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Abstract

This study documents the stratigraphy, facies, facies associations, depositional
environment, sequence stratigraphy, and conodont biostratigraphy of the upper
Nanushuk River section of the Lisbume Group. 1621 meters of Kayak Shale and
Lisbume Group rocks were measured and studied for facies analysis. Sixteen lithofacies
and eleven microfacies were identified composing six facies assemblages. Facies
analysis, stacking patterns, and associations suggest that the Nansushuk River section
represents a homoclinal carbonate ramp recording an intertidal (Kayak Shale) and open
marine to basin transitional sequence. Facies associations, stacking patterns and marine
flooding surfaces helped to delineate major sequence boundaries and maximum flooding
surfaces. Six 3rd order stratigraphic sequences have been identified in the Nanushuk
River section. The section ranges in age from Osagean to lower Morrowan based on
conodont biostratigraphy. The reservoir rock potential of the Nanushuk River section
resides primarily in the dolomite of the Wachsmuth Limestone. The remainder of the
section is considered “tight” from a microfacies standpoint. Regionally, this study is
important for paleogeographic reconstruction of the Lisbume Group across northern
Alaska and adds to the general geologic knowledge of the Lisbume Group by obtaining
stratigraphic data from a relatively isolated area in the Brooks Range.
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CHAPTER ONE
INTRODUCTION

1.1 INTRODUCTION
The Carboniferous Lisbume Group is a succession of carbonate rocks with minor
intervals of phosphate, shale, siltstone, and sandstone that has been identified in surface
exposures and the subsurface across northern Alaska and beneath the Chukchi Sea into
Russia (Dumoulin and Bird, 2001). The Lisbume Group crops out from Cape Lisbume
on the northwest coast o f Alaska across the Brooks Range and eastward to the Yukon
Territory of Canada (Figure 1.1). These surface exposures generally trend east to west,
except in the western Brooks Range where north to northeasterly trends prevail.
The Lisbume Group accumulated during a series of marine transgressiveregressive cycles across an irregular topographic surface with considerable relief,
including basins, positive areas, and growing structures (Armstrong, 1974; Watts et al.,
1995; Bird, 2001). The Lisbume Group is dominantly a platform carbonate sequence
which formed on a south-facing, slowly subsiding, passive continental margin
(Armstrong, 1974; Brosge et al., 1962; Bird and Molenaar, 1987), and within a failed rift
represented by the Hanna Trough located beneath the Chukchi Sea (Bird, 2001;
Dumoulin and Bird, 2001). According to paleomagnetic data, the Lisbume carbonates
were deposited in a region 28 to 43 degrees north o f the equator during Carboniferous
time (Armstrong and Mamet, 1994).

Figure I. I: Isopach and outcrop map o f lh e Lisbume Group in northern Alaska. Orange shaded areas represent
the outcrop belt o f the
Lisbume Group carbonates.
The pink shaded area represents NPRA. The green shaded areas represents ANWR. The light blue shaded area
represents Gates of the Arctic National Park. The red circle indicates the location o f the upper Nanushuk River section o f the Lisbume Group.
The yellow circle indicates the location o f Prudhoe Bay. The tan circle indicates the location o f Anaktuv uk Pass. Local Lisbume measured
sections are represented by the green circles. Major Basins are lettered: A) Hannah Trough. B) Meade. C) Utukok.D) Ikpikpuk. and E )llm iat.
Modified From Bird and Jordan (I977). B ird (l988). McGee (2004). and Whalen (2000).

to
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1.2 PURPOSE
Recent work (McGee, 2004; Watts, et al., 1995; Wallace, et al., 2004) established
the baseline stratigraphy and reservoir analysis for the Lisbume Group in the north
eastern Brooks Range. Based on observed differences in Lisbume stratigraphy between
the northeastern and central Brooks Range, this study of the Nanushuk River section was
undertaken to better understand the paleogeography of these Carboniferous carbonates.
The purpose of this research was to document the accumulation history, facies
architecture, biostratigraphy, and sequence stratigraphy of the Lisbume Group to test the
hypothesis that the Central Brooks Range, including the Nanushuk River section, records
a significantly different depositional history compared to the northeastern Brooks Range.
These data have been used to evaluate thermal maturation and reservoir potential in the
subsurface beneath the Brooks Range Foothills.
The objectives of this research are to: 1) obtain high resolution sedimentologic
and stratigraphic data in the upper reaches of the Nanushuk River, central Brooks Range,
Alaska; 2) assemble a stratigraphic column; 3) analyze hand samples, thin sections,
and conodont data collected from the section to interpret depositional history and age
constraints; and 4) construct a depositional and sequence stratigraphic model based on
the identification of important stratal surfaces and facies stacking patterns and compare
it to data from the Porcupine Lake Valley (McGee, 2004; Wallace et al., 2004), Shainin
Lake (Bowsher and Dutro, 1957; Armstrong et al., 1970; Armstrong and Mamet, 1977;
Dumoulin et al, 1997), and Skimo Creek (Dumoulin et al., in press) sections to gain
insight into the paleogeography of the region.
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The upper Nanushuk River Lisbume Group section was chosen based on its
anomalous thickness compared with other stratigraphic sections in the region,
geographic position and accessibility, relative completeness, and general lack of
deformation. Its proximity to the Skimo Creek and Shainin Lake sections, and recent
work on the Porcupine Lake Valley sections made it an ideal selection for study.
Conodont age constraints were incorporated with lithologic data to define a
sequence stratigraphic framework for the Nanushuk River Valley. The sequence
stratigraphic model is based on data from the northeastern and central Brooks Range and
new data from this work. Regionally, this study is important for paleogeographic
reconstruction of the Lisbume Group across northern Alaska and adds to the general
geologic knowledge of the Lisbume Group by obtaining stratigraphic data from a
relatively isolated area in the Brooks Range previously documented stratigraphically by
Armstrong and Mamet (1976, 1978).

1.3 PREVIOUS STUDIES
A number of studies of the Lisbume Group in the Brooks Range (Schrader, 1902;
Collier, 1906; Brosge et a l, 1962; Bowsher and Dutro, 1957; Armstrong, 1970, 1972a,
1972b, 1974; Armstrong et al., 1970, 1971; Armstrong and Mamet, 1970, 1974, 1975,
1977, 1978, 1989; Mamet and Armstrong, 1972; Wood and Armstrong, 1975;
Armstrong and Bird, 1976; Carlson, 1987, 1995; Gruzlovic, 1991; Krumhardt, 1992;
Dumoulin and Harris, 1992, 1993; Dumoulin et al., 1993, 1994; Eckstein, 1994a, 1994b;
Krumhardt et al., 1994, 1996; McGee, 2004; Moore et al., 1994; Watts et al., 1995) and

North Slope subsurface (Armstrong and Mamet, 1974; Bird and Jordan, 1977; Jameson,
1990, 1994; Bird and Molenaar, 1992; Moore et al., 1994; Dumoulin and Bird, 2001,
2002) supply information critical to the understanding of these northern Alaska
Carboniferous carbonates.
Armstrong and Mamet (1976, 1978) were the first to document the Alapah
Mountain section (equivalent to Nanushuk River section) prior to the advent o f sequence
stratigraphy. They reported the Alapah Mountain section to be 1,100 meters thick and
composed of the Wachsmuth and Alapah Limestone (limestone and spiculitic radiolarian
chert) underlain by the Kayak Shale of the Endicott Group and overlain by the
Sadlerochit Group. The Wahoo limestone is absent in the Nanushuk River section.
Previous studies of the Lisbume Group made use of foraminiferal zones (Armstrong and
Mamet, 1970, 1974, 1975, 1976, 1977, 1978; Mamet and de Batz, 1987) but problems
with these zones and recent conodont work (Krumhardt and Harris, 1990a, 1990b;
Krumhardt, 1992; Harris and Krumhardt, 1994, 1995; Krumhardt et al., 1994, 1996;
McGee, 2004) prompted a conodont-based approach to this study for help refining age
control.

1.4 METHODS
Two mid summer field seasons (2004-2005) were spent in the central Brooks
Range for this study. Detailed lithologic, sedimentologic, and stratigraphic data were
collected from the Nanushuk River section. The stratigraphic sequence described in this
report is a composite of five sections. Easily identifiable marker beds were traced and
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correlated between sections on both the east and west sides of the upper Nanushuk
River.
Stratigraphic sections were measured using a Jacob’s staff (Winkler, 1986).
Sections were described on a decimeter to meter scale and sampled for lithologic and
petrographic analysis every 5 to 15 meters. Bedding was described using the
terminology of Boggs (2001). Biostratigraphy relies on sparse conodont faunas from the
measured sections. One 10 kg conodont sample was collected approximately every 10
50 meters. Conodont samples were crushed, processed in glacial acetic or formic acid,
and picked according to standard procedures (Stone, 1987). The conodont samples
ranging from 5-10 kg were crushed to approximately 1 cm diameter chips and placed in
an acid bath depending on lithology (formic acid for dolostone and/or formic or acetic
acid for limestone). The samples were washed every 24-48 hours through nested
sediment screens to remove unwanted fines and insoluble rock and concentrate conodont
elements. The conodont elements were removed from the residue using sodium
polytungstate set at a specific gravity of 2.85. The conodont elements were picked by
the author and Andrea Krumhardt at the University o f Alaska Fairbanks. The
biostratigraphy, taxonomy, and CA1 (conodont color alteration index) were completed
by Andrea Krumhardt. Diagnostic conodont fauna were photographed using SEM
(scanning electron microscope) for side, top, and bottom view for accurate identification
and abrasion.
Lithofacies and microfacies were based primarily on outcrop, hand sample, thin
section analysis, and cluster analysis of thin section point counts. The examination and

description of 155 hand samples, and the description of 82 thin sections are included in
this thesis. Point counting was employed to better understand the microfacies. Point
counts included cement, matrix, porosity, faunal components (bioclasts), and silt grains.
300 points were counted on each of 38 thin sections. 300 points is believed to provide
sufficient accuracy of frequency for counting measurements (Flugel, 2004) These point
counts were subjected to an analytical procedure called “hierarchical cluster analysis”
using the statistical computer program SPSS.
Thin sections were stained with Alizarin Red S to differentiate dolomite from
calcite (Dickson, 1966). These carbonate rocks and thin sections were described using
the classification scheme of Dunham (1962) modified by Embry and Klovan (1971) and
Wright (1992).

1.5 REGIONAL GEOLOGIC SETTING
The Mississippian-Early Middle Permian Lisbume Group is a carbonate
succession exposed in the western and central Brooks Range within tectonically
transported, highly deformed, allochthonous thrust sheets (Endicott Mountains
allochthon) (Martin, 1970; Mull, 1982; Mull et al., 1982, 1987a, 1987b). In the
northeastern Brooks Range, the Lisbume Group is exposed in parautocthonous rocks
(Brosge et al, 1962; Armstrong, 1972a, 1972b; Mamet and Armstrong, 1972; Armstrong
and Mamet, 1975, 1977; Wood and Armstrong, 1975). The stratigraphic succession of
the North Slope subsurface is relatively undeformed and autochthonous (Reiser, 1970;
Dumoulin and Bird, 2001).

Four megasequences make up the stratigraphic succession for northern Alaska
and western Arctic Canada. These sequences are: Franklinian or pre-Mississippian
(northern source, Upper Cambrian through Devonian), Ellesmerian (northern source,
Mississippian to Lower Cretaceous), Beaufortian (the end of passive margin
sedimentation and initiation of rift related tectonism/sedimentation, Middle Jurassic to
Lower Cretaceous) (Lerand, 1973; Moore et al., 1994; Montgomery, 1998) and Brookian
(southern source, Upper Jurassic or Lower Cretaceous to Holocene) (Moore et al, 1994).
The pre-Mississippian contains a broad range of lithologies including granite,
metamorphic rock, metasedimentary rock, volcanic rock, and carbonate and is
considered a basement complex with low petroleum potential (Bird and Molenaar,
1987). From pre-Middle Devonian to Early Mississippian time (Moore et al., 1994), the
Ellesmerian Orogeny uplifted, deformed, metamorphosed, and eroded the preMississippian sequence. The eroded sediments spread from this northern continental
landmass southward into a large southward-deepening basin (Bird and Jordan, 1977).
These Mississippian to Lower Cretaceous sediments form the Ellesmerian sequence
(Moore, et al., 1994). The Ellesmerian sequence contains the most important formations
in terms o f petroleum production and the largest oil field in North America with major
reservoirs beneath Prudhoe Bay. Rifting of Arctic Alaska during the latest Jurassic to
Late Cretaceous opened the Canada basin (Hubbard et al, 1987) and rifted away the
northern sediment source. Uplift, thrust faulting, and erosion of the Franklinian and
Ellesmerian sequences in the Jurassic period to the present day Brooks Range sourced
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the terrigenous clastic deposition of the Colville basin’s Brookian sequence (Moore et
al., 1994).

1.6 DEPOSITIONAL SETTING
The Endicott and Lisbume Groups make up a transgressive megacycle within the
Ellesmerian sequence (Grantz and May, 1982; Bird and Molenaar, 1987, 1992; Moore et
al., 1994). The Mississippian-Early Middle Permian Lisbume Group carbonates overly
the Kayak Shale of the Endicott Group (Armstrong and Mamet, 1977) in much o f the
central Brooks Range and record a major shift in depositional systems from the
siliciclastic deposition of the Endicott Group to the carbonate platform and deeper water
environments of the Lisbume Group (Dumoulin et al., 1997). The Endicott Group is
composed of the Kekiktuk conglomerate, Kanayut conglomerate, and Kayak shale. The
Kekiktuk Conglomerate passes gradationally up section into the Kayak Shale (LePain et
al., 1990; LePain, 1993) and was deposited during extension associated with incipient
rifting. The Kekiktuk is a thin Lower Mississippian basal conglomerate that
unconformable overlies weakly metamorphosed sub-Mississippian rocks in the
northeastern Brooks Range and is overlain by the Kayak Shale (Brosge et al., 1962;
Kelley and Brosge, 1995). In the north-central Brooks Range the Kayak Shale
depositionally overlies the Kanayut Conglomerate (Bowsher and Dutro, 1957).
The Kayak Shale to Lisbume Group transition records a series of depositional
cycles developed during a major transgressive sequence (LePain et al., 1990). The
Lisbume Group is primarily Carboniferous and locally Permian in age (Dumoulin and
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Bird, 2001) (Figure 1.2) with the youngest rocks (Early-middle Permian) in the northern
part of the National Petroleum Reserve —Alaska (NPRA) (Bryunzee! et al., 1982) and
adjacent parts of the Chukchi Sea (Sherwood et al., 1988) (Figure 1.1). The Lisbume is
characterized in the eastern Brooks Range as a homoclinal carbonate ramp (Armstrong
and Bird, 1976; Jameson, 1994; Watts et al., 1995), in the central Brooks Range as a
carbonate ramp (Dumoulin et al. 1997, Whalen et al., 2005), and in the western Brooks
Range as a carbonate platform or series o f platforms with relatively steep margins
(Dumoulin et al., 1993; 2001, Dumoulin and Bird, 2001).
The Lisbume Group is overlain in the northeastern Brooks Range by sandstone,
conglomerate, and shale of the Permian-Triassic Sadlerochit Group (Leffingwell, 1919;
Crowder, 1990; McMillen and Crowder, 1991) and in the north-central Brooks Range by
marine mudstone, shale, siltstone, fine grained sandstone, impure limestone, and bedded
chert of the Siksikpuk Formation (Permian) (Patton, 1957; Siok, 1985; Kelley, 1988,
1990; Adams, 1991).

1.7 GEOLOGIC SETTING OF THE UPPER NANUSHUK RIVER VALLEY
The upper Nanushuk River Valley is relatively unstudied. The Nanushuk River
is a tributary of the Anaktuvuk River, a tributary of the Colville River. The Nanushuk
River headwaters are located in the central Brooks Range 241 km (150 mi) south of
Prudhoe Bay and 40 km (25 mi) east of Anaktuvuk Pass within Gates o f the Arctic
National Park (Figure 1.1, 1.3 and 1.4). The general structure o f the Lisbume Group in
this area (Figure 1.5) is dominated by imbricate thrust sheets, asymmetric hanging wall

anticlines, and footwall synclines (Wallace et al., 2004) within the Endicott Mountains
allochthon, the structurally lowest allochthon in the Endicott Mountains. The Endicott
Mountains allochthon is a regional thrust sheet that extends the breadth of the Brooks
Range and is considered by Mull et al. (1987a) and Oldow et al. (1987) to have been
thrust transported 90 to 200 km from south of the Doonerak anticline. Mull et al.
(1987a) suggested that the emplacement of the Endicott Mountains allochthon reflects
885 km of tectonic shortening. Oldow et al. (1987) estimate that the Endicott Mountains
allochthon was transported 200 km north and had undergone 35-45% internal shortening
with minimum shortening at around 540km. Kelley and Brosge (1989, 1995) argue that
the Endicott Mountains allochthon was not a thrust sheet, but rather a collapsed
Devonian basin in the north-central Brooks Range. Kelly and Brosge (1995) infer that
the structural framework consists of fold nappes, thrust faults, detached folds, and high
angle faults rather than the allochthon model, with structural shortening caused by
imbricate faulting and folding maximized at 75 km with individual thrust sheets
transported no farther than 30 km.

1.8 LISBURNE GROUP STRATIGRAPHY IN THE CENTRAL BROOKS RANGE
Originally defined by Schrader (1902) in the Anaktuvuk River valley, the
Lisbume Formation was raised to group rank by Bowsher and Dutro (1957) who
subdivided it into the Wachsmuth and Alapah Limestones at Shainin Lake in the central
Brooks Range. Brosge et al. (1962) defined the Wahoo Limestone in the eastern Brooks
Range.
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Figure 1.3: USGS topographic map of the
Chandler Lake (A-2) quadrangle, central Brooks
Range Alaska with emphasis on the upper
Nanushuk River region. Note the location of both
Alapah and Cockedhat mountains. The red box
indicates the immediate field area studied in this
report. The inset blue box shows the abbreviated
name and location of measured sections (green
lines). Measured section abbreviations for the
2004 field season are NA = Nanushuk River
sections. The 2005 field season abbreviations are
AL = Alapah, KY = Kayak, SI = Siksikpuk, and
WA = Wachsmuth.

•

The Wachsmuth Limestone at Shainin Lake disconformably overlies the Kayak
Shale (Bowsher and Dutro, 1957). The measured composite type section on Mount
Wachsmuth and Sugarloaf Hill near Shainin Lake has a total thickness of 375 m (1,230
ft) and was subdivided into the following members (ascending): 1) shaly limestone; 2)
crinoidal limestone; 3) dolomitic limestone; and 4) banded limestone (Bowsher and
Dutro, 1957). These members were recognized by Brosge et al. (1962) and Armstrong
and Mamet (1975) in the eastern Brooks Range with the exception of the shaly limestone
member, and each are recognized in the upper Nanushuk River section. Dumoulin et al.
(1997) studied the Shainin Lake section and concluded that the Wachsmuth is composed
of extensive intervals of dolomitized, cross bedded skeletal grainstone interbedded with
thin bedded mudstones that accumulated near skeletal sand shoals.
The Alapah Limestone forms the upper part of the Lisbume Group in the central
Brooks Range at the type locality near Shainin Lake. It is divided into nine informal
members (ascending): shaly limestone, dark limestone, platy limestone, banded
limestone, black chert-shale, light-gray limestone, fine-grained limestone, chert-nodule,
and upper limestone members (Bowsher and Dutro, 1957). The total thickness is 296 m
(970 ft) as described in measured sections at Shainin Lake (Bowsher and Dutro, 1957).
These members are also recognized in the Upper Nanushuk River Valley, but for
simplicity I have subdivided the Alapah formation into informal lower, middle, and
upper members. The upper surface of the Alapah Limestone in the Shainin Lake area is
an erosional unconformity overlain by Pleistocene glacial gravel and alluvium deposits
(Bowsher and Dutro, 1957; Armstrong and Mamet, 1978).
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Dumoulin et al. (1997) concluded that the Alapah Limestone at Shainin Lake is
primarily skeletal grainstone and coralline boundstone deposited as skeletal sand shoals
and in the open marine environment adjacent to skeletal sand shoals. The Alapah
Limestone in the Nanushuk River Valley is similar but also contains bedded chert, shale,
mudstone, and storm derived sediments.

Figure 1.4: Airphoto of the upper Nanushuk River region, central Brooks Range, Alaska. The black
box encompasses the area of study. The red line is a structural cross section drawn from Kelley (1990).
See Figure 1.5 for detailed cross section.
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Figure 1.5: Structural cross section of the upper Endicott Group and Lisbume Group, upper
Nanushuk River valley, central Brooks Range, Alaska. This section was drawn from Kelley
(1990). The location of this structural cross section is located in Figure 1.4. The yellow arrow in
the Kayak Shale represents a detachment horizon. Dips were taken from Kelley (1990) for the
Kanayut Conglomerate. All other dip measurements were taken in the field by the author
(roughly 30°). Beds in the core of the Cockedhat mountain syncline are 90° to overturned on the
south limb of the fold.
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CHAPTER TWO
CONODONT BIOSTRATIGRAPHY AND STRATIGRAPHY

2.1 CONODONTS
Conodont recovery from the Nanushuk River section was relatively poor. Thirty
samples were analyzed in the lab with only 50% yielding representative conodont faunas
(Appendix A, plate 1). These rocks yielded conodonts with color alteration indices
(CAI) of 3 to 4.5 indicating that the host rocks reached between 110-300° C (Epstein et
al, 1977; Rejebian et al., 1987). The table in Appendix A (Conodont Data) indicates
sample number, formation, conodont fauna, age, CAI value, and range. The Nanushuk
River Lisbume Group composite section ranges in conodont age from Osagean to upper
Chesterian/lower Morrowan (Figure 2.1). Conodonts were not recovered from the lower
Kayak Shale. The upper Kayak Shale yielded Polygnathus communis communis and
unassigned bar, blade, and platform elements. The Wachsmuth Limestone yielded only
long ranging species including Hindeodus aff., Hindeodus aff, Hi., Crassidentatus,
Kladognathus spp., Polygnathus communis communis, and Synclydognathus geminus.
The lower Alapah yielded only Synclydognathus geminus. Conodont recovery from the
middle Alapah was nil. The upper Alapah yielded Cavusgnathus unicornis, Gnathodus
bilineatus bilineatus, Gnathodus girtyi simplex, Idioprioniodus spp., Rachistognathus
spp., Rhachistognathus muricatus - Rhachistognathus primus, and Vogelgnathus.
Rhachistognathus muricatus - Rhachistognathus primus are transitional conodont
species that extend into the Pennsylvanian (lower Morrowan). The overlying Siksikpuk

Formation is not assigned a specific age in this study due to barren conodont samples.
The age of the Siksikpuk Formation is generally accepted to be Permian (Brosge et al.,
1962; Adams and Siok, 1989; Crowder, 1990; Adams et al, 1997). The upper part of the
Kuna Formation and lower part of the Siksikpuk Formation at Key Creek (western
Brooks Range) based on radiolarians and conodonts have been dated as Late
Mississippian to early Middle Pennsylvanian (Chesterian to Morrowan) (Dumoulin and
White, 2005; Dumoulin et al., in press).
Conodonts are valuable indicators of biofacies and paleogeography. The
distribution of conodont faunas is chiefly controlled by the physical and chemical
characteristics of water, trophic resources, and paleogeography (Krumhardt et al., 1996).
The conodont recovery from the Nanushuk Lisbume Group (Figure 2.1) is too
sparse for an adequate appraisal of biofacies and depositional environments at this time.
Following the guidelines set out by Krumhardt et al. (1996), samples with fewer than 20
elements identifiable to genus and genera represented by less than 5 elements are not
sufficient for biofacies analysis.

