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INTRODUCTION

This three-chapter volume summarizes the Alaska Department of Natural Resources’ study of a continuously cored
succession of coal-bearing strata in the Albian-Cenomanian Nanushuk Formation from the Wainwright #1 core hole,
located in the community of Wainwright in northwestern Alaska. The U.S. Geological Survey drilled Wainwright #1
in 2007 to conduct a preliminary evaluation of the coalbed methane potential of the Nanushuk Formation. The Alaska
Divisions of Geological & Geophysical Surveys and Oil and Gas described the core and conducted a detailed facies
analysis. In addition, all major sandy facies in the core were plugged for porosity and permeability measurements

and thin-section analysis.

The cored succession includes approximately 1,530 feet of mudstone-dominated delta plain strata. A significant
number of sandstone beds are scattered throughout the core, along with several thick sandstone packages. Mud-rich
successions such as this typically do not make for good, long, continuous exposures, and this is certainly the case in
the Nanushuk outcrop belt to the south of Wainwright. For this reason, the Wainwright core provides an uninter-
rupted and unparalleled view of the transition from marine-influenced lower delta plain facies to fully nonmarine
upper delta plain facies, and the opportunity to examine the reservoir quality of a variety of sand bodies deposited

in these settings.

Chapter 1, by Decker and LePain, places the Wainwright #1 core hole in a regional stratigraphic context using a publicly
available 2D seismic line that ties the Tunalik 1 (projected), Wainwright #1, Peard 1, and Kugrua 1 (projected) wells,
and a wireline log-based cross-section using these same wells. Chapter 2, by LePain and Decker, includes a detailed
core description and facies analysis of the cored interval. Chapter 3, by Helmold, summarizes the petrology and reser-
voir quality of siltstones and sandstones in the cored succession. These results are timely given renewed exploration
interest in the Nanushuk Formation spurred by Repsol’s and Armstrong’s recent discovery of a major reservoir in

deltaic sandstones in the Nanushuk east of Wainwright, in the Colville delta area.

Front Cover Photo: Core photograph showing faintly laminated, medium-grained sandstone from a thick distributary channel-
fill succession in the Wainwright #1 core hole. The inset photomicrograph shows a lithic arenite with nearly 27 percent
porosity at a measured depth of 1,128.1 feet. This thin-section was cut from the butt-end of the plug removed from the core
at this depth (circular hole in core). The blue areas in the photomicrograph represent pore space. The porosity versus depth
plot shows that grain size is the main control on porosity in sandstones from the Wainwright core. LePain and Decker (this
volume) discuss facies identified in the Wainwright core and Helmold (this volume) discusses the petrology of sandstones
in the core and implications for reservoir quality.
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SUBSURFACE RELATIONSHIPS OF ALBIAN-CENOMANIAN SHALLOW MARINE
TO NONMARINE TOPSETS OF THE NANUSHUK FORMATION, NORTHWESTERN

NPRA, NORTHERN ALASKA
Paul L. Decker! and David L. LePain?

ABSTRACT

This brief text and accompanying poster (sheet 1-1) provide regional stratigraphic and structural context for
the Wainwright 1 and 1A wells drilled in 2007 by the U.S. Geological Survey (USGS) to investigate coalbed methane
potential in the northwestern National Petroleum Reserve-Alaska (NPRA). The Wainwright 1 well was cored con-
tinuously from 75 to 1,605 ft (22.9-489.2 m) total depth, and a suite of high-resolution, slim-hole well logs has been
compiled from both holes, providing a unique dataset for interpreting the sedimentology, stratigraphic architecture,
and reservoir quality of Brookian topset strata of the middle and upper Nanushuk Formation.

The Wainwright 1/1A core and log data document the upward transition from predominantly marine to fully
nonmarine depositional settings accompanying east-northeastward progradation of topset strata during Albian to
Cenomanian time. Tentative correlations with wells up to tens of kilometers away are possible with the benefit of
seismic data. Intervals of fluvial sandstone up to 30 m thick (recognized in core and well logs) that appear to correlate
across these long distances are interpreted as mobile channel-belt deposits; their continuity suggests they are associ-
ated with sequence boundaries (regressive surfaces of erosion) that are otherwise difficult to interpret in nonmarine
settings. Many coal-bearing intervals also appear to correlate across these long distances, but it is considered unlikely
that individual coal seams or sand bodies are continuous among the widely separated wells. The plausible widespread
correlation of coaly intervals (likely late transgressive to early highstand systems tracts) and mobile channel belts
(likely falling stage to lowstand systems tracts) suggests that expansive areas of the Nanushuk coastal plain were
subject to changes in relative sea level, probably due to low relief.

DISCUSSION

This brief paper is part of a three-chapter study that
also includes detailed core description and facies analy-
sis (LePain and Decker 2016 [this volume]) and reservoir
quality study (Helmold, 2016 [this volume]). This chapter’s
objective is to place the continuously cored Wainwright
1/1A well into its regional context using seismic and well
log correlations and to note details in core and logs from
the well that reflect that greater framework.

The location map (fig. 1-1 of sheet 1-1) identifies the
Wainwright 1/1A location relative to other key exploration
wells (Tunalik 1, Peard 1, and Kugrua 1) drilled in north-
western NPRA, as well as the regional two-dimensional
(2-D) public seismic grid acquired by the USGS. Seismic
transect A-A’ is spliced together from several different
lines to roughly approximate the path of well log corre-
lation section B-B’. Transect A-A’ is longer than section
B-B’, (197 versus 120 km), providing context beyond the
points of well control on both the west and east ends. The
overall west-southwest to east-northeast orientation of
both sections is dictated by the location of wells in the
area, but is also a reasonable approximation of the general
depositional dip and progradation direction in this part
of the North Slope during Albian to Cenomanian time
(Molenaar, 1985; Huffman and others, 1985).

Several Nanushuk Formation conventional gas res-
ervoirs were discovered in the late 1940s through the
mid-1960s in anticlinal traps in the northern foothills
compressional province (Schindler, 1988). None of those
discoveries lie on the seismic transect or well log section;
the Nanushuk gas accumulation discovered by the Meade
1 well is shown to the southeast in figure 1-1 (sheet 1-1).

Figure 1-2 (sheet 1-1) shows two versions of the inter-
preted seismic transect; the upper version is displayed
using a sea level datum, and the lower version is flat-
tened on a shallow horizon in the Nanushuk Formation
topsets in this area. Several major bends in the transect
significantly exaggerate the structural expression of the
Meade Arch. The arch is clearly expressed in the thickness
variations of the Ellesmerian and Beaufortian units, but
at the Nanushuk level in the area of these wells, structure
has a nearly homoclinal southerly dip.

A key aspect of the seismic interpretation is the mark-
edly time-transgressive nature of the toplap surface
between the foreset seismic facies (Torok Formation)
and the topset seismic facies (predominantly Nanushuk
Formation); the purple horizon clearly steps across seis-
mic reflections. The topset seismic facies can be further
subdivided into a lower, relatively transparent interval
characterized by minor internal acoustic contrast, and
an upper, relatively reflective interval with greater

'Alaska Division of Oil and Gas, 550 West 7th Avenue, Suite 800, Anchorage, AK 99501-3560; paul.decker@alaska.gov
*Alaska Division of Geological & Geophysical Surveys, 3354 College Road, Fairbanks, AK 99709-3707; david.lepain@alaska.gov
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impedance contrast. Integrated with log and lithologic
data from the wells, these intervals are interpreted to
correspond to the dominantly marine lower Nanushuk
and dominantly nonmarine, coal-bearing upper Nanush-
uk strata. The orange seismic horizon represents the
gradational contact between the marine- and nonmarine-
dominated topsets. Correlations with the wells suggest
this transition is also time transgressive, although to a
lesser degree than the toplap surface at the base of the
topsets, with the most pronounced up-section step located
between the Peard 1 and Kugrua 1 wells.

The well correlation section of figure 1-3 (sheet 1-1) is
flattened on a shallow datum picked in seismic data and
tied to well control using integrated sonic log time-depth
relationships. The center track of the composite log dis-
play is color coded to depict log-derived interpretations of
lithology. Given the tens of kilometers between wells and
the nonmarine to shallow marine setting, all correlations
are tentative and inferred to represent approximately
time-equivalent horizons, not necessarily continuous
lithosomes. Even so, it appears reasonable to correlate
two intervals containing the thickest channel-fill sand-
stones in Wainwright 1/1A (1,060-1,158 ft [323.1-353 m]
measured depth [MD] and 619-667 ft [188.7-203.3 m] MD)
to well-developed though slightly thinner intervals in
similar stratigraphic position in the other wells. Continu-
ity of sandstone-dominated, channelized fluvial intervals
between the wells at these distances suggests they may
represent broad channel belts, within which generally
east-flowing stream channels migrated laterally over time,
depositing sheet-like sands throughout a broad swath of
the coastal plain. In addition, it is reasonable to correlate
the coaly intervals penetrated at approximate depths of
100 ft (30.5 m), 240 ft (73.2 m), and 305 ft (93 m) MD in
Wainwright 1/1A across long distances between wells,
in the case of the lower two coals, spanning a distance of
approximately 100 km.

The widespread distribution of apparently correlative
fluvial sandstones up to 30 m (100 ft) thick interpreted as
mobile channel-belt deposits suggests they are associated
with falling stage to lowstand systems tract sequence
boundaries rather than local accommodation afforded
by autocyclic processes. Similarly, coaly intervals present
in the upper part of the Wainwright 1/1A wells appear to
correlate among the widely separated wells and probably
represent late transgressive to early highstand systems
tracts. The lateral continuity of these systems tracts at
distances approaching 100 km implies that expansive areas
of the Nanushuk coastal plain responded approximately
simultaneously to changes in relative sea level, consistent
with low topographic relief.

The section penetrated by the Wainwright 1 and 1A
holes falls within the middle to upper portion of the
Albian-Cenomanian Nanushuk Formation topsets. Below
about 1,320 ft (402.3 m) MD, the section appears dominated
by marine facies (LePain and Decker, 2016 [this volume]),
with minimal coal, and widespread occurrences of a

relatively diverse suite of trace fossils (relatively common
Thalassinoides as well as occasional Skolithos, Diplocraterion,
Asterosoma, Rhizocorallium, Paleophycos, Teichichnus, Pla-
nolites, Phycosiphon, and Anchonichnus or Helminthopsis).
Above 1,320 ft (402.3 m) MD, nonmarine characteristics
predominate, including more abundant and thicker coals
and zones of paleosol development (LePain and Decker,
2016 [this volume]), but there are still a number of rela-
tively thin intervals bearing a slightly less diverse trace
fossil suite (sporadic occurrences of Thalassinoides, Skolith-
os, Diplocraterion, Rossellia, Rhizocorallium, and Paleophycos).
Above about 265 ft (80.8 m) MD, there are no indications
of marine influence, with strata interpreted to represent
deposition entirely in alluvial to upper delta plain envi-
ronments (LePain and Decker, 2016 [this volume]). Thus,
the Wainwright 1/1A well is interpreted to illustrate the
general upward transition toward more proximal facies,
consistent with the overall progradational nature of the
Nanushuk Formation.

