufortian Sequence

The Beaufortian sequence consists of Jurassic to Lower Cretaceous syn-rift deposits 

derived from local or northern sources (Hubbard and others, 1987). This sequence is 

separated from the Ellesmerian sequence because it represents a renewed episode of rifting 

and uplift in the northern portion of the North Slope (Bird, 1994) that ultimately led to the 

opening of the Canadian Basin. This sequence consist predominandy of the marine Kingak 

Shale, a dark gray to black shale and siltstone unit up to 4,000 feet thick (Houseknecht, 2001) 

that contains sandstone bodies of local extent (e.g., Barrow Sandstone, Simpson Sandstone; 

Moore and others, 1994). The regional Lower Cretaceous unconformity (LCu) marks the top 

of the Kingak shale. The LCu records the maximum uplift of the Barrow Arch during the 

opening of the Arctic Ocean Basin and is widely regarded as a break-up unconformity 

(Houseknecht, 2003). Overlying the Kingak Shale is the Pebble Shale unit, consisting of 

black organic rich fissile shale with matrix-supported pebbles of chert and quartz. The 

Pebble Shale marks: the end of the Beaufortian sequence (Bird, 2001; Moore and others, 

1994). Several sandstone bodies of local extent are present directly above the LCu and at the
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base of the Pebble Shale (Houseknecht, 2003). Of these, the Kuparuk Formation, represents 

a major oil producing reservoir on the North Slope (Moore and others, 1994).

3.3 Brookian Sequence

The Brookian sequence (figures 2, 3, and 4) consists of a thick succession of Lower 

Cretaceous (Berriasian) through Quaternary, marine and nonmarine sedimentary rocks. 

Brookian clastic rocks were derived from southern source terrains in the ancestral Brooks 

Range and deposited on older rocks of the Beaufortian and Ellesmerian sequences in the 

east-west trending Colville basin, a retro-arc foreland basin (Bird and Molenaar, 1992).

The Colville basin formed in response to emplacement of north vergent thrust 

sheets in the Late Jurassic to Early Cretaceous (Moore and others, 1994). Ophiolites in the 

structurally highest thrust sheets of the Angayucham terrane suggest emplacement, as a 

consequence of closing of an oceanic basin located south of the present day Brooks Range 

(Moore and others, 1994). Thrust sheets underlying the Angayucham terrane in the Brooks 

Range represent the foundered and telescoped outboard parts of the Paleozoic to early 

Mesozoic continental margin recorded in the Ellesmerian sequence (Bird and Molenaar, 

1992). Large scale thrust emplacement was probably complete by early Cretaceous 

(Barremian) time, although recent evidence of syntectonic deformation suggests at least 

some tectonic activity during the Cretaceous (Finzel, 2004).

To highlight the relationship between large scale thrust sheets in northern Alaska, 

they have been divided into two lithotectonic terranes, the structurally higher Angayucham 

terrane and the Arctic Alaska terrane, which represent northward thrusted oceanic and 

continental rocks, respectively (Jones and others, 1987). The Arctic Alaska terrane is further
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subdivided into two subterranes, including, the structurally lowest and least displaced 

Endicott Mountains subterrane and the structurally highest and furthest displaced Delong 

Mountains subterrane (Moore and others, 1994). The Endicott Mountains subterrane 

consists of the Endicott Mountains Allochthon. The Delong Mountains subterrane consists, 

from structurally lowest to highest positions, of the Picnic Creek, Kelly River, Ipnavik River 

and Nuka Ridge allochthon (Moore and others, 1994). Figure 5 shows the generalized 

relationship between these large scale thrust sheets and sedimentary rocks the Colville Basin.

Basal strata of the Brookian sequence (figure 2), consist of lower Cretaceous 

interbedded marine shale and sandstone of the Okpikruak Formation (Siok, 1989; Howell 

and others, 1990) that crops out discontinuously along the Brooks Range mountain front. 

These strata were deposited in front of, and on top of, the leading edges of thrust sheets. 

Overlying strata of the Fortress Mountain (Aptian - Albian), Torok (Albian), and Nanushuk 

(Albian - Cenomanian) formations are present in discontinuous exposures in the foothills 

belt north of the Okpikruak Formation. These sediments were derived from thrust sheets in 

the Brooks Range and were shed northward into the Colville basin after the main phase of 

tectonic shortening.

The Aptian-Albian Fortress Mountain Formation (figures 3 and 4) is exposed along 

the south side of the Colville basin and consists of shale, sandstone, conglomerate, and 

minor coal ranging from one to three kilometers thick (Molenaar and others, 1988; Moore 

and others, 1994). The Fortress Mountain Formation was deposited in alluvial fan, fan delta, 

shallow-marine, slope, and base-of-slope (turbidites) settings (Molenaar, 1988). Based on 

limited age control from megafossils and microfossils, the Fortress Mountain Formation has 

been assigned an Aptian (?)-Albian age (Chapman and others, 1964; Patton and Tailleur,

12



1964; Molenaar and others, 1988). The Fortress Mountain Formation is interpreted to 

unconformably overlie strata of the Okpikruak Formation (Molenaar and others, 1984; 

Molenaar, 1988; Wartes and Carroll, 2002), although the contact is nowhere exposed in the 

foothills belt. Thin bedded deep water strata of the Fortress Mountain Formation inter

tongue with deepwater shales of the lower part of the Torok Formation (Kirschner and 

Rycerski, 1988; Moore and others, 1994) that were deposited in basinal environments.

3.4 Torok Formation

The Albian Torok Formation (figures 3 and 4) consists of shale, silty shale, and 

relatively minor sandstone. The Torok has been interpreted as prodelta, distal shelf, slope 

and base-of-slope deposits (Houseknecht and Schenk, 2001). The lower part of the Torok 

Formation is thought to be coeval with the Fortress Mountain Formation and the upper part 

coeval with the lower, marine part of the Nanushuk Formation (Molenaar, 1988; Bird and 

Molenaar, 1992). In outcrop, the vertical transition between the Torok and Nanushuk 

formations is gradational and the contact is placed at the base of the first sand body with 

unequivocal wave-formed sedimentary structures (Molenaar, 1988). The Torok and 

Nanushuk formations make up a significant percentage of the fill of the Colville basin. The 

Torok Formation is approximately 6,000 meters thick in the southern part of the Colville 

basin and thins to less than 1,000 meters on the crest of the Barrow arch (figure 5; Molenaar, 

1988; Bird and Molenaar, 1992; Moore and others, 1994). The Torok Formation is generally 

poorly exposed, with the best exposures typically occurring along stream cut banks in areas 

where it includes thicker and coarser grained sandstone packages, or where it crops out in 

association with the Nanushuk Formation. The age of the Torok Formation has been
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constrained by megafossils (limited ammonite and pelecypod fauna) as early to middle 

Albian (Detterman and others, 1963; Elder and others, 1989). Micopaleontological analysis 

of foraminifera and palynomorphs support an Albian age for the Torok Formation 

(Detterman and others, 1963; Micropaleo Consultants, 1999).

Sandstones of the Torok Formation are composed of abundant quartz and lithic 

grains (Bartsch-Winkler and Huffman, 1988), including rock fragments, chert, rare 

carbonaceous fragments, rare feldspar grains, and other minerals in an argillaceous matrix 

(Robinson, 1958). The sandstones range in size from very fine- to fine-grained (Robinson, 

1958; Bartsch-Winkler and Huffman, 1988), and the individual grains are subangular to 

angular in shape. Provenance studies by Bartsch-Winkler and Huffman (1988) indicate that 

sandstones of the Torok Formation (including the Nanushuk Group of former usage) were 

derived from a ’’recycled orogen provenance” that included uplifted, folded and faulted 

strata composed of recycled detritus of sedimentary and meta-sedimentary origin.

The relationship between the upper Torok and Nanushuk formations has been well 

documented in seismic cross-sections (Molenaar, 1988; Bird and Molenaar, 1992). The upper 

Torok and Nanushuk formations show a bottomset-clinoform (Torok Formation)-topset 

(Nanushuk Formation) relationship indicating eastward migration of these depositional units 

down the axis of the Colville basin (Bird and Andrews, 1979; Molenaar, 1988; Houseknecht 

and Schenk, 2001). The upper Torok and Nanushuk formations represent coeval deposition, 

although it is difficult to correlate specific stratigraphic surfaces between the two formations 

(Houseknecht and Schenk, 2001).
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3.5 Nanushuk Formation

In the central North Slope, the Nanushuk Formation (figures 3 and 4) includes 

shallow marine and nonmarine strata deposited in fluvial, deltaic, and shallow marine shelf 

depositional systems that prograded north to northeasterly across the Colville basin 

(Huffman, 1985; Huffman and others, 1985, 1988; Molenaar, 1985, 1988). The Nanushuk 

Formation is up to 4,600 feet thick in the Chandler Lake Region and thins to 775 feet to the 

northeast. The Nanushuk forms resistant ledges where it crops out along rivers and ridge 

lines (Mull, 1985). The lower Nanushuk Formation consists of stacked, sandier-upward 

successions ranging from 5 meters to over 30 meters in thickness. In the lowest part of the 

Nanushuk Formation the base of these sandier upward successions consists of silty shales 

that grade upsection to interbedded medium to thickly bedded sandstones and silty shale 

with abundant storm-generated structures (LePain and Kirkham, 2001). Sandier upward 

successions near the top of the lower Nanushuk Formation start with interbedded thin- to 

medium-bedded sandstone and silty shale with abundant storm generated features and grade 

upsection to medium- to thickly bedded sandstone with abundant storm generated structures 

(LePain and Kirkham, 2001). The upper Nanushuk Formation consists of laterally 

discontinuous thickly bedded non-marine sandstone and conglomerate with interbedded silty 

shale and coal deposited in a fluvial-deltaic system (Moore and others, 1994). Data presented 

by LePain and Kirkham (2001) show an abundance of wave- and storm-generated 

sedimentary structures in the Nanushuk Formation in the central North Slope that they 

attributed to wave- and storm-dominated deltas. Depositional environments range from 

lower shoreface to foreshore beach settings in the lower Nanushuk Formation and delta 

plain and alluvial plain settings in the upper Nanushuk (LePain and Kirkham, 2001).
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The Nanushuk and Torok formations have been recognized as belonging to two 

major delta systems, the Corwin delta in the west and the Umiat delta in the east (Ahlbrandt 

and others, 1978; Huffman and others, 1985; 1988). Sandstones in the two deltas show 

distinct compositional differences based on differing source areas (Moore and others, 1994). 

The Torok-Nanushuk transition studied for this research is part of the eastern wave- and 

storm-dominated deltaic system (LePain and Kirkham, 2001). Compositional analyses of 

sandstones compiled by Bartsch-Winkler and Huffman (1988) show an increase in the total 

feldspar content and a decrease in the amount of lithic material in the western region 

compared to the central region (including the study area for this thesis). The lithic 

component also shows a change from east to west. Lithic components in the eastern region 

consist mostly of metamorphic lithic fragments, with the remaining portion made up of 

sedimentary and volcanic fragments. Lithic components in the western region, consist 

mostly of sedimentary fragments, with the remaining portion made up of metamorphic and 

volcanic rock fragments.