2.2 MEASURED SECTIONS
The Nanushuk River section includes the following individual measured sections
(See Figure 1.3): 1) KY_1, 2) W A J , 3) NA_1, 4) NA_2, 5) A L J , and 6) S I J .
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2.3 STRATIGRAPHY
The sedimentary record of the Nanushuk River section of the Lisbume Group
(Figure 2.1), central Brooks Range, preserves an intertidal (Kayak Shale) and open
marine to basin transitional sequence. The two main Lisbume formations are the
Wachsmuth Limstone and Alapah Limestone. For detailed lithofacies and depositional
information see chapter four and Appendix B.
The Kayak Shale is observed underlying the Wachsmuth Limestone of the
Lisbume Group. 253 meters of the upper Kayak Shale were measured in this study for
insight into the Kayak-Lisbume transition. Including the Kayak Shale and Siksikpuk
Formation, the entire composite measured section is 1639 meters.

2.4 LOWER AND UPPER
KAYAK SHALE
The 161 meter thick
Kinderhookian (?) lower Kayak
Shale (Sections NA_1, KY_1) is
Figure 2.2: Lower and upper Kayak Shale of the Nanushuk
River section. White lines separate upper and lower.
View is to the west.

primarily a recessive, gray to
black, fissile, noncalcareous shale.

Rare conglomerates are noted near the base of this studies measured section between
thick cross bedded fine grained quartz-arenite sandstone. Black shale inter-bedded with
Skolithos burrowed siltstone, very fine sandstone, and argillaceous limestone is common.

This primarily siliceous sedimentary sequence gradually thins upward into the carbonate
and shale of the upper Kayak Shale, Red Limestone Member (Figure 2.2).
The 123 meter thick Kinderhookian (?) to Osagean (?) upper Kayak Shale
(sections NA_1 and KY_1) is equivalent to Bowsher and Dutro’s (1957) Red Limestone
Member. Upper Kayak Shale limestone beds range from brachiopod, pelmatozoan, and
rare solitary rugose mudstone to pack-grainstone and rare bryozoan rudstone. Some
beds exhibit shale rip-ups and penny-sized shale nodules. Some bedding planes
represent hardground surfaces. These surfaces are typically discolored by crusts of ironoxide, burrowed, well cemented, and overlain by thick sections of shale. Other bedding
surfaces are sometimes rippled while still others exhibit horizontal and oblique burrow
trace fossils overlain by black shale.

2.5 WACHSMUTH LIMESTONE
The Osagean to Merimecian (?) Wachsmuth Limestone (Sections WA_1, NA_1,
and NA_2) was subdivided in the Nanushuk River section into the Shaley Limestone,
Crinoidal Limestone, Dolomite, and Banded Chert-Limestone members (Shainin Lake
members of Bowsher and Dutro, 1957). The Nanushuk River Section Wachsmuth
Limestone is 425 meters thick (Figure 2.1). Its contact with the Kayak Shale is
gradational. This thickness is substantially different from the 375 meter Shainin Lake
section of Bowsher and Dutro (1957), the 480 meter Shainin Lake section of Dumoulin
et al (1997), and the 364 meter Alapah Mountain section (Armstrong and Mamet, 1978,

1989). The reason for this discrepancy is unaccounted for. It may be due to structural
complications within the section that were missed or mishandling of the Jacob’s staff.

2.5.1 SHALEY LIMESTONE MEMBER
The 28 meter thick Shaley Limestone Member (sections NA_1 and KY_1) of the
Wachsmuth Limestone lacks chert and is represented by thin to thick bedded, grayish
yellow wackestone-packstone and interbedded gray calcareous shale. The wackstonepackstone faunal components include pelmatozoan, bryozoan, brachiopod, trilobite, and
other bioclasts. The interbedded calcareous shales are not part of the Kayak Shale. This
member is not well exposed and is often covered by limestone and shale talus below the
cliff-forming Crinoidal Limestone Member.

2.5.2 CRINOIDAL LIMESTONE
MEMBER
The 92 meter thick Crinoidal
Limestone Member (WA_1 and
NA_2) of the Wachsmuth Limestone
(Figure 2.3) exhibits the first
Figure 2.3: Crinoidal Limestone Member.
Measured section WA_1 lies between the red lines.
This section contains coarse grained pelmatozoan
and fenestrate bryozoan grainstone and rudstone.

indications of black chert. It overlies
the Shaley Limestone Member. The

contact between these members is dramatic, represented by cliff-forming limestone
overlying talus and scattered outcrops in the field. The member is generally thick
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bedded, cross-bedded, coarsening upward dolo-grainstone. Faunal components include
pelamatozoans, bryozoans, solitary rugose corals, and rare colonial corals. Whole
crinoid calyx and fenestrate bryozoan rudstone lag deposits are noted in the lower part of
the memeber. Localized vertical burrows were observed. Nodular, elongate, and lesser
laminated chert beds, thin bedded calcareous horizons, and mudstones are rare.
Bioclastic cross-bed sets are common The bedding is parallel to undulate with rare
pinch and swell features. Beds are often fractured and sometimes exhibit moldicintercrystalline porosity and wispy, blocky, or jagged stylolites.

2.5.3 DOLOMITE MEMBER
The 167 meter thick
Dolomite Member (NA_2)
(Figure 2.4) of the Wachsmuth
Limestone contains thick to
massive intervals of cross
bedded, yellowish white and gray,
coarsely crystalline dolomite.
These beds alternate with thin

Figure 2.4: Dolomite Member. Highly fractured yellow-gray
dolomite. Hand samples and thin sections from this outcrop
on the west side of the Nansushuk River exhibit bitumen
lined vuggy and intercrystalline porosity.

bedded, elongate and nodular black chert and mudstone. Faunal components include
pelmatozoans, bryozoans, and ostracods. These rocks are fetid, highly fractured, and
exhibit 1-15% intercrystalline and vuggy porosity in hand sample and thin section. Thin
sections from the dolomite member contain bitumen in pore spaces.
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2.5.4 BANDED CHERT LIMESTONE MEMBER
The 138 meter thick Banded Chert Limestone member (NA_2) of the
Wachsmuth Limestone (Figure 2.5)
is easily identified in the field.
Distinct light to dark alternating
banding is caused by repetitively
interbedded limestone and black
chert. Thin to medium bedded,
1

cross-bedded, light colored
grainstone alternating with thin to
medium bedded lime mudstone to
packstone make up the limestone
lithologies. Faunal components of
the limestone include pelmatozoans,
bryozoans, brachiopods, rare

2
Figure 2.5: Banded Chert Limestone Member. Outcrop
photographs depicting the nature of the banded chert
limestone member. Note the alternating limestone and
black bedded chert. 1) Interbedded mudstone and
wackestone (MW) and black bedded chert (C). 2)
Interbedded mudstone, wackestone, grainstone, and
black chert. Note the light colored thick bedded
grainstone horizon (GS) delineated by the white lines.
Hammer for scale.

trilobites, and other bioclasts. Small
colonial corals are randomly
dispersed through-out the member.
Minor calcareous shale, elongate,

nodular, and bedded black chert are common as interbeds. Bedded black chert,
calcareous shale, and minor limestone dominate the top of the Banded Chert Limestone
Member.

2.6 ALAPAH LIMESTONE
The 912 meter thick Alapah Limestone (Sections CH_1, NA_2, and AL_1) was
subdivided by McGee (2004) into the informal lower, middle, and upper members in the
Porcupine Lake Valley. Bowsher and Dutro (1957) informally subdivided the Alapah at
Shainin Lake into the shaley limestone member, dark limestone member, platy limestone
member, banded limestone member, black chert-shale member, light-gray limestone
member, fine-grained limestone
member, chert-nodule member,
and the upper limestone
member. This study follows the
subdivisions of McGee (2004)
with “modifiers” because the
members proposed by Bowsher
and Dutro (1957) at Shainin

Figure 2.6: Alapah limestone of the Nanushuk River section.
Lower, middle, and upper Alapah Limestone terminology
follows McGee (2004). View is the east.

Lake are not easily recognized in the upper Nanushuk River section. The Alapah
Limestone in the Nanushuk Section (Figure 2.6) is 912 meters thick, much thicker than
the 676 meter Alapah Limestone section of Armstrong and Mamet (1978) and the 295
meter Shainin Lake section of Bowsher and Dutro (1957). In the case of Shainin Lake,

the Alapah Limestone section is significantly eroded and incomplete. The discrepancy
between this and the Armstrong and Mamet (1978) sections may be due to structural
complications and misrepresented covered intervals.

2.6.1 LOWER ALAPAH LIMESTONE
The 268 meter thick lower Alapah Limestone can be divided into; 1) the coralline
grainstone interval and 2) the bedded black chert interval. A laterally extensive channel
deposit (measured section CH_1) was noted in the lower Alapah, near the WachsmuthAlapah transition. It is best exposed as a small outcrop in the valley on the west side of
the Nanushuk River.

2.6.2 COLONIAL CORAL and GRAINSTONE INTERVAL
The coralline grainstone interval (NA_2) is dominated by colonial corals,
grainstone, and subordinate shale,
mudstone, wackestone, and
packstone. Isolated 0.25 to 1.5
meter Lithostrotion sp. colonial
corals are common in growth
position, typically in mudstone to
packstone (Figure 2.7). The
Figure 2.7: Colonial coral and grainstone interval.
Lithostrotion sp. overlain by coarse grained planar bedded
grainstone typical of this member.

grainstone is thick bedded and
lacks chert. The shale, mudstone,
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wackestone and packstone are thin bedded and commonly display elongate and nodular
black chert. All limestone within this interval is composed primarily of pelmatozoans
and subordinate bryozoans, forams, articulated ostacodes, and bioclastic fragments.
Shales are commonly thin bedded and contain stringers of thin bedded black chert.

2.6.3 BEDDED BLACK CHERT
INTERVAL
The chert of this interval is
primarily thin bedded (Figure
2.8). Bedding tends to be parallel
or wavy. Nodular, elongate, and
microlaminated chert is also of
note. Thin bedded siliceous
mudstone, mudstone, and
calcareous shale are common as
interbeds. Stacked in succession,
the chert of the lower Alapah is
lithologically uniform and
monotonous. Minor crinoid,
coral, brachiopod, and bioclastic
debris is often silicified.

Figure 2.8: Bedded black chert interval. Laminated, thin,
and medium bedded black chert. View to the east side of the
Nanushuk River.
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2.6.4 MIDDLE ALAPAH
The transition from the
lower Alapah to the middle
Alapah is covered. The bedded
chert of the lower Alapah
disappears under the covered
interval. The 343 meter thick
middle Alapah (NA_2) (Figure
2.9) re-appears as limestone and
bedded black chert. This interval
is highly resistant. Thick
packages of mudstone and
wackestone interbedded with
thick sections of black chert and
silicified limestone are common
place. Minor packstone and

2

3

Figure 2.9: Middle Alapah. 1) Medium bedded mudstone,
wackestone, and thin bedded black chert. 2) Highly resistant
cliff forming cherty middle Alapah. A bedded chert marker
was used to trace back to the river bed. Field assistant for
scale. 3) The last significant bedded black chert horizon in the
section (marker bed traced from cliff) underlain by cherty
mudstone and wackestone. Jacob’s staff for scale.

grainstone deposits are noted.
Major faunal components of the limestone include pelmatozoans and bryozoans.
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2.6.5 UPPER ALAPAH
The 301 meter thick upper
Alapah (NA_2, AL_1, and SI 1)
is a light gray carbonate
succession. The last interval of
thin bedded black chert is at the
base of the upper Alapah. The
lithology rapidly changes from
thin bedded black chert to thick
bedded grainstone. A 37 meter
covered recessive interval above
pack-grainstone is thought to be a
major flooding surface equivalent
to an upper Alapah phosphatic
interval documented across the
central Brooks Range from Mt.
Bupto in the west to Shainin Lake

2
Figure 2.10: Suspected phosphate interval. This interval is
located near the top of the middle Alapah Limestone. Note
the regressive nature and thick talus slope covering the unit
on both sides of the Nanushuk River. 1) West facing view of
the suspected phosphate interval. 2) East facing view of the
suspected phosphate interval.

in the east.
The phosphatic unit is particularly well exposed along a tributary of Skimo Creek
(Dumoulin et al., 2005; Whalen et al., 2005). Due to thick talus, scree, and steepness,
identifying phosphate, although attempted, was unfortunately impossible (Figure 2.10).
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The grainstone of the
upper Alapah tends to be thin to
thick bedded, locally cross
bedded, and lacks significant
amounts of chert. Local

Siksikpuk Formation

brachiopod rudstone lag deposits
are noted. Gigantoproductus
was observed in float but not in
outcrop. Mudstone and
pelmatazoan, bryozoan,
brachiopod wackestone is

Figure 2.11: Siksikpuk Formation. 1) Upper Alapah and
Siksikpuk Formation contact in synclinal fold on Cockedhat
Mountain. View is to the east. 2) Upper Alaph and Siksikpuk
Formation contact in synclinal fold on Alapah Mountain. View
is to the west. White lines delineate the suspected phosphate
interval.

common. Large 2 meter
silicified Lithostrotion sp.
colonial rugose corals within the

upper Alapah are identified. These bodies are connected by grainstone lithologies along
strike. Large chert nodules are also present.

2.7 SIKSIKPUK FORMATION
The lithologic boundary between the Permian Siksikpuk Formation and
uppermost Alapah Limestone (SI_1) was observed in the core of a syncline trending
through Cockedhat and Alapah Mountains (Figure 2.11). The boundary was measured
on Cockedhat Mountain. The Siksikpuk Formation is yellow, red, gray, and black in

color. It consists of shale, clay, and mudstone. Locally, chalcopyrite and pyrite is
observed. The Siksikpuk Formation is considered a distal equivalent of the Echooka
Formation of northeastern Alaska and the Arctic Slope subsurface (Adams and Siok,
1989). Conodont fauna were not recovered from this section.
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CHAPTER THREE
CARBONATE DEPOSITIONAL MODELS

3.1 GENERAL CARBONATE DEPOSITIONAL MODELS
The primary carbonate platform depositional models include the following: 1)
carbonate shelves, 2) epeiric shelves, 3) isolated carbonate platforms and atolls, and 4)
carbonate ramps (Handford and Loucks, 1993; Flugel, 2004). Although this study
focuses primarily on carbonate ramp evolution the alternative platform types will be
described in brief first.

3.1.1 CARBONATE SHELVES
Carbonate shelves are typically attached to a landmass and often 10’s to 100’s of
kilometers wide. They are considered to be the “top” of a ramp or platform (Wilson,
1975; Burchette and Wright, 1992). Carbonate shelves typically evolve from ramps with
high carbonate input localized along the incipient shelf edge (Read, 1985) into a flattopped, rimmed platform (Wright and Burchette, 1998). Carbonate shelves are shallow,
flat-topped, and have a clearly defined margin with an escarpment or steep slope
connecting to an adjacent basin (Wright and Burchette, 1998). Carbonate shelves can be
subdivided on the basis of their margins into accretionary, bypass, and erosional margins
(Read, 1982, 1985). Accretionary shelf margins form during times of high carbonate
productivity and stable sea level. Bypass margins allow sediment to be transported from
the platform to the basin by gullies or an escarpment. Erosional margins form where

there are strong currents and are characterized by escarpments and slope fans. Rimmed
carbonate shelves (Ginsburg and James, 1974; Read, 1982) are distinguished from non
rimmed shelves by a “rim” of reefs, sand or skeletal shoals, and/or islands that skirt the
seaward margin of the shelf (shelf edge) creating a semi-continuous to discontinuous
barrier between the open ocean and the shelf (Figure 3.1) (Read, 1985; Jones and
Desrochers, 1992). Rimmed shelves reduce the connection between the open ocean and
the shelf whereas non-rimmed shelves are swept by onshore waves due to the lack of this
barrier (Jones and Desrochers, 1992).
SHELF
LAGOON-TIDAL FLAT

Figure 3.1: Standard facies model for a carbonate shelf. The orange areas (left to right) represent
platform evaporates, restricted platform, and open platform. The yellow area with black dots
represents shelf edge sands. The blue area represents organic reefs. The magenta areas (left to right)
represent foreslope (with foreslope debris in blue), and toe of slope. The black area represents a deep
possibly euxinic or evaporitic basin. Shelf model modified after Wilson (1975).

The present day Florida carbonate shelf is rimmed by barrier islands and sand
ridges (Locker et al., 2003). Non-rimmed shelves often occur at the leeward side of
large tropical banks and are abundant in all cool-water settings (Flugel, 2004). Modem
rimmed shelves include the Belize platform margin and the Great Bahama Banks
(Wilson and Jordon, 1983). Ancient examples include the Permian Hueco Limestone in
New Mexico and west Texas (Wilson and Jordon, 1983) and the Permian Guadalupe
mountains in west Texas (Kerans and Tinker, 1997).

3.1.2 EPEIRIC SHELVES
Epeiric shelves tend to be extensive areas with extremely low depositional slope
(Irwin, 1965; Pratt and James, 1985; Tucker and Wright, 1990; Leighton and Kolata;
1991; Leighton, 1996). This type of shelf is shallow, low-energy, and can extend for
thousands of kilometers (Fliigel, 2004). They are genetically poorly understood because
modem analogs don’t exist (Shaw, 1964; Matthews, 1974). Irwin (1965) divided epeiric
shelves into three marine hydraulic energy zones, X, Y, and Z. Zone X is defined as a
hundreds-of-miles wide, low-energy zone in open-ocean below wave base. Zone Y is
defined as an intermediate, high-energy belt, tens of miles wide, beginning where waves
first impinge upon the sea floor and extending landward to the limit of tidal action. Zone
Z is defined as an extremely shallow, low-energy zone, tens- to hundreds-of-miles wide,
landward of Zone Y.

3.1.3 ISOLATED CARBONATE PLATFORMS
Isolated carbonate platforms are accumulations detached from the continental
shelf and surrounded by deep water sediments. These shallow water platforms typically
exhibit differences in their interior and rim lithology. Common interior lithologies
depend on the depth of the interior platform. Deep interior platform sediments are
dominated by skeletal limestone (Read, 1985). Shallow flat-topped interior facies
include peloidal sands and muds (Read, 1985; Fliigel, 2004). Rim lithologies are
characterized by marginal reefs, shoals, or sand bodies (Read, 1985; Fliigel, 2004).
Isolated platforms also exhibit differences in their windward and leeward margins.

Windward margins that lack barriers are barren of sediments whereas leeward margins
have widespread peloidal sands.
Isolated carbonate platforms are typified by steeply sloping margins that grade
from marginal escarpments to deep water sediment wedges to basin plain (Mullins and
Neumann, 1979). In contrast, some isolated platforms display gently sloping margins
resembling ramp-like profiles (Purser, 1973; Wilson, 1975; Matti and McKee, 1977) but
most are steeper than 15 degrees (Mullins and Neumann, 1979; Wright and Burchette,
1998).

3.1.4 CARBONATE RAMPS
Ahr (1973) proposed the carbonate ramp as an alternative to the steep-sloped,
reef-rimmed carbonate shelf model. Read (1985) recognized six distinguishable
carbonate ramp types. Only the general homoclinal and distally steepened ramps of
Read (1985) are described here.
A carbonate ramp is a simple low-gradient sloping bathymetric surface (<1°) on
which carbonate facies are deposited in concentric belts. Ramps are subject to open
ocean conditions from the high energy, shallow wave-agitated surf zone to low-energy,
generally quiescent, deeper water deposits without a pronounced break in slope. The
transition between low and high energy is thus very diffuse and ramp sedimentation may
be dominated by basal processes (storms and tidal currents) over large areas (Emery,
1996). A ramp’s uniform bathymetric surface is thus maintained by sediment

redistribution mechanisms where deep water facies commonly contain shallow water
sediments transported offshore by storms (Aigner, 1984; Wright, 1986).
The main characteristics of the carbonate ramp model according to Ahr (1973)
include: 1) Facies belts following bathymetric contours, 2) grainstone updip passing to
pelagic mudstone downdip, 3) monotonous wedge-shaped deposits thickening seaward,
except when modified by local topography, and the 4) absence of “continuous” reef
trends or shelf margin barriers. Read (1982, 1985) subdivided and described the
carbonate ramp in terms of the homoclinal and distally steepened ramps based on their
depositional profile geometry (Figure 3.2). According to Read (1982, 1985), the
homoclinal ramp lacks significant deep-water sediment gravity flow deposits (breccias,

Figure 3.2: General geomorphology or carbonate ramps. Homoclinal and distally steepened ramp
models. Modified after Read (1985).

slumps). Similarities between homoclinal and distally steepened ramps do exist (lowenergy and facies) with the exception of slope angle at the seaward edge of the deep
ramp. Distally steepened ramps may exhibit breccias of slope derived clasts, slumps,
and turbidites. Flomoclinal and distally steepened carbonate ramps have more in
common sedimentologically than they do with flat-topped carbonate shelves, but it can

be difficult to distinguish them in the rock record unless the presence or absence o f slope
aprons can be demonstrated (Burchette and Wright, 1992).
Burchette and Wright (1992) applied four depositional subdivisions to the
carbonate ramp model: 1) Inner ramp, 2) middle ramp, 3) outer ramp and 4) basin
(Figure 3.3). These subdivisions are characterized by the following criteria (Burchette
and Wright, 1992): 1) The inner ramp is the zone above fair weather wave base
(FWWB) dominated by sand shoals or organic barriers, shoreface deposits, and backbarrier peritidal areas. 2) The middle ramp is the zone between FWWB and storm wave
base (SWB) where the substrate is affected by frequent storm waves but not fair-weather
waves. Sediments reworked by storm waves (i.e. storm deposits) exhibit hummocky
cross stratification and graded bedding. 3) The outer ramp zone extends from the lower
limit of SWB to the basin plain and is rarely affected by storm reworking but may
exhibit graded distal tempestites. Deeper restricted zones of the outer ramp may develop
suboxic to anoxic restricted bottom conditions via density stratification. 4) The pelagic
to hemi-pelagic basinal zone generally lacks coarse tempesites and turbidites. The
sediments may be siliceous in deep rapidly subsiding basins.
Ramps are more likely to evolve during geologic times that lack significant reef
builders including the Early Carboniferous (James, 1979). The shallow regions of the
Persian Gulf and Trucial Coast of the Arabian Gulf (Purser, 1973; Einsele, 2000), and
Shark Bay, Australia, are considered modem homoclinal carbonate ramps. The
northeastern Yucatan and western Florida are modem distally steepened carbonate
ramps (Ahr, 1973; Wilson and Jordon, 1983; Reading, 1986; Tucker and Wright, 1990).
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The Jurassic Smackover Formation of the U.S. Gulf Coast is an excellent example of an
ancient homoclinal carbonate ramp (Ahr, 1973; Baria et al, 1982; Benson, 1988; Read,
1982; Bradford, 1984).