SUMMARY

Two themes emerge from placing the continuously
cored Wainwright 1/1A in its regional context. First, coal-
bearing horizons and fluvial channel-belt deposits exhibit
ahigh degree of lateral continuity, at least in the proximal-
to-distal direction, in the middle and upper Nanushuk
Formation of the western North Slope. This is consistent
with depositional responses linked to changes in relative
sea level across expansive systems tracts. Second, the core
and context provide new insights into the frequency and
extent of marine and brackish influence on dominantly
nonmarine facies of the lower delta plain.
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LITHOFACIES ANALYSIS OF THE WAINWRIGHT #1 CONTINUOUS CORE,
WESTERN ARCTIC SLOPE, ALASKA: TRANSITION FROM LOWER TO UPPER
DELTA PLAIN ENVIRONMENTS IN THE ALBIAN-CENOMANIAN

NANUSHUK FORMATION
David L. LePain' and Paul Decker?

INTRODUCTION

During summer 2007 the U.S. Geological Survey (USGS)
drilled a 1,605-ft-deep test hole in the village of Wain-
wright, along the Beaufort Sea coast southwest of Barrow,
Alaska (fig. 2-1). Continuous core was cut in the Nanushuk
Formation from a depth of 75 to 1,605 ft. The purpose of
this hole was to sample and measure the gas content of
coal seams. A second well was drilled nearby for testing
purposes. Both wells were logged by the USGS with a
high-resolution gamma-ray logging tool. This testing was
part of an effort by the USGS (Clark, 2014) to evaluate the
coalbed methane potential of nonmarine Nanushuk strata
and determine their viability as a reliable energy source
for Wainwright (fig. 2-2).

The Wainwright #1 core provides an outstanding view
of Albian-Cenomanian marginal-marine and nonmarine
facies in the Nanushuk Formation (fig. 2-2) in an area char-
acterized by widely scattered, low-lying outcrops. The core
includes a thick succession of mud-dominated lower and
upper delta plain facies that usually make poor outcrops.
Where present in outcrop in the foothills belt north of the
Brooks Range to the south and southeast, these facies are
typically only exposed over short stratigraphic intervals.
Thus the Wainwright #1 core offers a unique opportunity
to examine these facies over a stratigraphic thickness
never continuously exposed in outcrop.

This report includes the resulting core log (sheet 2-1)
and facies analysis. Decker and LePain (2016 [this volume])
place the Wainwright core in a regional stratigraphic
context and Helmold (2016 [this volume]) discusses the
reservoir quality of sandstones represented in the core.

For detailed discussions of the regional significance
of the Nanushuk Formation, refer to Huffman and oth-
ers (1985, 1988), Molenaar (1985, 1988), Mull (1985),
Houseknecht and Schenk (2001, 2005), Decker (2007),
Houseknecht and others (2008), LePain and Kirkham
(2001), and LePain and others (2008, 2009).

REGIONAL SETTING

The Nanushuk Formation and coeval outer-shelf,
slope, and basinal deposits of the upper Torok Formation
fill the western two-thirds of a large Mesozoic-Cenozoic
peripheral foreland basin (figs. 2-1 and 2-2). The basin is
east-west trending and extends from approximately the

Alaska-Yukon border in the east to the Chukchi Sea coast
in the west, and continues offshore to the Herald arch
(Bird and Molenaar, 1992). The onshore part of the basin,
referred to as the Colville basin, is bounded on its north
side by the Barrow arch (fig. 2-1). The Barrow arch is a
subsurface high that coincides approximately with the
present-day north coast of Alaska, from Point Barrow to
the Canning River, and represents a rift shoulder formed
when Arctic Alaska separated from a northern landmass
(present-day coordinates) in Neocomian time (Valangin-
ian-Hauterivian) (Bird and Molenaar, 1992). The basin is
bounded on its south side by the Brooks Range (fig. 2-1),
an east-west-trending, north-vergent (present-day coor-
dinates) fold and thrust belt (Moore and others, 1994). The
fold and thrust belt consists of a thick stack of far-traveled
allochthons emplaced northward during Neocomian time
(Mull, 1985; Mayfield and others, 1988), in part contem-
poraneous with rifting to the north (Bird and Molenaar,
1992; Moore and others, 1994). The foreland basin formed
inresponse to the load imposed by these allochthons (Mull,
1985; Mayfield and others, 1988), and was subsequently
filled by detritus shed from them and from more distant
sources on the Chukchi platform (and Russian Far East?).

The Nanushuk Formation is a succession of complexly
intertonguing marine and nonmarine strata interpreted
as marine shelf, deltaic, strandplain, fluvial, and alluvial
overbank deposits (fig. 2-2; Huffman and others, 1985;
LePain and others, 2009). Thickness estimates for the unit
range from 9,020 feet in coastal exposures along the Chuk-
chi Sea in the west (Ahlbrandt and others, 1979) to a zero
edge ~46 mi (75 km) east of Umiat (fig. 2-1). Ahlbrandt and
others (1979) and Huffman and others (1985) recognized
three large deltas” in the Nanushuk. These deltas were
probably fed by multiple rivers, with each river building
a stack of delta lobes through time and, as such, are more
appropriately referred to as deltaic complexes (LePain
and others, 2009). The Corwin complex dominates the
Nanushuk west of the Meade arch and was interpreted
by Ahlbrandt and others (1979) and Huffman and others
(1985) to have been constructed by river-dominated deltas.
The Corwin complex received sediment from a large drain-
age basin that extended west of present-day Arctic Alaska
(Molenaar, 1985). The western deltas prograded toward
the east-northeast, and gradually filled the western two-
thirds of the Colville basin (Houseknecht and Schenk, 2001;
Houseknecht and others, 2008). East of the Meade arch Ahl-

'Alaska Division of Geological & Geophysical Surveys, 3354 College Road, Fairbanks, AK 99709-3707; david.lepain@alaska.gov
*Alaska Division of 0il and Gas, 550 West 7th Avenue, Suite 800, Anchorage, AK 99501-3560; paul.decker@alaska.gov
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Figure 2-1. A. Shaded-relief map of northern Alaska, showing the location of the Wainwright #1 well. The red dashed lines
show Nanushuk shelf edge positions in the Colville basin through time (younger toward the east); the yellow dashed line
shows the ultimate Nanushuk shelf edge. Shelf edge positions shown here are schematic and taken from Houseknecht and
others (2008). B. Aerial photograph showing the Village of Wainwright and the location of the Wainwright #1 well. Modi-
fied from Clark (2014).
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Figure 2-2. Stratigraphic correlation diagram from
Mull and others (2003). The vertical red bar in

the Nanushuk Formation shows the approximate

stratigraphic position of the cored interval in the
Wainwright #1 well. Nanushuk strata shown in
green and white represent dominantly marine
and dominantly nonmarine strata, respectively.
Note this stratigraphic column is for the central
— North Slope; post-Cenomanian strata have not
been recognized in the immediate vicinity of the
Wainwright #1 well.
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brandt and others (1979) and Huffman and others (1985)
recognized two deltas (complexes), referred to as the
Kurupa-Umiat delta and the Grandstand-Marmot delta.
These deltas were fed by north-flowing rivers draining
smaller catchment areas in the ancestral Brooks Range
to the south (Huffman and others, 1985; LePain and oth-
ers, 2009). Ahbrandt and others (1979) and Huffman and
others (1985) interpreted these deltas as river-dominated,
but noted a greater degree of wave influence. LePain and
others (2009) interpreted these deltas as wave-modified
to wave-dominated. Nanushuk strata in the Wainwright
#1 core are part of the Corwin delta complex.

WAINWRIGHT #1 FACIES

Twelve facies have been recognized in the Wainwright
#1 core and are summarized in table 2-1. Brief descriptions
and interpretations of each are presented below. The de-
gree of bioturbation is characterized using the ichnofabric
index of Droser and Bottjer (1986), which ranges from an
ichnofabric index of 1 for unbioturbated sediment (here
referred to as “II 1”) to ichnofabric index of 6 (“II 6”) for

bedding that is nearly or completely homogenized with no
visible traces remaining of original physical sedimentary
structures. The facies codes used in this report are adapted
from Miall (1996) to accommodate marginal-marine and
marine facies. Depths cited in this report are in feet; the
thickness of fine-scale stratigraphic features are reported
in tenths of feet and the metric equivalent is shown in
parentheses.

FI-LAMINATED MUDSTONE

Description

Facies Fl consists predominantly of dark gray to brown
claystone, siltstone, and mudstone characterized by
plane-parallel lamination up to 0.15 in (4 mm) thick. Fa-
cies Fl commonly displays pronounced fissility (fig. 2-3A).
Lamination is typically defined by alternating lighter and
darker layers that correspond to slightly coarser and finer
grain sizes, respectively (figs. 3A-B). Coarse siltstone to
very-fine-grained sandstone is present locally as thin,
commonly lenticular, laminae up to 1 in thick (2.5 cm; figs.
3B-C). Convolute laminations are present locally. Thinly
interbedded sandstone is a minor component and includes
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Figure 2-3. Photographs showing selected features in the
laminated mudstone facies (Fl). Scale on edge of grain-size
comparator in photos is marked in centimeters (2.54 cm
= 1 inch). A. Dark gray to dark gray-brown mudstone with
well-developed fissility at a depth of approximately 618.5 ft.
Note pyrite (white arrow). B. Facies Fl, with interlaminated
very-fine-grained sandstone at a depth of 241 ft. Note the
starved symmetric to slightly asymmetric wave-ripple bed-
forms in some of the sandstone laminae (white arrows).
The thin mud drapes separating these structures indicate
times of reduced current strength, allowing mud to settle
out of suspension. C. Facies Fl, with interlaminated very-
fine-grained sandstone, between 1,296 and 1,298 ft. As the
sandstone:mudstone ratio increases, facies Fl grades to facies
SFh. Note the slightly asymmetric ripple bedform near the
center of the photograph (white arrow), which is interpreted
as a wave-generated structure.
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plane-parallel lamination, ripple cross-lamination and,
less commonly, appears massive. Slightly asymmetrical to
symmetrical starved ripple bedforms are locally preserved
in some sandstone lenses (white arrows in figs. 3B-C).
Nodular siderite and pyrite are minor components of fa-
cies Fl (fig. 2-3a). As the number of sandstone interbeds
increases, facies Fl grades to the heterolithic sandstone
and mudstone facies (SFh) (fig. 2-3C). Facies Fl appears
unbioturbated (II 1).