3.6 Upper Cretaceous and Younger Units of the Brookian Sequence

Upper Cretaceous and Tertiary Brookian sediments consist of marine and nonmarine 

packages of conglomerate, sandstone, siltstone and shale that record several transgressions 

and regressions (Moore and others, 1994). Upper Cretaceous and Tertiary sedimentary rocks 

record the filling of the Colville Basin east of the Torok-Nanushuk wedge. Directly overlying 

the Nanushuk Formation is the Seabee Formation and the formation contact represents a 

major marine flooding surface (Mull and others, 2003). The Seabee Formation is a 

transgressive-regressive succession that grades upward to thickening and coarsening upward
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packages of shale and sandstone of the Tuluvak Formation (Moore and others, 1994; Mull 

and others, 2003). The age of the Seabee Formation has been constrained by ammonite and 

pelecypod megafossils and abundant microfossils as Cenomanian to Santonian (Jones and 

Gryc, 1960; Detterman and others, 1963; Mull and others, 2003) and the age of the Tuluvak 

Formation is Turonian to Coniacian based on pelecypod fauna (Jones and Gryc, 1960;

Brosge and Whittington, 1966). Overlying the Tuluvak Formation is the Schrader Bluff 

Formation which consists of tuffaceous shale and sandstone (Mull and others, 2003). The 

age of the Schrader Bluff Formation ranges from Santonian to Paleocene, based on 

microfauna and megafauna (Detterman and others, 1963; Brosge and Whittington, 1966; 

Mull and others, 2003). Nonmarine sandstones, conglomerates, and interbedded coal- 

bearing siltstones overlying the Schrader Bluff and Tuluvak formations belong to the Prince 

Creek Formation (Brosge and Whittington, 1966; Mull and others, 2003). The age of the 

Prince Creek Formation has been determined by Mull and others (2003) as Campanian to 

Early Paleocene. The Sagavanirktok Formation overlies the Prince Creek Formation and 

consists of marine sandstone, siltstone, and bentonitic mudstone grading upward into fluvial 

sandstone and coal-bearing mudstone (Detterman and others, 1975; Moore and others,

1994; Mull and others, 2003). The age of the Sagavanirktok Formation ranges from early late 

Paleocene to early Eocene to Miocene, based on microfossils collected from the coal-bearing 

units (Mull and others, 2003). Pliocene and Pleistocene deposits of the Gubik Formation, 

consisting of unconsolidated marine and nonmarine gravels, unconformably overlie the 

Sagavanirktok Formation (Moore and others, 1994).
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Figure 1 Generalized geologic map of Brooks Range Foothills belt. Red stars indicate outcrop localities in this thesis 
(Modified from Mull, 2000).



ian Stratigraphy from the Central and Eastern North Slope Alasl 
i Mull and others, 2003).



Figure 3 Stratigraphic table showing the relationship between stratigrapbic nomenclature of Chapman, Detterman 
and Mangus (1964) and the revised stratigraphic nomenclature presented by Mull and others (2003). Table shows 
the lateral variations from east to west on the North Slope (Modified from Mull and others, 2003).
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Figure 4 Generalized North Slope Stratigraphy (Modified from Bird and Houseknecht, 
2002).
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Figure 5 Generalized cross-section of the Colville basin (Modified from Mull, 2000).



Chapter 4 Shoreface and Deltaic Environments

4.1 Introduction

In order to compare the petrology of the sands from the Torok-Nanushuk 

transition, sand bodies observed during this research were divided into facies based on their 

dominant sedimentary structures. These facies were then combined into facies associations 

based on typical vertical facies successions. As discussed in the regional geology sections 

there have been many references to the overriding deltaic processes affecting the Torok- 

Nanushuk depositional system (Ahbrandt and others, 1979; Huffman and others, 1985,

1988; LePain and Kirkham, 2001). To help understand these relationships it is important to 

review relevant delta and shoreface facies models. In this section I will describe the different 

types of deltaic and shoreface depositional systems, with emphasis placed on wave- and 

storm-dominated environments.

4.2 Shoreface Depositional Systems

There is a direct relationship between delta and shoreface depositional systems. The 

difference comes from the relative amount of fluvial energy versus marine energy. As fluvial 

energy increases relative to marine energy, a distinctive delta morphology results that 

consists of a shoreline protuberance more often centered on one or more distributary 

channels (Bhattacharya and Walker, 1992; Reading and Collinson, 1996). When marine 

energy is high relative to fluvial energy, sediment is reworked at the distributary channel 

mouth and deposited as shoreface and beach deposits along depositional strike from the 

distributary mouth, and shoreface processes dominate. Sediment is supplied to the shoreface 

by longshore currents and on-shore directed currents. This contrasts with river dominated
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deltas where sediment is supplied by distributary channels. The remainder of this section 

describes the major types of siliciclastic shoreline deposits.

«

4.2.1 Wave- and Storm-Dominated Shoreface Depositional Systems 

Geomorphic and process description

In wave- and storm-dominated shoreface depositional systems the primary controls 

on sediment transport are oscillator}7 currents and long shore currents associated with wind- 

waves traveling landward, up the shoaling shelf-shoreline profile (Walker and Plint, 1992; 

Johnson and Baldwin, 1996). Shoreface systems form long narrow sand bodies that parallel 

the shoreline or strandplain (Walker and Plint, 1992; Galloway and Hobday, 1996). 

Sedimentary structures associated with wave-dominated shorefaces include wave ripples, 

hummocky cross-stratification (HCS), swaley cross-stratification, trough cross-bedding, and 

graded bedding and, to a lesser extent, gutter casts and sole marks (Leckie and Krystinick, 

1989). Good examples of wave- and storm-dominated shorefaces occur in the Cretaceous 

interior seaway of North America (Swift and Rice, 1984; Plint and Walker, 1987)

Typical vertical successions

Wave- and storm-dominated shoreface systems consist of sandier-upward 

successions that are similar in nearly every aspect to wave-dominated deltas, and in outcrop, 

can be exceedingly difficult to distinguish. The outer shelf to lower shoreface consists of 

interbedded bioturbated mudstone, sandy siltstone, and upward increasing amounts of wave- 

worked sandstone (HCS beds). The lower shoreface grades up into the middle shoreface 

deposits characterized by amalgamated HCS sandstone beds. In the upper shoreface HCS 

sandstone beds are replaced by swaley cross-stratified and trough cross—stratified sandstone.
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In the foreshore, sandstone beds are typically parallel laminated, but trough and planar cross

stratification can be present (Walker and Plint, 1992). Foreshore deposits are commonly 

reworked during subsequent transgressions, so their preservation potential is typically low 

(Clifton, 1975).

4.3 Deltaic Deposidonal Systems

Deltas are defined as discrete shoreline protrusions formed where rivers enter an 

ocean or other standing body of water and supply more sediment than can be redistributed 

by wave process (Bhattacharya and Walker, 1992). Three types of deltas have been 

recognized, including river-dominated deltas (high-constructive of Fisher and others, 1969), 

wave-dominated deltas (high-destructive of Fisher and others, 1969), and tide-dominated 

deltas (high-destructive of Fisher and others, 1969). Each type of delta can be divided into 

three geomorphic elements including from proximal to distal the nonmarine to marginal- 

marine delta plain, marine delta front, and marine prodelta (Bhattacharya and Walker, 1992). 

The delta plain is dominated by fluvial processes (Reading and Collinson, 1996), but the 

lower delta plain shows increasing influence of marine processes (Reading and Collinson, 

1996). The delta front is where fluvial currents enter a standing body of water thereby 

dropping their traction and suspended sediment load. Depending on wave energy, some or 

all sediment is reworked by marine currents and transported along strike from the 

distributary mouth. Finally the prodelta lies below the effect of fairweather wave and tidal 

processes and is only influenced by storm processes. The prodelta zone may not exist in 

shallow high energy deltas (Reading and Collinson, 1996).
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4.3.1 River-dominated Deltas

Geomorphic and process description

River-dominated deltas display an overall digitate (birds-foot) shape (Fisher and 

others, 1969; Bhattacharya and Walker, 1992). This type of delta forms where major rivers 

enter a standing body of water characterized by relatively low energy. Depositional 

environments in a river-dominated delta range from distributary channels, to channel levees, 

mouth bars, and interdistributary bays. Distributary channels grade landward to fluvial feeder 

channels and become increasingly difficult to distinguish. Interdistributary bays include 

several sand-prone sub-environments including crevasse channels, crevasse splays and 

bayhead deltas associated with minor distributary channels, and barrier sand beaches (Elliot, 

1974). Examples of ancient river-dominated deltas include intervals of the Dunvegan 

Formation (Bhattacharya and Walker, 1992) in Alberta and numerous examples described by 

Fisher and others (1969) from the Gulf Coast region. A modern example of a river- 

dominated delta is the modern Mississippi River delta (Fisk, 1961).

Typical vertical successions

The prodelta portion of a river-dominated delta consists of mudstone and siltstone 

that is generally well stratified and may show some graded bedding caused by settling from 

suspended flows or by density currents during periods of high fluvial discharge 

(Bhattacharya and Walker, 1992). The sand- and silt-rich portions may show soft sediment 

deformation into the underlying mudstones (Bhattacharya and Walker, 1991). The delta 

front consists predominantly of sediments deposited by fluvial processes in distributary 

mouth bars and may include unidirectional current ripples and cross bedding or massive 

bedding (Bhattacharya and Walker, 1992; Galloway and Hobday, 1996). Reworking by wave
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or tidal currents is minor, except during.the delta lobe abandonment phase (Weise, 1980). 

Typical vertical successions for river-dominated deltas include distal prodelta mudstone that 

grades up into proximal prodelta deposits of interbedded sandstone and mudstones. The 

delta front is dominated by cross-stratified distributary mouth bar and subaqueous levee 

sands that grade laterally to interdistributary bay deposits (Bhattacharya and Walker, 1991). 

The formation of numerous distributary channels that reflect the complex history of 

aggradation, progradation, channel bifurcation, and channel avulsion are an important part 

of the vertical and lateral stacking pattern of river-dominated deltas (Galloway and Hobday, 

1996). In cross-section, the lower delta plain in river-dominated deltas consists of narrow 

and deep channels bounded by levees that prevent lateral channel migration (Galloway and 

Hobday, 1996). The formation of crevasse splays due to over-topping or breaking through 

channel-margin levees creates prominent features (Galloway and Hobday, 1996) in flanking 

flood basins.

4.3.2 Tide-dominated Deltas

Geomorphic and process description

Tide-dominated deltas are comprised of river systems that are dominated by tidal 

processes. The morphology of tide-dominated deltas features a landward tapering, funnel- 

shaped estuary that grades landward through a series of distributary channels to a fluvial 

feeder channel (or river; Bhattacharya and Walker, 1992). Channels may be separated by 

large expanses of low-gradient, vegetated swamps (Bhattacharya and Walker, 1992; Woolfe 

and others, 1996). Tide-dominated deltas tend to occur at the heads of embayments where 

the tidal range is amplified and along straits where tidal speed is increased (Dalrymple, 1992).



Many deltas previously classified as tide-dominated are more appropriately classified as non- 

deltaic estuaries. A modern example of a tide-dominated delta depositional system is the 

Niger delta (Allen, 1970).

Typical vertical successions

The prodelta portion of a tide-dominated delta consists of rhythmically laminated 

mudstones (Dalrymple, 1992). These mudstones are overlain by both planar and trough 

cross-bedding, herringbone cross-bedding, tidal bundles and reactivation surfaces in the 

delta front setting within the active channel region (Bhattacharya and Walker, 1992; 

Dalrymple, 1992). On the delta plain, away from the active channel, sediments tend to 

resemble fining upward estuarine deposits (Dalrymple, 1992). These consist of both trough 

and planar cross-bedded sandstones that fine upward into planar cross-bedded and ripple 

cross-laminated sandstones. Sandstones fine upward into mudstones and siltstones. Features 

in tide-dominated deltas resemble other tide-dominated depositional systems and require 

three-dimensional control to be accurately recognized (Bhattacharya and Walker, 1992).