Figure 3.3: Generalized carbonate ramp model. The four major environmental subdivisions of a
homoclinal carbonate ramp (Modified after Burchette and Wright, 1992). MSL = mean sea level, FWWB
= fair weather wave base, SWB —storm wave base, PC = pycnocline. The water depths corresponding to
these boundaries are variable.
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CHAPTER FOUR
FACIES

4.1 LITHOFACIES AND MICROFACIES
Siliciclastic and carbonate lithofacies, lithofacies stacking patterns and
microfacies have been identified from outcrop, hand sample, and thin sections of Kayak
Shale and Lisburne Group rocks. This was accomplished using the carbonate
classification scheme of Dunham (1962) as modified by Embry and Klovan (1971) and
the carbonate ramp model of Burchette and Wright (1992).
The primary lithofacies of the measured section are summarized in Table 4.1.
The Nanushuk River stratigraphic section provides a signature of changing carbonate
depositional environments through time. Facies analysis is a fundamental way of
understanding this signature and interpreting the depositional environment.

4.2 LITHOFACIES
Sixteen lithofacies were recognized in the section based on clastic and carbonate
sedimentologic attributes (Table 4.1). These attributes include sedimentary structures,
bedding, mineralogy, mud vs. grain content, faunal content and components, grain size,
grain type, sorting, abrasion, and micritization. Grain types, the presence or absence of
mud, and lithologic textures can be used as indicators of water energy and water depth
and are used in the interpretation of depositional environments (Wilson, 1975; Embry
and Kloven, 1972).
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Table 4.1: Lithofacies of the Nanushuk River section of the Lisbume Group.

Lithofacies

Description

Interpretationdepositional
setting

MF

Facies
Association

Dep
Zone

( L F l)
Conglom erate

Thick bedded, poorly sorted, sub
rounded to angular granule-pebble
conglom erate. Sandstone matrix.
E rosive basal contact into cross
bedded sandstone.

M igrating bedforms?
Fluvial? P ossib le tidal
channel or m igrating bar
deposit? (L ew is and
M cC onchie. 1994)

N /A

(A l)
Intertidal flats above fair
weather w ave base

Inner
Ramp

(LF2a) Flaser
bedded quartzarenite sandstone
(LF2b) Lenticular
bedded quartzarenite sandstone
(L F2c) Planar to
tangential cross
lam inated quartzarenite sandstone

Thin bedded to m edium bedded, w ell
sorted, very fine grained, flaser
bedded quartz-arenite sandstone.
Thin bedded to m edium bedded, w ell
sorted, very fine grained, lenticular
bedded quartz-arenite sandstone.
Thin bedded to thick bedded, very
fine grained, cross bedded, noncalcareous quartz arenite sandstone.

Bedload and suspension
processes. Sand-m ixed
flat.
Suspension and bedload
processes. M ud flat.

N /A

(A l)
Intertidal flats above fair
weather w ave base

Inner
Ramp

N /A

(A l)
Intertidal flats above fair
weather w ave base
(A l)
Intertidal flats above fair
weather w ave base

Inner
Ramp

(LF2d) Bioturbated
sandstone

Thin bedded to m edium bedded, very
fine grained, non-calcareous
sandstone.
Thin bedded to m edium bedded noncalcareous siltstone.

(LF3a) Siltstone

(LF3b) Bioturbated
siltstone

Thin bedded to m edium bedded,
flaser bedded, lenticulat bedded,
skolith os burrowed, non-calcareous
siltstone.

(L F4) B lack shale

Very thinly laminated to m edium
bedded, very fine grained, noncalcareous black shale.

(L F5) Kayak Shale
L im estones

Thin bedded to m edium bedded,
poorly sorted, w ell cem ented,
argillaceous, sandy, dolom itic
mudstone, w ackestone, packstone,
grainstone, floatstone, and rudstone.
Pelm atozoan, bryozoan, coral,
brachiopod, and algae.

(LF5a) M uddy
lim estones

Very thinly laminated to m edium
bedded, poorly sorted, argillaceous,
dolom itic, sandy, pelm atozoan,
bryozoan, coral, m udstone,
w ackestone, packstone, and rare
floatstone.
M edium bedded to thick bedded,
norm ally graded, conglom erate,
pelm atozoan, bryozoan, coral,
brachiopod, grainstone and rudstone.

(LF5b) Grainy
lim estones

(LF6a) Crystalline
dolom ite

(LF6b) D olom itic
lim estone
(L F7) Calcareous
shale

Fetid; thinly bedded to m edium
bedded fractured crystalline
dolom ite. Intercrystalline and vuggy
porosity, dead oil, and hydrocarbon
staining are com m on.
B edding variable, mud matrix or
bioclasts visible.
Fissile to very thinly laminated, grayblack, rare unidentified bioclasts.

...

Bedload processes.
M igrating subtidal dunes
or bars. Sand flat or
m iddle to upper
shoreface.

N /A

Bedload processes.
Sand flat or m iddle to
upper shoreface.

N /A

(A l)
Intertidal flats above fair
weather w ave base

Inner
ramp

Bedload processes.
Sand flat to m ixed flat.

MF1

(A l)
Intertidal flats above fair
weather w ave base

Inner
Ramp

Suspension and bedload
processes. Littoral
infauna = burrowing in
high energy zones
(Seilacher, 1967;
Ekdale, 1988; Lew is and
M cC onchie, 1994).
Low er mud flats to open
marine.

MF1

(A l)
Intertidal flats above fair
weather w ave base

Inner
Ramp

N /A

Inner to
mid ramp

Establishm ent o f
carbonate depositional
environm ent. Low
energy m udflat or
restricted to open
marine? P ossib ly
influenced by infrequent
storms?
Low er energy
environm ent where
settling can occur.
D eeper water settings.

M F2,
MF3

(A 1 and A 2 ) Possib ilities
include mud flat or lagoon
above fair weather w ave base
or open marine belo w fair
weather w ave base.
(A 2)
Possibilities include mud flat
above fair weather w ave base
or open marine b elow fair
weather w ave base.

M F2,
M F9

(A 2 ) O pen marine b elo w fair
weather w ave base.

Outer
ramp?

Norm al marine fauna.
Storm deposits?

M F6

(A 2 ) O pen marine b elow fair
weather w a v e base.

M iddle
ramp

Undeterm ined

MF7

Diagcnetic

Undeterm i
ned

Depends on lithology

N /A

D epends on lithology

Suspension deposits
originating from the
settling o f fine-grained
carbonate. L ow energy
environm ent where
settling can occur.

N /A

(D or E)
Open marine below fairweather w ave- base. B elo w
storm w a v e base.

Undetermi
ned
M iddle
and Outer
ramp.

Inner
Ramp

Inner to
m iddleramp
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Table 4.1 (continued): Lithofacies of the Nanushuk River section of the Lisbume Group

Lithofacies

Description

Interpretationdepositional
setting

MF

Facies
Association

Dep
Zone

(LF8) M udstone

V ery thinly laminated to m edium
bedded, gray to black, rare
unidentified bioclasts.

Suspension deposits
originating from the
settling o f fine-grained
carbonate.

M F2,
M F9,
M F ll

(A or E)
O pen marine
restricted/protected
marine, or deep water.

M iddle
and Outer
ramp

(LF9a) Bedded
black chert

Thin bedded to m edium bedded,
black.

D iagenetic

M F ll

(E) O pen marine b elo w storm
w ave base.

M iddle to
outer ramp

(LF9b) Nodularelongate chert

Rounded to elongate black chert
nodules in lim estone. Com m on in
m udstone and w ackestone. Rare in
packstone and grainstone.
V ery thinly laminated to m edium
bedded, gray black, m udstone,
w ackestone, pelm atozoan, fenestrate
bryozoan, and unidentified bioclasts.

D iagenetic

M F ll

N /A

N /A

Suspension or current
derived deposits
originating from the
settling o f fine-grained
carbonate and reworking
o f bioclasts from other
settings.
Current derived
deposits.

M F4

(D )
O pen marine below fair
weather w ave base or behind
shoals

M iddle to
outer ramp

M F4,
M F5

(D )
Near shoal to open marine
below fair weather w ave base
or behind shoals

M iddle
ramp

A ffected by hydraulic
reworking. H igh energy
deposit.

M F6

(C)
Shoal above fair weather w ave
base.

M iddle
ramp

A ffected by hydraulic
reworking. H igh energy
deposit.

M F6

(C)

M iddle
ramp

A ffected by hydraulic
reworking. High energy
deposit. Rew orked by
storms.

M F6

(C or D )

M iddle to
outer ramp

Current deposits or life
assem blage (rugose).
L ow energy setting.
M ost com m only shell
lag but occasional death
assem blages do occur.
Low or high energy
setting.

N /A

(D )
O pen marine below fair
weather w a v e base.
(C or D )
Shoal or near shoal (shell lag)
at or above fair weather w ave
base. Death assem blage
depends on biota.

M iddle
ramp

(L F 10) Bryozoan
pelm atozoan mudw ackcstone

(L F 11)
Pelm atozoan
bryozoan w ackepackstone
(L F 12) B ioclastic
grainstone

(LF12a) B ioclastic
cross bedded
grainstone

(LF12b) B ioclastic
hum m ocky cross
stratified grainstone

(L F 13)B ioclastic
floatstone

Thin bedded to m edium bedded, light
to dark gray, pelm atozoan, bryozoan,
foram, ostracod, and unidentified
bioclasts.
Thin bedded to thick bedded, light
gray, w ell cem ented; abradcddisarticulated bioclasts: pelm atozoan,
bryozoan, foram, coral, ostracod, and
unidentified bioclasts.
Thin bedded to thick bedded, light
gray, w ell cem ented, cross bedded,
abraded-disarticulated bioclasts:
pelm atozoan, bryozoan, foram, coral,
ostracod. and unidentified bioclasts.
Thin bedded to thick bedded, light
gray, w ell cem ented, planar bedded,
hum m ocky cross stratified,
abraded-disarticulated bioclasts:
pelm atozoan. bryozoan, foram, coral,
ostracod, and unidentified bioclasts.
Thin bedded to thick bedded, light to
dark gray, coral, pelm atozoan,
bryozoan, or brachiopod.

(L F14) B ioclastic
rudstone

Thin bedded to m edium bedded,
pelm atozoan, fenestrate bryozoan, or
brachiopod.

(L F15) Coralline
fram estone

L ith o stro tio n sp. and S yrin g o p o ra
coral colon ies, m udstone,
w ackestone, and packstone.
L im estone nodules in bedded black
chert.

(L F16) Bedded
chert with nodular
lim estone

N /A

Life assem blage.
M oderate to lo w energy
environment.

M F8

D eep water

N /A

(D )
Open marine belo w fair
w eather w a v e base.
E

M iddle
ramp

M iddle
ramp
Outer
ramp

Numbers are assigned to each lithofacies (i.e.: lithofacies 1, 2, etc...) with no
relevance to stratigraphic position or environment. Bedding thickness descriptors (thin
laminated, thick laminated, very thin bedded, thin bedded, medium bedded, thick
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bedded, and very thick bedded) are based on the criteria of Boggs (2001). Grain size
descriptions are based on the Udden-Wentworth scale (Udden, 1898; Wentworth, 1922).
Grain roundness descriptions are based on Powers (1953).
The sixteen lithofacies identified include: 1) conglomerate, 2) sandstone
(includes five subfacies), 3) siltstone (includes two subfacies), 4) black shale, 5)
limestones of the kayak shale (includes two subfacies), 6) dolomite (includes two
subfacies), 7) calcareous shale, 8) lime mudstone, 9) black chert (includes two
subfacies), 10) bryozoan-pelmatozoan mud-wackestone, 11) pelmatozoan-bryozoan
wack-packstone, 12) bioclastic grainstone (includes two subfacies), 13) bioclastic
floatstone, 14) bioclastic rudstone, 15) bioclastic wacke-packestone with colonial corals,
and 16) bedded chert with nodular limestone.

4.3 MICROFACIES
Microfacies were established for the Nanushuk River section based on analysis
of 38 thin sections using hierarchical cluster analysis from thin section point counts.
Numbers are assigned to each microfacies (i.e.: microfacies 1, 2, etc.. .) with no
relevance to stratigraphic position or environment. The statistical computer program
SPSS grouped the point counts into 6 statistically significant clusters. The 6 point countidentified micro facies include; 1) siltstone-very fine-grained sandstone, 2) bryozoan
mud-wackestone, 3) foraminifer coral pelmatozoan wacke-packstone, 4) pelmatozoan
bryozoan foraminifer wacke-packstone, 5) pelmatozoan-bioclastic packstone, and 6)
pelmatozoan bryozoan grainstone. The following are considered microfacies but were

not point counted and thus not included in the cluster analysis; 7) crystalline dolomite, 8)
colonial coral, 9) lime mudstone, 10) peloid grainstone, and 11) spiculitic packgrainstone. Although significant to this study the lack of lithologic change,
unidentifiable bioclasts, or diagenetic obliteration of textures made point counting of
microfacies 7-11 unreliable or unnecessary.

Table 4.2 Microfacies of the Nanushuk River section of the Lisbume Group. Descriptions coincide with
point counted thin sections entered into SPSS.

THIN SECTION

MICROFACIES AND DESCRIPTION

KY 43.5

M F l. W ell sorted, sub-rounded to sub-angular, tightly packed quartz sandstone.

K Y 130
SI 2.7
NA1 45.3
W A 7.7

M F 1. W ell sorted, sub rounded to sub angular, tightly packed, burrowed quartz sandstone.
M F 1. Abundant silt grains and very fine-grained skeletal com ponents in a mud matrix.

N A 2_ 110.5

M F2. Fenestrate bryozoan m ud-w ackestone with lesser unidentified skeletal com ponent.
M F3. M oderately w ell sorted pelm atozoan bryozoan bioclastic w acke-packstone.
M F3. Partially dolom itized, poorly sorted pelm atozoan bioclastic packstone. B locky to granular calcite cem ent.
M inor euhedral to subhedral rhombs in fine-grained zones. L ow amplituded w h ispy stylolites. M inor
intercrystalline porosity. C alcite filled fractures.

N A 2 292

M F3. Partially dolom itized, m oderately w ell sorted, pelm atozoan brachiopod foram inifer ostracod trilobite
b ioclastic pack-grainstone. Pyrite present. B locky calcite cem ent. Nonplanar dolom ite. Interpartical and
intrapartical porosity. Em bayed and sutured grain contacts.

N A 2 322

M F3. Burrowed pelm atozoan foram inifer ostracod solitary rugose coral pack-grainstone. Pyrite present. Iron
stains and/organics? B lo ck y dolom ite cem ent.

N A 2 396

M F3. Poorly sorted solitary rugose coral foram inifer ostracod bioclastic packstone. Drusy intragranular calcite.
M icrostylolites and rare porosity.

N A 2 418.5
N A 2 4 39

M F3. M oderately w ell sorted pelm atozoan brvozoan bioclastic packstone.

N A 2 452
N A 2 30.5
N A 2 50.15
N A 2 56.65
N A 2_272

M F3. S y rin g o p o ra coral colon ies encased in mud matrix. The mud matrix contains peloids and unidentified
bioclasts. Intra and intcrgranular calcite cem ent. Rare nonplanar dolom ite. Rare m oldic porositv.
M F3. Sam e as above.
M F4. W ell sorted, fine-grained pelm atozoan bryozoan quartz silt burrowed bioclastic w ackestone. M inor
fractures. Pyrite present.
M F4. Sam e as above w ith increased number o f fenestrate bryozoans.
M F4. Sam e as above w ith increased number o f ostracods.
M F4. Poorly sorted, burrowed, pelm atozoan bryozoan foram inifer ostracod packstone. Pyrite present. B locky
calcite cem ent. Nonplanar (m easle like) dolom ite. M icrostylolites, stylolites, rare sutured grain contacts, cross
cutting fractures.

N A 2 296.4

M F4. Sam e as above.

N A 2_348

M F4. Very fine-grained to fine-grained pelm atozoan ostracod foram inifer bioclastic w acke-packstone. B locky
intrapartical calcite cem ent. C alcite veins. Rare intergranular and intragranular porostiy. Fractures.

N A 2 _ 3 6 4 .7

M F4. Very fine-grained to fine-grained pelm atozoan ostracod foram inifer bioclastic w acke-packstone. Pyrite
present. B lo ck y intrapartical calcite cem ent. V ery minor dolom ite. Rare intcrgranular porosity.

K Y J60

M F5. Poorly sorted, burrowed pelm atozoan bryozoan ostracod b ioclastic packstone. Abraded, broken, and
articulated bioclasts. Fractures. M inor quartz silt. Granular to blocky pore filling calcite cement.

N A 1 3 9 .8

M F5. Poorly sorted, tightly packed pelm atozoan bryozoan bioclastic packstone. Sutured grain contacts. Rare
pyrite. M inor quartz silt.

N A 2 J .5

M F5. Poorly sorted, tightly packed pelm atozoan bryozoan bioclastic packstone. C om m on syntaxial overgrow ths.
Em bayed grain contacts. Selective dolom itization. Hairline calcite fractures cutting dolom ite rhombs. Pyrite
present.

W A 3.5

M F5. Pelm atozoan bryozoan bioclastic packstone. Pore filling cem ent. C om m on syntaxial overgrow ths. Rare
dolom ite.

N A 2 1 1.9

M F5. Fine-grained pelm atozoan bryozoan peloid solitary rugose bioclastic pack-grainstone. Sytaxial overgrow ths.
Euhedral to subhedral dolom ite rhombs (floating) cross cutting bioclastic grain boundaries. L ow am plitude
stylolites cut rhombs.

N A 2 _ 3 0 .7

M F5. Pelm atozoan bryozoan ostracod bioclastic packstone. Pyrite present (isolated clusters and individual). Low
am plitude stylolites and solutions seam s. M inor quartz silt. Rare em bayed grain contacts. M osaic calcite cem ent.
M inor interpartical porosity. Rare dolom ite.
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Table 4.2: (continued): Microfacies o f the Nanushuk River section of the Lisbume Group.

THIN SECTION

MICROFACIES AND DESCRIPTION

N A 2 89.9

M F5. Pelm atozoan bryozoan ostracod bioclastic pack-grainstonc. Pyrite is present. C om m on syntaxial
overgrow ths. Rare dolom ite. Sutured and em bayed grain contacts.

N A 21088

M F5. Pelm atozoan bryozoan bioclastic pack-grainstone. C om m on syntaxial overgrow ths. Grains abraded and
broken.

N A 2 137

MF4. Sam e as above with increased number o f foraminifers.

N A 2 218
N A 2_225.1

M F4. M oderately w ell sorted, fine-grained, laminated pelm atozoan ostracod spicule (?) bioclastic packstone.
M F4. M oderately w ell sorted, fine-grained, pelm atozoan ostracod bioclastic packstone. Pyrite present. Rare
intcrpartical and m oldic porosity. Fractures. Em bayed grain contacts and m icrostylolites.
M F4. Sam e as above w ith increased number o f foraminifers.

N A 2 137
K Y 199
W A 17
N A 2 6 1 .5 5

M F6. Poorly sorted pelm atozoan algae ostracod trilobite bioclastic grainstone.
M F6. Poorly sorted, tightly packed pelm atozoan grainstone. Sutured and em bayed grain contacts. Syntaxial
overgrow th cement.
M F6. V ery fine-grained, laminated, burrowed pelm atozoan, bioclastic packstone. Horizontal fractures. Pyrite is
present. Splotchy dolom ite (planar and non planar). Low to m edium am plitude stylolites. Rare interpartical and
m oldic porosity.

N A 2 113

M F6. M edium grained, silicified pelm atozoan bryozoan grainstone. Rare fractures cut across grains.

N A 2 _ 2 7 6 .9

M F6. Poorly sorted, abraded, pelm atozoan foram inifer grainstone. Em bayed grain contacts. Syntaxial overgrow th
cem ent. Stylolites.

SI47

M F6. Pelm atozoan bryozoan ostracod b ioclastic grainstone. M inor quartz silt. Phosphatic fragments. Sutured
and em bayed grain contacts. Fractures.

The following lithofacies and microfacies descriptions for the Nanushuk River
section are based on outcrop, hand samples, and thin sections. Microfacies descriptions
follow the lithofacies descriptions. Interpretations for the lithofacies and microfacies are
located in the facies associations section (4.8).

4.4 KAYAK SHALE
The lower Kayak Shale represents a siliciclastic depositional system. The upper
Kayak Shale is a mixed carbonate-siliciclastic depositional system. Both upper and
lower Kayak lithofacies and microfacies are summarized in table 4.1. The Kayak Shale
consists of alternating beds of sandstone, siltstone, shale, and limestone. Minor pebble
conglomerates at the base of the measured section are noted.

4.4.1 LITHOFACIES 1 (LF1): CONGLOMERATE
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The conglomerate facies
(Figure 4.1) of the Kayak Shale is
confined to the lower part of the
section. The conglomerates are
medium to thick bedded, clast
supported, poorly sorted, pebble
conglomerates with basal erosion
surfaces cutting into cross bedded
sandstone. The clasts included in
the conglomerate are sub-rounded
to angular. Primary grains
include quartz, chert, unidentified
rock fragments, and crinoid
ossicles. The matrix is poorly

Figure 4.1: Conglomerate facies. Conglomerate overlying
cross bedded quartz sandstone and shale. Hammer for scale.

sorted, coarse to very coarse
grained quartz sand.