Interpretation

Facies Fl records deposition in subaqueous settings
characterized by low-energy suspension sedimentation
at locations that were beyond the day-to-day influence
of higher-energy currents. Fissile mudstone records the
subparallel alignment of platy, clay-sized particles result-
ing from burial and compaction. Plane-parallel laminated
siltstone and sandstone record deposition from episodic
unidirectional currents, whereas ripple cross-lamination
records deposition from migrating two-dimensional
current-ripple bedforms under lower-flow-regime condi-
tions (Harms and others, 1975). Local reworking of sand
by short-period waves in shallow water resulted in small
symmetric to slightly asymmetric wave-ripple bedforms
(figs. 3B-C; Collinson and Thompson, 1989). Preservation
of fine-scale lamination and the absence of bioturbation
indicate deposition in settings hostile to burrowing
organisms, possibly due to reduced dissolved oxygen con-
centrations at or above the sediment-water interface, or
a combination of low oxygen and salinity levels.

Fm—MASSIVE MUDSTONE

Description

Facies Fm consists of medium gray to brown claystone,
siltstone, mudstone, and, locally, sandy mudstone. This fa-
cies is characterized by a lack of fine-scale lamination and
other visible physical sedimentary structures, and lacks
well-developed fissility. Facies Fm is locally characterized
by a blocky fabric (fig. 2-4A) and commonly includes light
orange-brown nodular siderite (fig. 2-4B). Larger sider-
ite accumulations are shown on the core log (sheet 2-1)
as siderite bands, which have parallel upper and lower
boundaries that appear to conform to bedding. Rhizoliths
are present locally (fig. 2-4C). Where present immediately
below coal (facies C), facies Fm has a bleached appearance.
As in facies Fl, laminae of coarse siltstone to fine-grained
sandstone are present locally. As the number of sandstone
interbeds increases, facies Fm grades to facies SFh. Dis-
crete trace fossils are generally absent, but the common
mottled appearance suggests bioturbation (I 2-47).

Interpretation

Most examples of facies Fm record deposition of
mudstone in shallow, subaqueous settings removed from
sources of coarse-grained sediment. The massive texture
resulted from high sedimentation rates from suspension
with no subsequent reworking by currents (Collinson,

1968). The sporadic occurrence of moderately biotur-
bated siltstone and sandstone laminae is consistent with
deposition from flood-generated, unidirectional flows
that occasionally interrupted this low-energy setting.
Examples of this facies that appear bioturbated below a
measured depth of 104 feet are interpreted to record depo-
sition in brackish to fully marine settings; examples above
this depth record deposition in nonmarine, poorly to
moderately drained overbank settings that were subjected
to pedogenic modification. Locally developed blocky fab-
rics and root traces are recognized throughout the cored
interval and record disturbance by plants and pedogenic
processes (paleosols) operating on intermittently exposed
substrates. The blocky fabric (breccia-like in some cases)
in the upper part of the core (top of the cored interval to
a measured depth of 104 feet) may be related to perma-
frost or pedogenesis. Siderite precipitated in the shallow
subsurface shortly after deposition, and records reducing
pore waters and the presence of organic material (Ho and
Coleman, 1969; Potter and others, 2005).

Fc—CARBONACEOUS MUDSTONE

Description

Facies Fc consists of dark gray to dark brown claystone,
silty claystone, and clayey siltstone (fig. 2-5A). Abundant
finely divided plant material and prominent fissility are
principal characteristics. Facies Fc typically includes al-
ternating mudstone and carbonaceous mudstone laminae.
An extreme example of this motif consists of alternating
thin (up to 1-in- [2-cm-] thick) high-ash coal stringers
and laminae of gray fissile mudstone (fig. 2-5B). Nodular
siderite is present locally in minor quantities. Trace fossils
are absent (11 1).

Interpretation

Facies Fc records deposition in subaqueous settings
distal to sources of coarse-grained sediment. The abun-
dance of fine-grained, well-preserved plant material is
consistent with deposition in low-energy settings. Coal
stringers record episodic accumulation of allochthonous
plant material (up to several inches in pre-compaction
thickness) in subaqueous settings that were subsequently
buried by fine-grained sediment with less detrital organic
material. Abundant plant matter resulted in low dissolved
oxygen levels at the sediment-water interface and in the
shallow subsurface (Potter and others, 2005), making the
setting inhospitable to a burrowing infauna.

C—COAL

Description

Facies C consists of black to dark brown subbituminous
coal in seams a few inches to several feet in thickness.
Most coalbeds in the core have been removed (sampled)
for various laboratory tests of coalbed methane potential
(Clark, 2014). Remaining seams commonly include alter-
nating bright and dull bands up to 0.05 in (1.3 mm) thick;
clastic partings up to 0.05 in (1.3 mm) thick are present



Stratigraphic and reservoir quality studies, Wainwright #1 coalbed methane test well, Wainwright, Alaska 11

b
5
¥
»
1
1
§
E |
¥
|
1
%1
|
»
!
o
§
b
b
§
1
§
b

MOl HONUGEq

10- 0gn
02— 008
00--028
-0 -~ I0%

Honuaeq

1410-5000W =

) g
HE
& g

]

anpronugsq
0
20

3

B H
s |8

£ o 2]

b 2sug gise C

jaee

an

2npsuanis.
M1
i
g

Figure 2-4. Photographs showing selected features in the
massive mudstone facies (Fm). Scale on edge of grain-size

comparator in photos is marked in centimeters. A. Blocky 2 . oo A
fabric commonly observed in facies Fm at a depth of ap- §h 4

proximately 83 ft (white arrows). B. Blocky to massive fabric
in mudstone of facies Fm, with abundant irregularly shaped
siderite nodules (white arrows) at a depth of 328 ft. C. Mas-
sive to slightly fissile mudstone of facies Fm, with rhizoliths
(white arrows) at approximately 992 ft.
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Figure 2-5. Photographs showing selected features in the carbonaceous mudstone facies. Scale on edge of grain-size compara-
tor in photos is marked in centimeters. A. Dark brown carbonaceous mudstone of facies Fc above and below gray massive
mudstone (Fm) between 308 and 315 ft depth. Note the large root structure in the gray mudstone filled with dark-brown
carbonaceous mudstone (white arrow; facies Fc). B. Interlaminated, fissile mudstone and high-ash coal (white arrow) as-

signed to facies Fc at a depth of 912 ft.

locally. Figure 2-6 shows coalbeds remaining in the core
after sampling between 557.7 and 568.1 ft.

Interpretation

Coal records deposition in peat swamps (mires)
removed from sources of terrigenous clastic sediment
(McCabe, 1984; Galloway and Hobday, 1996). Depositional
settings include brackish-water swamps that fringed
interdistributary bays on the lower delta plain, and fresh-
water swamps. The thicker peat accumulations in both
settings were protected from active fluvial and distribu-
tary channels.

Sr—RIPPLE CROSS-LAMINATED SANDSTONE

Description

Facies Sr consists of light gray to beige coarse siltstone
to fine-grained sandstone in beds up to a foot or more
thick, with prominent cross-lamination in sets up to 0.2 ft
(6.1 cm) thick. Some sand in facies Sr is poorly sorted and
includes appreciable mud (fig. 2-6, darker brown laminae
from 560 to 562.8 ft, and fig. 2-7A). Finely divided plant
material, where present, is concentrated in muddy foreset
laminae (fig. 2-6, 560.5 ft, and 7A-B). Mudstone is present

as thin drapes up to 0.08 in (2 mm) thick (fig. 2-7C) and
thicker interbeds up to a few tenths of a foot thick. Stoss-
side laminae are rarely preserved and set boundaries are
typically erosional. Sandstone beds have sharp basal and
upper contacts. Simple and complex sets of ripple cross-
laminae have been recognized, with the latter consisting
of complexly interwoven bundled sets with foresets in
adjacent sets dipping in opposite directions and display-
ing scalloped lower set boundaries (fig. 2-7C). Where
mudstone overlies facies Sr, ripple bedforms are locally
preserved and display symmetric to slightly asymmetric
profiles. Representative sandstone laminae from facies Fl
(figs. 2-3B and 2-3C) show thinly interbedded sandstone
that includes small-scale wave-ripple bedforms; where
ripple cross-laminated sandstone is the dominant lithol-
ogy it is assigned to facies Sr. When facies Sr alternates
with mudstone beds to form a rhythmic succession it is
assigned to facies SFh. Bioturbation ranges from absent (11
1; fig. 2-7B-C) to moderate (11 2-4; fig. 2-7A shows a single
escape burrow). Skolithos is most common; Thalassinoides
has been recognized in some adjacent beds that may have
been ripple cross-laminated prior to disruption by bur-
rowing organisms.
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Figure 2-6. Core photograph showing coal between 556.8 and 568.3 ft (yellow arrows), and interbed-
ded mudstone, muddy sandstone, and sandstone with abundant siderite nodules between 545 and
557 ft (white arrows). Note sideritic cement in sandstone from 555.8 to 556.8 ft (red arrows). Note:
Each core box holds 12 ft of core in four 3-ft-long rows; depth in feet is shown at the top of each row.
The scale between boxes is marked in feet and tenths of a foot. All core boxes shown in subsequent
figures are marked in the same way.
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Figure 2-7. Photographs showing selected features in the
ripple cross-laminated sandstone facies (Sr). Scale on edge
of grain-size comparator in photos is marked in centimeters.
A. Stacked sets of ripple cross-laminae penetrated by a
single vertical escape burrow between 562 and 565 ft (white
arrows; Il 2). B. Stacked sets of ripple cross-laminae at a depth
of 463.5 ft. Stoss-side laminae are not preserved and sets
display low climb angles (white arrow). Note muddy foreset
laminae (darker-colored laminae). C. Stacked sets of ripple
cross-laminae at 687.5 ft. Note the complexly interwoven
sets with boundaries dipping to the right and left, suggesting
a wave origin. Note discontinuous clay drape (white arrow).
The lowest set sank into the underlying muddy sand/sandy
mud (red arrow) due to a slight density contrast.

Rounded Well Rounded
LA REERE XY N

XIEX XX

Subangular
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Interpretation

Ripple cross-laminated sandstone of facies Sr repre-
sents the depositional record of small, migrating two- and
three-dimensional dunes in a subaqueous setting under
lower-flow-regime conditions (Simons and others, 1965;
Harms and others, 1975; Allen, 1984). Most cross-lamina-
tion in this facies is interpreted as forming initially from
unidirectional currents under conditions of relatively low
sediment supply such that stoss-side laminae were not
preserved (type A ripple drift cross-lamination of Jopling
and Walker, 1968; figs. 2-7A-B). Subsequent reworking lo-
cally by small, short-period shoaling waves is indicated by
preserved small-scale, symmetrical to nearly symmetrical,
wave-ripple bedforms (figs. 2-3B and C show examples
from facies Fl) and the complexly interwoven bundled
sets of cross-lamination present in some sand beds (for
example, de Raaf and others, 1977; fig. 2-7C).