4.3.3 Wave— Influenced -Dominated Deltas

Geomorphic and process description

The morphology of wave-dominated deltas is dependent on the amount of wave 

interaction. Wave-influenced deltas show a more lobate form whereas wave-dominated * 

deltas have cuspate morphologies in plan view (Galloway and Hobday, 1996). Fairweather 

waves and storm waves on the delta front constantly rework sediment from the distributary 

mouth and redistribute along depositional strike. The primary processes affecting sediment 

are associated with shoaling waves. Sediment is transported away from the distubutarv
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mouth by longshore currents generated by wind-driven shoaling waves (Johnson and 

Baldwin, 1996). Shoreface-beach deposits tend to dominate the delta front and distributary 

channels are few in number (Bhattacharya and Walker, 1992; Reading and Collinson, 1996). 

Modern examples of wave-influenced and wave—dominated deltas include the Rhone delta, 

the Po delta, and the Nile delta (Fisher and others, 1969).

Typical vertical successions

The prodelta portion of a wave-influenced delta consists of relatively thin silty, 

and/or sandy-mudstones similar to the offshore and offshore transition deposits seaward of 

shorefaces (Bhattacharya and Walker, 1991; Bhattacharya and Walker, 1992; Galloway and 

Hobday, 1996; Galloway and others, 1999). The number and thickness of sandstone beds 

typically increase upward. The delta front consists of a relatively continuous, coarsening- 

upward deposits characteristic of a wave-dominated shoreface. These consist of wave 

produced structures such as wave-ripples and HCS (Bhattacharya and Walker, 1992). 

Bhattacharya and Walker (1992) state that the association of wave-dominated shoreface 

deposits with deltaic deposition requires good three-dimensional control. A typical vertical 

succession consists of sandy and silty mudstones that become interbedded with HCS 

sandstones that tend to amalgamate upwards in the succession. HCS is replaced by swaley 

and trough cross-stratified sandstones in the upper part of the shoreface, where sediment is 

constantly modified by shoaling waves (Bhattacharya and Walker, 1991). Horizontally 

laminated sandstones commonly represent the transition from upper shoreface to foreshore 

deposits. Distributary channel and mouth bar deposits are rare compared to the dominance 

of shoreface and beach deposits.
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Chapter 5 Sedimentary Facies and Facies Associations

Ten facies were identified on the basis of sedimentary structures, lithology, fossil 

content, and depositional environments. These facies are described below and summarized 

in Table 1. Facies are grouped into four facies associations on the basis of their component 

facies, stacking patterns, and bed geometries.

5.1 Methods

Detailed stratigraphic sections across the Torok-Nanushuk transition were measured 

at four locations in the foothills belt of the central Brooks Range, including the southwest 

side of Gunsight Mountain, the south flank of the Arc Mountain anticline, and the east side 

of Slope Mountain (figure 1). Measured sections range from 150 to 250 meters in thickness. 

In addition, core from the same stratigraphic interval in the Grandstand Test Well #1 was 

described in detail. At each location a similar sequence of lithologies and sedimentary 

structures was observed. Each location included from one to three coarsening- and 

thickening-upward cycles from 2 to 10 meters thick (Appendix A). Each cycle includes 

deeper water facies at the base and shallower water facies at the top and, as such, records 

progradation of shallow-water and shore zone depositional systems. In this chapter, I 

describe and interpret ten lithofacies recognized across the Torok-Nanushuk transition on 

the basis of sedimentary structures, lithology, and fossil content. These lithofacies are then 

grouped into four facies associations according to component facies, stacking patterns, and 

bed geometries observed in outcrop and core, and their depositional settings are interpreted.
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Table 1 Facies Descriptions

Facies

Trough cross- 
1 bedded 

sandstone

Hummocky cross 
2 stratified 

sandstone

 ̂ Amalgamated 
sandstone

Wave ripple cross
4 laminated 

sandstones

Current ripple
5 cross-laminated 

sandstone

Lithology

light- to medium-gray, lower very fine
grained quartz and lithic-rich sandstone; 
grains sub-angular to sub-rounded; well 
sorted.

light-to medium-gray, lower very fine
grained quartz and lithic-rich sandstone.and 
grains are sub-angular to sub-rounded, and 
they are well sorted.

light- to medium-gray, lower very fine
grained quartz and lithic-rich sandstone, 
sand grains are sub-angular to sub-rounded 
and are well-sorted.

light- to medium-gray, lower very fine
grained quartz and lithic-rich sandstone, 
sand grains are sub-angular to sub-rounded 
and are well sorted.

medium- gray to reddish-brown lower very 
fine- to lower fine-grained sandstone, sand 
grains are well-sorted.

Thickness Sedimentry structures Interpretation

Deposition by unidirectional longshore 
10 to 50 cm trough cross laminations and seaward currents in the shoreface

setting (Harms, and others, 1975).

Hummocky cross-stratified 
10 -50  cm laminatin, low angle

lamination, gutter cast

usually structureless but 
other structures might be 

5 - 20 cm preserved (current ripples, 
parallel laminations, 
burrows)

symetrical to slightly 
3 cm # asymetrical wave ripple cross 

laminations and wave ripple 
bedforms

asymetrical current ripple 
up to 5 cm cross-laminations and 

current ripple bedforms

Deposition by combined flow currents 
above storm wave base but still deep 
enough not to be reworked by fair 
weather conditions (Dott and Bourgeois, 
1982; Duke and others 1991) gutter cast 
form in response to shore normal flow 
durring storm setup (Myrow, 1992).

Rapid deposition in combined flow 
condtions in the shoreface setting 
(Bhatiacharya and Walker, 1991).

Deposition of sandstone beds by 
oscillatory currents above storm wave 
base (Walker 1985).

Deposition by unidirectional currents 
under low flow-regime conditions 
(Harms, and others, 1975).



Table 1 (cont.) Facies Descriptions

Facies Lithology Thickness Sedimentry structures Interpretation

Parallel 
6 laminated 

sandstone

Massive
sandstone

Bioturbated
sandstone

Laminated 
9 silts tone and 

mudstone

10

light-tan to dark-gray upper very fine to upper 
fine- grained sandstone (Fig. 10). Reddish- 
brown staining is present locally on bed 
surfaces. Overall the beds are well sorted with 
no apparent grain size trends

light- to medium-gray weathering lower very 
fine-grained quartz and lithic-rich sandstone 
(Fig. 11). Sandstone grains are sub-angular to 
sub-rounded and are well-sorted.

light- to medium-gray lower very fine-grained 
quartz and lithic-rich sandstone (Fig. 12). Sand 
grains are sub-angular to sub-rounded and are 
well-sorted. In places there are occasional 
siltstone/ shale rip-up clasts up to a few cm in 
length.

dark-gray to green-gray, interbedded silty 
mudstone and siltstone

10 to 100 cm horizontal-parallel
laminations

20 - 40 cm massive

20 - 40 cm none

Bioturbated medium- to dark-gray weathering silty to sandy
mudstone mudstone

2 cm - >10 m horizontal laminations

3 cm - > 10 m none

Deposited during combined flow, upper 
flow conditions in the shoreface setting 
(Walker, 1985).

Deposited from suspension and not 
rework by later events (Walker, 1985).

Deposition in open marine environments 
in areas of relativly low sedimentation 
rates (Bhattachara and Walker, 1991).

Depsition below fair weather wave base 
in areas of relativly rapid sedimentation 
rates (Bhattachara and Walker, 1991).

Deposition from suspension in open 
marine environments in areas with 
relativly low sedimentation rates 
(Bhattachara and Walker, 1991).
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5.2 Facies

5.2.1 Facies 1: Trough Cross-bedded Sandstone

Facies 1 consists of medium-gray to reddish-brown, lower very fine- to lower fine

grained sandstone beds up to 50 cm thick. The primary sedimentary7 structure consists of 

trough cross-beds. Mudstone and siltstone rip-up clasts up to 5 cm in length are commonly 

present at the base of the sandstone beds. Bioturbation in this interval is rare. See table 1 for 

interpretation.

5.2.2 Facies 2: Hummocky Cross-stratified Sandstone

Facies 2 consists of light- to medium-gray, lower very7 fine-grained, quartz and lithic- 

rich sandstone (figures 6 and 7) in beds ranging in thickness from 10 to 50 cm. Average bed 

thickness is approximately 30 cm. Distinctive, low-relief hummocks and swales with 

numerous low-angle laminations and laminae terminations characterize this facies and 

represent HCS. Hummock to hummock spacing ranges from 1-2 m. Sandstone beds are 

sharp-based and show a slight coarsening-upward trend. In places, gutter casts up to 30 cm 

thick and several meters wide cut into underlying mudstone and siltstone intervals.

Mudstone rip-up clasts, up to several centimeters in length, are common at the base of some 

HCS beds. Bioturbation is common at the top of beds and shows distinctive vertical 

burrows up to 1 cm in diameter and 4 to 20 cm in length. Locally, some sandstones have a 

distinctive burrow-motded texture. See table 1 for interpretation.
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5.2.3 Facies 3: Amalgamated Sandstone

Facies 3 consists of light- to medium-gray, lower very fine-grained quartz and lithic- 

rich sandstone intervals that range in thickness from one to several meters (figure 8). This 

interval is characterized by stacked sandstone beds 5 to 20 cm thick with thin wispy and 

discontinuous siltstone intervals throughout. The sandstones are usually structureless but 

other structures such as current ripples, parallel laminations, or burrows may be preserved. 

Bioturbation, where present, consists of a distinctive burrow-motded texture and some 

cross-cutting vertical burrows. See table 1 for interpretation.

5.2.4 Facies 4: Wave Ripple Cross-laminated Sandstone

Facies 4 consists of light- to medium-gray, lower very fine-grained quartz and lithic- 

rich sandstone beds approximately 3 cm thick (figure 9). In some locations, wave ripple 

bedforms are preserved on the surface of some beds where they define the reworked upper 

parts of HCS sandstone beds. Wave ripple crests have amplitudes of approximately 2 cm and 

wavelengths of approximately 6 cm. In places ripple crests show a slight asymmetry 

indicating net deposition is directed onshore (Harms, 1979). Bioturbation is common. 

Distinctive vertical burrows up to 1 cm in diameter and 4 to 20 cm in length are common.

At some locations this facies has a distinctive burrow-motded texture. See table 1 for 

interpretadon.

5.2.5 Facies 5: Current Ripple Cross-laminated Sandstone

Facies 5 consists of medium-gray to reddish-brown, lower very fine- to lower fine

grained sandstone with individual sandstone beds up to 5 cm thick, but averaging 1-2 cm
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thick (figure 10). Current ripple bedforms are preserved on some bed surfaces and have 

wavelengths of approximately 4 cm with amplitudes of approximately 2 cm. Beds have sharp 

bases and display slight fining-upward trends. Starved current ripples are locally present in 

shale and siltstone dominated intervals. Carbonaceous plant detritus (probably coal 

fragments and/or charcoal), approximately 1 to 5 mm long, is commonly preserved on the 

tops of beds. Thin siltstone partings from <lmm to 1cm thick are present between some 

beds. See table 1 for interpretation.

5.2.6 Facies 6: Parallel Laminated Sandstone

Facies 6 consists of light-tan to dark-gray, upper very fine- to upper fine-grained 

sandstone in beds ranging from 1 cm to 1 meter thick (figure 11). Beds display horizontal, 

parallel laminations. Reddish-brown staining is locally present on bed surfaces. Some of the 

beds show both horizontal and vertical burrows. See table 1 for interpretation.

5.2.7 Facies 7: Massive Sandstone

Facies 7 consists of light- to medium-gray, lower very fine-grained quartz and lithic- 

rich sandstone beds that are up to one meter thick, but more commonly range in thickness 

from 20-40 cm (figure 12). Siltstone and shale rip-up clasts up to a few centimeters in length 

are present locally near the bases of beds. No internal laminations or sedimentary structures 

are observed and the bases and tops of these sandstones are commonly sharp. Distinctive 

vertical burrows up to 1 cm in diameter and 4 to 20 cm in length may be present (figure 12). 