4.4.2 LITHOFACIES 2 (LF2): SANDSTONE
The sandstone facies (Figure 4.2) is medium to thick, tabular or wavy bedded.
Erosional surfaces of basal layers at the bottom of the unit are common. The sandstone
is most commonly fine-grained. The sandstone lithofacies includes four subfacies that
are characterized by different sedimentary structures or trace fossils including: flaser
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bedded sandstone (LF2a), lenticular bedded sandstone (LF2b), planar to tangentially
cross laminated sandstone (LF2c) and/or burrowed (LF2d) (Skolithos burrows)
sandstone.

3
Figure 4.2: Sandstone facies. 1) Cross bedded sandstone with erosive base into shale. Overlain
and underlain by thin bedded shale. 2) Lenticular bedded fine grained sandstone, siltstone, and
shale. Sandstone and siltstone exhibit Skolithos burrows. 3) Interbedded fine grained sandstone,
siltstone, and shale.

The flaser bedded sandstone subfacies (LF2a) is rare in outcrop and confined to the
lower Kayak Shale. It is commonly very thin to medium bedded and interbedded with
black shale. The lenticular bedded sandstone (LF2b) is very similar to the flaser bedded
sandstone with the exception of shale vs. sand content. The lenticular bedded sandstone
typically pinches out into surrounding black shale, is very thin to thin bedded, lacks
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burrows, and is rare in outcrop. The cross laminated sandstone units (LF2c) of the lower
Kayak Shale are thin to medium planar bedded with planar or tangential cross laminae.
The basal layers of the lowermost beds commonly scour into thinly laminated black
shale. The burrowed sandstone (LF2d) is thin to medium bedded and exhibits vertical
Skolithos burrows filled with shale and/or silt.
4.4.3 LITHOFACIES 3 (LF3):
SILTSTONE
The siltstone facies (see
figure 4.2) of the Kayak Shale is
largely confined to the lower part
of the section interbedded with
very fine-grained sandstone and
fissile black shale. The siltstone
(LF3a) is typically very thin to
Figure 4.3: Shale facies. Fissile, non-calcareous black
shale of the upper Kayak Shale. Nanushuk River section.

medium bedded, tabular,
lenticular, or wavy, and
commonly contains Skolithos
burrows (LF3b). This facies is
very similar to the sandstone

Figure 4.3 Shale facies, fissile, non-calcareous black
shale of the upper Kayak Shale. Field assistant for scale.

size.
4.4.4 LITHOFACIES 4 (LF4): BLACK SHALE

facies with the exception of grain

The black shale facies (Figure 4.3) of the Kayak Shale is non-calcareous and the
dominant lithology of the formation. It is dark gray to black, laminated to very thinly
bedded, and commonly fissile. The shale is common as interbeds with siltstone or
sandstone in the lower Kayak Shale and limestone in the upper Kayak Shale. It also
occurs as thick, homogenous sections of fissile shale. Sedimentary structures, fossils, or
trace fossils are not found within the black shale of the Kayak Shale at this location.

4.4.5 LITHOFACIES 5 (LF5): LIMESTONE OF THE KAYAK SHALE
The limestone facies of the Kayak Shale (Figure 4.4) is confined to the upper
portion of the formation. Limestone beds are typically argillaceous, sandy, or dolomitic
and interbedded with black shale or isolated between thick expanses of black shale.

4.5 LIMESTONE SUBFACIES
Three distinct subfacies of the Kayak limestones are distinguished (see Figure
4.4). These subfacies include the muddy subfacies (LF5a) with rare hardground caps,
and the grainy subfacies (LF5b). These subfacies are fetid limestones with interbedded
thinly laminated calcareous shale within thick expanses of black Kayak Shale.
The muddy subfacies (LF5a) include argillaceous pelmatozoan-bryozoan
(fenestrate and ramose) mudstone, wackestone, packstone, and rare floatstone. Solitary
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Figure 4.4: Limestone of the
Kayak Shale. 1) Grainy and
muddy subfacies. Thinning and
fining upward package of
dolomitic argillaceous
grainstone to wackestone with
thin shale interbeds (GS =
grainstone, Sh = shale, Wk =
wackestone). 2) Burrowed and
bored yellow dolomitic
hardground. Black arrow
points to gray burrows (note:
these burrows cover much of
the hardground surface). 3)
Iron stained well cemented
carbonate siltstone exhibiting
assymetrical ripple marks. 4)
Pelmatozoan wackestone
overlain and underlain by shale.

rugose corals have also been identified. Rare limestones exhibit ripple marks. Bedding
is parallel to wavy and has argillaceous partings. Hardgrounds in the upper Kayak are
typically dolomitized, discolored by crusts of iron oxide, extensively burrowed, well
cemented, and overlain by shale. The lowest documented hardground in the section is
atop a coarsening upward sequence of mudstone-wackestone and contains burrows and
mud clasts. Solitary rugose corals and pelmatozoans are also present. Other
documented hardgrounds exhibit iron staining and pelmatozoans, brachiopods, and
unidentified bioclasts.
The rare grainy sub facies (LF5b) includes coarse grained, sandy grainstone and
rare rudstone. Fauna include pelmatozoans and full frond fenestrate bryozoans. Solitary
rugose corals and brachiopods have also been identified. Bedding is medium to thick
and well cemented. The grainstone beds are normally graded. Rudstone beds in the
Kayak are ferruginous and display very coarse grained bryozoan and brachiopod
fragments and are interbedded with crinoid packstone.

4.6 LISBURNE GROUP
The Lisbume Group represents a carbonate dominated depositional system. The
carbonate lithofacies and microfacies are summarized in Table 4.1.

4.6.1 LITHOFACIES 6 (LF6): DOLOSTONE
The dolostone facies (Figure 4.5) of the Lisbume Group is diagenetic in origin
(see chapter six on diagenesis). Dolostones documented in this study are broken into
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two subfacies: 1) dolomitic limestone - a carbonate rock of which more that 50% by
areal percentage under the microscope consists of the mineral dolomite where mud
matrix or bioclastic remnants are visible, and 2) crystalline dolomite - a carbonate rock
containing more than 90% dolomite and less than 10% calcite (Jackson and Bates,
1997). The dolomitic limestone is scattered throughout the section and most common in
the lower Wachmsuth. It is also common near sequence tops (Figure 2.1). It is not

Figure 4.5: Dolostone facies. 1) Dolomitic limestone of the Crinoidal Limestone Member of the
Wachsmuth Limestone. This portion of the CLM did not fizz vigorously when HC1 was applied. This
sedimentary package is located in measured section WA 1. 2) Cross bedded pelmatozoan dolomitic
grainstone. Note the small crinoid ossicles. Dolostone is present throughout the Nanushuk River
section but is most common in the Wachsmuth Limestone.

discriminatory, common in both fine-grained and coarse-grained carbonate facies. The
crystalline dolomite is pervasively dolomitized, highly fractured, and porous. It is
confined to the lower portion of the Dolomite Member Wachsmuth Limestone.
Dolomitization models are discussed in Chapter 6.

4.6.2 LITHOFACIES 7 (LF7): CALCAREOUS SHALE
The calcareous shale facies (Figure 4.6) of the Lisbume Group is typically fissile,
dark gray in color, and common at the bases of coarsening upward carbonate intervals.
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The calcareous shale beds are thin and most commonly interbedded with muddy facies.
Rare, thick bedded, calcareous shale horizons are noted. This facies is most common in
the Shaley Limestone and Banded Limestone Members of the Wachsmuth Limestone. It
is also locally present in the Alapah Limestone, especially lower Alapah deep water
sections (i.e.: mid and outer ramp).
4.6.3 LITHOFACIES 8 (LF8):
LIME MUDSTONE
The lime mudstone facies
(Figure 4.6) of the Lisbume
group is typically gray in color
and common at the base of
coarsening upward packages. It
is commonly interbedded with
bedded black chert, calcareous
shale, and wackestone.
Mudstone beds are locally
burrowed and range in thickness
from thinly laminated to thinly
bedded. Mudstone that has been
Figure 4.6: Calcareous shale and lime-mudstone facies.
Calcareous shale is commonly thinly interbedded with
mudstone, wackestone, and/or bedded black chert. White
arrows point to recessive calcareous shale interbeds. Lower
Alapah Limestone.
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4.6.4 LITHOFACIES 9 (LF9): BLACK
CHERT
The black chert facies of the
Nanushuk River section locally contains
nodular to elongate chert bodies (LF9a)
(Figure 4.7) or bedded chert (LF9b). The
nodular to elongate black chert is
randomly distributed throughout the
Nanushuk River section and invades most
lithologies. The nodular chert is round to
oval in shape whereas the elongate chert
is laterally extensive, wavy or flat, but not
considered bedded. The bedded black
chert (Figure 4.8) of the Nanushuk River
section is thinly laminated to medium

?
Figure 4.7: Nodular chert faceis. 1) Large chert
nodules of the upper Alapah Limestone. These
black chert nodules are coated with a calcium
carbonate crust. Black arrow points to an
individual nodule. Hammer for scale. 2) Black
chert on a bedding plane surface in the upper
Alapah Limestone. Hammer for scale.

bedded. The bedding can be traced for great distances laterally making the units
excellent marker beds. The bedded chert is most commonly, uniform, monotonous, and
stacked in succession for many meters. It is often interbedded with calcareous shale,
mudstone, and silicified mudstone. The most common bioclast of the black chert
discovered in this study were sponge spicules. Crinoid, bryozoan, brachiopod, and
undetermined bioclasts are locally present. The black chert yielded radiolarians when
studied by Armstrong and Mamet (1978) but were not readily identifiable in this study.
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4.6.5 LITHOFACIES 10 (LF10):
BRYOZOAN-PELMATOZOAN MUDWACKESTONE
The bryozoan-pelmatozoan mudwackestone facies (Figure 4.9) is composed
primarily of lime mud, fenestrate
bryozoans, pelmatozoans, and lesser
ostracod, solitary rugose coral, brachiopod,
and undifferentiated skeletal grains.
Burrows are present locally. The mudwackestone beds are typically fine to
medium grained, very thinly laminated to
thinly laminated, locally silicified,
interbedded with chert, or near the bottom
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of coarsening upward packages The
primary bioclastic constituents (bryozoans
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and pelmatozoans) are fine-to medium-

Figure 4.8: Bedded black chert facies. 1) Thick
stack of bedded black chert. Hammer for scale. 2)
Thin bedded black chert. Hammer for scale. 3)
Bedded black chert, silicified limestone, and
calcareous shale. Hammer for scale. Lower Alapah
Limestone.

grained and poorly sorted.

4.6.6 LITHOFACIES 11 (LF11): PELMATOZOAN-BRYOZOAN WACKEPACKSTONE
The pelmatozoan-bryozoan waeke-paekstone facies (Figure 4.10) is light to dark
gray (tan-yellow if dolomitized) in color and commonly in the middle of coarsening
upward packages. Beds are commonly thin to thick bedded. It is similar to LF10 with
respect to faunal components. The major constituents are pelmatozoans and bryozoans
with lesser foraminifera, ostracods, and undifferentiated bioclasts. The clasts are often
abraded, disarticulated, or broken.

4.6.7 LITHOFACIES 12 (LF12): BIOCLASTIC GRAINSTONE
The bioclastic grainstone facies (see figure 4.5, photograph 2) of the Lisbume Group is
commonly well cemented, light gray to yellow in color, and most commonly at or near
the top of coarsening upward packages. Bedding is typically planar and thin to thick
bedded with common internal planar to tangential cross laminations (LF12a). In some
cases the bioclastic grainstone facies is hummocky cross stratified (LF12b), graded, and
relatively fine-grained, interbedded with muddy carbonates or bedded black chert. The
bioclastic grainstone facies is dominated by pelmatozoans and bryozoans with lesser
amounts of foraminifera, solitary rugose corals, ostracods, and undifferentiated bioclasts.
The bioclasts are commonly rounded, abraded or broken, well to moderately sorted, and
grain supported (facies lacks a mud matrix). Pelmatozoan fragments within this facies
commonly display syntaxial overgrowth cement.
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Figure 4.9: Bryozoan-pelmatozoan facies. Note the abraded crinoid ossicles to the bottom right
suggesting transport. Crinoidal Limestone Member.

4.6.8 LITHOFACIES 13 (LF13): BIOCLASTIC FLOATSTONE
The bioclastic floatstone facies (Figure 4.11) describes rocks containing more
that 10% “floating” bioclastic grains greater than 2 millimeters in diameter in a mud
matrix. The most common constituents are solitary rugose corals, brachiopods,
pelmatozoans, fenestrate bryozoans, ramose bryozoans, and lesser undefined skeletal
fragments. Bioclasts are moderately to poorly sorted and found whole, abraded, and as
fragments.
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Figure 4.10: Pelmatozoan-bryozoan facies. Pelmatozoan, bryozoan, and brachiopod rich wackestone
and packstone. Overlain by coarse grained thin bedded pelmatozoan grainstone. Crinoidal
Limestone Member.

4.6.9 LITHOFACIES 14 (LF14): BIOCLASTIC RUDSTONE
The bioclastic rudstone facies contains more that 10% grains greater than 2
millimeters in diameter. Bioclastic grains include brachiopods, fenestrate bryozoans,
ramose bryozoans, and pelmatozoans. The bioclastic rudstone facies is most common at
the top of coarsening upward packages. It is thin to medium bedded and moderately to
poorly sorted. This facies is rarely well cemented. It is often brittle or crumbly in
outcrop due to weathering with the exception of silicified units.
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4.6.10 LITHOFACIES 15
(LF15): BIOCLASTIC
WACKE-PACKSTONE W/
COLONIAL CORAL
The bioclastic wackepackstone facies (Figure 4.12) of
the Lisbume Group is comprised

^

of individual 15 centimeter to
0.5 meter diameter in situ coral
colonies and larger colonies up
to 2 meters in diameter.
Lithostrotion sp. and
Syringopora (rugose and
tabulate respectively) coral
colonies are typically small, on
the order of 10’s of centimeters.

2
Figure 4.11: Bioclastic floatstone facies. 1) Skeletal
floatstone (undetermined disarticulated shell fragments
(brachiopods or bivalves). 2) Selectively silicified crinoid,
bryozoan, brachiopod, floatstone. Alapah Limestone.

They are most commonly found in the Banded Limestone Member Wachsmuth
Limestone and the Alapah Limestone. They are commonly established in muddy or
argillaceous depositional environments that may contain abundant skeletal fragments.
They are not barriers to circulation.
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Larger coral colonies of the upper Alapah Limestone are represented by “domed”
meter scale Syringopora colonies established stratigraphically above a meter of
pelmatozoan wackestone and below tens of meters of coarse grained pelmatozoan
grainstone.

4.6.11 LITHOFACIES 16 (LF16): BEDDED CHERT WITH NODULAR LIMESTONE
The bedded chert with nodular limestone facies (Figure 4.13) is comprised of
nodular lime mudstone and wackestone and bedded black chert. The lime mudstone
nodules are typically circular in cross section, 10-20 cm in diameter, dolomitized, gray
in color, and encased in bedded black elongate chert or silicified mudstone.
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4.7 SPSS MICROFACIES
CLUSTER ANALYSIS AND
MICROFACIES
The microfacies of the
Nanushuk River section were
derived from thin section point
counts. All point count data were
subjected to hierarchical cluster

Figure 4.13: Bedded black chert with nodular limestone
facies. Arrows point to limestone nodules encased within the
chert. Lower Alapah Limestone. Hammer for scale.

analysis using the statistical computer program SPSS. Attributes included in the point
counts were grain type (siliciclastic, carbonate bioclastic, and non-skeletal components),
matrix, and cement. For thin section descriptions see table 4.2 and Appendix B.
Hierarchical cluster analysis is an analytical procedure that helps identify
homogeneous groups within a larger heterogeneous population based on measured
characteristics. Hierarchical clustering utilizes the distance between a number of
variables (Euclidean distance) and a combining method (similarity) for those variables
allowing for cluster formation. The Euclidean distance is simply a way of computing
distances between objects within multidimensional space. Once a cluster is defined it is
compared with all other individual samples to further constrain the clusters. These
relationships are then recorded in a dendrogram that illustrates the similarities or
distance between variables forming clusters (Figure 4.14).

Figure 4.14: Hierarchical Cluster Analysis Dendrogram. Sample number is indicated on the left
under the label column. Individual clusters are within the red boxes. Microfaceis number
assignment indicated on the right under the microfacies column.
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4.7.1 MICROFACIES 1 (MF1): SILTSTONE TO VERY FINE-GRAINED
SANDSTONE
Siltstone to very fine-grained sandstone (Figure 4.15) with rare pyrite typifies
this facies. The grains are tightly fitted when not burrow mottled. Burrows are
interpreted to be Skolithos (Alpert, 1974; Gregory et al., 2006) based on their vertical
and cylindrical (pipe like) burrowing profile in outcrop (Figure 4.2, photograph 2). This
interpretation is also based on thin section observations (Figure 4.15, photograph 3)
where burrows in plan view are roughly cylindrical. Thin sections included within MF1
include KY_43.5, KY_130, and SI 2.7.

(1) KY_43.5

(3) KY_130

Figure 4.15: Microfacies 1. Sandstone and
siltstone. 1) Tightly fitted angular to
subrounded sandstone. 2) Burrowed siltstone
(B = burrow). 3) Burrowed mottled siltstone
exhibiting Skolithos burrows (darker splotchy
areas). Thin section is cut parallel to bedding.
(B = burrow). Scale bars are 150 microns in
length.

(2) KY_44

4.7.2 MICROFACIES 2 (MF2): BRYOZOAN MUD-WACKESTONE
Bryozoans (full frond fenestrate) are the primary bioclast of this microfacies and
are found floating in a mud matrix with lesser unidentified bioclasts (Figure 4.16). The
only thin section included within MF2 is N A 145.3. This microfacies is linked to LF10.

(1) NA2_45

(2) NA1_45

Figure 4.16: Microfacies 2. This facies contains rare fenestrate bryozoans and fine grained
pelmatozoan and unidentified bioclasts in a mud matrix. 1) Fenestrate bryozoans in mud matrix. Note
that the bryozoan zooecia (black arrow) are filled with cement and fenestrules (white arrow) are filled
with mud. Bry = bryozoan. 2) Expanded view of photograph 1 showing micro-stylolites (Sty), veins
(V), and small bioclastic fragments (Pelm = pelmatozoan fragment, Ph = phosphatic fragment). Bry =
bryozoan. Scale bars are 150 microns in length.

4.7.3 MICROFACIES 3 (MF3): FORAMINIFER CORAL PELMATOZOAN
WACKE- PACKSTONE
Solitary rugose corals, pelmatozoans, and foraminifera are the main constituents
in this micro facies (Figure 4.17) with minor bryozoans, ostracods, and either an
undetermined bioclastic component in a mud matrix or undertermined bioclasts. Thin
sections included within MF3 are WAJ7.7, NA2_110.5, NA2_292, NA2_322,
NA2_396, NA2_418.5, NA2 439, and NA2 452. This microfacies is linked to LF10,
LF11, and LF15.
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4.7.4 MICROFACIES 4 (MF4): BRYOZOAN PELMATOZOAN FORAM WACKEPACKSTONE
Pelmatozoans and bryozoans (Figure 4.18) are the primary bioclasts in this
microfacies with lesser foraminifera, ostracods, corals, and undefined bioclasts in a mud
matrix. Thin sections included within MF4 include NA2_30.5, NA2_50.15, NA2, 56.65,
NA2_137, NA2_218, NA2_225.1, NA2_272, NA2_296.4, NA2_348, and NA2_364.7,
This microfacies is linked with lithofacies LF11.

(1) NA2 396

(2) NA2 396

Figure 4.17: Micro facies 3. 1) Solitary rugose coral septa (Cor), foraminfer (F), and mud matrix.
Scale bar is 100 microns in length. 2) Foraminifera (F), pelmatozoans (Pelm), and unidentified
bioclasts. Scale bar is 150 microns in length. Circles in both thin section micrographs encompass
foraminifera.

4.7.5 MICROFACIES 5 (MF5): PELMATOZOAN BIOCLASTIC PACKSTONE
Pelmatozoans are the primary skeletal fragments in this microfacies (Figure 4.19)
with minor ostracods, brachiopods, peloids, solitary rugose coral, and unidentified
bioclasts. Thin sections included within MF5 are KY_160, NA1_39.8, NA2_1.5,
WA_3.5, NA2_11.9, NA2_30.7, NA2_89.9, and NA2_1088. This microfacies is linked
to lithofacies LF11.
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(2) NA2_225 1

(3) NA2_272

Figure 4.18: Microfacies 4. Pelmatozoanbryozoan wackestone-packstone with lesser
foraminifer, ostracod, and undetermined
bioclastic component. 1) Pelmatozoanbryozoan (Bry) and undetermined bioclast
wackestone in micrite matrix. Scale bar is
150 microns in length. 2) Pelmatozoan
Pelm), foraminifer (F), and undertermined
bioclast packstone. Scale bar is 100 microns
in length. Circles encompass foraminifera.
3) Pelmatozoan-ostracod (Ost) packstone in
micrite matrix. Note micro fractures (Fr)
cross-cutting the crinoid fragment and
microstylolites (Sty) resulting from pressure
solution. Scale bar is 150 microns in length.

4.7.6 MICROFACIES 6 (MF6): PELMATOZOAN BRYOZOAN GRAINSTONE
Pelmatozoans and bryozoans (fenestrate and ramose) are the most common
bioclast in this microfacies with lesser ostracods, brachiopods, solitary rugose corals,
trilobites, peliods, quartz silt, and phosphatic clasts (Figure 4.20). The clasts are
typically fine to medium-grained, abraded, disarticulated, and/or rounded. The thin
sections included within MF6 are KY_199, W A 1 7 , NA2_61.55, N A 2 1 13,
NA2 276.9, and SI 47. This microfacies is linked to lithofacies LF5b and LF12.
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4.7.7 MICROFACIES 7 (MF7): CRYSTALLINE DOLOMITE
Planar subhedral to non-planar interlocking coarse crystalline dolomite with
intercrystalline porosity is the main constituent of this micro facies (Figure 4.21).
Individual dolomite crystals are approximately 10 to 50 microns across. Intercrystalline
pore space can reach 300 microns across in plan view. Porosity estimates range from
1% to 15% and are visual estimates only. Evidence for a pelmatozoan-bioclastic
lithology before dolomitization is recognized in figure 4.22, photomicrographs 1 and 5.
This microfacies is intimately linked to LF6b.