Sx—CROSS-BEDDED SANDSTONE

Description

Facies Sx consists of light gray to light brown, fine-
to medium-grained sandstone characterized by foreset
laminae that dip 10-25 degrees relative to paleohorizontal
(figs. 2-8A-B). Foresets appear planar and comprise sets 0.3
ft to more than 1 ft (9-30+ cm) thick. Normal size grading
in foreset laminae is common; slight color changes associ-
ated with different grain-size fractions and organic debris
serve to accentuate foreset stratification. Thin, diffuse
pebble lags (1-2 clasts thick) are locally present in facies
Sx, usually at or near the base of sets, and consist primar-
ily of sideritic mudstone and mudstone clasts (fig. 2-8B,
clasts scattered between 1,088 and 1,095 ft); quartz and
chert clasts are present in some lags. Trace fossils have
not been recognized in this facies (II 1).

1073 1076 1079 1082

T

1085’ 1088 1091 1094’

Figure 2-8. Photographs showing selected features in the cross-bedded sandstone facies (Sx). A. Planar foresets in medium-
grained sandstone; some foreset laminae are lined with carbonaceous debris (white arrow; depth approximately 1,151.6
ft). Dashed white line marks upper set boundary. Tape measure marked in centimeters (right side) and tenths of a foot
(left side). B. Core photo of channel-fill succession between 1,097 and 1,073 ft that includes multiple sets of cross-bedded
sandstone (white arrows).
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Interpretation

Cross-bedded sandstone of facies Sx represents the
depositional record of migrating dunes developed in sand
in a subaqueous setting in response to unidirectional low-
er-flow-regime currents (Simons and others, 1965; Harms
and others, 1975; Collinson and Thompson, 1989). Planar
foresets suggest dunes were characterized by relatively
straight crestlines (two-dimensional; Ashley, 1990), but
the limited view provided by one core precludes further
analysis. Preserved set thicknesses represent only a frac-
tion of original dune heights. Pebbles comprising lags
were transported only during events having the highest
flow velocities, such as floods. Sideritic mudstone and
mudstone clasts were most likely derived from facies Fm
and, to alesser extent, Fc and Fl, as flood currents scoured
muddy substrates and entrained iron-rich concretionary
masses that were forming at shallow burial depths in
adjacent interdistributary bays.

SIf—PLANE-PARALLEL LAMINATED
FINE-GRAINED SANDSTONE

Description

Facies Sf consists of light gray to light brown, moder-
ately to well sorted, very-fine- to fine-grained sandstone
inbeds characterized by plane-parallel, flat to gently wavy
laminae 0.05 to 0.4 in (1-10 mm) thick (figs. 2-9A, C-D).
Laminae dipping at low angles that gradually change dip
direction up- or down-section over short stratigraphic
distances are suggestive of hummocky cross-stratification
(fig. 2-9E). Sandstones most commonly have sharp contacts
with bounding beds (sandstone and mudstone), but grada-
tional upper contacts with mudstones have been observed.
Lamination is commonly defined by subtle grain-size
changes and/or the presence of finely divided plant frag-
ments (figs. 2-9A and C); siderite as clasts and in-place
cemented zones are present locally. Parting lineation is
visible on some parting surfaces. Rarely, facies Slf includes
alternating laminae of sandstone and organic-rich silty
sandstone that gradually change thickness and abundance
in vertical succession, forming a repetitive motif (fig. 2-9D,
from 1,102.7 to 1,099.2 ft) that is gradational to facies SFh.
Bioturbation ranges from absent (II 1) to moderate (II
3-4); most beds are either unbioturbated or only sparsely
bioturbated with Skolithos. Some vertical traces are likely
escape structures.

Interpretation

Plane-parallel lamination and parting lineation in
sandstones of facies SIf record deposition under upper-
flow-regime plane bed conditions (Simons and others,
1965; Harms and others, 1975; Allen, 1984), most likely
from unidirectional currents. Alternating laminae of sand-
stone and organic-rich silty sandstone record fluctuations
in current velocity from higher velocity, when finer ma-
terial (silt and small plant fragments) was maintained in
suspension or winnowed from the depositional interface,

to lower velocity when silt and organic material carried
in suspension settled with minimal subsequent transport.
Alternating current strength may have resulted from tides
(Dalrymple, 1992).

SIm—PLANE-PARALLEL LAMINATED
MEDIUM-GRAINED SANDSTONE

Description

Facies Slm shares characteristics in common with
facies SIf, but is coarser grained and lacks bioturbation
(I 1). 1t consists of light gray to light brown-gray, mod-
erately to well sorted, fine- to medium-grained sandstone
characterized by plane-parallel, flat laminae from 0.04 to
0.5 in (1-13 mm) thick (figs. 2-9B and D, white arrows).
Alternating laminae of organic-rich, muddy sandstone
and organic-poor, mud-free sandstone are locally present.

Interpretation

Plane-parallel lamination in facies Slm records de-
position under upper-flow-regime plane bed conditions
associated with unidirectional currents (Simons and oth-
ers, 1965; Southard, 1971; Harms and others, 1975; Allen,
1984). The coarser grain size and apparent low detrital
mud content characteristic of this facies indicate deposi-
tion from higher-velocity currents than were responsible
for facies SIf, which did not allow mud and finer-grained
sand to settle out of suspension. As in facies Slf, locally
occurring, interlaminated, organic-rich, muddy sandstone
and organic-poor, mud-free sandstone suggest deposition
from rhythmically alternating lower-energy and higher-
energy flows, possibly associated with tides. The absence
of trace fossils is consistent with deposition in high-energy
settings characterized by fresh or low-salinity brackish
water.

Sm—MASSIVE SANDSTONE

Description

Facies Sm consists of light gray to light brown, very-
fine- to medium-grained sandstone in beds 0.01 to 1.0 ft
(0.3-30 cm) thick characterized by an apparent lack of
sedimentary structures (fig. 2-10). Sandstones of this fa-
cies have sharp bounding contacts with underlying facies,
whereas the upper contact with mudstone can be sharp or
gradational. Plant fragments ranging in size from coffee
grounds (fine sand-size) to greater than 0.1 ft (3 cm) are
present locally as thin, discontinuous drapes. Pebbles are
present locally and include light gray chert, siderite, and
mudstone rip-ups (fig. 2-10). Thin siderite-cemented zones
or bands are also present. Bioturbation ranges from absent
(I1 1) to moderate (II 3-4). Where bioturbation is present,
discrete traces of known affinity have not been identified.

Interpretation

Facies Sm is interpreted to record rapid deposition
with limited or no subsequent traction transport sufficient
for equilibrium bedforms to develop (Collinson, 1968;
Bhattacharya and Walker, 1991). It is possible that grain-
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Figure 2-9. Photographs showing selected features in the
plane-parallel laminated sandstone facies (SIf and SIm). Scale
on edge of grain-size comparator in photos A-C is marked
in centimeters. A. Well-developed plane-parallel laminae
in facies SIf near 624 ft (red line on core tray). B. Plane-
parallel lamination in facies SIm at 651.5 ft (white arrow).
Dark-colored laminae are rich in carbonaceous debris.
C. Plane-parallel laminae disrupted by small-scale normal
faults at approximately 1,318.3 ft (white arrow) in facies SIf.
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Figure 2-9 (continued). Photographs showing selected features in the plane-parallel laminated sandstone facies (SIf and
SIm). D. Plane-parallel laminated sandstone (facies SIm) in a channel-fill succession between 1,100.7 and 1,102.5 ft (white
arrows). E. Possible hummocky cross-stratification between 1,412 and 1,413.5 feet (white arrows). Red arrows show pos-

sible Paleophycos burrows. :
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Figure 2-10. Photograph showing massive sandstone (facies
Sm) at a depth of 1,157 ft. The contact at 1,157.8 ft (red
arrow) marks the base of a thick, amalgamated channel
complex (amalgamated distributary channel fills) that extends
upsection to a depth of 1,060.5 ft. Note chert pebble (white
arrow). The distributary channel fill truncates disrupted sandy
siltstone interpreted as subaqueous levee deposits (below
chert pebble and in core on right side of photo). Tape measure
marked in centimeters along right edge and tenths of a foot
along left edge.
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size contrasts and compositional variations are so slight
in this facies that sedimentary structures are effectively
masked. Without other investigative tools, this possibility
is difficult to test.

Scb—CONVOLUTE LAMINATED SANDSTONE

Description

Facies Scb consists of light gray to light brown, very-fine-
to fine-grained sandstone in beds less than 0.01 ft (much
less than 1.0 mm) thick to greater than 1.0 ft (30 cm) thick
that are characterized by deformed laminae (figs. 2-11A-E).
Sandstones typically have sharp bounding contacts with
mudstones or other sandstone beds; however, gradational
upper contacts with muddy lithologies are present. De-
formation includes steeply dipping, wavy laminae, tight
upright and recumbently folded laminae, broken lami-
nae, detached and folded masses of sandstone encased in
mudstone and siltstone (figs. 2-11D-E), and a variety of
combinations of these deformation styles. Deformation
typically results in a chaotic appearance that is accentu-
ated by the presence of interlaminated mudstone. Original
sedimentary structures are recognizable and include
plane-parallel lamination and ripple cross-lamination;
massive laminae are also present (fig. 2-11E). Siderite as
clasts and irregular-shaped nodules is present locally.
Bioturbation ranges from absent (IT 1) to moderate (I1 3-4).
Trace fossils include Phycosiphon (and/or Helminthopsis),
Rhizocorallium, Skolithos, Teichichnus, Thalassinoides, and
Planolites. No single bed includes all of these traces and
most beds include only a few genera.