See table 1 for interpretation.
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5.2.8 Facies 8: Bioturbated Sandstone

Facies 8 consists of light- to medium-gray, lower very fine-grained quartz and lithic- 

rich sandstone in beds up to one meter thick but typically ranging from 20-40 cm thick 

(figure 13). This facies is characterized by a distinctive burrow-mottled appearance. 

Sedimentary, structures are usually not preserved, but where visible, include paraUel-laminae 

and cross-laminated sandstone. In places local silts tone/mudstone rip-up clasts up to a few 

cm in length are present toward the base of the bed. Where individual trace fossils are 

recognizable, they are typically vertically oriented, up to 1 cm in diameter, and 4 to 20 cm in 

length. See table 1 for interpretation.

5.2.9 Facies 9: Laminated Siltstone and Shale

This facies consists of dark-gray to gray-green, interbedded silty shale and siltstone 

beds up to 1 cm thick, with local interbeds of siltstone, sandy siltstone and sandstone up to 3 

cm thick (figures 14 and 15). Thin (< 5 cm), sharp-based siltstone to lower very fine-grained 

sandstone beds grade upward into silty shale in this facies. These thin sandstone intervals are 

sharp-based and may contain parallel laminations. Convolute bedding is observed in places. 

Facies 9 is only lightly bioturbated. Occasional vertical and horizontal burrows are present in 

this facies, but are never abundant. See table 1 for interpretation.

5.2.10 Facies 10: Bioturbated Mudstone

Facies 10 consists of medium- to dark-gray, silty to sandy mudstone up to 10 m thick 

(figurel6). This facies is characterized by a distinctive burrowr-motded texture which 

obscures internal sedimentary structures. Individual trace fossils of uncertain affinity include
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Figure 6 Hummocky-cross stratified sandstone of facies 2.



Figure 7 Large scale HCS of facies 2. Hammer for scale.
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Figure 8 Amalgamated sandstone of facies 3 with hammer for scale.
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Figure 9 Wave-ripple cross-laminated sandstone of facies 4. Pen for scale.



Figure 10 Current-ripple laminated sandstone of facies 5. Pen for scale. Note convolute bedding in the 
upper right corner of the photo.
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Figure 11 Parallel laminated sandstone of facies 6.
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Figure 13 Bioturbated sandstone of facies 8. Marker for scale.



Figure 14 Laminated siltstone of facies 9 with horizontal burrows.



Figure 15 Laminated siltstone and silty shale of facies 9 with hammer for scale.
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Figure 16 Bioturbated mudstone of facies 10.



distinctive vertical burrows up to 1 cm in diameter and 4 to 20 cm in length. See table 1 for 

interpretation.

5.3 Facies Associations

Four facies associations have been defined on the basis of component facies, 

stacking patterns, and bed geometries. These facies associations are interpreted to represent 

different positions in shelf and shoreface successions in a wave-dominated deltaic system. 

Measured sections through each of the facies associations are shown in each of these 

sections. Complete sections are presented in Appendix A along with corresponding facies 

associations.

5.3.1 Facies Association 1: Lower Shoreface

This association is up to 7 m in thickness and begins with up to 3 m of interbedded 

HCS sandstone (facies 2), wave ripple cross-laminated sandstone (facies 5), amalgamated 

sandstone (facies 3) and laminated siltstone (facies 9; figures 17 and 18). These facies are 

overlain by 3 to 5 m of HCS sandstone (facies 2), and wave ripple cross-laminated sandstone 

(facies 4) that contains little to no laminated siltstone (facies 10) or amalgamated sandstone 

(facies 3). Above this interval are several meters of HCS sandstones (facies 2) and wave 

ripple cross-laminated sandstones (facies 5) that contain minor parallel laminated sandstones 

(facies 7). Bioturbated sandstones (facies 8) may be found anywhere in this association.
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Interpretation

Facies association 1 is interpreted to represent a lower shoreface succession because 

of the presence of sedimentary structures formed by wave and storm generated currents, the 

lack of unidirectional current indicators, and the presence of minor amounts of mudstone 

and siltstone (Bhattacharya and Walker, 1991). In places, gutter casts are preserved which 

indicate a shallow water setting directly influenced by-scouring from rip currents associated 

with strong seaward directed flows (Myrow, 1992). The presence of minor mudstone and 

siltstone constrains this facies to deposition in the proximal offshore to distal shoreface 

setting. The increasing proportion of sandstone upward and corresponding decrease in fine

grained material, combined with the suite of sedimentary structures, suggests deposition in 

the lowest part of a prograding shoreface succession. Similar facies have been observed by 

LePain and Kirkham (2001) at other Nanushuk Formation localities on the North Slope and 

in core from the NPRA. Also similar lower shoreface associations were observed in the 

Dakota Formation of central Utah (Ulincy, 1999), the Dunvegan Formation from 

northwestern Alberta (Bhattacharya and Walker, 1991), the Mesaverde Group in northwest 

Colorado (Seidler and Steel, 2001), and from the Crawford Formation in northern Australia 

(Abbott and Sweet, 2000).

5.3.2 Facies Association 2: Offshore Transition

This association shows a general coarsening and thickening upward trend of the 

sandstone intervals and a decrease in interbedded siltstone (figures 17 and 18). This facies 

association begins with 2 to 3 m of thin (10 to 20 cm thick) sandstone beds containing wave 

ripple cross-lamination (facies 4) and, in the thicker beds, HCS (facies 2), interbedded with
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thin (up to 10 cm thick), laminated siltstone (facies 9) intervals. Sandstone beds thicken 

slightly up section with thicker beds up to 50 cm. Parallel laminated sandstones (facies 6) and 

bioturbated sandstones (facies 10) were observed in several places throughout facies 

association 2.

Interpretation

Facies association 2 represents an offshore transition succession because of the 

presence of sedimentary structures that indicate combined-flow currents, oscillatory 

currents, and the number and thickness of siltstone and mudstone interbeds (facies 9; Plint, 

1988). The occurrence of minor amounts of HCS and wave ripple laminated sandstone with 

intervals of silty shale and laminated siltstone indicates deposition from long period storm 

waves above storm wave base. Also, the greater amount of mudstone and siltstone 

compared to sandstone suggests deposition below fairweather wave base during fairweather 

conditions between storm events. Similar facies have been observed by LePain and 

Kirkham (2001) at other Nanushuk Formation localities on the North Slope and in core 

from the NPRA. Similar offshore transition associations have been observed in the Dakota 

Formation of central Utah (Ulincy, 1999), the Dunvegan Formation from northwestern 

Alberta (Bhattacharya and Walker, 1991), and the late Quaternary Texas shelf (Eckles, 2004)

5.3.3 Facies Association 3: Offshore

This facies association consists dominantly of laminated siltstone (facies 9) and 

bioturbated siltstone (facies 10) with minor thin interbeds of current ripple-laminated
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sandstone (facies 5; figures 19 and 20). Sandstone intervals in this association show a slight 

coarsening-upward trend and an increase in abundance up section.

Interpretation

This facies association represents a shallow marine offshore succession because of 

the abundance of fine grained siltstone and mudstone, that in places shows pervasive 

Bioturbation, and the lack of sandstone (Bhattacharya and Walker, 1991). Its occurrence in 

proximity to shallower water facies, in most places grading directly into facies association 3, 

suggests deposition below fairweather wave base. The absence of wave-generated structures 

suggests deposition below storm wave base. In places, rare, thin sandstone intervals show 

current ripple cross laminations that are interpreted to record deposition from unidirectional 

seaward directed flows. These are distinguished from outer shelf/slope successions because 

they show a slight thickening and coarsening upwards (Walker and Plint, 1992). Similar facies 

have been observed by LePain and Kirkham (2001) at other Nanushuk Formation localities 

on the North Slope and in core from the NPRA. Similar offshore associations have been 

observed in the Dakota Formation of central Utah (Ulincy, 1999), the Dunvegan Formation 

from northwestern Alberta (Bhattacharya and Walker, 1991), the Mesaverde Group in 

northwest Colorado (Seidler and Steel, 2001), and from the Witteberg Group of South 

Africa (Cotter, 2000).

5.3.4 Facies Association 4: Outer Shelf/Slope

This association consists of 5 to 6 m thick packages of predominandy laminated 

siltstone (facies 9) and bioturbated mudstone (facies 10) with thin current ripple cross
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laminated sandstone intervals up to 6 cm (facies 5) that fine and decrease in abundance up 

section (figures 21 and 22). Where exposed this fining and thinning upward association can 

repeat several times indicating several events.

Interpretation

This facies association represents a shelf/slope successions, recording sediment 

gravity flows, and possible low density turbidites, on the distal marine shelf and upper slope. 

The fining and thinning upward association of sandstones with current ripple cross

lamination interbedded with thick packages of siltstone and mudstone suggests 

unidirectional flows in deep water settings below storm wave base (Bouma and others, 1982; 

Walker, 1992). Similar slope settings are described from the Yakataga Formation in southern 

Alaska (Wartes, 2000) and the lower Dysodolic Shale from the east Carpathians, Romania 

(Sylvester and Lowe, 2004).
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Figure 17 Facies Association 1 and 2. Section from the Gunsight Mountain locality
showing a complete lower shoreface facies association.
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Figure 18 Facies Association 1, 2, and 3. Section from the Arc Mountain locality
showing lower shoreface, offshore transition, and offshore facies associations.
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Figure 19 Facies Association 1, 2, and 3. Section from the Arc Mountain locality
showing lower shoreface, offshore transition, and offshore facies associations.
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Figure 20 Facies Association 2 and 3. Section from the Arc Mountain locality showing 
offshore and offshore transition facies associations.
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Figure 21 Facies Association 4. Section from the Arc Mountain locality showing an outer
shelf/slope gravity flows association.
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Figure 22 Facies Association 4. Section from the Slope Mountain locality showing
an outer shelf/slope gravity flows facies association.



Chapter 6 Petrology

The petrology of the Torok and Nanushuk formations has been examined by several 

authors working on the North Slope. Petrographic studies were carried out by the USGS 

(Bartsch-Winkler, 1979, 1985; Bartsch-Winkler and Huffman, 1988) in their studies of the 

petroleum potential of the NPRA. They examined surface and subsurface samples of the 

Torok and Nanushuk formations from scattered outcrop locations (Bartsch-Winkler and 

Huffman, 1988) and from wells in the NPRA. They recognized two sandstone suites over 

the east-west onshore extent of the Nanushuk Group (old nomenclature, including some 

sandstones in the Torok Formation). These two suites correspond to the Corwin (western 

suite) and Umiat (eastern suite) deltas recognized by Ahlbrandt and Huffman (1978). 

Johnsson and Sokol (1998) completed detailed petrographic analyses of sandstones from the 

Torok and Nanushuk formations exposed at Slope Mountain. Their work focused on 

placing their petrographic results into a depositional model.

6.1 Methods

Sixty-one sandstone samples were analyzed from four measured stratigraphic 

sections that span the upper part of the Torok Formation and lower part of the Nanushuk 

Formation (Torok-Nanushuk transition; figure 2). Table 2 contains normalized point count 

data for 61 samples of the Torok and Nanushuk formations from both surface and 

subsurface locations. Raw data are compiled in Appendix B and the locations where they 

were collected are shown on the measured sections presented in Appendix A.