(1) NA1_39.8

(2) S l_ 47

Figure 4.19: Microfacies 5. 1) Pelmatozoan (Pelm) packstone with peloids (Pel), bryozoans (Bry), and
undetermined bioclastic component. 2) Pelmatozoan (Pelm) packstone with phosphatic bioclastics
(Ph), quartz silt (Qtz), and undetermined bioclastic component. Scale bars in each thin section
photomicrograph are 150 microns in length.

4.7.8 MICROFACIES 8 (MF8): COLONIAL CORAL
Lithostrotion sp. and Syringopora colonial corals are the main constituent of this
microfacies (Figure 4.22). Mudstone and/or pelmatozoan-bioclastic wacke-packstone is
a common matrix between individual corallites and corallites are often filled with calcite
cement. This microfacies is linked with LF15 and MF3.
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(1) KY_199

(2) NA2_276.9

Figure 4.20: Microfacies 6. 1) Pelmatozoan (Pelm)-bryozoan (Bry) grainstone with minor calcareous
algae (Alg) and ostracods (Ost). 2) Pelmatozoan-grainstone. Pressure solution has transformed this
into a tightly packed fabric. Pelmatozoan bioclasts are sutured. Scale bars are each 150 microns in
length.

4.7.9 MICROFACIES 9 (MF9): LIME MUDSTONE
Lime mudstone, mudstone with floating silt, and or burrowed mudstone are the
most common types of mudstone in this microfacies (Figure 4.23). Carbonate
mudstones contain from 1-10% skeletal or silt grains and matrix mud. This micro facies
is linked with LF8.

4.7.10 MICROFACIES 10(MF10): PELOIDAL SPICULITIC PACKESTONE
The primary constituents of this microfacies are peloids and spicules with lesser
pelmatozoans and undefined bioclasts (Figure 4.24). Peloids in this microfacies are
typically subrounded and gray to tan in color. This microfacies is linked to LF8.
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(2) NA2_95 1

(3) NA2_96.6

(4) NA2_96.6

(5) NA2_110.5

Figure 4.21: Microfacies 7. Dolomite facies of
the Dolomite Member. (1,2) Fine to very
coarsely crystalline non-planar interlocking
dolomite and minor calcite (Cal) on a former
pelmatozoan (Pelm) grainstone. Recrystallized
pelmatozoan clasts. 1-10% intercrystalline
porosity (pores outlined in red). (3,4) Fine to
very coarsely crystalline non-planar
interlocking dolomite and minor calcite (Cal).
10-15% intercrystalline porosity (outlined in
red). Dead oil (DO). (5) Dolomitized
pelmatozoan (Pelm) packstone. Scale bars are
150 microns in length.
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4.7.11 MICROFACIES 11 (MF11): SPICULITIC PACK-GRAINSTONE
(SPICULITE) The spiculitic pack-grainstone microfacies (Figure 4.25) contains
approximately 50% or greater sponge spicules. Sponge spicules, peloids, and ostracods
are the primary bioclasts of this microfacies with lesser pelmatozoan, and unidentified
bioclasts in mud matrix or encased in cement. The bioclasts are commonly
diagenetically altered and replaced with silica. This microfacies has a distinctive fabric
or pattern of chaotically arranged monaxon spicules and various bioclasts in a light to
dark colored mud matrix. This microfacies is linked with LF8 and LF9.

(1) NA2_452

(2) NA2_1075

Figure 4.22: Microfacies 8. 1) Syringopora coral colony. Mud matrix between individual corallites.
Corallites filled with calcite cement. 2) Lithostrotion sp. coral colony. Individual corallites filled
with calcite cement. Scale bars are 150 microns in length.

4.8 FACIES ASSOCIATIONS
These facies from the Nanushuk River section of the Lisbume Group, that are
associated in vertical succession, are interpreted to represent specific depositional
environments.
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(1) NA2_1075

(3) Sl_65

Figure 4.23: Microfacies 9. 1) Burrowed
mudstone. Burrow contains sponge spicules.
Arrow points to burrow. Mud is partially
dolomitized. 2) Bioclastic mudstone with
floating quartz silt. Brachiopod partially
replaced by pyrite. 3) Mudstone with
floating silt grains. Scale bars are 150
microns in length.

(2) Sl_62

4.8.1 FACIES ASSOCIATION Al
Facies association Al (LF1, LF2, LF3, LF4, and MF1) includes conglomerate,
sandstone, siltstone, and black shale. The stratigraphic distribution of facies association
Al is restricted to the Kayak Shale.
The conglomerate facies (LF1) of the Kayak Shale is both overlain and underlain
by planar and tangentially cross laminated sandstone and thin bedded black shale. The
conglomerates have an erosional base and contain clast supported pebbles. This may
represent a tidal channel bar or lag deposit on a channel floor (Reading and Collinson,
1996). The conglomerate facies is interpreted as being a gravel bedform deposited near

(1 )AL_3
Figure 4.24: Microfacies 10. 1) Partially silicified peloidal spiculitic packstone. Peloids are
distinguishable as the gray tan subrounded grains. Arrows point to some examples of peloids. The
scale bar is 150 microns in length.

a paleoshoreline in the intertidal sand flat environment representing part of a tidal
channel succession. The sandstone lithofacies (LF2) of the Kayak Shale are interpreted
as being deposited near a paleoshoreline in the intertidal sand flat environment.
Sedimentary structures of the sandstone lithofacies include planar to tangential cross
laminations, flaser bedding, and lenticular bedding. These sedimentary structures
suggest traction transport by unidirectional currents. Tangential cross bedding typically
forms in moderate to high energy environments. These bedforms contain cross-bed sets
thicker than 10 cm and are interpreted to be migrating sub-aqueous dunes
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(3) NA2_553

(4) NA2_553

Figure 4.25: Microfacies 11. 1) Partially silicified spicule rich bioclastic packstone-grainstone. 2)
Spicule rich peloid grainstone with minor skeletal component. 3,4) Spiculite. Note the thin laminations
of the spiculite in photomicrograph 3. Photomicrograph 4 is a higher magnification of a single laminae.
Scale bars are 150 microns in length.

(Dalrymple, 1984; Reading, 1986) or “sub-tidal bar deposits” (Hips, 1998) and are
commonplace in the lower Kayak Shale. Flaser and lenticular bedded sandstone
suggests an alternation of bedload and suspended load. Flaser and lenticular bedding
indicate both sand and mud are available and that periods of moderate current activity
(sand deposition) alternate with periods of quiescence (mud deposition). Flaser and
lenticular bedding are usually indicative of differing transport energy during flood and
ebb tides (Dalrymple, 1992). These conditions are characteristic of transitional marine
and intertidal sand flat environments (Lewis and McConchie, 1994). Skolithos is also
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common to the
sand flat
environment
and indicates
high energy
shifting sands
(Seilacher,
1967; Frey
and
Pemberton,
1984; Ekdale,

Figure 4.26: Stacking pattern of Facies Association Al. Each stack is 10
meters thick. A) Stacking pattern 1 coarsens upward from shale to cross
bedded siltstone, sandstone, and conglomerate. The conglomerate is overlain
again by cross bedded sandstone. B) Stacking pattern 2 alternates between
cross bedded and/or Skolithos burrowed siltstone-sandstone and thin bedded
black shale. C) Stacking pattern 3 fines upward from sandstone-siltstone to
fissile black shale. M = mudstone/shale, S = siltstone/sandstone, C =
conglomerate, \\\ = cross bedding, vertical wiggle lines = Skolithos or other
vertical burrow.

1988; Lewis
and McConchie, 1994). This ichnofacies is also common in the lower, middle, and
upper shoreface (Long, 1988; Walker and Plint, 1992). LePain (1993) also suggested
that sections of the Kayak Shale in the northeastern Brooks Range represent marginal to
shallow marine tidally influenced depositional environments.
The siltstone lithofacies (LF3) is interpreted as being deposited in sand flat to
lower mud flat depositional environment. The lenticular bedded siltstone and thick
expanses of very thin interbedded shale indicates a low to moderate energy environment.
Skolithos in the siltstone, however, suggests a high energy environment (Seilacher, 1967;
Ekdale, 1988; Lewis and McConchie, 1994).
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The black shale (LF4) of the Kayak Shale is interpreted to have been deposited in
a low-energy marine setting where large amounts of fine grained terrigenous sediment
was transported by rivers from nearby terrestrial environments (Reading, 1986; LePain
et al, 1990). The general lack of high energy deposits suggests that the black shale of the
Kayak Shale was deposited in quiet water.
Sand dominated tidal flats are characterized by muddy sediments deposited from
suspension intercalated between sand layers reflecting periods of suspension and
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Figure 4.27: Stacking pattern of Facies Association A2. Each
stack is 10 meters thick. A) Stacking pattern 1 is primarily
fissile black shale with ribbons of argillaceous mudstone and
hardgrounds. B) Stacking pattern 2 continues initially with
fissile black shale but records an abrupt change to limestone.
Specifically, pelmatozoan, bryozoan, brachiopod, packgrainstone. S =shale, M = mudstone, H = hardground, W =
wackestone, P = packstone, and G = grainstone.

and tidal flat depositional
environment ranging from sand
dominated to mud dominated
with rare gravels.

Initially, deposition of a cross bedded sandstone eroding into black paper shale
and gravels incising cross bedded sands (Figure 4.26) is followed by cross bedded and/or
Skolithos burrowed siltstone and sandstone deposited on top of the gravels. Skolithos
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burrowed siltstone and cross-bedded sandstone gradually give way to interbedded black
shales (Figure 4.26 B) which are in turn overlain by thick sections of black shale (Figure
4.26 C). This stacking patterns of facies association Al (Figure 4.26) record an overall
deepening and are interpreted to indicate a relative sea level rise. Facies association Al
represents the intertidal flat and shallow subtidal depositional environment.

4.8.2 FACIES ASSOCIATION A2
Facies association A2 (LF4, LF5a, LF5b) includes the black shale and limestone
of the Kayak Shale (argillaceous, sandy, or dolomitic limestone). The stratigraphic
distribution of these facies is restricted to the upper Kayak Shale.
The limestone in the Kayak Shale (see section 4.5.1 for description) is interpreted
to have been deposited in the middle to outer ramp environment. The occurrence of
carbonate hardground suggests the upper Kayak shale experienced non-deposition, low
sedimentation rate, and condensation (Kirkham, 1998; Fliigel, 2004). Condensed
intervals may be a result of subsidence where argillaceous limestone and shale
accumulated slowly in deeper water (Watts, 1995). Argillaceous limestones are
deposited from suspension and have been documented and described from deep,
subtidal, outer ramp sub-storm wave base environments (Elrick and Read, 1991;
Burchette and Wright, 1992; Clough and Goldhammer, 2000; Lianshuang and Carr,
2005; Lianshuang et al., 2006). Normal marine conditions are indicated by the presence
of pelmatozoans, full frond fenestrate bryozoans, solitary rugose corals, and
brachiopods. Armstrong and Mamet (1978) and Dumoulin et al. (1997) suggest that the

pelmatozoan-bryozoan limestone beds of the Kayak Shale formed in an open-marine
setting. Similar depostional environments have been suggested for limestone in the
Kayak Shale in the northeastern Brooks Range (Watts et al., 1995; Dumoulin et al,
1997). Influx of suspended mud inhibits light penetration which can overwhelm
carbonate production (James, 1979). The carbonates deposited in the Kayak were likely
established during periods of waning terrigenous influx and were periodically smothered
by shale.
Facies association A2 and facies stacking patterns (Figure 4.27) suggest that it
was deposited in a deeper water open marine setting than facies association A 1. The
continuation of black shale with interbedded carbonate mudstone and carbonate
hardground followed by an influx of coarse grained carbonates suggests a change from
siliclastic to carbonate productivity. The decrease in grain size and return to deposition
of fine-grained siliciclastics from suspension indicate a lower energy environment
probably linked to relative sea level rise. Facies association A2 represents the deep
subtidal to outer ramp depositional environment.

4.8.3 FACIES ASSOCIATION B
Facies association B (LF8, LF9b, MF9, MF10, and MF11) includes limemudstone, bedded black chert, bioclastic wacke-packstone with colonial corals, peloidgrainstone, and spiculite. The stratigraphic distribution of facies association B is within
the Banded Limestone Member Wachsmuth Limestone and the upper Alapah Limestone.
The stacking patterns of facies association B are different than other facies associations
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from the section. The bedding is typically thin to medium (with the exception of
bioclastic-grainstone beds) and interbedded with black chert. Stacking patterns exhibit
abrupt transitions from bioclastic grainstone to lime mudstone. Cross bedding, normally
graded bed sets, and hummocky cross-stratification are common. Pelmatozoans,

1

2

Figure 4.28: Stacking pattern of Facies Association B. A) Stacking pattern 1 is 12 meters thick
and reveals coarsening-upward successions from mudstone to bioclastic grainstone and abrupt
transitions from grainstone to mudstone. Cross bedding, normally graded bedding, and
hummocky cross stratification are present. Bedding is typically thin to medium. Pelmatozoans,
bryozoans, peloids, ostracods, forminifera, rare solitary rugose coral, and unidentified bioclasts
are present. B) Stacking pattern 2 is 10 meters thick and emphasized the abrupt changes from
bioclastic grainstone to mudstone. Pelmatozoan bioclasts are common. M = mudstone, W =
wackestone, P = packstone, G = grainstone, and R = rudstone.

bryozoans, peloids, ostracods, foraminifera, rare solitary rugose, rugose and tabulate
colonial corals, and unidentified bioclasts are present. Large numbers of ostracods and
foraminifera in thin section distinguish facies association B from facies association D.
The repeating coarsening upward stacking patterns from mudstone to grainstone
indicate a change in the depositional regime and may represent shallowing events or
storm deposits. Thick mudstone intervals overlain by interbedded mudstone and
grainstone stacking patterns suggest shallowing or changes in storm frequency.

Hummocky cross-stratification and normally graded bedding suggest the facies
association has been affected by large storm waves and was probably deposited by
redeposition between fair-weather wave base and storm wave-base (Dott and Bourgeois,
1982). Facies association B and facies stacking patterns (Figure 4.28) suggest that it was
deposited in the open marine environment seaward of shoals recording storm
fluctuations. Facies association B represents storm influenced middle and outer ramp
depositional environments.

4.8.4 FACIES ASSOCIATION C
Facies association C (LF10, LF11, LF12, LF12a, LF14, and MF6) is composed
of coarsening upward packages. These packages can be up to 30 meters thick,
dominated by grainstone, and partially to completely dolomitized.
Lithologic stacking patterns consist of bryozoan-pelmatozoan mud-wackestone
(LF10) and/or pelmatozoan-bryozoan wacke-packstone (LF11) to coarse grained
bioclastic grainstone (LF12) or cross-bedded bioclastic grainstone (LF12a), and rarely
rudstone (LF14) (Figure 4.29). The stratigraphic distribution of facies association C is
most common in the Crinoidal Limestone Member and Dolomite Member Wachsmuth
Limestone. It is less common and represented by thinner packages in the Banded
Limestone Member Wachsmuth Limestone, and upper Alapah Limestone.
Cross-bedded grainstone (LF12a) is either entirely absent from the lower and
middle Alapah Limestone or these sedimentary structures have been obscured by
weathering and/or diagenesis and were not recorded from these members.

79
MW PGR

MW P G R

1

2

Figure 4.29: Stacking pattern of Facies Association C. A) Stacking pattern 1 is 18 meters thick. The
pattern generally coarsens-upward from bioclastic mud-wackestone to bioclastic grainstone and
rudstone. Cross bedding is common. Pelmatozoans, bryozoans, rare ostracods, rare solitary rugose
coral, and unidentified bioclasts are common. B) Stacking pattern 2 is 30 meters thick. The pattern
generally coarsens-upward from bioclastic wacke-packstone to bioclastic grainstone. This package
also contains intercrystalline dolomite after bioclastic grainstone. Pelmatozoans, bryozoans, rare
ostracods, and unidentified bioclats are common. M =mudstone, W =wackestone, P = packstone, G =
grainstone, and R = rudstone.

The rare bryozoan-pelmatozoan mud-wackestone facies (LF10) is represented by
thin, planar to wavy bedded beds that contain pelmatozoans, disarticulated brachiopods,
and an unidentified bioclastic component. This facies coarsens-upward into the
pelmatozoan-bryozoan wacke-packstone facies (LF11) overlain by coarse bioclastic
material (LF12 and LF14). LF11 in this association is thin bedded and contains
pelmatozoans, bryozoans, brachiopods, and an unidentified bioclastic component.
The bioclastic grainstone facies (LF12, LF12a) is the primary component of
facies association C and is represented by thin to massively bedded, rarely cross-bedded,
fine to very coarse grained bioclastic deposits (up to 20 meters thick). These deposits
are partially to completely dolomitized and occasionally overlain by a thin bioclastic

rudstone cap (Stacking pattern 1 in Figure 4.29). Wilson (1975) describes grainstone as
forming in relatively high-energy settings and commonly aggrading to intertidal depths.
The bioclastic rudstone facies (LF14) is present as a cap in some coarsening
upward packages. Rudstone associated with bioclastic grainstone commonly represents
winnowed stratigraphic horizons of coarser debris (Tucker and Wright, 1990). The lack
of matrix mud in LF12, LF12a, and LF14 suggests deposition above fair-weather wavebase in a high energy environment (Aigner, 1984; Hips, 1998; Tucker and Wright,
1990).
Facies association C facies stacking patterns represent an overall coarsening
upward succession. The stacking pattern indicates that the top of each package was
deposited in a carbonate bioclastic grainstone rich environment, possibly as small
migrating bedforms or storm deposits. Thick packages of grainstone (Stacking pattern 2
in Figure 4.29) likely represent shoals. Carbonate grainstone shoals form in relatively
shallow water a little shallower than fair weather wave base (Tucker and Wright, 1990).
Grainstone shoals are typically well-sorted, lack mud, exhibit medium to large scale
cross-bedding (Wilson, 1975) and in some cases hummocky and swaley cross
stratification (Tucker and Wright, 1990).
Facies association C is interpreted to be deposited just below fair-weather wavebase (mud wackestone and wacke-packstone) followed by a relatively shallow water
environment above fair-weather wave-base (5 to 20m) where wave agititation and/or
currents gathered and reworked coarse sediment into migrating bedforms represented by
cross-bedded bioclastic grainstone and bioclastic rudstone. Thick grainstone packages
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represent a shoaling depositional environment above fair-weather wave-base on the
inner ramp.

4.8.5 FACIES ASSOCIATION D
Facies association D (LF7, LF10, LF12b, LF13, LF15, MF2, MF3, MF8, and
MF6) includes calcareous shale, bryozoan pelmatozoan mud-wackestone, bioclastic
grainstone, bioclastic
floatstone, and colonial
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corals.
Bryozoans and
pelmatozoans can be
deposited in a variety of
settings across a
carbonate ramp or
1

platform (Reekman and
Friedman, 1982). The
significance of mud and
fenestrate bryozoan
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Facies 4.30: Stacking pattern of Facies Association D. A) Stacking
pattern 1 is 10 meters thick. The pattern alternates from thin bedded
bioclastic-grainstone and lime-mudstone to bedded chert suggesting a
below fair weather wave base depositional environment. The
grainstone is typically hummocky cross stratified or planar bedded.
B) Stacking pattern 2 is 10 meters thick. The stacking pattern fines
upward from wackestone to thin bedded mudstone and calcareous
shale. Thin calcareous shale interbeds are common. M = mudstone,
W = wackestone, P = packstone, G= grainstone, and R = rudstone.

components of the
bryozoan pelmatozoan mud-wackestone facies imply a low energy quiet sheltered
environment, likely open marine areas below fair-weather wave base (LF10, MF2).
Figure 4.10 is a photograph taken between bioclastic grainstone beds in the Crinoidal

Limestone Member Wachsmuth Limestone. The proximity to grainstone indicates that
this facies was affected by some kind of current activity. The pelmatozoan (crinoid)
fragments are abraded, broken, and isolated in muddy sediments suggesting textural
inversion where particles from a high-energy environment have been displaced to a low
energy environment (Tucker and Wright, 1990). Storm waves and currents provide
enough energy to rework bioclasts into sheets transporting them to the middle and outer
ramp as tempestites or turbidites (Aurell et al., 1998).
Hummocky cross- stratified grainstone beds are common throughout the
stratigraphic section. They are most common in the lower and middle Alapah Limestone
and less common in the Crinoidal Limestone, Dolomite, and Banded Limestone
Members, Wachsmuth Limestone. The hummocky cross-stratified, normally graded,
relatively fine-grained grainstone, and interbedded grainstone with muddy carbonates or
bedded chert of the Nansuhuk River section are similar to tempestites reported by Aigner
(1984) and Aurell et al. (1998) and are interpreted as a storm deposits (LF12b).
The calcareous shale facies (LF7) is interpreted to represent a low energy
depositional environment where suspended sediment settled in calm and quiet waters
(Burchette and Wright, 1992; Fliigel, 2004).
The bioclastic floatstone facies (LF13) commonly displays disarticulated
bioclasts (crinoid ossicles and/or shelly fauna) in a fine grained matrix. The
disarticulation of shelly fauna suggests they have been transported (distance unknown).
However, the presence of a fine grained matrix suggests a relatively quiet depositional
environment. Stacking patterns (mud-wackestone overlain by floatstone) suggest

deposition below fair-weather wave base. Rarely rugose corals are found in situ but
more commonly as fragments (MF3).
The coral colony facies (LF15, MF8) is interpreted to have been deposited in
quiet areas near shoals or in middle ramp environments below fair-weather wave base.
Lithostrotion sp. and Syringopora coral colonies are able to thrive in muddy
environments and formed small reefs in the Late Paleozoic (Wilson and Jordon, 1983,
LePain, 1993, Ekstein, 1994a). Corals of the Lisbume Group are commonly found as
small localized colonies near shoals (Armstrong and Mamet, 1970).
The facies stacking patterns of facies association D suggest an overall deepening
event marked by mudstone deposited over grainstone facies and fining upward
sequences of wackestone to mudstone and calcareous shale. Facies stacking patterns
(Figure 4.30) indicate that facies association D was initially deposited in relatively quiet
water below fair-weather wave base and above storm wave base as indicated by
hummocky cross-stratification in grainstone. Quiet water deposition followed as a result
of sea level rise and likely occurred below storm wave base. Facies association D
represents the open marine below fair-weather wave base depositional environment.