Interpretation

Facies Scb records sand beds that were originally
deposited as facies Sr, Sl, and Sm and subsequently
deformed prior to lithification. Plausible deformation
mechanisms include: (1) subaqueous deposition of sand
on lower-density, uncompacted mud and subsequent
foundering of the sand bed (Allen, 1984); (2) subaqueous
deposition of sand on an inclined surface and subsequent
deformation from downslope creep and/or sliding (Allen,
1984); (3) subaqueous sand deposition and subsequent
deformation by gas escaping from underlying mud with
decaying terrestrial plant material (Coleman and others,
1964); (4) sand deposition and subsequent deformation
by large organisms (such as dinosaurs—*“dinoturbation”;
Fiorillo and others, 2010); (5) subaqueous sand deposi-
tion and subsequent deformation from frictional drag at
the interface between a sandy bedform and an overlying
moving water column (Allen, 1984); and (6) seismogenic
shaking (Greb and Dever, 2002). Given the nature of
sediment deformation in the Wainwright core, each of the
first three mechanisms could have contributed, at least
locally, to soft-sediment deformation features recognized
in this facies. The fourth mechanism—deformation by
large organisms (dinosaurs)—was clearly operating in
nonmarine and very shallow marginal marine settings

on the North Slope during middle Albian time, as recently
documented by Fiorillo and others (2010). Mechanisms 1,
3, and 4 most likely contributed to some soft-sediment
deformation features observed in the Wainwright core.
Deformation by frictional drag is considered unlikely,
judging from a lack of preferred orientation of bed dips.
Given the tectonic setting (foreland basin), mechanism 6
is possible but difficult to test.

Sb—BURROW-MOTTLED SANDSTONE

Description

Facies Sb consists of light gray to light brown, very-
fine- to fine-grained sandstone in beds 0.02 to 0.6 ft
(0.6-18.3 cm) thick, characterized by burrowed fabrics.
Bounding contacts with other beds are typically sharp.
This facies is differentiated from the other sandy facies
by the higher degree of bioturbation: beds are typically
moderately to highly bioturbated (IT 3-4; fig. 2-12). Rec-
ognizable traces include Phycosiphon, Skolithos Teichichnus,
and Thalassinoides. Diplocraterion and Rosselia may be pres-
ent in some beds. Reburrowed traces are present locally
(fig. 2-12, Phycosiphon in Teichichnus). Facies Sb is rare in
the Wainwright #1 core.

Interpretation

Facies Sb records reworking of sand beds at or very
near the depositional surface by burrowing organisms.
The trace fossils recognized are all common in shallow
marine shoreface and proximal shelf settings (Cruziana
and Skolithos ichnofacies assemblages; Pemberton and oth-
ers, 1992), and the genera recognized define a relatively
moderate- to high-diversity assemblage. This suggests
colonization of sandy substrates in subaqueous settings
characterized by hospitable conditions for a burrow-
ing infauna. We interpret this facies to record pauses in
sedimentation or complete abandonment of depositional
sites following storm events in marine-influenced settings
characterized by near normal to normal marine salinities
(MacEachern and others, 2007a; Howard, 1975).

Sfh—HETEROLITHIC SANDSTONE AND
MUDSTONE

Description

Facies SFh consists of a heterolithic association of
thinly interbedded light gray to light brown very-fine-
to fine-grained sandstone and dark gray to dark brown
mudstone. Sandstone and mudstone beds range from
less than 0.01 to 0.5 ft (0.3-15.2 cm) thick and alone each
would be assignable to one of the sandstone facies (SIf,
Sr, or Sm) or mudstone facies (F1 or Fm) described above
(except facies C; figs. 13A-E). Sandstone contacts with
underlying mudstone are sharp and range from wavy pla-
nar (figs. 13C-E) to irregular (figs. 13A-B); upper contacts
range from sharp to gradational and many sandstone beds
are normally graded (fig. 2-13D). The presence of gutter
casts attests to the erosive nature of some of the flows that
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Figure 2-11. Photographs showing selected features in the
convolute-bedded sandstone facies (Scb). Scale on edge of
grain-size comparator in all photos is marked in centimeters.
A. Convolute-bedded sandstone at a depth of 1,487 ft (black
linein middle core tray). In its undeformed state this sand was
likely plane-parallel laminated. B. Steeply dipping rumpled
laminae in muddy sandstone (white arrow) at a depth of ap-
proximately 1,210.4 ft. Note possible small-scale fault offsets
(at and to the right of red arrow). C. Deformed mudstone and
sandstone at a depth of 1,219.5 ft. Note the vertical escape
burrow filled with sandstone in the laminated interval above
the deformed package (white arrow). Note also the small-
scale high-angle reverse fault (red arrow).
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Figure 2-11 (continued). Photographs showing selected features in the convolute-bedded sandstone facies (Scb). Scale on
edge of grain-size comparator in all photos is marked in centimeters. D. Convolute bedded mudstone and sandstone (white
arrows) at a depth of 114.5 ft. E. Finger-shaped protrusion of clean sandstone (white C) that projects upward into muddy
sandstone (white M) at a depth of 595.5 ft.
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Figure 2-12. Photograph showing selected features in the
burrow-mottled sandstone facies (Sb). Scale on edge of
grain-size comparator in photo is marked in centimeters.
Bioturbated sandstone at a depth of 717.5 ft (Il 4) shows
visible trace fossils, including Teichichnus (Tc), Skolithos
(Sk), Phycosiphon (Py) (or Helminthopsis); and possible
Diplocraterion (Dl) (some Skolithos could be Diplocraterion)
and Rosselia (Ro). Note Phycosiphon or Helminthopsis traces
within Techichnus traces.
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Figure 2-13. Photographs showing selected features in the
heterolithic sandstone and mudstone facies (SFh). Scale on
edge of grain-size comparator in all photos is marked in cen-
timeters. A. Thinly interbedded sandstone and mudstone of
facies SFh near a depth of 1,579 ft (black line on core tray at
left). Note the relatively large gutter cast (white G), indicating
that at least some of the flows that transported sand to this
location were highly erosive. B. Thinly laminated sandstone
and mudstone of facies SFh at a depth of approximately
1,455.5 ft. Note the small gutter cast (white G). C. Interlami-
nated sandstone and mudstone of facies SFh at a depth of
1,454.5 ft. Note subtle normal grading in some sandstone
laminae (white triangle).
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Figure 2-13 (continued). Photographs showing selected features in the heterolithic sandstone and mudstone facies (SFh).
Scale on edge of grain-size comparator in all photos is marked in centimeters. D. Normally graded sandstone (white triangles)
and minor interbedded mudstone of facies SFh at a depth of 607 ft (red line in core tray). E. Interbedded sandstone and
mudstone of facies SFh at a depth of 1,476 ft (black line in center core tray). Note the relatively thick sandstone beds in this
example of facies SFh (middle core).

transported sand to the depositional site (figs. 13A-B).
Definition of this facies is more arbitrary than others in
the core: it is the presence of thinly interlaminated sand-
stone and mudstone in roughly equal abundance forming
arepetitive succession that distinguishes facies SFh from
other facies. Bioturbation ranges from I1 1 to II 3. Skolithos
is the only genera recognized.

Interpretation

Facies SFh records deposition under fluctuating energy
conditions. Sand and coarse silt were transported to the
depositional site as bedload and suspended load by turbu-
lent flows associated with relatively-high-energy events.
Graded sandstone beds indicate deposition from waning
density currents—possibly hyperpycnal flows—though
the classic signature of such deposits has not been recog-
nized in this core (Mulder and others, 2003, their fig. 2-9).
Interbedded mudstones record deposition from suspen-
sion during the waning phase of high-energy events and
suspension settling during the intervening lower-energy
periods. Given only this one core it is difficult to be more
specific in interpreting this facies. Periodic fluctuation in
flow strength and direction due to tides is a reasonable
interpretation (Thomas and others, 1987; Nio and Yang,

1991) as is episodic overbank flooding and deposition on
subaqueous levees (Coleman and others, 1964; Elliot, 1974).

FACIES ASSOCIATIONS AND
DEPOSITIONAL SETTING

The 12 facies outlined in the previous section combine
to define six facies associations that, collectively, record
deposition in lower delta plain to upper delta plain (upper
190 ft of core) settings (fig. 2-19). These correspond closely
to the depositional record of several subenvironments on
the delta plain of the Mississippi River (Fisk and others,
1954; Coleman and Gagliano, 1965; Bhattacharya, 2006),
including interdistributary bays, distributary channels,
crevasse channels, minor mouth bars/crevasse deltas,
and channel levees. Like most delta plain successions, fa-
cies associations comprising the Wainwright core stack
to form a complex succession (compare Fisk and others,
1954; Coleman and others, 1964; Fisher and others, 1969;
Horn and others, 1978; Bhattacharya and Walker, 1991).
Unequivocal interpretation of the depositional environ-
ment is difficult for many segments of the core due to the
one-dimensional view afforded by a single core through a
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complex suite of deltaic subenvironments.

Trace fossils and bioturbation fabrics provide valuable
information that helps in constraining environmental
interpretations of the Wainwright core. Lower delta plain
settings in high-constructional, river-dominated deltas
are characterized by low-lying marsh and swamp lands
interrupted by lakes and interdistributary bays (Fisher and
others, 1969). With the constant input of fresh water from
riverine sources, water over most of the lower delta plain is
fresh to brackish (Coleman and others, 1964). Bioturbation
is common in the lower 1,300 ft of the Wainwright core.
Most of the identifiable trace fossils are common com-
ponents in open marine siliciclastic shelf, shoreface,
and deltaic successions and include traces assignable to
either the Cruziana or Skolithos ichnofacies assemblages
(MacEachern and others, 2007a; Pemberton and others,
1992). Trace fossils recognized include Diplocraterion(?),
Skolithos, Rhizocorallium, Rosellia(?), Teichichnus, Thalassi-
noides, Paleophycos, Phycosiphon (and/or Helminthopsis),
and Planolites. These genera, taken as an assemblage,
resemble high-diversity assemblages in settings char-
acterized by normal marine salinities (Pemberton and
others, 1992; MacEachern and others, 2007a). Despite their
recognition in the Wainwright core, most bioturbated
beds include only a few genera (some only one) and, as a
result, are interpreted as low-diversity assemblages that
record ecological stress (Pemberton and Wightman, 1992;
MacEachern and others, 2007b). The beds with many gen-
era probably record short-lived perturbation of “normal”
conditions for the depositional sites that allowed a diverse
infaunal assemblage to persist for a brief period.

Bioturbation ranges from absent (II 1), to one or two
recognizable traces in an otherwise undisturbed bed (11 2)
interstratified with beds that appear undisturbed, to single
beds and successions (multiple beds) that are moderately
bioturbated (II 3-4). The trace fossil assemblages and their
distribution demonstrate a persistent marine influence
during deposition of the lower 1,300 ft of the cored suc-
cession and, at times, water may have approached normal
marine salinities.

Facies associations are briefly described and interpret-
ed in this section, followed by a depositional model that
integrates features recognized in the Wainwright #1 core.