Samples were collected at regular intervals (approximately 1 -2 m) in each 

stratigraphic section to minimize sampling bias and to ensure coverage of all facies.
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Table 2: Point-count data for surface and sub-surface samples

S am ple # Q Q m C h F L L t L m Ls Lv

G u n s ig h t M tn
99DL63-1.8 60.9 42.7 11.4 0.9 38.2 56.4 76.2 23.8 0.0
99DL63-33.8 46.0 35.0 8.5 3.0 51.0 62.0 74.5 25.5 0.0
99DL63-64.5 70.7 45.5 12.8 4.0 25.3 50.5 52.0 48.0 0.0

99DL63-74.0 46.7 33.7 8.0 0.0 53.3 66.3 69.4 30.6 0.0
99DL63-85 62.8 35.4 15.0 0.0 37.2 64.6 61.9 38.1 0.0

99DL63-87.5 70.0 47.8 14.3 0.0 30.0 52.2 81.5 18.5 0.0

99DL63-88 55.0 33.8 12.7 0.0 45.0 66.2 82.4 17.6 0.0
99DL63-77.8 62.3 47.2 9.4 0.0 37.7 52.8 90.0 10.0 0.0
A rc M tn
99DL47-0 74.2 53.4 17.7 0.0 25.8 46.6 50.0 20.8 0.0

99DL47-1.7 76.8 53.4 21.1 2.0 21.2 43.8 9.5 0.0 0.0

99DL47-3 58.3 46.9 13.1 1.7 40.0 51.0 52.2 32.6 0.0
99DL47-8 62.6 55.2 10.8 0.0 37.4 44.8 35.1 10.8 0.0

99DL47-10.1 65.7 58.1 11.7 1.0 33.3 40.7 42.4 15.2 0.0

99DL47-34.3 82.5 69.9 12.6 0.0 17.5 30.1 35.3 11.8 0.0
99DL47-100.5 55.9 41.2 7.6 1.8 42.3 56.9 66.0 29.8 0.0
99DL47-103 71.6 58.7 13.6 0.9 27.5 40.2 60.0 20.0 0.0
99DL47-111.4 66.3 54.8 19.0 1.1 32.6 43.8 54.8 9.7 0.0
99DL47-113.4 62.5 52.0 13.0 1.1 36.4 46.7 50.0 ■ 18.8 0.0

99DL47-116.3 71.4 64.6 15.0 7.1 21.4 26.8 33.3 0.0 0.0
99D L47-118.2 67.7 62.1 4.0 3.0 29.3 34.7 55.2 10.3 0.0
99DL47-119.9 70.0 63.5 5.4 2.2 27.8 34.1 56.0 12.0 0.0

99DL47-123 64.8 58.1 5.3 2.2 33.0 39.5 76.7 20.0 3.3

99D L47-169.5 67.8 57.8 4.5 2.3 29.9 39.8 76.9 3.8 0.0
99DL47-172.7 69.9 60.4 6.7 4.9 25.2 34.4 42.3 3.8 3.8
99D147-176 67.1 63.4 6.8 9.2 23.7 26.8 77.8 5.6 0.0

99DL47-178.5 74.4 65.4 0.0 9.0 16.7 25.6 46.2 23.1 0.0
99DL47-178.9 83.3 63.9 12.3 3.1 13.5 32.5 23.1 0.0 7.7

99DL47-181 80.0 55.4 13.9 1.7 18.3 42.6 59.1 13.6 0.0
99DL47-183 79.8 56.8 13.4 1.0 19.2 42.0 30.0 5.0 0.0
99DL47-205.4 50.5 33.0 7.8 1.8 47.7 65.0 75.0 21.2 3.8

S am ple  # Q Q m C h F L L t L m Ls Lv F ac i

S lope M tn
99RK 117-0.3 46.2 40.1 7.0 0.0 53.8 59.9 62.0 52.0 0.0 4

99RK117-3 42.6 37.8 4.7 0.0 57.4 62.2 94.8 39.7 0.0 4

99RK 117-5.6 39.1 31.7 6.6 0.0 60.9 68.3 50.0 46.7 0.0 4

99RK117-9.5 50.3 44.8 7.4 0.0 49.7 55.2 59.6 48.9 0.0 4

99RK 117-22.9 43.7 41.8 1.7 0.0 56.3 58.2 70.5 59.7 0.0 4

01RK05A-1.5 44.5 41.0 4.0 0.0 55.5 59.0 56.6 53.8 0.0 4

01RK05A-3 35.6 32.4 3.0 0.0 64.4 67.6 61.8 54.5 0.0 4

01RK05A-18.3 46.9 38.2 11.1 1.0 52.1 60.6 43.6 40.6 0.0 4

01RK05A-36 64.3 57.7 6.7 0.0 35.7 42.3 55.7 52.9 0.0 4

01RK05A-41.5 39.5 32.1 4.0 0.5 60.0 67.4 59.8 55.6 0.9 4

G ra n d s ta n d  T e s t well
00RK01-3170 51.8 33.3 10.4 1.8 46.5 64.7 90.6 9.4 ;0.0 4

00RK 01-2499.5 43.6 33.3 7.9 0.9 55.6 65.8 100.0 0.0 0.0 2

00RK01-2468 56.6 40.4 12.8 3.5 39.8 56.0 93.3 6.7 0.0 1

00RK01 -2484 54.4 42.2 9.0 2.6 43.0 55.0 93.9 6.1 0.0 1

OORKOl -2697 39.2 29.8 6.9 2.1 58.8 68.1 98.2 1.8 0.0 4

0ORK01-2004 64.1 48.9 11.5 0.0 35.9 51.1 54.5 45.5 9.1 1

OORKOl-1389 61.3 45.9 12.0 0.9 37.8 53.2 31.0 69.0 2.4 1

OORKOl-1409 68.1 54.7 8.8 1.7 30.2 43.4 45.7 54.3 0.0 1

00RK01-1614 66.4 58.7 5.3 1.8 31.8 39.4 28.6 71.4 0.0 1

OORKOl-1765 . 60.9 46.8 10.2 0.0 39.1 53.2 15.6 84.4 0.0 1

OORKOl-2697 49.6 38.7 6.7 2.6 47.8 58.6 21.8 78.2 3.6 4

OORKOl-2513 52.4 38.4 7.8 0.7 46.9 60.9 85.1 14.9 7.5 2

OORKOl-2470.8 56.1 43.4 8.6 0.0 43.9 56.6 65.6 34.4 4.9 1

OORKOl-2169.5 66.2 52.9 6.8 0.0 33.8 47.1 37.0 63.0 2.2 1

OORKOl-2152.5 62.7 45.9 11.8 0.0 37.3 54.1 41.5 58.5 0.0 1

OORKOl-2477 32.6 28.0 2.7 0.0 67.4 72.0 33.0 67.0 2.1 1

F ac ies

4
4
2
1
1
1
1
1

2
2
2
2
2
2
2
2
1
1
1
1
1
1
2
2
1
1
1
1
1
1

Q: Q uartz Qm: Monocrvstaline Q uartz Ch: Chert F: Feldspar L: Lithic Lt: Lithics including chert Lm: M etam orpic Lithic Ls: Sedimentry Lithic Lv: Volcanic Lithics 
F aces: 1 Lower shoreface; 2 O ffshore transition; 3 O ffshore; 4 O uter shelf/Slope gravity flows C No



Collected sandstones were split into two samples. The first sample was saved as a lithic 

sample for possible future analysis. The other split was cut for a standard petrographic thin 

section. All thin sections were etched and stained with sodium cobaltinitrate to facilitate 

identification of potassium feldspars. Before point counting of these samples began, a 

preliminary analysis of all samples was undertaken to determine a proper counting grid, 

determine the representative grain types, and identify any questionable grains. At least 400 

framework grains were counted from each thin section in order to achieve at least a 95 

percent confidence level for points counted on the whole rock (Van der Plas and Tobi,

1965). Grains that were larger than the point counting grid skip distance were only counted 

once. Both matrix and cement were counted but not included in the recalculated point count 

parameters for construction of ternary diagrams. Classification of framework grains was 

based on the point counting methods of Gazzi— Dickinson (Ingersoll and others, 1984) and 

Decker (1985).

Point—count data are plotted on ternary diagrams with quartz (Q), feldspar (F), and 

lithic (L) grains, or some variant of these three framework components, at the apices of the 

triangle (Folk, 1974; Dickinson and Suczek, 1979). Fields representing broadly defined 

tectonic settings are typically shown on these diagrams, or their variants, to help differentiate 

provenance (Dickinson and Suczek, 1979; Dickinson and others, 1983). The basic QFL 

diagram plots total quartz (Q), feldspar (F) and lithic fragments (L), including chert, to 

determine framework composition of sandstone grains. This diagram emphasizes grain 

stability and possible relief of the source area. A variant of the basic QFL plot is the QmFLt 

diagram (Dickinson and others, 1983) which shows monocrystalline quartz (Qm), feldspar 

(F), and total lithic grains, including chert and polycrystalline quartz (Lt). The QmFLt
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diagram is designed to emphasize the source rock by placing polycrystalline quartz in the 

lithic category. The third variant of the QFL plot is the QpLvLs diagram, which plots 

polycrystalline quartz and chert (Qp), lithic volcanic grains (Lv), and lithic sedimentary grains 

(Ls). This plot emphasizes less stable components that are useful in discriminating 

provenance.

6.2 Common Sandstone Grain Types

Quartz: This group consists of both polycrystalline and monocrystalline quartz (figures 23, 

24, 25) displaying both straight and undulose extinction. No obvious quartz overgrowths 

were observed on quartz grains.

Chert: These grains consist of siliceous cryptocrystalline and microcrystalline quartz (figures 

23, 28, 29, and 30). Grains appear white to brown in plane polarized light.

Argillaceous Chert: These chert grains include clay-sized, non-quartz/chert constituents, 

imparting a brown color in plane light. Argillaceous chert grains typically retain some their 

dirty brown appearance in cross polarized light.

Feldspar: Plagioclase feldspar (figures 25 and 27) is the only feldspar observed in the sample 

suite. Plagioclase is recognized by its distinct polysynthetic twinning. These grains commonly 

show intense alteration that leaves only a faint trace of the original twinning.

White mica (figures 23, 24, and 25): Mica grains are fairly common in some areas of the thin 

sections examined. They consist of elongate grains of mica that commonly show burial 

deformation caused by compaction and bending around more competent grains. These mica 

grains comprise a subgroup of the metamorphic rock fragment grain type described below.
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Sedimentary Rock Fragments (figures 26, 27, and 31): This group is made up of shale and 

siltstone grains. In thin section it is obvious that these grains have undergone ductile 

deformation during burial. In places, all that remains are thin layers of pseudo-matrix with 

no evidence of the original grains.

Metamorphic Rock Fragments: This group consists of quartz-mica-schist and mica-schist 

fragments (figure 32). These grains are commonly seen partially wrapped around more 

competent grains, indicating deformation from compaction associated with burial.

Volcanic Rock Fragments: Volcanic rock fragments are rare in sandstones of the Torok and 

Nanushuk formations examined for this research. Volcanic rock fragments consist of pale 

green grains that are typically highly altered at the edges.

6.3 Textural Properties

The textural properties of sandstones examined in this study appear consistent. 