4.8.6 FACIES ASSOCIATION E
Facies association E (LF7, LF8, LF9a, LF16, MF9, and M F11) includes
calcareous shale, lime mudstone, bedded black chert, nodular limestone, and spiculite.
The stratigraphic distribution of facies association E is restricted to the lower and middle
Alapah Limestone.
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Figure 4.31: Stacking pattern of Facies Association E. A) Stacking pattern is 20
meters thick. This stacking pattern represents bedded black chert, mudstone, silicified
mudstone, and shale. B) Stacking pattern 2 is 15 meters thick. This stack represents
thin bedded black chert, silicified mudstone, calcareous shale, and bedded black chert
with limestone nodules (blue ovals). The thickness of continuously bedded chert,
mudstone, and shale suggests both stacking patterns 1 and 2 were deposited below
storm wave base in a quiet water setting. C = chert, M = mudstone, W = wackestone,
P = packstone, G = grainstone, and R = rudstone.

(LF8) and calcareous shale facies (LF7) were deposited in a low energy environment
where sediment settled from suspension in calm and quiet waters (Burchette and Wright,
1992; Fliigel, 2004). Quiet water deposition can occur within both deep and shallow
water areas landward of shoals making interpretation of mudstone contingent upon
lithologies above and below.
Spicules are discrete skeletal elements that serve to stiffen and support the body
of a sponge (Jackson and Bates, 1997). Wilson (1974), Lasemi et al. (2003), and Fliigel
(2004) restrict spiculites to low-energy deeper water outer ramp, slope, and basin
settings. Reeckman and Freidman (1982) place spicule depositional environments in
open marine and basin settings. Scholle and Ulmer-Scholl (2003) indicate that most

Paleozoic and early Mesozoic forms were adapted to the shallow-shelf environment with
later forms ranging from shallow to deep-water environments.
Armstrong (1974), Gruzlovic (1991), and Watts (1995) have described spiculite
successions in the Lisbume Group and suggest a low-energy restricted-platform
depositional environment. A low-energy restricted-platform facies was not recognized
in the Nanushuk River section. The spicules recovered from the Nanushuk River section
are interpreted to have been deposited in an outer ramp setting below fair weather wave
base to below storm wave base. These spicule rich deposits are found in cherty
mudstone and wackestone of the Banded Limestone Member Wachsmuth Limestone and
upper Alapah Limestone. Higher concentrations of spicules (spiculites) are found in the
bedded chert and silicifed mudstones of the lower and middle Alapah Limestone (Figure
4.25).
The bedded black chert with nodular limestone facies (LF16) is not considered a
“true” nodular limestone but rather an artifact of silicification. The package is extensive
enough to be considered a separate facies associated with the bedded chert facies
(LF9b). Most true nodular limestone occurs in deep-marine depositional settings
although no single mechanism or sequence of mechanisms can explain how nodular
limestones are formed (Fliigel, 2004). Nodular-bedding is likely caused by patchy
submarine cementation and burrowing, followed by differential compaction (Elrick and
Read, 1991). The bedded black chert with nodular limestone facies (LF16) is interpreted
to be deposited in a deep marine setting below storm wave base.

In deep marine settings, the silica for nodular and bedded cherts is usually
supplied by dissolution of sponge spicules and radiolarians (Elrick and Read, 1991;
Fliigel, 2004). The lack of wave or current indicators or interbedded grainstone deposits
within LF9b and LF16 suggests that they were deposited in a pelagic quiet water
depositional environment below storm wave base (Figure 4.31). Calcareous shale and
mudstone interbedded with bedded black chert is likely the result of settling from
suspension also indicating a quiet water depositional environment. The bedded black
chert facies (LF9b) is interpreted as being deposited in a deep marine setting below
storm wave base. Facies association E is interpreted to represent the outer ramp below
storm wave-base depositional environment.

4.9 SUMMARY
The sixteen lithofacies and eleven microfacies derived from the Nanushuk River
section combine to form six major facies associations that help determine the
depositional model and sequence stratigraphic interpretations of chapter 5. Facies
associations A through E of the Nanushuk River section fit well into the homoclinal
ramp models of Read (1985) and Burchette and Wright (1992) i.e. the inner, middle, and
outer ramp (Figure 4.32). The facies associations and facies stacking patterns suggest:
1) The Kayak Shale was deposited in the intertidal flat to normal marine deeper-water
environment of the inner and middle ramp. 2) The Shaley Limestone Member was
deposited below fair- weather wave-base to deep water of the middle and outer ramp. 3)
The Crinoidal Limestone and Dolomite Members were deposited at or near fair weather

87
wave base in a shoal to near shoal and inner ramp depositional environment. 4) The
Banded Limestone Member was deposited in a storm influenced middle ramp
depositional environment. 5) The lower and middle Alapah Limestone were both
deposited in outer ramp depositional environments. 6) The upper Alapah was deposited
in inner ramp and middle ramp depositional environments.

Figure 4.32: Facies association distribution of the Nanushuk River section. Al = Facies association
A l, A2 = Facies association A2, B = Facies association B, C = Facies association C, D = Facies
association D, and E = Facies association E.
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CHAPTER 5
DEPOSITIONAL MODEL AND SEQUENCE STRATIGRAPHY

5.1 DEPOSITIONAL MODEL FOR THE NANUSHUK RIVER SECTION
The facies, facies associations, facies stacking patterns, areal extent, and gradual
facies belt changes (Watts et al., 1995) from intertidal to deep water, without evidence of
a significant break in slope, imply that the Carboniferous Lisbume Group of the
Nanushuk River section represents a homoclinal carbonate ramp (Figure 5.1) (Ahr,
1973; Read, 1985; Watts et al., 1995).
The homoclinal ramp model exhibits relatively uniform gradational facies belts
deposited on a gently sloping substrate (Ahr, 1973; Read, 1982, 1985). Some factors
controlling carbonate ramp development include the exposure and orientation of a ramp
to wind, wave, and storm activity (Wright and Burchette, 1998) that create bathymetric
energy gradients from shallow water above fair-weather wave-base and to deeper water
above and below storm-weather wave-base. Relative sea-level rise also plays an
important role in ramp development shifting facies belts up and down ramps (Wright and
Burchette, 1998).
Some ancient ramp systems tend to develop during the drowning of carbonate
shelves and/or during the early establishment of platforms (Fliigel, 2004) and often
evolve into flat- topped rimmed carbonate platforms (Read, 1985; Hips, 1998; Wright
and Burchette, 1998; Fliigel, 2004;) but this is not the case with the Lisbume ramp. The
Carboniferous, Jurassic, and Cretaceous time periods were times of extensive carbonate

ramp development (Ahr, 1989, Burchette and Wright, 1992). The Carboniferous was
one of the most productive intervals for carbonates in geologic history (Whalen, 1995).
Good examples of modern carbonate ramp systems include the Campeche Bank, and
southern Arabian Gulf (Ahr, 1998; Wright and Burchette, 1998).
A distally steepened ramp model was rejected for the Nansushuk River section
because slumps or slope breccias have not been identified. Lacking a significant break
in slope within the section does not imply the section lacks slope deposits. The slope
deposits of the Nanushuk River section include thin rhythmically interbedded calcareous
shale, mudstone, and fine-grained grainstone representing tempestites and suspension
settling. Facies associations A-E (chapter 4; table 4.1) support the homoclinal ramp
hypothesis.
Although coral colonies of small to moderate size exist in the upper Alapah
Limestone they are not extensive enough to be considered a barrier to an interior
platform. Lacking reefal barriers, carbonate ramps are particularly susceptible to
reworking and redistribution of sediment by waves and storm surges (Osleger, 1991;
Burchette and Wright, 1992; Krumhardt et al., 1996) although grainstone shoals can be
just as effective as reefal barriers.

Figure 5.1 Carbonate ramp depositional model lor ihe Nanushuk River section. FWWB Fairweather wave-base.
SWB Storm wave-base.
Ihe model depicts a gently sloping carbonate
ramp including silicilastic tidal flat (facies association-A 1). storm influenced open marine (facies
asso cia tio n -B ). p elm atozoan-b ioclastic sh o a ls (facies a ssociation -C ). storm reworked
carbonates and slope carbonates (facies association-D), basin carbonates (facies associationI ), and distribution of’fauna.
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5.2 SEQUENCE STRATIGRAPHY
Sequence stratigraphy is a useful tool for studying the development and evolution
of both modem and ancient carbonates (Handford and Loucks, 1993; Wilgus et al, 1988)
and has become a popular tool in sedimentary geology (Einsele, 2000). Sequence
stratigraphy is defined as the study of sedimentary rock relationships within a
chronostratigraphic framework, where the succession of sedimentary rocks is often
cyclic and composed of genetically related stratal units (Posamentier et al, 1988, Van
Wagoner et a l, 1990).
The origins of the sequence stratigraphic concept began with the work of
Wheeler (1958) and Sloss (1963) who proposed that the stratigraphy of the North
American craton could be subdivided into unconformity bounded stratigraphic units now
known as the six sequences of Sloss (1963). Sloss revealed that the deposition of
sedimentary rocks on the North Americn craton recorded periods of relative sea-level
rise and fall and the development of unconformities. From this discovery, Sloss (1963)
founded his now famous series of cratonic megasequences (Sauk, Tippecanoe,
Kaskaskia, Absaroka, Zuni, and Teijas). Sequence stratigraphy emerged from Sloss’s
discovery as a modem concept when developments in Exxon seismic stratigraphy
models were published (Vail et al, 1977a; Vail et al, 1977b).
Sequence stratigraphy developed from seismic stratigraphy and the recognition
of unconformity-bounded units in the study of seismic data. Seismic sequences differ
from the megasequences of Sloss (1963). Sloss’s theory is based on continent-wide

sequences (cratonic sequences) and occur over a longer timeframe (ie. megasequence or
supersequence) than seismic sequences. Vail (1997a, 1997b) hypothesized that
unconformity-bounded stratal patterns recognizable on marine seismic cross sections
were the products driven by global changes in sea level or eustacy. Mitchum (1977),
Mitchum et al. (1977), Vail et al, (1977a), and Vail et al. (1977b) established the basic
concepts and terminology of siliciclastic sequence stratigraphy. Sarg (1988) applied
siliciclastic sequence stratigraphic concepts to carbonate platforms, banks, and ramps.
Handford and Loucks (1993) built upon Sarg’s (1988) work and provided sequence
stratigraphic models for several different carbonate platform types including carbonate
ramps.

5.3 ORDERS OF CYCLICITY
Depositional sequences record several orders of sea-level change to describe time
and space in the rock record (Vail et al, 1977a; Haq et al., 1987; Goldhammer et al.,
1990; Meyers and Milton, 1996). First order cycles (continental encroachment cycles,
breakup of supercontinents, and opening of ocean basins) are greater than 50 million
years in duration and are associated with changes in ocean basin volume related to
global tectonics (Pitman, 1978; Emery and Meyers, 1996). Second order cycles are 3 to
50 million years in duration and are associated with changes in basin evolution including
subsidence and uplift (Einsele, 2000). Third order cycles are the foundation of sequence
stratigraphy (Myers and Milton, 1996). These cycles are 1 to 10 million years in
duration (Plint et al., 1992) and may be eustatically driven (Miall, 1986; Miall and Tyler,

1991; Vail et al, 1991; Kerans and Tinker, 1997) although tectonic mechanisms
(intraplate stress) could have an affect (Cloetingh, 1988). Not all third-order sequence
boundaries are distinct physical features recognizable in outcrop on gently dipping
carbonate ramps and flat-topped shelves of passive margins (Goldhammer et al., 1993;
Kerans and Fitchen, 1995). Fourth order and fifth order cycles (parasequences) are 0.01
to 0.5 million years in duration associated with high frequency Milankovitch driven sea
level change (Milankovitch, 1941; Imbrie and Imbrie, 1979; Imbrie and Imbrie, 1980;
Koerschner and Read, 1989). Parasequences are the fundamental building blocks of
sequences (Van Wagoner et al., 1998) and represent shallowing upward facies cycles
bounded by abrupt deepening events (Meyers and Milton, 1996). Parasequence sets are
successive bundles of genetically related parasequences that form recognizable stacking
patterns (Van Wagoner et al., 1990; Einsele, 2000).

5.4 DEPOSITIONAL SEQUENCES AND SYSTEMS TRACTS
The depositional system is defined as a three-dimensional assemblage of
lithofacies, genetically linked by active or inferred processes and environments
(Posamentier et al, 1988). The depositional sequence is a system of genetically related
packages that are bounded by surfaces of stratal discontinuity or their correlative
conformities created by changes in accommodation space. Depositional sequences are
bounded by unconformities. Depostional sequences include sequence boundaries,
lowstand systems tract, transgressive systems tract, flooding surfaces (transgressive and

maximum), highstand systems tract, and shallowing upward and deepening upward
intervals (Van Wagoner, 1985; Van Wagoner et al, 1990; Posamentier and James, 1993).
Accommodation space is the space available between base level or sea level and
a subsiding basin floor. It is controlled by time and base level changes associated with
uplift, subsidence rate, rate of eustatic sea level change, and rate of sedimentation
(Handford and Loucks, 1993). Accommodation is defined as the space available for
sediment to accumulate during any point in time (Jervey, 1988).
Systems tracts are sub-units of depositional sequences. They are genetically
linked three-dimensional depositional systems defined by geometry, stratal terminations,
facies, and stacking patterns and combine to form sequences (Fisher and McGowen,
1967; Brown and Fisher, 1977; Posamentier et al, 1988; Einsele, 2000) recognized and
defined by their boundaries (Meyers and Milton, 1996). The six major systems tracts
are; 1) lowstand systems tract (LST), 2) transgressive systems tract (TST), 3) highstand
systems tract (HST), 4) falling stage systems tract, (FSST) (Plint and Nummedal, 2000),
5) regressive systems tract (RST) (Embry and Johannessen, 1992) and 6) shelf-margin
systems tract (SMST) (Emery and Meyers, 1996).
Important to understanding the systems tract is the identification and location of
sequence boundaries (Type 1 and/or Type 2) and a maximum flooding surface (MFS) or
maximum flooding zone (MFZ).
Sequence boundaries (SB) originally defined by the EXXON group are
characterized by two main types, Type 1 and Type 2. A Type 1 sequence boundary
(SB 1) is a regional erosional unconformity that is caused by subaerial or submarine

erosion associated with a rapid basinward shift of facies tracts superimposing shallow
water facies over deeper water facies (Vail et al., 1984; Vail, 1987; Van Wagoner et al.,
1987). This commonly develops when relative sea-level fall outpaces tectonic
subsidence (Einsele, 2000) and is characterized by subaerial exposure beyond the shelf
edge (Mellere and Steel, 2000; Plint and Nummedal, 2000; Plink-Bjorklund and Steel,
2002). This may result in underlying highstand deposits being deeply eroded Miall,
1997). SB 1 commonly becomes younger towards the basin passing into a Type 2
sequence boundary. A Type 2 sequence boundary (SB2) differs from SB1 in that it does
not have a rapid basinward shift of facies or erosional surface and forms when
subsidence outpaces eustatic or relative sea-level fall (i.e. slow sea level fall). This
results in a gradual seaward shift in facies tracts (Miall, 1997). SB2 are not as readily
identifiable as SB1 and are overlain by the shelf-margin systems tracts (SMST) lacking
fluvial incision or submarine fan deposition (Meyers and Milton, 1996; Sturrock, 1996).
Some authors have utilized the maximum flooding surface (MFS) as a sequence
bounding surface in addition to SB1 and SB2 (Galloway, 1989) contending that
sediments deposited during maximum flooding are identifiable on a regional scale.
A maximum flooding surface (MFS) documents the change from a TST to an
HST. It is considered the maximum landward extent of the deep water environment. It
is characterized by the landward distribution of open marine and deep water fossil
assemblages and a condensed section representing a period of slow deposition
(Armentrout et al., 1991; Bums, 2005). This may lead to lower carbonate production
represented by hardground development (not all condensed sections are maximum
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flooding surfaces). When a single surface defining the point of maximum flooding is not
identifiable due to aggradational stacking patterns or sections deposited below the depth
where sea level changes are recorded, a maximum flooding zone is recognized instead
(Coe, 2003). Parcell (2004) discusses three different aspects of the MFS: 1) a surface
formed during the time of deepest water, 2) a surface marking the time of maximum
landward position of the basinward pinchout of shelf units, and 3) a surface representing
time of maximum starvation formed during low depositional rates associated with the
condensed section and maximum rate of sea level rise.
The lowstand systems tract is stratigraphically the oldest of the systems tracts
and represents a succession of sedimentary deposits that have accumulated after relative
sea level fall has ensued. Stream rejuvenation and fluvial incision, sedimentary bypass
of the shelf, and basinward shift of facies are typical. Lowstands re-deposit shelf and
slope sediment to the basin and slope via lowstand gravity flow processes. The
transgressive systems tract represents the sedimentary deposits that have an overall
deepening upward bathymetric signal (Armentrout et al., 1991; Sturrock, 1996). They
accumulate in a retrogradational (landward stepping) framework from the onset of a
marine transgression to its terminal maximum marine flooding surface prior to renewed
regression. The highstand systems tract is stratigraphically the youngest of the systems
tracts, commonly recognized as aggradational or as progradational topsets (seaward
stepping) deposited after maximum transgression during late relative sea-level rise
(Meyers and Milton, 1996). An HST is developed when sediment accumulation rates
are equal or greater to the accommodation available during relative sea-level rise

(Sturrock, 1996). Highstands can also form when marine sediments reach their most
landward position during late sea level rise, still stand, and early sea level fall and
typically have a progradational or aggradational clinoform geometry that downlaps onto
the MFS.

5.5 CARBONATE SEQUENCE STRATIGRAPHY
Carbonate depositional systems respond differently to sea level change than
siliciclastic depositional systems (James and Kendall, 1992; Schlager, 1992; Walker and
James, 1992; Loucks and Sarg, 1993; Sarg, 1988) but the application of sequence
stratigraphic principles for interpretation are similar to siliciclastics. The primary
difference between siliciclastic and carbonate sequence stratigraphy is the “delivery
method” of sediments to the marine basin. Siliciclastics sediments enter the basin via
rivers, deltas (Vail, 1987), and wind, whereas carbonates are produced by organic and
inorganic processes (James, 1979; Handford and Loucks, 1993) and more likely to be
environmentally specific (James and Kendall, 1992). This primary difference has
profound effects on the geomorphology and constructional dynamics of both siliciclastic
and carbonate systems. For instance, siliciclastics have lower slope angles than
carbonates (Schlager and Camber, 1986; Handford and Loucks, 1993) and may have a
lowstand wedge (Miall, 1997) that can be as thick or thicker than carbonate lowstand
wedges. Siliciclastic systems can form barrier islands but they cannot efficiently
construct rigid rimmed margins or morphologically diverse platforms as can carbonates
(Handford and Loucks, 1993). Of utmost importance is the difference in the effect of

sea-level change on carbonates versus siliciclastic marine systems (Miall, 1997) and the
relationship between sea-level rise and carbonate production (Jones and Desroachers,
1992). Time, rate of sea-level change, subsidence rate, and rate of carbonate production
dictate how carbonate-platform architecture will adjust or respond. The six main styles
of carbonate- platform architecture adjustments in response to the controls mentioned
above include; 1) drowning, 2) back step, 3) catch up, 4) keep up, 5) prograde, and 6)
spill out (Kendall and Schlager, 1981; Walker and James, 1992).
When the rate of sea-level fall is greater than the rate of subsidence the result is
exposure of the landward carbonate platform. This exposure, depending on climatic
factors, will result in dissolution or diagenesis. When the rate of sea-level rise is greater
than the rate of sediment accumulation the carbonate platform is forced to catch up. If
sea level rise is too rapid, drowning o f the platform will occur and carbonate production
will cease. This is usually caused by rapid pulses of relative sea-level rise caused by
tectonics plus eustatic events, although other drowning mechanisms do exist (Fliigel,
2004). Unequivocal examples of drowning on carbonate ramps are rare (Emery, 1996).
A less rapid rise in sea-level will allow the carbonate platform to catch-up. If the rate of
sea-level rise slows and carbonate production continues and eventually exceeds the
allowed accommodation space the system can aggrade, prograde, or spill out (Schlager,
et al., 1994).

5.6 CARBONATE RAMP SEQUENCE STRATIGRAPHY
Relative sea level change is one of the main factors controlling sediment
deposition and distribution on carbonate ramps (Bachmann and Kuss, 1998). The width
of the sediment production zone on a ramp should not change substantially with a fall or
rise in sea-level (Handford and Loucks, 1993).
During transgression backstepping of the carbonate ramp will superimpose
deeper water facies over shallow water facies. In other words, the inner ramp would be
overlain by the mid ramp and the mid ramp by the outer ramp. Once maximum flooding
has been achieved, the highstand systems tract will aggrade or progrades basinward
(Tucker and Wright, 1990; Emery, 1996; Einsele, 2000). During regression the
landward ramp will become exposed. Meteoric cementation, karstification, soil
formation, fluvial deposition, and other forms of non-marine sedimentation and
diagenesis become possible. Figures 5.2 and 5.3 represent idealized carbonate ramp
depositional sequences and systems tract models (modified after Handford and Loucks,
1993).
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Figure 5.2: Systems tracts and standard lithofacies of a humid carbonate ramp. 1) Idealized carbonate
ramp sequence indicating carbonate lithofacies (see key). 2) Idealized carbonate ramp sequence
stratigraphic framework showing systems tracts. The graph shows eustacy and thickness of carbonate
ramp sequences over time as well as subsidence and relative sea level changes over time. Modified
after Handford and Loucks, 1993.
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Figure 5.3: Systems tract models from carbonate ramps. These models depict an idealized
representation and distribution pattern of facies and paleoenvironments on a carbonate ramp. A)
represents a highstand systems tract. Note the aggrading/prograding grainstone shoals (yellow). B)
represents a transgressive systems tract. Note that the basinal facies retrograde shoreward (black). C)
represents a lowstand systems tract where much of the inner ramp has become exposed. Graphs to the
right of these models represent eustatic sea level curves, relative sea lvel curves (RSL), and subsidence
for system tracts A, B, and C. Modified after Handford and Loucks, 1993.