INTERDISTRIBUTARY BAY

The interdistributary bay association is composed of
several facies including massive mudstone (Fm), lami-
nated mudstone (Fl), laminated fine-grained sandstone
(SIf), ripple cross-laminated fine-grained sandstone (Sr),
massive sandstone (Sm), minor burrow-mottled sand-
stone (Sb), minor convolute-bedded sandstone (Scb),
heterolithic sandstone and mudstone (SFh), carbonaceous
mudstone (Fc), and coal (sheet 2-1). Mudstone facies are
most abundant and interbedding of the various facies
forms a complex succession (fig. 2-14). This complexity
is reflected in the gamma-ray profile, which is typically
highly serrated (sheet 2-1). Many sandstone and mudstone

beds are bioturbated (facies Sb and Fm?) with ichnofabric
indices ranging from II 2 to II 4. The interdistributary bay
association envelops most of the remaining associations.

The suite of facies outlined above records deposition
in low-energy, shallow-water settings between deltaic
distributary channels. The facies association is similar to
modern interdistributary bay deposits described from the
lower delta plain of the Mississippi River in classic works
by Coleman and others (1964) and Coleman and Gagliano
(1965), and closely resembles deposits recognized in many
ancient deltaic successions (Carboniferous of southwest-
ern England by Collinson, 1968; Elliott, 1976; Carboniferous
of eastern North America by Horn and others, 1978;
Cenomanian of northwestern Alberta by Bhattacharya
and Walker, 1991; Late Cretaceous of Utah by Ryer and
Anderson, 2002). Interdistributary bay deposits have been
recognized elsewhere in the Nanushuk Formation by Huff-
man and others (1985, 1988), LePain and Kirkham (2001),
and LePain and others (2008; 2009).

The interdistributary bay setting was interrupted
episodically by incursions of coarser-grained sediment
as flood waters in nearby channels overtopped poorly
developed levees and transported fine-grained sand in
suspension and as bedload in sheet flows depositing fa-
cies SIf, Sr, Sm, and Scb (fig. 2-14). Mudstones containing
a few thin sandstone interbeds record splay deposition
in settings distal to channels, whereas many thin to
thick sandstone beds and amalgamated sandstone beds
indicate deposition proximal to active channels. Wave-
ripple cross-lamination in some sand beds indicates local
reworking by short-period waves (shallow water). Trace
fossils recognized in this association define a low-diversity
assemblage consistent with deposition in a brackish wa-
ter setting (Pemberton and Wightman, 1992). Syneresis
cracks recognized at a depth of 1,532 ft indicate fluctu-
ating salinity, which is consistent with deposition in an
interdistributary bay setting characterized by frequent
changes in the relative supply of freshwater and seawater.

The scarcity of storm-wave-generated structures (pos-
sible hummocky cross-stratification only at approximately
589 ft, between 513 and 514 ft, between 1,412 and 1,413 ft,
and at 1,475.5 ft; sheet 2-1; figs. 2-9E and 14) is consistent
with deposition in low-energy bays protected from open
marine conditions. Coal and carbonaceous mudstone are
relatively common and demonstrate the presence of peat
swamps along the perimeter of many bays in locations
removed from sources of coarse-grained sediment (Fisher
and others, 1969; Horn and others, 1978; Bhattacharya
and Walker, 1991).

The thick interdistributary bay-fill succession between
1,242 and 1,495 ft is a good example of this association
(sheet 2-1). This interval includes thinly laminated mud-
stone that accumulated in a quiet-water setting distal to
active channels—the thin laminations indicating little, if
any, disturbance by burrowing organisms after deposition
(sheet 2-1; fig. 2-14; 1,375.5-1,396 ft). This interval also
includes a succession of interbedded mudstone (largely
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Figure 2-14. Core photos, showing the typical expression of the interdistributary bay association. The base of the
succession shown is at a depth of 1,479 ft, corresponding to the lower right corner of the lower right photo; the top
of the succession shown is at a depth of 1,375 ft, corresponding to the upper left corner of the upper left photo.
The interdistributary bay succession consists of dark brown to dark gray mudstone with numerous thin sandstone
laminae and several thicker sandstone beds interpreted as tabular crevasse-splay deposits. Sandstones are light tan
to light reddish tan; selected beds are marked with a white S. The black rectangles correspond to coals that were

removed for laboratory analysis.
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Fl with minor Fm and Fc) and sandstone (SIf, Sr, and Scb)
interpreted as splay sand sheets (fig. 2-14; 1,396-1,476 ft).

CHANNEL

The channel association consists of cross-bedded
sandstone (Sx), fine- to medium-grained, plane-parallel
laminated sandstone (Slm), massive sandstone (Sm), and
ripple cross-laminated sandstone facies (Sr; sheet 2-1).
The association has sharp bounding contacts with mud-
stones of the interdistributary bay association and sandy
siltstones and thin sandstones of the levee association. The
lower contact is erosive and the association is character-
ized by a fining-upward grain-size motif and barrel- to
bell-shaped gamma-ray profile. Fine- to medium-grained
cross-bedded sandstone (Sx) and plane-parallel laminated
sandstone (SIm) comprise the lower and middle portion
of most channel fills; these facies grade upsection to
fine-grained, ripple cross-laminated sandstone. Internal
erosion surfaces are common and are often overlain by
siderite clast or mudstone chip lags.

A thick succession from 1,060.5 to 1,157.7 ft includes
at least two fining-upward successions interpreted as
two amalgamated channel fills (distributary channels;
sheet 2-1; fig. 2-15). The lowest is capped by a siderite
band a few inches thick (at 1,095.6 ft), whereas the up-
permost foot or so of the upper fining-upward succession
includes rhizoliths and is overlain by carbonaceous
mudstone of the interdistributary bay association
(fig. 2-15, above 1,060.5 ft). Collectively, the fine-grained,
ripple cross-laminated sand, siderite bands, and rhizoliths
(only in the uppermost succession) capping these two
channel-fill successions indicate waning flow and chan-
nel abandonment. The upper fining-upward succession
either represents rejuvenation of the same channel or
reoccupation of the same location by a different channel.
Repetitive mudstone drapes on sandstone between 1,153.3
and 1,154.5 ft, and interbedded, fine-grained, ripple
cross-laminated sandstone (facies Sr) and plane-parallel-
laminated sandstone (facies Slm and Slf), both including
mud drapes, between 1,100 and 1,102.5 ft, suggest a tidal
influence (fig. 2-15). Rhizoliths capping the uppermost
succession (1,060—1,061 ft) indicate the depositional
surface was either emergent or in shallow enough water
that marsh-type plants were able to grow.

The facies composition and thickness of channel
fills recognized in the Wainwright core are comparable
to channel deposits recognized in other ancient deltaic
successions (Dunvegan Formation of Bhattacharya and
Walker, 1991; Ferron Sandstone of Ryer and Anderson,
2002; Wilcox Group of Galloway, 1968), and in outcrops
of the Nanushuk Formation (McCarthy, 2003; LePain and
others, 2009). Subsurface data suggest the amalgamated
channels from 1,060.5 to 1,157.7 ft and 619.3 to 667 ft are
part of channel belts that have regional extent in the
depositional dip direction (northeast to the east; Decker,
2016 [this volume)). If the 97-ft-thick succession shown in
fig. 2-15 and discussed in the previous paragraph is the

depositional record of a single channel, it was comparable
in size (at least scour depth) to the modern Mississippi
River along its lower reaches in Louisiana (see channel
cross-sections in Fisk, 1947).

CREVASSE CHANNEL

The crevasse channel association consists largely of
ripple cross-laminated sandstone (Sr), and minor fine-
grained, plane-parallel laminated sandstone (SIf), massive
sandstone (Sm), and convolute bedded sandstone (Scb).
This association has a sharp lower contact with mud-
stone, can have a sharp or gradational upper contact
with mudstone, and has a fining-upward grain-size motif
and blocky- to bell-shaped gamma-ray profile (sheet 2-1;
fig. 2-16, base; fig. 2-17, 587.5 to 593.3 feet). The crevasse
channel association is differentiated from the distribu-
tary channel association by sediment grain size and total
thickness—the former being thinner and consisting of
finer-grained sand. With these criteria, it is still possible
that some occurrences of the distributary channel asso-
ciation have been misidentified as crevasse channel fills.
Further blurring this distinction is that large crevasse
channels can evolve into major distributaries under the
right conditions (Elliot, 1974).

The crevasse channel association represents the
fill of relatively long-lived channels that cut through
distributary channel levees. Channels were cut during
major flood events and acted as conduits for transport-
ing relatively coarse-grained sediment to quiet water
settings in adjacent interdistributary bays (Coleman and
others, 1964; Elliott, 1974). The fining-upward grain-size
trends recognized in some crevasse channel fills record
waning flow and gradual abandonment. Bioturbation, if
present, is limited to the upper part of crevasse channel
fills, indicating that flow velocities were too strong and/
or freshwater from the feeder channels made conditions
inhospitable for burrowing organisms when channels
were active (fig. 2-16). Burrowing organisms (or coloniz-
ing plants) were able to colonize the substrate only after
channels were abandoned and sedimentation rates were
greatly reduced (Elliott, 1976).

MINOR MOUTH BAR/CREVASSE DELTA

The minor mouth bar/crevasse delta association,
referred to hereafter as the mouth bar association,
consists of laminated mudstone (Fl), massive mudstone
(Fm), ripple cross-laminated sandstone (Sr), fine-grained
plane-parallel laminated sandstone (SIf), convolute-
bedded sandstone (Scb), and heterolithic sandstone and
mudstone (SFh; sheet 2-1). The mouth bar association
gradationally overlies interdistributary bay deposits and is
overlain abruptly by either crevasse channel-fill deposits
or additional interdistributary bay deposits. A prominent
coarsening-upward grain-size trend characterizes this
association and examples typically grade upward from
mudstone or interbedded mudstone and sandstone near
the base to dominantly sandstone near the top (sheet 2-1;
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fig. 2-17; approximately 593.3 to 601 ft). The association
records gradual progradation of mouth bars into quiet
water interdistributary bay settings from the downstream
ends of crevasse channels (Fisk and others, 1954; Coleman
and others, 1964; Elliot, 1974).

The vertical succession through this association closely
resembles mouth bar deposits recognized in modern inter-
distributary bay successions of the Mississippi River (Fisk
and others, 1954; Coleman and others, 1964; Coleman and
Gagliano, 1965; Elliott, 1974) and in ancient deltaic succes-
sions (Elliott, 1976; Horn and others, 1978; Bhattacharya
and Walker, 1991), including the Nanushuk Formation
(LePain and Kirkham, 2001; McCarthy, 2003; LePain and
others, 2009). Examples that include mudstone at their
base and culminate in amalgamated sandstone beds record
a complete progression from distal mouth bar to crevasse
channel deposits (fig. 2-17; 587.5 to 593.3 ft, interpreted
as crevasse channel fill).