Sandstones from the upper Torok Formation and lower Nanushuk Formation are generally 

lower very fine- to fine-grained. Individual sand grains range in size from 0.09 mm to 0.3 

mm long with some outsized grains (figure 25) up to approximately 0.6 mm. Grains as small 

as approximately 0.06 mm at their apparent widest part are also observed (figure 23). The 

framework grains of these sandstones are well- to very well-sorted. Sorting does not appear 

to vary with stratigraphic position over the studied interval. Grain shape varies from angular 

to sub-rounded, with most samples containing mostly sub-angular grains.
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Figure 23 Photomicrograph of very-fine grained Torok Formation 
sandstones. Photomicrograph shows the abundant quartz and 
chert and the minimal porosity. A-Plane light. B-Cross-polarized 
light, q-quartz, ch-chert, m-mica, ls-sedimentry lithic.
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Figure 24 Photomicrograph of very-fine grained Torok Formation 
sandstones. The field of view of this image is ~1.0mm. It shows 
the abundance of quartz and mica and the absence of porosity in 
some sandstone intervals. A-Plane light. B-Cross-polarized light, 
q-quartz, ch-chert, m-mica.
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Figure 25 Photomicrograph of very-fine grained sandstone from 
the Torok-Nanushuk transition. A-Plane light. B-Cross-polarized 
light. In the center of the images is a plagioclase feldspar grain 
with distinct polysynthitic twinning (f) that has been slightly 
deformed during burial, q-quartz, ch-chert, m-mica, ls-sedimentry 
lithic.
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Figure 26 Photomicrograph of very-fine grained Torok Formation 
sandstones. A-Plane light. B-Cross-polarized light. In the center 
of the images is a well preserved mica grain (m) that has been 
slightly deformed during burial, q-quartz, ch-chert, m-mica, ls- 
sedimentry lithic.
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Figure 27 Photomicrograph of very-fine grained sandstone from 
the Torok-Nanushuk transition. A-Plane light. B-Cross-polarized. 
In the center of the images is a plagioclase feldspar (f) grain with 
distinct polysynthitic twinning, q-quartz, ch-chert, f-feldspar, ls- 
sedimentry lithic.
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Figure 28 Photomicrograph of very-fine grained sandstone from 
the Torok-Nanushuk transition. The center grain is a 
metamorphic rock fragment (Lm) consisting of quartz and mica. 
This grains shows some deformation due to compaction. A-Plane 
light. B-Cross-polarized light, q-quartz, ch-chert, m-mica, ls- 
sedimentry lithic.
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Figure 29 Photomicrograph of very-fine grained sandstone from 
the Torok-Nanushuk transition. This photomicrograph shows 
more examples of grain types found in the Torok and Nanushuk 
formations. A-Plane light. B-Cross-polarized light, q-quartz, ch- 
chert, m-mica.
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Figure 30 Photomicrograph of very-fine grained sandstone from 
the Torok-Nanushuk transition. A-Plane light. B-Cross-polarized 
light., q-quartz, ch-chert, m-mica, ls-sedimentry lithic, op-opaque 
grains.
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Figure 31 Photomicrograph of very-fine grained sandstone from 
the Torok-Nanushuk transition. A-Plane light. B-Cross-polarized. 
q-quartz, ch-chert, m-mica, ls-sedimentry lithic, lv-volcanic lithic.



Figure 32 Photomicrograph of very-fine grained sandstone from 
the Torok-Nanushuk transition. A-Plane light. B-Cross-polarized. 
q-quartz, ch-chert, m-mica, ls-sedimentry lithic.
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6.4 Porosity and Cementation

The porosity of samples estimated from point-count data is low to nonexistent with 

a few samples whose porosity is greater then the average porosity (~1%) for all samples. 

Samples collected at Arc Mountain average 1 % porosity, with the highest porosities (7 %) 

found in 2 samples. Samples collected at Gunsight Mountain have 0 % porosity. Samples 

collected from Slope Mountain average 0.4 % porosity, with the highest porosity being 2 %. 

Samples collected from core taken from the Grandstand Test Well have an average porosity 

of 1.1 %, with the highest observed porosity being 5.7 %. The porosity values determined 

here agree with the porosity values presented by Johnsson and Sokol (1998) from the Torok 

and Nanushuk formations at Slope Mountain in similar offshore to shoreface settings. In 

contrast to the poor porosity values presented in this thesis and in the work by Johnsson and 

Sokol (1998), the work by Fox and others (1979) shows much higher porosity values from 

higher e n e r g y  delta front (foreshore) deposidonal systems.

Porosity in all of the samples collected for this thesis is controlled mainly by the 

abundance of interstitial clays, pseudo-matrix, and mica. Porosity estimates are derived from 

pore spaces observed during point counting (Appendix B). No obvious chemical cements 

are observed in these samples, and cementation is, therefore, probably controlled by grain to 

grain contacts and/or by the clay matrix material acting as cement.

6.5 Petrofacies

Arc Mountain: Samples collected from Arc Mountain are classified as litharenites based on 

their plotted positions on the QFL diagrams (figures 33; Folk, 1974). Sand grains consist



predominantly of monocrvstalline quartz, chert and lithic grains. Lithic grains consist 

primarily of metamorphic lithic grains (approximately 77% of lithic grains), sedimentary 

grains (approximately 22% of lithic grains), and minor amounts of volcanic grains (less than 

1% of total lithic grains). Feldspar grains are rare (approximately 3% of total grains) and 

consist solely of plagioclase feldspar.

Gunsight Mountain: Samples collected from Gunsight Mountain are classified as litharenites 

based on their plotted positions on the QFL diagram (figure 34). The dominant grain types 

include monocrystalline quartz, chert, and lithic grains. Lithic grains consist predominantly 

of metamorphic lithic grains (approximately 87% of lithic grains) and sedimentary grains 

(approximately 13% of lithic grains). Feldspar grains are rare (approximately 3% of total 

grains) and consist solely of plagioclase feldspar.

Slope Mountain: Samples collected from Slope Mountain are litharenites based on their 

plotted positions on the QFL diagram (figure 35). The sand grains consist predominandy of 

monocrystalline quartz, chert, and lithic grains. Lithic grains consist of roughly equal 

percentages of metamorphic lithic grains (approximately 49% of lithic grains) and 

sedimentary grains (51% of lithic grains). Feldspar grains are rare (<1% of total grains) and 

consist solely of plagioclase feldspar.

Grandstand Test Well: Samples taken from the Grandstand core are classified as litharenites 

based on the triangular QFL diagrams (figure 36). The majority of grains are 

monocrystalline quartz, chert, and lithic grains. Lithic grains consist of roughly similar
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percentages of metamorphic lithic grains (54% of lithic grains) and sedimentary grains (43% 

of lithic grains), and include a minor amount of volcanic lithic grains (<3% of lithic grains).

6.6 Provenance

Sandstone samples from the Torok-Nanushuk intervals were all plotted on QFL, 

QmFLt, and QmLvLs ternary diagrams with fields plotted after those suggested by 

Dickinson (1985) and Dickinson and Suczek (1979). The QmFLt ternary diagrams (figures 

37, 38, 39, and 40) show that samples plot in both the quartzose recycled provenance and 

the transitional recycled provenance. The QFL ternary diagrams for all sample locations 

(figures 41, 42, 43, and 44) show that these sediments were derived from the recycled 

orogenic provenance. On the QpLvLs ternary diagrams (figure 45) samples from all sample 

localities plot in the collisional orogenic sources field.
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Quartz

Figure 33 Triangular QFL plot of 20 Torok and Nanushuk 
Formation sandstones from the lower shoreface and 
offshore transition succession at the Arc Mountain 
Location.
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Feldspar

Quartz

Figure 34 Triangular QFL plot of 9 Torok and Nanushuk
Formation sandstones from the offshore transition and
offshore succession from the Gunsight Mountain Location.

Rock
Fragments 
(Including chert)
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Quartz

(Including chert)

Figure 35 Triangular QFL plot of 10 Torok and Nanushuk 
Formation sandstones from the offshore and outer 
shelf/slope gravity flows succession from the Slope 
Mountain Location.
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Feldspar

Quartz

Figure 36 Triangular QFL plot of 21 Torok and Nanushuk
Formation sandstones from the lower shoreface to offshore
succession from the Grandstand Test Well.

Rock
Fragments 
(Including chert)
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Figure 37 Triangular QmFLt plot of 6 Torok and Nanushuk 
Formation sandstones from the lower shoreface and 
offshore transition succession at the Arc Mountain 
Location.
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Figure 38 Triangular QmFLt plot of 9 Torok and 
Nanushuk Formation sandstones from the offshore 
transition and offshore succession from the Gunsight 
Mountain Location.
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Figure 39 Triangular QmFLt plot of lOTorokand 
Nanushuk Formation sandstones from the offshore and 
outer shelf/slope gravity flows succession from the Slope 
Mountain Location.
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Figure 40 Triangular QmFLt plot of 21 Torok and
Nanushuk Formation sandstones from the lower shoreface
to offshore succession from the Grandstand Test Well.
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Figure 41 Triangular QFL plot of 6 Torok and Nanushuk 
Formation sandstones from the lower shoreface and 
offshore transition succession at the Arc Mountain 
Location.
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Figure 42 Triangular QFL plot of 9 Torok and Nanushuk
Formation sandstones from the offshore transition and
offshore succession from the Gunsight Mountain Location.
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Figure 43 Triangular QFL plot of 10 Torok and Nanushuk 
Formation sandstones from the offshore and outer 
shelf/slope gravity flows succession from the Slope 
Mountain Location.
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Figure 44 Triangular QFL plot of 21 Torok and Nanushuk
Formation sandstones from the lower shoreface to offshore
succession from the Grandstand Test Well.
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Figure 45 Triangular QpLvLs plot of 62 Torok and 
Nanushuk Formation sandstones from the Arc Mountain, 
Slope Mountain, Gunsight Mountain, and Grandstand Test 
Well sample locations. Plot shows that most samples plot in 
the collisional orogen sources field.



Chapter 7 Discussion

7.1 Facies and Depositional Environments

This research focuses on exposures of the Torok and Nanushuk formations between 

Slope Mountain and Gunsight Mountain, including core from the Grandstand Test Well 

(figure 1). Measured sections range in thickness from approximately 50 to 200 m in both 

outcrop and core. Each location shows similar facies, consisting of trough cross-bedded 

sandstone, hummocky cross-stratified sandstone, amalgamated sandstone, wave ripple cross

laminated sandstone, current ripple cross-laminated sandstone, parallel laminated sandstone, 

massive sandstone, bioturbated sandstone, laminated siltstone and mudstone, and 

bioturbated mudstone (Table 1). Combinations of these facies define 4 facies associations 

that are interpreted to represent lower shoreface, offshore transition, offshore, and outer 

shelf/slope gravity flow environments. These facies associations were deposited as 

progradational cycles of shallowing-upward, storm-dominated, mudstones and delta related 

shoreface sandstones. Stratigraphically more limited deeper water gravity flow deposits are 

present near the base of many progradational cycles. Cycles are stacked to form repetitive 

successions. These sediment packages show a transition from deeper water, outer shelf 

environments to deposition in shallow water above fairweather wave base (e.g. offshore to 

upper shoreface). Some variations include successions that do not shallow to the shoreface 

environment (figure 19). Most cycles are capped by marine flooding surfaces marking an 

abrupt change to deeper water environments of the offshore or offshore transition facies 

assemblages (figure 18 and 20) and the progradational succession is repeated again in the 

next higher cycle. An excellent example of these shoreface cycles is exposed at Arc Mountain 

(Plate 1). The measured interval includes at least three of these cycles with each cycle
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recording a progressively shallower facies and facies association. These cycles condnue to 

grade upwards into shallower environments and after the third cycle and subsequently 

grading to beach and fluvial environments higher in the section (LePain and Kirkham, 2001).

Some authors have used delta front terminology to describe the Nanushuk 

Formation (Ahlbrandt and others, 1978; Huffman and others, 1985, 1988; and LePain and 

others, 2002). This terminology is hard to apply to the Nanushuk Formation exposed at 

many widely spaced outcrops in the central North Slope. Facies described in this thesis and 

by LePain and Kirkham (2001) suggest that individual delta lobes were wave-dominated to 

wave-influenced, making cycles difficult to distinguish from typical shoreface-offshore 

successions. When these rocks are examined within their regional context, however, it is 

possible to interpret the observed shallowing-upward packages as part of a storm-dominated 

delta system (e.g. Umiat Delta system; Ahlbrandt and others, 1978; Huffman and others, 

1985, 1988). Facies stacking patterns described herein resemble facies described for wave- 

dominated deltas in the Cretaceous San Miguel Formation (Weise, 1980)

7.2 Controls on Sedimentation at the Torok-Nanushuk Transition

While the exact cause of the observed stratal patterns cannot be determined with 

certainty we can speculate on some of the causal mechanisms that led to their formation. 