5.7 SEQUENCE STRATIGRAPHY OF THE NANUSHUK RIVER SECTION
A carbonate ramp sequence stratigraphic framework has been constructed for the
Nanushuk River section of the Lisbume Group based on lithofacies, microfacies, critical
surfaces, and facies association stacking patterns (Figure 5.10). Although some
parasequences are observed in the lower Wachsmuth Limestone, the following sequence
stratigraphic interpretation focuses on third-order sequences.
The Nanushuk River section lacks evidence of subariel exposure horizons (Type
1 sequence boundaries). Subaerial exposure horizons have, however, been identified in
the Alapah and Wahoo Limestones in the northeastern Brooks Range (Carlson et al.,
2003). The sequence boundaries identified here are transgressive surfaces that juxtapose
deeper water over shallower water facies. Lowstand systems tracts (LST’s) are not
recorded in the section. Recognition of sequence boundaries and maximum flooding
surfaces is complicated by thick covered intervals within the section. It should be noted
that carbonate depositional sequences are complex and often incomplete (hiatuses in
deposition or erosion triggered by variations in subsidence rate and/or sediment transport
rate) so that the maximum flooding surfaces may be missing (Fischer, 1964;
Goldhammer et al., 1990; D’Argenio et al, 1997; Pomar and Ward, 1999; Burgess and
Wright, 2003), however, even if cycles are incomplete, the juxtaposition of deeper water
over shallow water facies is apparent.
A complete stratigraphic column including the sequence stratigraphic
interpretation for the Nanushuk River composite section and a correlation diagram
between the Skimo Creek (Dumoulin et al., in press) and Nanushuk River composite
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sections is located in Appendices C and D respectively. For stratigraphic,
biostratigraphic, and detailed lithologic information see Appendix B. Numbers in the
sequence descriptions below (in meters) coincide with the detailed measured
stratigraphic columns in Appendices C and D.

5.7.1 SEQUENCE ONE
Sequence one (Figure 5.4) is 210 meters thick. It is represented by the upper
Kayak Shale and the Shaley Limestone, Crinoidal Limestone, and Dolomite (first 30
meters) Members of the Wachsmuth Limestone from 220 to 430 meters in the measured
section. A lithologic change from the black shale to bioclastic wacke-packstone facies
marks the beginning of the sequence. A gradual facies change and progressive deeper
water facies stacking pattern (deepening upward trend) from bioclastic wacke-packstone
to mud-wackestone with interbedded black shale to calcareous shale facies suggests a
deepening event. The facies stacking patterns initiate within thick sections of black
shale as cyclic, medium bedded, fining-upward, pelmatozoan wacke-packstone and
pelmatozoan mud-wackestone interbedded with black to calcareous shale. The finingupward facies stacking patterns and an increase in muddy facies (facies association D) is
interpreted as a TST.
A maximum flooding zone (Elrick and Read, 1991; Holland and Patzkowsky,
1998) is recorded as the last thick section of calcareous shale and mudstone (295 to 299
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Figure 5.4: Sequence one. Fining-upward facies stacking patterns and an increase in muddy facies
below the MFZ are interpreted as a TST. A maximum flooding zone is recorded as the last thick
section of calcareous shale and mudstone in the Shaley Limestone Member. The abrupt appearance and
cyclic nature of the coarsening-upward facies and decline of deeper water facies above the MFZ is
interpreted as a shallowing-upward succession and a HST. TST = transgressive systems tract, MFZ =
maximum flooding zone, HST = highstand systems tract. Note: Key represents lithologies for figures
5.4 through 5.9.

meters) of the Shaley Limestone Member. The MFZ passes upward into cyclic
coarsening-upward cycles of thin to thick bedded, partially dolomitized packages of thin
bedded mudstone and mud-wackestone to thick bedded very coarse-grained bioclastic
grainstone (sometimes cross bedded) with coarse-grained bioclastic rudstone caps of the
Crinoidal Limestone Member (facies associations C and D) and a thick package of
intercrystalline dolomite after pelmatozoan grainstone (Dolomite Member). The overall
decrease in muddy facies up section (including total absence of calcaresou shale) and
cyclic nature of these shallower water facies and decline of deeper water facies upward
is interpreted as a shallowing-upward succession and a HST. Sequence one’s major
facies association stacking pattern (Figure 5.10) from A2 to D to C indicates a
deepening-upward transgressive succession followed by a shallowing-upward regressive
succession separated by a maximum flooding zone.

5.7.2 SEQUENCE TWO
Sequence two (Figure 5.5) is 170 meters thick. It is represented by the remainder
of the Dolomite Member and the lower 20 meters of the Banded Limestone Member
Wachsmuth Limestone from 430 to 616 meters in the measured section. Sequence two
was initiated as calcareous shale and mudstone (facies association D) intercalated with
bioclastic grainstone overlying the upper boundary of sequence one. A lithologic
change from the thick beds of bioclastic grainstone in sequence one to abruptly thinner
grainstone units and an increase in muddier lithologies (facies association D) are
interpreted as a deepening upward trend and a TST.
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Figure 5.5: Sequence two. Fining-upward facies stacking patterns of bioclastic grainstone to planar
bedded mudstone and thin bedded calcareous shale, a decrease in bioclastic grainstone overall, and an
increase in muddier facies beneath the MFZ are interpreted to represent a TST. A MFZ is recognized
as a thick package of thin wavy bedded mudstone to mud-wackestone with calcareous shale partings.
An overall shallowing-upward trend and facies stacking patterns from calcareous shale and mudstone
to thickening and coarsening upward cycles of bioclastic grainstone above the MFZ are interpreted to
represent a HST. TST = transgressive systems tract, MFZ = maximum flooding zone, HST =
highstand systems tract.

The fining-upward facies stacking patterns of bioclastic grainstone to planar bedded
mudstone and calcareous shale, a decrease in bioclastic grainstone overall, and an
increase in muddier facies support this interpretation.

A MFZ is recognized as a thick package of thin wavy bedded mudstone to mudwackestone with calcareous shale partings (547 to 560 meters). The MFZ is overlain by
cycles of mudstone and coarse grained, coarsening upward bioclastic grainstone (563
615 meters). These bioclastic grainstone packages overlying calcareous shale and mudrich facies are interpreted as a HST. The facies stacking pattern from calcareous shale
and mudstone to coarsening and thickening bioclastic grainstone are interpreted as a
shallowing-upward trend supporting this interpretation. Sequence two’s major facies
association stacking pattern (Figure 5.10) from C to B/D, and back to C indicates a
deepening-upward transgressive systems tract followed by a shallowing-upward
regressive systems tract separated by a maximum flooding zone.

5.7.3 SEQUENCE THREE
Sequence three (Figure 5.6) is 184 meters thick. It is represented by the upper
half of the Banded Limestone Member and the lower 72 meters of the lower Alapah
Limestone from 616 to 800 meters in the measured section. The sequence was initiated
as repeating intervals of interbedded calcareous shale, mudstone, and wackestone (facies
association D) overlying coarsening-upward packages of bioclastic grainstone (facies
association C) at the top of sequence two. Approximately 100 meters of mudstone,
mud-wackestone, and covered intervals continue up section. Facies stacking patterns
commonly consist of fining-upward packages of thin bedded mud-wackestone and
bedded black chert, mudstone, and mudstone with thin calcareous shale interbeds. This
thick interval of muddy facies (facies association D) is interpreted to represent a TST.

108

Figure 5.6: Sequence three. Facies stacking patterns of fining-upward packages of thin bedded mudwackestone and bedded black chert, mudstone, and mudstone with thin calcareous shale interbeds
below the MFZ are interpreted to represent a TST. A MFZ is recognized as a 5 meter package of thin
bedded mudstone and bedded black chert with calcareous shale interbeds. Facies stacking patterns
that coarsen-upward from calcareous shale and thin bedded mudstone to fine and/or coarse-grained
bioclastic grainstone with rudstone caps above the MFZ are interpreted to represent a HST. TST =
transgressive systems tract, MFZ = maximum flooding zone, HST = highstand systems tract.

A MFZ is recognized as a 5 meter package of thin bedded mudstone and bedded
black chert with calcareous shale interbeds (704-709 meters). The MFZ is overlain by a
thick covered interval followed immediately by coarsening-upward packages of
mudstone to fine grained, wavy bedded, bioclastic grainstone (709-815 meters) with rare
rudstone caps (facies association C). Facies stacking patterns coarsen-upward from
calcareous shale and thin bedded mudstone to fine and/or coarse-grained bioclastic
grainstone with local rudstone caps. Interbedded mudstone and grainstone is common
near the top of the sequence. The increase of bioclastic grainstone, overall decline of
muddier facies compared to the TST of this sequence, and facies stacking patterns are
interpreted as a HST. Sequence three’s major facies association stacking pattern (Figure
5.10) of C to D and back to C indicates a deepening-upward transgressive systems tract
followed by a shallowing-upward regressive systems tract separated by a maximum
flooding zone.

5.7.4 SEQUENCE FOUR
Sequence four (Figure 5.7) is 307 meters thick. It is represented by the
remainder of the lower Alapah Limestone and the lower 130 meters of the middle
Alapah Limestone from 800 to 1107 meters. Sequence four is initiated as a lithologic
change to bedded black chert from the coarsening-upward bioclastic grainstone at the
top of sequence three.
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Figure 5.7: Sequence four. Facies
stacking patterns of thin, wavy,
bedded black chert with interbedded
calcareous shale and silicified
limestone below the MFZ are
interpreted to represent a TST. The
facies stacking pattern, overall fine
grained lithology, and large
quantities of bedded black chert are
interpreted to represent a TST and a
significant sea-level rise. A MFZ is
recognized as the last thick package
of bedded black chert. Mudstone,
calcareous shale, and chert pass into
fine-grained bioclastic grainstone
and coarsening-upward bioclastic
grainstone above the MFZ and are
interpreted to represent a HST. TST
= transgressive systems tract, MFZ
= maximum flooding zone, HST =
highstand systems tract.

Bedded black chert, bedded black chert with nodular limestone, silicified
mudstone, and silicified pelmatozoan mud-wackestone (facies association E) are the
primary lithologies. Stacking patterns reveal thick packages of thin, wavy bedded, black
chert with interbedded calcareous shale and silicified limestone. Facies stacking patterns
are locally thin, planar to wavy bedded, fine grained grainstone interbedded with black
chert and/or mudstone. The facies stacking pattern, overall fine grained lithology, and
large quantities of bedded black chert and are interpreted to represent a TST and a
significant deepening upward succession.
A MFZ is recognized as the last thick package of bedded black chert and
silicified mudstone (910-918 meters) in the sequence. The MFZ is overlain by a thick
covered interval followed by thick packages of mudstone, bedded black chert, and shale.
Thinly bedded cycles of mudstone, calcareous shale, and bedded black chert gradually
give way to fine-grained bioclastic grainstone and coarsening-upward bioclastic
grainstone (facies association C). These facies stacking patterns are interpreted to record
a cyclic shallowing upward trend and represent a HST. Sequence four’s major facies
association stacking pattern (Figure 5.10) of C to E to D and back to C indicates a
deepening-upward transgressive systems tract followed by a shallowing-upward
regressive systems tract separated by a maximum flooding zone.

5.7.5 SEQUENCE FIVE
Sequence five (Figure 5.8) is 364 meters thick. It is represented by the remainder
of the middle Alapah Limestone and lower 144 meters of the upper Alapah Limestone
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Figure 5.8: Sequence five.
The overall fining-upward
trend from pack-grainstone to
calcareous shale, mudstone,
and bedded black chert below
the MFZ is interpreted to
represent a TST. A MFZ is
recognized as a very thin
bedded calcareous shale,
mudstone, and bedded black
chert interval. The overall
increase in grains size, grainy
lithologies, and decrease or
absence of muddier
lithologies above the MFZ
are interpreted to represent a
HST. TST = transgressive
systems tract, MFZ =
maximum flooding zone,
HST = highstand systems
tract.

from 1107 to 1471. Sequence five was initiated with bedded black chert overlying the
coarsening-upward bioclastic grainstone of sequence four. A 51 meter covered interval
immediately follows. Stacking patterns above the covered interval include thick
packages of cyclic cherty bioclastic pack-grainstone (facies association D) with
interbedded black chert overlain by very thinly bedded black chert with interbedded
calcareous shale and mudstone (facies association E). This overall fining-upward,
deepening-upward trend from pack-grainstone to calcareous shale and mudstone, and
bedded black chert is interpreted to represent a deepening upward package and a TST.
Although large portions of this section are covered, facies stacking patterns exhibiting
cyclic deepening above the covered interval and the increase in muddy facies supports
this interpretation.
A MFZ is recognized as very thin bedded calcareous shale, mudstone, and
bedded black chert interval (1327-1340 meters). The MFZ is immediately overlain by
interbedded mudstone and fine grained grainstone followed by coarsening-upward
bioclastic grainstone. Coarsening-upward facies stacking patterns commonly begin with
mudstone, mud-wackestone, and locally packstone. A multitude of covered intervals
masks the original bedding. Bedding thickness of the grainstone increases up-section
with rare rudstone caps (facies association C). These thick sequences of thin to very
thickly bedded shallowing and coarsening-upward packages are interpreted to represent
a HST. The overall increase in grain size, grainy lithologies, and decrease or absence of
muddier lithologies supports this interpretation. Sequence five’s major facies
association stacking pattern (Figure 5.10) of C to D to E and back to C indicates a

deepening-upward transgressive systems tract followed by a shallowing-upward
regressive systems tract separated by a maximum flooding zone.

5.7.6 SEQUENCE SIX
Sequence six (Figure 5.9) is 150 meters thick. It is represented by the remainder
of the upper Alapah Limestone from 1471 to 1621 meters. Sequence six was initiated as
very thinly bedded mudstone deposited over the coarse-grained grainstone of sequence
five. Stacking patterns are composed of thin to medium bedded mudstone and mudwackestone overlain by thick packages of medium to thick bedded mudstone and mudwackestone (facies association D). Thin packages of cross-bedded, bioclastic packgrainstone (facies association C) are rarely present as tops. The stacking pattern and
overall dominance of muddy facies suggests a deepening event and is interpreted to
represent a TST. A maximum flooding surface is recognized as very thin bedded black
shale deposited directly over a package of bioclastic pack-grainstone at 1589.5 meters.
The MFS is overlain by pelmatozoan-mudstone, wackestone, and packstone (facies
association D). The facies stacking pattern records thick sections of mudstone,
wackestone, packstone, and interbedded black chert. These thick intervals of carbonate
that were deposited after the deposition of the black shale are interpreted to represent a
HST. Sequence six is overlain by the Permian Siksikpuk formation. Sequence six’s
major facies association stacking pattern (Figure 5.10) of C to D and back to C indicates
a deepening-upward transgressive systems tract followed by a shallowing-upward
regressive systems tract separated by a maximum flooding zone.
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Figure 5.9: Sequence six. The overall dominance of muddy facies below the MFS suggests a deepening
succession and is interpreted to represent a TST. A maximum flooding surface is recognized as a very
thin bedded black shale deposited directly over a package of bioclastic pack-grainstone. Mudstone and
wackestone deposited above this black shale horizon are interpreted to represent a HST. TST =
transgressive systems tract, MFS = maximum flooding surface, HST = hishstand systems tract.

Figure 5.10: Facies association stacking
patterns. Simplified stacking patterns from
sequences 1-6. The gray bars connect the
same facies association representing the top
of the previous sequence. Black arrows
represent TST and HST.

5.8 RELATIVE SEA LEVEL HISTORY OF THE NANUSHUK RIVER SECTION
A relative sea level curve for the Nanushuk River section (Figure 5.11 and Figure
8.1) has been constructed from lithofacies and microfacies analysis, facies stacking
patterns, facies association stacking patterns (Figure 5.10), and sequence stratigraphic
interpretation (Figures 5.4 through 5.9 and Appendices C and D).
Overall, the Lisbume Group represents a marine transgression (Eckstein, 1994)
that generally deepens from a carbonate ramp to basin across northern Alaska (Whalen
et al., 2006) recording six 3rd order sequences in the Nanushuk River section. Each of
the six sequences is composed of both a transgressive and highstand systems tract.
The relative sea level curve for the Nanushuk River section (Figure 5.11) records
an overall transgression and progressive deepening through the transgressive systems
tract of sequence four. Sequence four documents the deepest water facies in the section
(see section 5.7.4) including thick packages of bedded black chert and bedded black
chert with nodular limestone. Sequences five and six do not record thick sections of
these deep water outer ramp facies. This suggests an overall drop in sea level for
sequences five and six. Sequence six is overlain by the Permian Siksikpuk Formation.
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Figure 5.11: Nanushuk River section sea level
curve. Sea level curve shows high and low sea
level representing highstand and transgressive
systems tracts. The curve is numbered to
represent the 6 identified sequences in the
section. The red lines delineate maximum
flooding. Question marks indicate suspect sea
level curve resulting from covered intervals.

5.9 CORRELATION BETWEEN THE NANUSHUK RIVER AND SKIMO CREEK
SECTIONS
The sequence stratigraphic correlation between the Nanushuk River section and
the Skimo Creek section is based on Skimo Creek data (Dumoulin et al., in press) and
data from this thesis. The correlation immediately reveals a significantly thicker
Nanushuk River section. This likely reflects the subsidence discussed in Armstrong and
Mamet (1978). Correlation between the two sections is based on stacking patterns and
maximum flooding interpretations. For a visual representation and sequence
stratigraphic interpretation of the composite Nanushuk River section and correlation
between the Nanushuk River and Skimo Creek sections see Appendix D.
Sequence one in both sections is primarily Osagean in age based on conodont data
(Appendices A and B). Kinderhookian conodonts were collected from the base of
sequence one in the Nanushuk River section in the upper Kayak Shale. Sequence one is
incomplete at Skimo Creek exhibiting only the top portion of a HST recording maximum
regression (Dumoulin et al., in press). At the Nanushuk River, Sequence one is 210m
thick. The HST of Sequence one is dolomite and limestone exhibiting an overall
coarsening upward trend. The top of sequence one can be readily correlated between the
two sections as both coarsen upward into coarse-grained grainstones that are at least
partially dolomitized (Appendix D).
Sequence two in both sections is of similar thickness and age, 170 m in the
Nanushuk River section and 180 m in the Skimo Creek section. Each is Osagean in age
based on conodont data (Appendices A and B). Facies stacking patterns reveal some

similarities between the two sections. In the TST of Sequence two, both Skimo Creek
and Nanushuk River sections display thin beds of mudstone and wackestone generally
coarsening up into thin beds of packstone and grainstone. Nodular chert is common. In
the HST of Sequence two, the sections show an overall fining upward trend of packstone
and grainstone to mudstone and wackestone. A majority of the Skimo Creek HST is
covered (approximately 100 meters) making correlation uncertain. Thin grainstone beds
are more common in the Nanushuk River section in both the TST and HST and are
likely storm derived.
Sequence three is 184 m thick in the Nanushuk River section and 200-250 m
thick at Skimo. Both sections are Osagean to Meramecian in age based on conodont
data (Appendices A and B). Sequence two at Skimo Creek contains numerous covered
intervals (Dumoulin et al., in press) making correlation difficult. Facies stacking
patterns in the Nanushuk River section clearly indicate a TST and HST separated by a
maximum flooding zone that is not readily visible in the Skimo Creek section.
Sequence four is 307 meters thick, considerably thicker than the 200 m thick
sequence at Skimo Creek. This sequence has questionable lower and upper age
boundaries in both sections. It is likely Meramecian to early Chesterain in age based on
conodont data (Appendices A and B) both above and below sequence four. Facies of
sequence four are interpreted as outer ramp and basinal bedded chert sedimentation in
the Nanushuk River section. This is in contrast to the wacke-packstone and packgrainstone facies at Skimo Creek. This suggests the Nanushuk River section was in
significantly deeper water in part of the lower to middle Meramecian than Skimo Creek.

Sequence five in both sections has questionable lower and upper age boundaries.
It is likely late Meramecian to Chesterian in age based on conodont data (Appendices A
and B) both above and below sequence five. Sequence five is vastly thicker in the
Nanushuk River section (371 m). Skimo Creek (160 m) is thinner due to sediment
starvation represented by a highly condensed shale, phosphorite, and lime mudstone
section in Sequence 5 (Dumoulin et al., in press). Maximum flooding at Skimo Creek is
represented by a phosphatic interval which is covered or not present in the Nanushuk
River section.
Sequence six in both sections is Chesterian to Morrowan in age based on
conodont data (Appendices A and B). Sequence six is overlain by the Permian
Siksikpuk Formation at both sections. Sequence six at the Nanushuk Section (151 m) is
notably thicker than Skimo Creek (40-45 m) and differs lithologically.
The dramatic thickness variations between the Nanushuk River section and the
Skimo Creek section reflect differential subsidence across the Lisbume carbonate ramp.
Variation in accumulation history and subsidence rate may imply a tectonic control
caused by the reactivation of Devonian extensional structures (Whalen et al., 2005)
below the Lisbume Group. Sequences five and six in the Skimo Creek section are
highly condensed. This may explain the thickness variations between the two sections.
Increased subsidence at the Nanushuk River section may not be necessary to explain this
thickness variation, however, deposition of thick sections of bedded black chert on the
outer ramp either implies subsidence and/or rapid relative sea-level rise across this
Carboniferous carbonate ramp.
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CHAPTER 6
DIAGENESIS

6.1 DIAGENESIS
Carbonate sediments have a high susceptibility to diagenetic alteration
(dissolution, recrystallization, and replacement) and form in one of six major diagenetic
zones: meteoric vadose, meteoric phreatic, mixing, marine vadose, marine phreatic, and
burial zones (Longman, 1980). Diagenetic processes transform most carbonate
sediments into rocks (Murray and Pray, 1965) and include gravitational compaction,
replacement (including dolomitization, and silicification), geochemical compaction,
mineral stability transformation, solution (karstiflcation), cementation, organic rotting,
bioerosion, neomorphism, recrystallization, and fracturing (Cook and Corboy, 2003).
The primary diagenetic processes that have affected the Nanushuk River section include
dolomitization, silicification, cementation, compaction (mechanical) and pressure
solution (chemical), and recrystallization.

6.1.1 DOLOMITIZATION
Dolomitization is the transformation of limestone to dolomite. It involves the
nucleation and growth of dolomite (Sibley and Gregg, 1987) and is often expressed by
the chemical equation: 2CaC03, c a icite) + Mg2" = CaMg (C 0 3)2(d o lo m ite ) + Ca2~ or C aC 03 +
Mg2+ + C 0 32' = CaMg (C 0 3)2’ (Lippmann, 1973; Tucker and Wright, 1990; Wilson et
al., 2001). Folk (1959) defined dolomitization as meaning that more than 10% of a
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limestone has been replaced by dolomite. Dolomite (CaMg (CO t,)2 like calcite, occurs in
many crystal forms, fabrics, and mosaics. Although people have worked with dolomite
in the laboratory (Seigal, 1961: Skinner, 1963), it is difficult to study because it
crystallizes very slowly at temperatures below 100 °C (Goldsmith, 1953; Folk and Land,
1975; Land, 1985; Tucker and Wright, 1990; Arvidson and Mackenzie, 1998). Dolomite
can form from any natural solution providing the Mg/Ca ratio is over 1:1 (Folk and
Land, 1975).
Dolomite is common in most sections of the Lisbume Group. Thick dolomitized
intervals at Shainin Lake and Itkilik Lake in the central Brooks Range show evidence of
dolomitization in bryozoan pelmatozoan packstone and grainstone (Armstrong and
Mamet, 1989).
The dolomite in the Nanushuk River section occurs as stratal dolomite and
massive dolomite. In thin section, the most common dolomite replacement fabrics from
the Nanushuk River section are non-planar, planar-s, rarely planar-e, aphanotopic
(micro-sucrosic), and coarse replacement dolomite with calcite. Dogtooth dolomite
exhibiting Fe (?) rich rims is local in limestone of the Kayak Shale. The dolomite is
variable in crystal size and shape. It is most commonly non-planar and rarely destroys
primary fabrics completely. The exception is portions of the Dolomite Member
Wachsmuth Limestone where non-planar, planar-s, and rare planar-e mosaic dolomite
destroys primary fabric. For dolomite cement fabrics see section 6.4 and figure 6.2.