10071’

Figure 2-16. Core photo, showing a fining-
upward succession between 1,001.4 and
1,021.8 ft, interpreted as the fill of a cre-
vasse channel. Note the sharp contact with
underlying mudstones of the interdistribu-
tary bay association (white arrow at 1,021.8
ft) and the fining-upward grain-size motif
indicated by the gradually increasing mud
content in channel fill (gradually increasing
number of dark-colored beds toward the
top of the package, from approximately
1,001.4 to 1,015.6 ft). The contact with
overlying mudstones is sharp (white arrow
at 1,001.4 ft). The fining-upward motif re-
cords gradual abandonment of the crevasse
channel.

1004

Most examples of this association in the Wainwright
core lack wave-ripple cross-lamination, a structure that
is commonly recognized in mouth bar deposits from
other deltaic successions. The absence of wave-formed
structures suggests deposition in low-energy bay settings
below fair-weather wave base. Fair-weather wave base in
open marine settings lies between 16 and 50 ft (Walker,
1984) and is likely to occur at much shallower depths in
protected bays such that mouth bar deposits could easily
escape reworking by waves if the depositional surface did
not build to within a few feet of the water surface. Gradual
subsidence from compaction of underlying muds further
ensured these mouth bar sands escaped wave reworking.

CHANNEL LEVEE

The channel levee association consists of laminated and
massive mudstone (facies Fl and Fm) and convolute bedded
sandstone (Scb; sheet 2-1). Soft-sediment deformed beds,
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bioturbation textures, and in-place siderite(?) concretions
are characteristic of this association. The basal contact
with underlying associations (most commonly interdis-
tributary bay) is gradational (sheet 2-1; fig. 2-15;~1,175 to
1,193 ft recording a transition from bayfill to distal levee),
whereas the upper contact is typically sharp (fig. 2-15;
1,157.7 ft). The association is characterized by a subtle to
prominent coarsening-upward grain-size motif. Both the
channel levee and distributary mouth bar associations are
characterized by coarsening-upward grain-size motifs and
include similar facies. Given these similarities and limita-
tions imposed by a single core, interpretation as channel
levee deposits and our ability to clearly distinguish them
from mouth bar deposits is questionable. Channel levee
deposits have been recognized in the Nanushuk in outcrop
(LePain and Kirkham, 2001; McCarthy, 2003; LePain and
others, 2009).

ALLUVIAL FLOOD BASIN

The alluvial flood basin association consists of laminat-
ed mudstone (Fl), massive mudstone (Fm), carbonaceous
mudstone (Fc), and coal (C), with interbedded ripple
cross-laminated sandstone (Sr), heterolithic sandstone
and mudstone (SFh), and minor convolute-bedded sand-
stone (Scb; sheet 2-1). Figure 2-18 shows core from a depth
of 123 to 226 ft and represents a typical example of this
association in the Wainwright well. The upper 104 ft of
core (not shown in fig. 2-18) commonly appears brecciated
or disrupted, which may have resulted from permafrost
or pedogenic processes. Scattered rhizoliths and possible
soil peds suggest the presence of paleosols.

This association is interpreted as the deposits of a
poorly drained alluvial flood basin. The absence of ma-
rine trace fossils distinguishes this association from the
interdistributary bay association and provides the basis
for differentiating lower delta plain deposits from upper
delta plain deposits (Fisk and others, 1954; Bhattacharya,

Figure 2-17. Core photo, showing prominent coarsening-upward succession (approximately 593.3 to 601 ft; white arrows)
interpreted as the deposits of a crevasse delta. The erosion surface separating light-colored clean sandstone from darker-
colored muddy sandstone to sandy siltstone at 593.3 ft (white arrow) is interpreted as a scour surface marking the base
of a small crevasse channel that cut into crevasse delta mouth bar deposits. The mudstone and muddy sandstone above
the upper white arrow (587.5 ft) may record gradual abandonment of the crevasse channel. Sandstones above 584.2 ft are
probably splay sandstone sheets. Note rhizoliths in sandstone at 572. 6 ft, 572.9 ft, and in mudstone at 571.6 and 571.7 ft
(yellow arrows).
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Figure 2-18. Core photos, showing a thick mudstone succession from 123 to 226 ft interpreted as alluvial flood basin
deposits (upper delta plain). The lighter-colored beds are sandstones that were deposited as tabular splays (white S).
Note the sideritized rhizolith(?) at 149 ft (yellow arrow) and the siderite nodules throughout (selected nodules shown

with white arrows).
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2006). Alluvial floodbasin deposits have been recognized
in outcrops of the Nanushuk Formation south of Umiat
(MccCarthy, 2003; LePain and others, 2009).

DEPOSITIONAL MODEL

The suite of facies and facies associations recognized in
the Wainwright #1 well is consistent with deposition in a
lower delta plain setting characterized by interdistributary
bays, major channels, and associated subenvironments
(levees, crevasse channels, etc.; fig. 2-19). The persistent
presence of a moderate to low diversity suite of marine
trace fossils throughout much of the lower 1,300+ ft of
core suggests that interdistributary bays were routinely
characterized by brackish water and, for brief periods,
may have had normal marine salinities. The suite of

facies and the lack of obvious trace fossils above a depth
of 265 ft is consistent with deposition in a poorly drained
alluvial (upper delta) plain setting. Subsurface and core
data suggest the thick channel deposits between 1,060.5
and 1,157.7 ft and between 619.3 and 667 ft represent
attractive analogs for potential reservoirs in topsets up
depositional dip (west) from the ultimate Nanushuk shelf
edge on the central North Slope (see Houseknecht and
others, 2008, their figs. 1 and 3). The absence of significant
thicknesses of sandstones with abundant wave-generated
structures, including hummocky cross-stratification, is
consistent with deposition in a river-dominated deltaic
setting (Bhattacharya, 2006). This is also consistent with
previous interpretations of Nanushuk deltas west of the
Meade arch as river dominated (Ahlbrandt and others,
1979; Huffman and others, 1985).
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Figure 2-19. Generalized drawing showing a delta lobe and its subenvironments (modified from LePain and others, 2009).
The progression of environments recorded in the core, from base to top, defines a progradational succession starting with
prodelta or interdistributary bay mudstones and thin-bedded sandstone with trace fossils suggestive of reduced salinity
conditions, and ending in an alluvial flood basin package lacking marine indicators. The interdistributary bayfill succession
in the lower 85 percent of the core is punctuated by numerous splay sandstones, crevasse channel fills, distributary channel
fills, and at least one levee succession. IDB = interdistributary bay; LDP = lower delta plain; UDP = upper delta plain.
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CONCLUSIONS

ACKNOWLEDGMENTS

Our facies analysis of the Wainwright #1 core has
identified 12 lithofacies, which combine to define six fa-
cies associations. Facies associations include most of the
subenvironments associated with river-dominated deltas,
including interdistributary bay, distributary channel,
channel levee, crevasse channel and delta, and splay sand
sheets. The interdistributary bay association dominates
the cored interval and envelops all other associations in
the lower 1,340 ft of core; the alluvial flood basin asso-
ciation dominates the upper 265 ft of core. Trace fossils
are common and locally abundant in the lower 1,340 ft
of the cored succession, but have not been identified in
the upper 265 ft. Trace fossils include genera belonging
to both the Cruziana and Skolithos ichnofacies. The mas-
sive mudstone facies (Sm) commonly appears burrow
mottled, while most sandstone beds having trace fossils
appear only lightly bioturbated. These beds usually only
include traces belonging to a few genera, defining low- to
moderate-diversity assemblages. A few sandstone beds
are moderately to highly bioturbated. These beds include
high-diversity assemblages consisting of several genera
typically found in open marine settings. The distribu-
tion of facies associations and trace fossil assemblages
allow distinction of lower and upper delta plain settings.
The lower 1,340 ft of core records a persistent marine
influence (mostly brackish water, with only a few beds
recording normal marine salinity) and represents deposi-
tion in a lower delta plain setting. Marine trace fossils are
absent in the upper part of the cored succession, which
comprises alluvial flood basin, mire, and splay sand asso-
ciations deposited in an upper delta plain setting removed
from marine influence. The suite of facies associations
documented in the Wainwright #1 core is consistent with
deposition in a river-dominated deltaic setting.

Core from the Wainwright #1 well provides important
information on the reservoir potential of the Nanushuk
Formation. The thick channel complex between 1,065.5
and 1,157.7 ft appears to have significant regional extent
(Decker and LePain, 2016 [this volume]) and represents
an attractive reservoir target. This channel complex is
encased in mudstones of the interdistributary bay associa-
tion, which would serve as an effective stratigraphic trap
for hydrocarbons. Thinner channel deposits have also
been recognized in the core between 619 and 667 ft that
are also encased in a mudstone-dominated succession.
Judging from this core and analog data from outcrops to
the south and southeast (Huffman and others, 1985, 1988;
LePain and others, 2008, 2009), it is reasonable to infer that
stacked reservoirs could easily be present in the formation
in the subsurface of the central North Slope. This conclu-
sion is consistent with core from exploration wells in the
central and eastern NPRA (LePain and Kirkham, 2001).
See Helmold (2016 [this volume]) for information on the
reservoir quality of the cored succession.
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SEDIMENTARY PETROLOGY AND RESERVOIR QUALITY OF ALBIAN-
CENOMANIAN NANUSHUK FORMATION SANDSTONES, USGS WAINWRIGHT
#1 TEST WELL, WESTERN NORTH SLOPE, ALASKA

Kenneth P. Helmold'

INTRODUCTION

The U.S. Geological Survey (USGS) conducted a project
in 2007 (Clark, 2014) to evaluate the coalbed methane po-
tential of the Albian-Cenomanian Nanushuk Formation as
a reliable source of energy for the village of Wainwright,
located southwest of Barrow on the Beaufort Sea coast
(fig. 3-1). As part of this project the USGS Wainwright #1
test well was drilled, which included 1,530 ft of continuous
core from a depth of 75 to 1,605 ft. The analytical program
included sampling and measuring the gas content of coals
that could have potential as a coalbed methane resource.
The sedimentology of the core was documented by LePain
and Decker (2016 [this volume]); the regional subsurface
context for this core is presented by Decker and LePain
(2016 [this volume]). As a parallel study, this report docu-
ments the sedimentary petrology and reservoir quality
of the Nanushuk siltstones and sandstones encountered
in the well.