This section will discuss the possible eustatic, tectonic, and autocyclic controls, on facies 

associations and their stacking patterns. These different controls will then be reconciled to 

give a possible mechanism for the observed stacking patterns.

There is no definitive evidence for eustatic sea level changes as a primary control on 

facies stacking patterns in the upper Torok and lower Nanushuk formation. This does not



completely eliminate eustasy as a possible contributing factor. Clear evidence for relative sea 

level changes have been observed in this study area and throughout the Torok-Nanushuk 

outcrop belt. Obvious examples of subaerial exposure, including valley incision into 

shoreface successions and paleosol development, have been observed in proximal settings 

higher in the Nanushuk Formation and may be related to eustatic changes (McCarthy, 2003; 

LePain and others, 2002).

LePain and Kirkham (2001) documented two sharp-based shoreface packages 

bounded by surfaces of erosion near the top of the Nanushuk Formation at Ninuluk Bluff 

that represent combined unconformity"/transgressive surfaces. The stratigraphically higher 

surface corresponds to the Nanushuk-Seabee Formation contact and has been recognized at 

widely spaced location throughout the east-central North Slope (LePain 2005, personal 

communication). Available age controls suggest that this surface has a eustatic control that 

can be loosely correlated with a Cenomanian eustatic sea level rise (Haq and others, 1988; 

Sahagian and Jones, 1993). The incised valley fill recognized in the Nanushuk at Slope 

Mountain (above the studied deposits) is situated in the lower part of the Nanushuk 

Formation and predates the features mentioned above. With the data available, it is not 

possible to attribute the Slope Mountain feature to eustacy or rule out eustacy as a 

contributing factor. There is also evidence of valley cutting and incision in the Nanushuk 

Formation midway between Ninuluk Bluff and Umiat that is probably correlative with the 

upper shoreface packages at Ninuluk Bluff (LePain 2005, personal communication). It is 

difficult to correlate incision surfaces, ravinement surfaces, marine flooding surfaces, and 

paleosols with any certainty7 across the large distances involved with the limited
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biostratigraphic control available although, it is possible to document synchronous sea level 

changes in this area that might be attributable to a eustatic signature.

Data presented in this thesis is insufficient to support statements for or against active 

tectonism during deposition of the studied interval. However, several lines of evidence 

suggest tectonic controls on depositional style in the Torok-Nanushuk sections examined for 

this thesis. Stratigraphic analyses of sandstones in the Torok-Nanushuk formations show 

increasing amounts of sand and thicker packages of sand upwards in the sections. Several 

authors (Miller and Hudson, 1991; Cole and others, 1997) suggest that during Torok- 

Nanushuk deposition there was uplift and erosion of the ancestral Brooks Range resulting in 

increased sedimentation rates. Cole and others (1997) also suggest that, during this time, the 

Colville basin underwent tectonic rebound which would have resulted in decreased 

accommodation. Evidence for active deformation and syntectonic sedimentation has been 

observed in alluvial conglomerates at the top of the nonmarine part of the Nanushuk 

Formation (Finzel, 2004) consistent with Cole and others (1997) suggestion of basin-wide 

rebound. Petrographic data presented in the previous chapter indicates no major changes in 

grain composition in the sections measured, which suggests no major changes in the source 

terrane for the sands deposited in the Torok-Nanushuk formations (see section 7.3 for 

discussion). This data also suggest that sandstones from the Torok-Nanushuk formation 

were derived from erosion of thrust sheets emplaced during a mountain building event 

(recycled orogen of Dickinson and Suczek, 1979).

Heller and others (1988) suggest that during active thrusting a decrease in sand 

upwards in the section might be expected due to increased subsidence resulting from crustal 

loading. The Torok-Nanushuk sections described in this thesis show an increase in the
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number and thickness of sand packages upward in the section. This trend is opposite to that 

predicted by Heller and others (1988) if deposition was coeval with major thrust loading, and 

suggests cessation of major thrusting and basin rebound during deposition, assuming 

constant sediment supply. It is also possible that an increase in sediment supply may have 

led to the observed stratal patterns, although, in the absence of independent evidence for 

major climate changes or drainage basin changes (e.g., stream capture), this seems less likely.

Stacked progradational shoreline successions separated by flooding surfaces can also 

be generated in marginal marine deposits due to channel avulsion and delta lobe 

abandonment (autocyclicity; Bhattacharya and Walker, 1991). Stacked facies associations 

studied in this thesis could be the result of autocyclic processes inherent in a wave- and 

storm-dominated deltaic system. Coarsening upward successions deposited in deltaic settings 

resulting from autocyclic processes should not be present over large areas, but should be of 

relatively limited extent. The lack of suitable exposures in the study area precludes 

correlation of individual coarsening-upward successions between different locations.

By examining regional data together with stratigraphic, petrologic and 

sedimentologic data compiled in this thesis it seems most likely that all observations on the 

studied interval can be reconciled with some combination of tectonic upwarping and 

exhumation giving rise to autocyclic sedimentary processes and associated relative sea level 

changes. Deposition of the entire stratigraphic section appears to be most likely controlled 

by differential subsidence, itself controlled by thrust loading, although smaller scale stratal 

patterns probably resulted from superimposed relative sea level changes resulting from 

eustatic mechanisms and autocyclic delta lobe switching. More detailed surface to

94



subsurface correlations and a much denser data set will be required to shed more light on the 

causal mechanisms for the observed stratigraphic patterns within this basin.

7.3 Sediment Source Area and Controls on Sandstone Composition

Based on the predominance of metamorphic fragments in the Torok and Nanushuk 

formations, the Endicott Group in the Endicott Mountains allochthon is the most likely 

source for these sandstones in the upper Torok and lower Nanushuk Formation. Cole and 

others (1997) used apatite fission track data to show uplift of the Endicott Mountains 

allochthon during the same time interval that the Torok and Nanushuk formations were 

being deposited. The Endicott Mountains allochthon was also suggested as a source area for 

sandstones deposited at the Slope Mountain locality by Johnsson and Sokol (1998). These 

authors also observed a change in provenance (increase in volcanic lithic fragments) 

stratigraphically up-section, which they attributed to uplift in the Brooks Range. A similar 

petrographic change was not observed in this study, probably because the sandstones 

observed here were stratigraphically lower than those observed by Johnsson and Sokol 

(1998). Data presented in this thesis suggest no major changes in lithologies exposed to 

weathering in the source terrane (Endicott Group in the Endicott Mountains allochthon).

The sandstones in the study area tend to spread out along the quartzose to lithic axis 

(figure 46 and 47). When these samples are grouped based on their facies association they 

tend to show a slight cleaning of the lithic component based on their depositional 

environment (figure 46 and 47). For example, sandstones deposited in the higher energy 

shoreface environment tend to be cleaner (less lithic material) than sandstones deposited in 

the outer shelf/upper slope environments. From this I conclude that the changes recorded
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Figure 46 Triangular QmFLt plot showing samples divided 
into their respective facies associations.
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Figure 47 Triangular QFL plot showing samples divided into 
their respective facies associations.
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in these sandstones are not due to changes in provenance, but result from higher energy 

conditions inherent in shoreface settings relative to offshore settings.

7.4 Reservoir Quality

Sandstones associated with the Torok-Nanushuk transition are described as fine 

grained and texturally and mineralogically immature, with a high abundance of clay and mica 

matrix (figures 25, 28, and 29). The cleanest sandstones were deposited in higher energy 

shoreface environments where shoaling fairweather waves and storm waves winnowed most 

clay. The extent and thicknesses of these shoreface sandstones makes them a potentially 

important reservoir in the subsurface of the North Slope, but the overall lithic character 

tends to degrade the overall reservoir properties of these sandstones. Consequently, a 

detailed understanding of the framework mineralogy and subsequent diagenetic modification 

of framework grains, particularly as they relate to porosity reduction or enhancement, is a 

critical component in the evaluation of any hydrocarbon play in the Torok and Nanushuk 

Formation.
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Chapter 8 Conclusions and Recommendations for Future Work

8.1 Conclusions

1. The upper Torok and lower Nanushuk formations were deposited in marine settings 

ranging from a deep water, outer-shelf/slope setting through offshore shallow 

marine shelf to upper shoreface environments.

2. Shoreface successions thicken and coarsen slighdy upwards in the section.

3. The suite of sedimentary structures observed in shorefaces packages preserved in the 

uppermost Torok and lower Nanushuk formations suggests deposition in wave- and 

storm-dominated settings

4. Stratal patterns recognized in the studied interval are interpreted to have been 

formed primarily in response to punctuated tectonism and quiescence, although 

some influence from eustatic sea level changes and climate changes cannot be 

completely ruled out. Local changes in sediment supply, ultimately controlled by 

delta lobe switching and fluvial channel avulsion are probably significant controls on 

depositional patterns at a smaller scale.

5. Shoreface sands are fine-grained, immature lithic sandstones that are classified as 

litharenites.

6. Lithic grain types are predominantly metamorphie and sedimentary grains. No 

volcanic rock fragments were identified.

7. Provenance studies show that these sandstones were derived from a collisional 

orogenic source and fall in the quartzose to transitional recycled orogenic 

provenance, and that the sediment source was apparently unchanging upward



through the section. The Endicott Mountains allochthon is the most likely source 

area for the sandstones studied here.

8. There is a decrease in lithic material from the outer shelf deep water setting to the 

storm dominated shoreface setting that is attributed to increased reworking and 

winnowing by waves in the higher-energy, shallow water settings.

9. The basin fill is consistent with tectono-sedimentary models suggesting deposition 

of marine shales immediately following tectonic loading with subsequent 

progradation of marine shoreface sands and/or delta lobes during a period of 

tectonic rebound and exhumation.

10. Petrologic characteristics of the sandstones indicating low porosities and an 

abundance of micas and clay matrix material suggest that these rocks would not form 

good reservoirs.

8.2 Recommendations for Future Work

1. One of the major challenges for field-based, North Slope research is the lack of well- 

exposed, closely spaced outcrops. This limited my ability to tie these far ranging 

locations together and place them into a sequence stratigraphic context. Tying this 

data to a high resolution seismic and/or well log network would allow accurate 

correlations to be made that should ultimately yield better interpretations 

surrounding the timing and evolution of these shoreface environments.

2. This research incorporates only one well from the central foothills region. 

Incorporating additional core data from similar depositional environments would 

allow better controls on understanding provenance.
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3. General burial conditions are known for the Colville basin, but detailed local studies 

remain scarce. Additional petrographic studies that specifically target the paragenesis 

of sandstones, including stable isotopic studies of cements, would provide important 

details on the timing and conditions of post-depositional fluid flow in these rocks.
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Appendix A 
Gunsight Mountain Petrographic Data



Table A-l Gunsight Mountain Petrographic Data
Sample # Qtm Qtp ch Cha K p WM H Ls Lm Li Op Carb Cca Cel por

total

99DL63-1.8 123 16 37 3 0 3 78 0 26 5 0 3 5 0 3 0 300
99DL63-33.8 93 5 24 5 0 8 98 0 35 3 0 11 13 0 5 0 300
99DL63-64.5 124 30 39 0 0 11 36 0 33 0 0 11 11 0 6 0 300
99DL63-74.0 90 12 23 6 0 0 93 0 44 6 0 3 12 0 12 0 300
99DL63-85 103 28 51 3 0 0 62 0 41 5 0 5 0 0 3 0 300
99DL63-87.5 118 14 41 8 0 0 58 0 14 3 0 8 8 0 28 0 300
99DL63-88 90 18 39 7 0 0 69 0 21 30 0 11 4 0 12 0 300
99DL63-77.8 130 13 29 5 0 0 81 0 10 13 0 3 3 0 13 0 300.