6.1.2 CEMENTATION
Carbonate cement is essentially a chemical precipitate from supersaturated
solution (Fliigel, 2004) and may have diverse origins (Reekman and Freidman, 1982).
These chemical precipitates create recognizable cement fabrics in carbonate thin
sections. The most common carbonate cement is low-Mg calcite.
Cement fabrics can provide insight into depositional and/or diagenetic
environment. For example, drusy mosaic calcite cement seems to form in the phreatic
zone (saturated zone) under the influence of fresh-water (Bathurst, 1975). It is also
common in the burial realm (Tucker and Wright, 1990). Meniscus cement is commonly
associated with the vadose zone (Dunham, 1971). Dogtooth calcite spar was originally
thought to form under the influence of fresh-water (Bathurst, 1975). It is now known to
occur in meteoric, marine-phreatic, shallow-burial, and hydrothermal conditions
(Reinhold, 1999). Most cementation and formation of secondary porosity in carbonates
takes place in relatively shallow water depths (Longman, 1980).
The most common calcite cement fabrics in the Nanushuk River section are
blocky, granular, and syntaxial overgrowth calcite spar. Syntaxial overgrowth calcite
spar cement is a substrate-controlled calcite overgrowth in optical continuity with the
grain it surrounds and is most common in pelmatozoan grainstone. Mosaic blocky
cement is common between grains and in some cases within grains. For calcite cement
fabrics from the Nanushuk River section see figure 6.1.
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6.1.3 COMPACTION AND PRESSURE SOLUTION
Mechanical (physical) and chemical compaction of carbonate grains are
indications of deformation and diagenesis. Mechanical compaction is initiated soon
after deposition after overlying sediment is deposited (Tucker and Wright, 1990).
During mechanical compaction, depending on the amount of overburden and/or tectonic
stress applied and dewatering, carbonate grains can behave in a brittle or ductile fashion.
Mechanical compaction features associated with this type of deformation include
fractures, ductile deformation-plastic deformation, brittle deformation-fracture, concavoconvex contacts, and sutured grains. All of these features contribute to denser grain
packing and are indications that vertical and/or lateral stress caused by overburden or
compressional tectonic force has been applied (Einsele, 2000).
Chemical compaction will eventually lead to pressure solution (also caused by
overburden and/or tectonic stress) resulting in the dissolution of grains and sediment
generating dissolution seams and stylolites (Alvarez et al., 1976; Dumey, 1976; ; Tucker
and Wright, 1990; Fliigel, 2004).
Stylolites are a complex interdigitate structural interface between two rock
masses. Stylolites were originally described as a fossil (Kloden, 1828) but are now
known to be a pressure-solution surface (Bathurst, 1971). Stylolitization is common in
carbonates where overburden of sediments during burial, increasing temperature and
pressure conditions, or tectonic stress triggers mechanical and chemical processes which
dissolve carbonate creating stylolites (Fliigel, 2004). Stylolites are diagenetic features
that modify the primary sedimentary fabric of carbonates contributing to bulk volume
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(3) NA2 439
(4) NA2 727
Figure 6.1: Calcite cement. Common calcite cement of the Nanushuk River section of the Lisbume
Group. Thin sections have been stained with Alizerin Red-S to distinguish calcite from dolomite. 1)
Syntaxial calcite overgrowth cement on pelmatozoan-bryozoan skeletal grains. 2) Syntaxial calcite
overgrowth cement on pelmatozoan and ostracod skeletal grains. Note the optical continuity between
grain and cement fabric, lack of porosity, and micro-fractures cutting between and across grains. 3)
Individual corallite exhibiting fibrous spar around the inner edges and blocky calcite filling in the
center. 4) Calcite filled fractures cross cutting silica replaced fabric. Pelm = pelmatozoan, Bry =
bryozoan, Cor = coral, F = fractures, and Ost = ostracod. Scale bars are 100 microns in length

reduction and drop in original thickness (Wilson, 1975). Dissolution seams differ from
stylolites. They lack distinctive sutures, passing around and between individual bioclasts
or carbonate grains rather than cutting them, and commonly occur in swarms (Fliigal,
2004). The most common mechanical compaction features in the Nanushuk River
section are brittle deformation and fractures. The most common chemical compaction
features are stylolites and solution seams. The Nanushuk River section displays bedding
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(5) NA2 95
(6) NA2 715
Figure 6.2: Dolomitization. The thin sections have been stained with Alizerin Red-S to distinguish
calcite from dolomite. 1) (A) Relatively uniform fringe of dogtooth and (B) blocky cement in a
pelmatozoan grainstone. Note the intricate microstructure retained in the pelmatozoan plates. 2)
Non-planar non-selective dolomite (original fabric destroyed). 3) Aphanotopic micro-sucrosic
dolomite in mudstone. Note the brachiopod fragment is partially dolomitized. 4) Planar -s dolomite.
5) Non-planar to planar-s dolomite with intercrystalline porosity. Black arrows point to pores
outlined in red. Original fabric destroyed. 6) Coarse replacement subhedral to euhedral dolomite.
Note the syntaxially cemented pelmatozoan fragments. Pelm = pelmatozoan, Brach = brachiopod,
Bry = bryozoan. Scale bars are 100 microns in length.
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parallel, columnar, and high amplitude stylolites in outcrop. Wispy, horsetail, and
medium to high amplitude microstylolites and solution seams are common in thin
section.

6.1.4 SILICIFICATION
Silica has a low solubility potential in sea water, thus the derivation of silica
forming great thicknesses of chert in the sedimentary column is a matter of debate
(Wood and Armstrong, 1975) but is generally understood in principle (Hesse, 1988).
Opaline silica is soluble and its solubility is enhanced with increasing pressure, pH, and
temperatures (Einsele, 2000). The chertification of marine carbonates involves the
precipitation of pore-filling silica cements, replacement of carbonate by silica and
redistribution of biogenic silica during diagenesis (Hesse, 1989). The source o f silica
can in part be attributed to skeletal elements of siliceous marine organisms such as
diatoms radiolarians, and siliceous sponge spicules (Siever, 1957; Pittman, 1959; Wood
and Armstrong, 1975), weathering solutions, and silicon from hydrothermal-volcanic
systems (Hesse, 1988). Dapples (1959) questioned whether siliceous marine organisms
are sufficiently abundant in carbonate sediments to provide the quantities of silica
necessary for the formation of chert. However, dissolution of biogenic silica (i.e.:
siliceous sponge spicules and radiolarians) has been suggested as the likely source for
the majority o f the chert in the Lisbume Group (Wood and Armstrong, 1975). Sponge
spicules are widely quoted as a source of silica in Paleozoic carbonates (Meyers, 1977;
Geeslin and Chafetz, 1982). Paleozoic siliceous sponge spicules were particularly
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Figure 6.3: Mechanical and chemical compaction. 1) Brittle deformation of grains. Microfractures
cutting pelmatozoan skeletal grains indicated by white arrows. 2) (A) Sutured and (B) embayed grain
contacts in pelmatozoan grainstone. 3) High amplitude microstylolite (indicated by white arrow).
Note that the dissolution surfacc is separating two completely different types of carbonate lithology.
4) Fractures in silicified-dolomitized pelmatozoan grainstone. Fractures cut across grains.
Replacement of original carbonate by dolomite followed by silica occurred prior to fracturing. Note
that only the center of some bioclasts retain calcite. Pelm = pelmatozoan, Das = dasycladaccan, Alg
= algae, and F = fracture. Scale bar in 3 is 100 microns, all others are 150 microns in length.

abundant in deep basinal deposits (Hesse, 1988), but have also been considered as
shoreline indicators (Cavoroc and Ferm, 1968; Lane, 1981). Thin sections analysis of
chert from the Nanushuk section reveals partial to complete matrix and skeletal
replacement of carbonate lithologies. Common cements include radial fibrous and
blocky mosaic (Figure 6.4).

Figure 6.4: Silicification. 1) Near complete silicification of matrix and grains. Note the fibrous and
bladed rims, blocky mega-quartz, and dendritic silicification patterns. Some grains retain
intraskeletal calcite and dolomite. 2) Partial silicification of matrix and grains boundaries. Some
grains retain calcite. 3) Nearly complete silicification of matrix and grains. The palmatozoan
frogmetn contains intraskeletal mosaic-blocky cement. Note that minor dolomitized pelmatozoans
remain. 4) Sponge spicules. Note the spicules and much or the matrix has been replaced by silica.
Scale bars for photomicrographs 1 and 3 arc 100 microns. 2 and 4 are 150 microns in length.

Chert is a major constituent in the Nanushuk River section of the Lisbume
Group. Kupecz and Boyer (1990) documented 4 major chert types and pore-filling
megaquartz in Lisbume Group rocks. According to Kupecz and Boyer (1990); 1)
Earliest Lisbume Group chert selectively replaces crinoid fragments followed by nodular
cherts that replace grainstone, packstone, wackestone, and lime mudstone. 2) Nodular
cherts of the Lisbume are of two generations. The first predates pre-Permian erosion,
and the second postdates late-stage dolomitization, dedolomitization, and calcite
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cementation of fractures. These generations are followed by pore-filling chert and porefilling megaquartz.
Thin sections of Nanushuk River section Lisbume Group (Figure 6.4) reveal
cherty limestone where chert has replaced 40-100% or the original rock fabric.
Photomicrograph 4 in Figure 6.3 and photomicrograph 1 in Figure 6.4 depict nearly
complete replacement of most fossil fragments and matrix with chert. Photomicrograph
4 in Figure 6.4 contains sponge spicules. Sponge spicules likely represent one of the
primary sources of silica for chertification of Lisbume Group rocks in the Nanushuk
River section.
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CHAPTER 7
SOURCE ROCK AND R ESERV O IR POTENTIAL

7.1 SOURCE ROCK AND RESERVOIR POTENTIAL
Potential Lisbume Group source rocks in the western and central Brooks Range
are deep-water black shales interbedded with radiolarites, carbonate turbidites, and local
phosphorites (Dumoulin et al., 1993, 1994, 2005). Much o f the Lisbume Group in the
western and central Brooks Range is overmature for oil generation with the exception of
stratigraphic sections in the Howard and Chandler Lake Quadrangles (Dumoulin et al.,
2005). Rock eval analysis on organic rich shales interbedded with Lisbume carbonates
in the central-eastern Brooks Range imply that some of these rocks could have been gas
prone source rocks (Wallace et al., 2004). Brooks Range foothills exploration plays
have focused on the limestone and dolomites o f the Lisbume Group that have been
thrust over younger strata o f the Colville Basin. These Lisbume Group thrust sheets
form repeated stacks of the same stratigraphic sequence. The high thermal maturity of
these deeply buried source rocks in the Brooks Range Foothills indicate the rocks to be
gas prone (Bailey, 2006).
Although porosity and permeability measurements were not taken throughout the
Nanushuk River section, the reservoir potential may be good in the Dolomite Member
Wachsmuth Limestone where bitumen lined vuggy and intercrystalline porosity is
common. This interval consists of 10-40 cm thick beds stacked in a 20 meter thick
highly fractured package. This package is underlain and overlain by coarse grained,
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light gray syntaxially cemented bioclastic grainstone. Thin section analysis o f the
dolomite indicates fine to very coarsely crystalline planar subhedral and non-planar
interlocking dolomite with 2-15% intercrystalline and vuggy porosity with solid bitumen
linings. The vugs give the dolomite the porosity needed to act as a potential petroleum
reservoir.
Thin section analysis o f skeletal grainstone facies throughout the Nanushuk
River section indicates that they are tight (syntaxially cemented) but contain minor
amounts of bitumen between grains. A small, laterally extensive horizontal series of
partially silicified colonial corals with internal porosity in the upper Alapah Limestone
may also have reservoir potential. Their stratigraphic distribution indicates that they are
laterally linked by bioclastic grainstones with potential horizontal connectivity.
The majority of thin sections studied from the Nanushuk River section revealed
sparse porosity. Fractures may improve the permeability, but the occurrence o f shale
and tight Lisbume may serve as barriers to flow.

7.2 VITRINITE REFLECTANCE DATA
A single black shale sample from the upper Alapah Limestone (42 meters below
the Siksikpuk Formation) was analyzed for Vitrinite Reflectance. The sample contained
insufficient vitrinite for 100 readings with only 25 points counted. 5% of the sample
was considered vitrinite with the remainder being amorphous kerogen. A thermal
alteration index o f 3.2-3.6 was assigned to the sample and was determined to be past the
zone o f maximum hydrocarbon generation and release.
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CHAPTER 8
DISCUSSION, CONCLUSIONS, AND FUTURE RECO M M ENDATIONS

8.1 DISCUSSION
The Carboniferous Lisbume Group reflects a complex paleogeography that
records a series of marine transgressions over an irregular surface (Dumoulin and Bird,
2001). In the northeastern Brooks Range a broad, south-facing, homoclinal ramp
depositional environment characterized by expansive lithologic belts of the Lisbume
Group consists primarily of the shallow-water, open-platform to open-marine Alapah
and Wahoo Limestones (Armstrong and Bird, 1976; Gruzlovic, 1991; Jameson, 1994;
Watts et al., 1995; Dumoulin, 1999). In the western Brooks Range the Lisbume Group
consists of deep water facies (platform-margin, slope, and basin) including local
turbidites of the Kuna Formation (Dumoulin and Harris, 1993; Dumoulin et al., 1993,
1994, 2004). South of the Nanushuk River section, the Mount Doonerak section is
chiefly composed of lithofacies similar to Shainin and Itkillik Lakes section that formed
in shoal, open-platform, open-marine, and deeper water settings (Armstrong and Mamet,
1976, 1978).
Paleogeographically, the Nanushuk River section was deposited in deeper water
than sections to the north including the thick skeletal sand shoals of Shainin Lake
(Bowsher and Dutro, 1957), the restricted platform setting of Atigun Gorge and the
combination of shoal and restricted facies of the Itkillik lake section (Dumoulin et al.,
1997). The deepest water sections of the Nansuhuk River record outer ramp and deep
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water depositional facies composed of bedded black chert, bedded black chert with
nodular limestone, silicified mudstone, and shale. Armstrong and Mamet (1978) called
these sections anaerobic starved basin sediments where only silica-forming organisms
(sponges and radiolarians) and suspended mud-sized particles contributed to
sedimentation.
Stratigraphically, the Nanushuk River section is comparable in thickness to the
Itkillik Lake section. The Itkillik Lake section is at least 1000 meters thick and thought
to be associated with the Canning Sag (Armstrong and Mamet, 1977). The thickness of
the Lisbume Group in the Nanushuk River section reaches 1360 meters as reported in
this thesis. The equivalent Alapah Mountain section was measured to 1100 meters as
reported by Armstrong and Mamet (1978). The variation in accumulation history
recorded in the stratigraphic column suggests that subsidence may have played a role in
the stratigraphic thickness and deposition of deep water sections of the Nansuhuk River.
Further study is needed to confirm this. Most of the stratigraphic sections north o f the
Toyuk thrust, in the northern belt of the Endicott Mountains Allochthon have similar
thickness (typically over 1000 meters) exhibiting shallow water carbonate platform
and/or shelf strata (Dumoulin et al, 1997). South of the Toyuk thrust in the southern
belt, the stratigraphic sections do not exceed 455 meters in thickness and display deeperwater carbonate facies (Armstrong and Mamet, 1978, 1989; Kelley and Brosge, 1995).
Armstrong and Mamet (1978) concluded that the Alapah Mountain section
(Nanushuk River section equivalent) is a well developed shallow carbonate platform
sequence that progressively deepened during the lower Carboniferous from Osagean into
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Chesterian time during a north-northeast transgression over an irregular preMississippian surface. Armstrong and Mamet (1989) indicate that the Kayak Shale to
Wachsmuth Limestone transition from terrigenous shale to shallow water pelmatozoanbryozoan packstone is typical and considered an open-platform depositional facies. This
is overlain by open-platform and near shoal pelmatozoan-bryozoan wackestonepackstone and followed by thinner bedded peloid pelmatozoan bryozoan wackestonepackstone of a slowly drowning open-marine shelf and foreslope. Black chert
interbedded with dark gray dolomite and shale follow. This is in turn overlain by toe of
slope and foreslope carbonates, continued subsidence recorded by overlying thin bedded
black chert and shale, and a return to pelmatozoan-bryozoan mudstone to grainstone
shelf and shallow shelf sediments.
It is clear that Armstrong and Mamet (1989) were using the standard facies belts
of Wilson (1970, 1974, 1975). This differs from the interpretations in this thesis which
uses the carbonate ramp facies zones and depositional environments of Burchette and
Wright (1992) and Read (1985) and interprets the Nanushuk River section as a
homoclinal ramp. The primary difference is that a homoclinal ramp slopes gently (<1H)
from the shoreline, or a platform surface, into progressively deeper water and basin
without a distinct break in slope (Burchette and Wright, 1992). In contrast, the facies
belts of Wilson (1970, 1974, 1975) is conventionally used as a profile for a gently
sloping shelf atop a platform with an abrupt shelf margin (Wilson, 1975).
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The homoclinal ramp model is a better fit than a distally steepened ramp or shelf
model for the Nanushuk River section because foreslope breccias, exotic blocks, foreset
bedding, or foreset debris were not documented in the stratigraphic section.
The descriptions of outcrop and microfacies data of Armstrong and Mamet
(1989) in some cases were described in terms o f dissolved oxygen content. For
example, they used anaerobic, anoxic, and euxinic to describe some o f their lithologies.
With that exception taken into account, their microfacies descriptions are similar to the
lithofacies and microfacies data presented in this thesis.

8.2 CONCLUSIONS
1) Siliciclastic and carbonate lithofacies, microfacies, stacking patterns, critical
surfaces, facies associations, and facies association stacking patterns suggest that the
Nanushuk River section o f the Lisbume Group represents a homoclinal carbonate ramp
succession. This succession was deposited in shallow and deep marine environments
ranging from intertidal (Kayak Shale) and inner ramp to basin transitional sequence.
2) Sixteen lithofacies (Table 4.1) and eleven microfacies (Table 4.2) were recognized in
the Nanushuk River section. These facies were organized into facies associations and
facies association stacking patterns.
Facies association Al was deposited on the inner ramp in the intertidal to deeper
water open marine setting of the Kayak Shale and is recorded by cross bedded
sandstone, black paper shale, gravels incising cross bedded sands, Skolithos burrowed
siltstone and sandstone with interbedded black shales, and thick sections of black shale.
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Facies association A2 was deposited on the inner ramp in a deeper water open
marine setting than facies association A l and is recorded by thick sections of black shale
with interbedded muddy carbonate lithologies capped by rare carbonate hardgrounds.
Rare coarse grained carbonates are recorded.
Facies association B was deposited on the storm influenced middle ramp and
open marine depositional environment recorded by coarsening-upward stacking patterns
o f mudstone to grainstone and thick mudstone intervals overlain by interbedded
mudstone and grainstone. Hummocky cross stratification and normally graded bedding
suggest the facies association has been affected by large storm waves. Large numbers of
ostracods and foraminifera in thin section distinguish this facies association from facies
association D.
Facies association C was deposited on the inner ramp in the shoal environment at
or near fair-weather wave base and is recorded by shallowing-upward successions of
lime mudstone or wackestone to bioclastic grainstone with rudstone caps.
Facies association D was deposited on the middle and outer ramp below fairweather wave base and records fining upward sequences o f wackestone to mudstone and
calcareous shale.
Facies association E was deposited on the outer ramp and basin below storm
wave base in the deep water pelagic realm and records the deposition of bedded black
chert, black chert with limestone nodules, and calcareous shale.
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3) Facies association stacking patterns exhibit overall fining-upward successions
(transgressive systems tract) and overall coarsening-upward successions (highstand
systems tract) separated by a maximum flooding zones (Sequences 1-5) or maximum
flooding surface (Sequence 6) revealing a sequence stratigraphic framework. Six thirdorder sequences were identified.
4) The resulting sequence stratigraphic interpretation from facies association stacking
patterns provides a relative sea level curve for the Nanushuk River section (Figure 5.11
and Figure 8.1). The relative sea level curve documents an overall marine transgression
through the transgressive systems tract of sequence four followed by progressive
lowering of sea level in sequences five and six.

8.3 FUTURE RECOMMENDATIONS
The continued documentation and detailed geologic study o f the Lisbume Group
in the central Brooks Range will increase the understanding of the paleo-depositional
environment, paleogeography, and sequence stratigraphy and improve predictive
capabilities for future exploration. Future studies o f the Nanushuk River section will
require helicopter support and permission from Gates of the Arctic National Park.
Future endeavors into the geology of the Nanushuk River section should include
an in-depth conodont study. At least a 1 kg sample collected every five meters is
optimum. A detailed conodont analysis would be advantageous for biofacies analysis,
paleogeographic reconstructions, age constraints, and assessment of thermal alteration.

sD
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A diagenetic study interpreting cements using microprobe and/or CL may be
advantageous for insights into the dolomite throughout the section. Understanding the
diagenetic history of the Dolomite Member-Wachsmuth Limestone where reservoir
potential is highest would be useful for future exploration.
A higher resolution microfacies analysis would be interesting and valuable for
future resource exploration. A tighter, more frequent sampling of lithologies throughout
the section is needed for a detailed microfacies study. This is especially true of the deep
water section where samples were scarce in this study. Higher resolution microfacies
analysis would lead to a more in-depth understanding of the sequence stratigraphy and
depositional environments of the Nanushuk River section.
If time permits, it may be advantageous to follow the suspected phosphate
interval along strike via helicopter to locate a suitable sample locality. Sampling in the
Nanushuk River section is nearly impossible.
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