Sample # Q Qt Ch F L Lt Lm Ls Lv
99DL63-1.8 175 123 37 3 110 162 83 26 0
99DL63-33.8 122 93 24 8 135 165 101 35 0
99DL63-64.5 193 124 39 11 69 138 36 33 0
99DL63-74.0 125 90 23 0 143 178 99 44 0
99DL63-85 182 103 51 0 108 187 67 41 0
99DL63-87.5 173 118 41 0 74 129 61 14 0
99DL63-88 146 90 39 0 120 176 99 21 0
99DL63-77.8 172 130 29 0 104 146 94 10 0

Qtm qtz m Ls Sed rk. Frag
Qtp qtzp Lm Meta rk frag
Ch chert Li Ign rk frag
Cha chert argl °p opaques
I< K-spar Carb carb
P Plag Cca cement calcite

WM white mica Cel clay minerals/cement
H heavy min. por porosity
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Appendix B 
Arc Mountain Petrographic Data



Table B-l Arc Mountain Petrographic Data
Sample # Qtm Qtp Ch Cha K p WM H Ls

99DL47-0 117 30 60 0 0 0 21 0 36
99DL47-1.7 110 31 74 3 0 6 6 0 54
99DL47-3 119 10 44 0 0 5 23 0 57
99DL47-8 129 5 32 11 0 0 24 0 64
99DL47-10.1 135 5 35 8 0 3 24 0 51
99DL47-34.3 158 22 38 0 0 0 11 0 30
99DL47-100.5 104 27 22 7 0 5 42 0 40
99DL47-103 136 18 43 10 0 3 30 0 30
99DL47-111.4 119 3 65 0 0 3 42 0 42
99DL47-113.4 118 9 39 3 0 3 30 0 48
99DL47-116.3 143 3 43 8 0 19 19 0 38
99DL47-118.2 162 11 11 8 0 8 36 0 36
99DL47-119.9 150 11 14 3 0 6 31 0 31
99DL47-123 146 12 15 0 0 6 50 0 20
99DL47-169.5 144 21 12 9 0 6 57 0 18
99DL47-172.7 141 17 17 22 0 12 24 0 37
99D147-176 127 3 14 0 0 20 37 0 11
99DL47-178.5 153 21 0 54 0 21 9 0 21
99DL47-178.9 142 38 35 11 0 8 8 0 27
99DL47-181 122 46 41 9 0 4 22 ' 0 20
99DL47-183 119 40 38 5 0 2 12 0 33
99DL47-205.4 79 31 22 2 0 5 67 0 31

Lm Li Op Carb Cca Cel por

total

15 0 0 0 0 21 0 300
0 0 8 0 0 8 0 300
39 0 0 0 0 3 0 300
11 0 5 0 0 13 5 300
14 0 5 0 0 19 0 300
5 0 33 0 0 3 0 300

35 0 10 2 0 5 0 300
15 0 10 0 0 5 0 300
9 0 18 0 0 0 0 300
18 0 9 0 0 18 3 300
0 0 5 0 0 0 22 300
8 0 3 0 0 6 11 300
8 0 14 0 0 19 14 300
17 3 6 0 0 26 0 300
3 0 9 0 0 21 0 300
2 2 10 2 0 12 0 300
3 0 8 37 0 40 0 300
9 0 6 6 0 0 0 300
0 3 13 0 0 16 0 300
7 0 0 0 0 11 20 300
2 0 2 2 0 24 19 300
26 5 12 7 0 7 5 300
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Table B-l Arc Mountain Petrographic Data (cont.)
Sample #_________________Q Qt Ch F____ L Lt

99DL47-0 207 117 60 0 72 102
99DL47-1.7 215 110 74 6 59 91
99DL47-3 173 119 44 5 119 129
99DL47-8 166 129 32 *0 99 104
99DL47-10.1 176 135 35 3 89 95
99DL47-34.3 218 158 38 0 46 68
99DL47-100.5 154 104 22 5 117 144
99DL47-103 197 136 43 3 76 93
99DL47-111.4 187 119 65 3 92 95
99DL47-113.4 167 118 39 3 97 106
99DL47-116.3 189 143 43 19 57 59
99DL47-118.2 184 162 11 8 80 91
99DL47-119.9 175 150 14 6 69 81
99DL47-123 172 146 15 6 87 99
99DL47-169.5 177 144 12 6 78 99
99DL47-172.7 176 141 17 12 63 80
99D147-176 144 127 14 20 51 54
99DL47-178.5 174 153 0 21 39 60
99DL47-178.9 214 142 35 8 35 72
99DL47-181 209 122 41 4 48 93
99DL47-183 198 119 38 2 48 88
99DL47-205.4 132 79 22 5 125 156

Lm Ls Lv
36 15 0

6 0 0
62 39 0
35 11 0
38 14 0
16 5 0
77 35 0
45 15 0
50 9 0
48 18 0
19 0 0
44 8 0
39 8 0
67 17 3
60 3 . 0
27 2 2
40 3 0
18 9 0
8 0 3

28 7 0
14 2 0
94 26 5
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Appendix C 
Slope Mountain Petrographic Data



Table C-l Slope Mountain Petrographic Data
Sample # Qtm Qtp ch Cha K p WM H Ls Lm Li Op Carb Cca Cel por

total

99RK117-0.3 108 5 22 0 0 0 16 0 59 81 0 8 0 0 0 2 300
99RK117-3 108 5 15 0 0 0 95 0 9 68 0 0 0 0 0 0 300
99RK117-5.6 87 8 21 0 0 0 6 0 90 84 0 5 0 0 0 0 300

99RK117-9.5 120 3 23 0 0 0 15 0 58 71 0 6 0 0 0 3 300

99RK117-22.9 114 2 5 0 0 0 17 0 46 93 0 23 0 0 0 0 300

01RK05A-1.5 113 3 12 0 0 0 5 0 69 86 0 12 0 0 0 0 300

01RK05A-3 90 3 9 0 0 0 14 0 71 101 0 8 0 0 0 6 300

01RK05A-18.3 98 3 36 0 0 3 5 0 86 62 0 5 0 0 0 2 300

01RK05A-36 160 11 21 0 0 0 3 0 47 56 0 2 0 0 0 0 300

01RK05A-41.5 90 14 12 0 0 2 8 0 71 98 2 6 0 0 0 0 300

Sample # 
Sample # Q Qt Ch F L Lt Lm Ls Lv

99RK117-0.3 134 108 22 0 156 161 97 81 0
99RK117-3 128 108 15 0 172 177 163 68 0
99RK117-5.6 116 87 21 0 180 188 90 84 0
99RK117-9.5 146 120 23 0 145 148 86 71 0
99RK117-22.9 121 114 5 0 156 158 110 93 0
01RK05A-1.5 128 113 12 0 160 163 90 86 0
01RK05A-3 102 90 9 0 185 188 114 101 0
01RK05A-18.3 138 98 36 3 153 156 67 62 0
01RK05A-36 192 160 21 0 107 117 59 56 0
01RK05A-41.5 116 90 12 2 176 189 105 98 2
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Appendix D 
Grandstand Test Well Petrographic Data



Table D-l Grandstand Petrographic Data

Sample # Qtm Qtp Ch Cha K p WM H
00RK01-3170 89 32 34 0 0 5 61 0
00RK01-2499.5 97 8 26 0 0 3 105 0
00RK01-2468 117 11 42 0 0 11 53 0
00RK01-2484 121 13 29 0 0 8 50 0
00RK01-2697 87 9 22 0 0 6 71 0
00RK01-2004 138 3 36 0 0 0 15 0
00RK01-1389 125 8 38 0 0 3 3 0
00RK01-1409 146 25 28 0 0 5 3 0
00RK01-1614 153 15 15 0 0 5 0 0
00RK01-1765 130 15 33 0 0 0 0 0
00RK01-2697 108 15 20 0 0 8 3 0
00RK01-2513 106 20 24 0 0 2 12 0
00RK01-2470.8 118 12 26 2 0 0 10 0
OORKO1-2169.5 131 33 20 0 0 0 8 0
00RK01-2152.5 123 18 38 0 0 0 10 0
OORKO1-2477 80 6 8 0 0 0 10 0

Ls Lm Li Op Carb Cca Cel por

total

13 66 0 0 0 0 0 0 300
0 62 0 0 0 0 0 0 300
8 58 0 0 0 0 0 0 300
8 71 0 0 0 0 0 0 300
3 102 0 0 0 0 0 0 300
45 39 9 15 0 0 0 0 300
73 30 3 15 0 0 0 5 300
48 38 0 3 0 0 5 0 300
63 25 0 5 0 0 20 0 300
97 18 0 5 .0 0 3 0 300
108 28 5 5 0 0 3 0 300
20 102 10 0 0 4 0 0 300
42 70 6 8 0 6 0 0 300
59 27 2 10 0 2 0 8 300
62 34 0 6 0 0 0 8 300
130 54 4 • 6 0 0 2 0 300

toto



Table D-l Grandstant Petrographic Data (cont.)
Sample # Q Qt Ch F L Lt Lm Ls Lv

OORKOl-3170 350 155 89 34 5 139 174 126 13 0
OORKOl-2499.5 350 131 97 26 3 167 192 167 0 0
OORKOl-2468 350 170 117 42 11 119 162 112 8 0
OORKOl-2484 350 163 121 29 8 129 158 121 8 0
OORKOl-2697 350 118 87 22 6 176 198 173 3 0
OORKOl-2004 350 177 138 36 0 99 144 54 45 9
OORKOl-1389 350 170 125 38 3 105 145 33 73 3
OORKOl-1409 350 199 146 28 5 88 116 40 48 0
OORKOl-1614 350 183 153 15 5 88 103 25 63 0
OORKOl-1765 350 178 130 33 0 114 147 18 97 0
OORKOl-2697 350 143 108 20 8 138 163 30 108 5
OORKOl-2513 350 150 106 24 2 134 168 114 20 10
OORKOl-2470.8 350 156 118 26 0 122 154 80 42 6
OORKOl-2169.5 350 184 131 20 0 94 116 35 59 2
OORKOl-2152.5 350 179 123 38 0 107 145 44 62 0
OORKOl-2477 350 94 80 8 0 194 206 64 130 4

Or



Plate 1
Arc Mountain Measured Section 
NW1/4, Section 19, T9S, R7E 
Chandler Lake C-l Quadrangle, Alaska 
68.654 N. Latitude, 150.595 W. Longitude



Gunsight Mtn Measured section 
NW1/4, Section 34, T8S, R11E 
Chandler Lake C-4Quadrangle 
68.712 N. Latitude, 151.873 W. Longitude.

Key:
sgsss Hummocy cross stratified lamination

f r " f  Biotmbatedbeds
i ,  Swaley cross stratified lamination ~  ifej Parallel lamintaion Q Woody material

Wave ripples Gutter cast
% ^  Current ripples *=-isL>==! Wavy parallel laminations



Plate 3
Slope Mtn Measured section 
NW1/4, Section 27, T8S, R13E 
Philp Smith Mtns, C-4 Quadrangle 
68.725 N. Latitude, 149.023 W. Longitude.



Plate 4
Grandstand Test Well Measured section 
NE 1/4, Section 32, T5S, R01E 
Philp Smith Mtns, C-4 Quadrangle 
68.980 N. Latitude, 151.917 W. Longitude.