REGIONAL FRAMEWORK

The Nanushuk Formation is a thick succession of
marine, transitional, and nonmarine strata of Albian to
Cenomanian age deposited in the asymmetrical Colville
foreland basin (fig. 3-2). The formation is present in out-
crop in a belt 30-50 km wide and roughly 650 km long in
the northern foothills of the Brooks Range. The Nanushuk
includes a lower, dominantly marine succession of shale,
siltstone, and sandstone deposited in shelf, deltaic, and
shoreface settings. The lower unit is gradationally overlain
by a dominantly nonmarine succession of mudstone, coal,
sandstone, and conglomerate deposited in lower delta
plain and alluvial settings (Huffman and others, 1985;
LePain and others, 2009; Mull and others, 2003). Together
these units form a thick regressive package punctuated
by marine transgressions resulting from channel avul-
sion and subsidence of the abandoned delta lobes (LePain
and others, 2009) and episodic pulses of basin subsidence
(Molenaar, 1985). The uppermost beds of the Nanushuk
consist of a Cenomanian mixed marine, marginal-marine,
and nonmarine succession deposited during a regional
transgressive episode that culminated in termination of
fluvial and deltaic deposition and the re-establishment
of widespread marine shelf conditions throughout the
central and western North Slope, and deposition of the
Turonian Seabee Formation (LePain and others, 2009;
Molenaar, 1985).

Early Cretaceous uplift of the Brooks Range resulted in
clastic detritus shed into the foreland basin from southern
and southwestern terranes. These deposits include the
deepwater to nonmarine Fortress Mountain Formation,
deepwater turbidites of the Torok Formation, and coeval
shallow marine to nonmarine strata of the Nanushuk
Formation. The Torok and Nanushuk Formations collec-
tively represent the transition from an underfilled to an
overfilled basin (LePain and others, 2009), with Nanushuk
strata eventually breaching the Barrow arch in the late Al-
bian (Molenaar, 1985). Regional studies suggest Nanushuk
deposition occurred in three large deltaic complexes sepa-
rated by the north-south-trending Meade arch (Ahlbrandt
and others, 1979; Huffman and others, 1985). The Corwin
delta is west of the arch and was interpreted to be the
product of river-dominated systems (Ahlbrandt and oth-
ers, 1979; Huffman and others, 1985). It was sourced from
a large drainage basin that extended west of present-day
Arctic Alaska (Molenaar, 1985). East of the arch, two delta
complexes, the Kurupa-Umiat and Grandstand-Marmot
deltas, were recognized as river-dominated systems
with a greater degree of wave influence (Ahlbrandt and
others, 1979; Huffman and others, 1985) and have been
reinterpreted as wave-modified to wave-dominated deltas
(LePain and others, 2009). They were fed by north-flowing
rivers draining smaller catchment areas in the ancestral
Brooks Range to the south (Huffman and others, 1985;
LePain and others, 2009). Initial work on the petrology of
these deltaic systems, with emphasis on mineralogy, res-
ervoir quality, provenance, and petroleum potential, was
conducted by Bartsch-Winkler (1979, 1985), Bartsch-Win-
kler and Huffman (1988), and Johnsson and Sokol (2000).
Reservoir quality of the Nanushuk sandstones was previ-
ously investigated by Reifenstuhl and Loveland (2004). The
collective Nanushuk deltaic deposits, along with coeval
slope and basinal deposits of the Torok Formations, fill
the western portion of the Colville basin (Houseknecht
and Schenk, 2001; Houseknecht and others, 2008).

DATASETS

Fifty-one (51) plugs were cut from the conventional
core and submitted to Weatherford Laboratories for
routine core analysis. The analyses were run under a net
confining stress of 400 psi. Because of the rubbly nature of
some of the plugs, complete petrophysical data (porosity,
permeability, and grain density) could only be obtained
for 46 samples (appendices 3-A, 3-B). Trimmed end-cuts
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Figure 3-1. A. Google Earth satellite image, showing the location of the villages of Wainwright and Barrow on the
North Slope of Alaska. Inset index map of Alaska shows the location of the satellite image. B. Aerial photograph
of Wainwright, showing the location of the Wainwright #1 test well (from Clark, 2014).
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from the plugs were submitted to Petrographics, Inc., of  (Ingersoll and others, 1984; Decker and Helmold, 1985)
Montrose, CO, for preparation of standard petrographic to determine the composition of the framework (detrital
thin sections. The samples were impregnated with epoxy  grains) and intergranular components (matrix, cement,
spiked with both blue and fluorescent dyes prior to thin-  porosity). The modal analyses are presented in two for-
section preparation. After initial inspection, 48 sandstones  mats: (1) raw counts of Wilson (appendix 3-C), and (2)
and siltstones were selected for modal analyses, which standardized hierarchical categories originally devised
were performed by Michael D. Wilson of Wilson & As- by Decker (1985) and modified by Helmold in subsequent
sociates. He counted a minimum of 400 points using the years (appendix 3-D). All interpreted data, plots, and
traditional (non Gazzi-Dickinson) point-counting method  tables in this report are based on the Decker-Helmold
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Nanushuk Formation; revised from Mull and others (2003), Garrity and others (2005), Decker (2010), and Gillis and
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system. Summaries of the modal data, standard petrologic
parameters, and ternary ratios are presented in appendix
3-E, and petrographic ratios used to construct ternary
diagrams are listed in appendix 3-F.

Wilson conducted a second count of 100 grains (includ-
ing matrix) for each sample for grain size. A complete
listing of the grain-size data, in both millimeter and ¢
(phi) units, is presented in appendix 3-G. The original
composition and grain-size files provided by Wilson
and a file containing the composition data in Decker-
Helmold format are available from the DGGS website
(doi:10.14509/29657).

PETROLOGIC FACIES

As part of the detailed core description, LePain and
Decker (2016 [this volume]) assigned sedimentologic facies
to horizons from which plugs were taken for petrologic
and routine core analyses (appendix 3-A, Core Facies).
These designations were based largely on sedimento-
logic characteristics, primarily grain size and sedimentary
structures. In several instances the assignments were
equivocal because more than one facies was present in
close proximity to the sampled horizons. To better inte-
grate the sedimentologic (LePain and Decker, 2016 [this
volume]) and petrologic analyses, the thin sections were
examined and samples were reassigned to a sedimentary
facies based on combined petrologic and sedimentologic
criteria (appendix 3-A, TS Facies). The petrology of some
of these facies groups were fairly similar, while other
facies exhibited significant within-group variability in
petrologic parameters. It was therefore decided to analyze
the petrology of the samples independent from their sedi-
mentology. The relationship between sedimentary facies
and petrofacies is tabulated in table 3-1.

Two samples are heavily carbonate cemented and were
assigned to a separate group, which was excluded from
further statistical analyses. The remaining samples were
grouped into petrofacies using the statistical capabilities
of Data Desk, a statistical software application produced by
Data Description, Inc. (Velleman, 1998). Fifty-five variables
describing petrographic attributes including texture (such
as grain size, sorting), composition (such as grain types,

matrix, cements), and reservoir quality (such as porosity,
permeability, intergranular volume) were amassed into a
database. In several cases, mathematical transformations
of variables (for example, logarithms of permeability and
grain size) were also included. The variables were evalu-
ated to determine suitability for use in allocating samples
to petrofacies. Some variables (for example, ‘glauconite’)
contained null values for most of the samples, signifying
the absence of glauconite. Other variables (for example,
‘quartz cement’) contained similar values for most of the
samples, resulting in low standard deviations and little
discriminating power. The 25 most significant variables
were statistically compared with each other to ascertain
which pairs had the greatest positive or negative cor-
relation (table 3-2). Three of the most highly correlated
variables, representing texture, composition, and reser-
voir quality, were designated as grouping variables. Grain
size (measured in millimeters) was selected to represent
texture, bulk chert content to represent composition,
and thin-section porosity as a proxy for reservoir quality.
Thin-section porosity was chosen over routine (measured)
porosity, which was more highly correlated with grain size,
so that all three parameters could be ascertained directly
from point-count analyses. The three parameters were
displayed on a rotating plot in Data Desk (fig. 3-3), which
provides an intuitive means to investigate relationships
among three variables without using statistical analyses
(Velleman, 1998). This fully rotatable plot was studied in all
three dimensions to search for clustering of the data into
distinct groups. If clusters were apparent, the plot was ro-
tated until maximum separation was obtained among the
samples, at which point they were assigned to individual
groups (Velleman, 1998). Using this methodology, the
samples were assigned to one of four petrofacies; the two
cemented samples were allocated to a fifth petrofacies. The
petrofacies are designated: (1) Siltstone petrofacies, (2)
Very-fine-grained sandstone petrofacies, (3) Fine-grained
sandstone petrofacies, (4) Medium-grained sandstone
petrofacies, and (5) Carbonate-cemented sandstone
petrofacies. The compositions of the petrofacies are il-
lustrated in a series of ternary diagrams (fig. 3-4), their
texture is displayed in a plot of cumulative grain size (fig.
3-5), and representative photomicrographs are shown in

Table 3-1. Relationship between sedimentologic facies and petrofacies. Key to sedimentologic facies: SIf = plane-parallel
laminated fine-grained sandstone; SIm = plane-parallel laminated medium-grained sandstone; Sx = cross-bedded sandstone;
Sm = massive sandstone; Sr = ripple cross-laminated sandstone; Scb = convolute laminated sandstone; SFh = heterolithic

sandstone and mudstone; Fm = massive mudstone.

SIf SIm Sx

- Cemented sandstone 0 0 0
S Siltstone 1 0 0
"g Very-fine sandstone 9 0 0
E Fine sandstone 2 12 4
& Medium sandstone 0 3 0
Total 11 15 4

Sedimentologic Facies

Sm Sr Scbh SFh Fm Total
1 1 0 0 0 2
0 3 3 0 2 9
0 5 0 2 0 16
3 0 0 0 0 21
0 0 0 0 0 3
3 10 3 2 3 51
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figs. 3-6-3-10. The relationship between the petrofacies
and sedimentologic facies of LePain and Decker (2016 [this
volume]) are presented in table 3-1.

To assess how these petrofacies compare to other Na-
nushuk sandstones in terms of composition, texture, and
reservoir quality, data from 25 North Slope exploration
wells (table 3-3) are included in the various scatter and
ternary plots.

SILTSTONE PETROFACIES

The siltstone petrofacies is represented by nine sam-
ples (only six were point-counted) that typically consist
of laminated, clay-rich siltstones with a fairly high clay
content (fig. 3-6). They have an average modal composi-
tion of Qi F1alisr QussFralizgr QunsoP1:Ksr Qp49Lvm4Lsm46 (flg 3-4,
appendix 3-F), and a plagioclase/total feldspar (P/F) ratio
of 0.61. The average grain size (fig. 3-5, appendix 3-G) of
the siltstones is 0.011 mm (fine silt), with an average Folk
sorting (Folk, 1974) of 3.39 (very poor). Their framework
composition is dramatically different from the sandstones,
owing largely to their finer grain size (see section on

TsPor

petrologic trends, below). Monocrystalline quartz (Q,,)
is the single-most-abundant detrital grain, averaging
48 percent of the framework fraction. Chert is a minor
detrital component (4 percent of framework), in contrast
to the coarser-grained detritus in which it is more abun-
dant. Feldspar comprises approximately 12 percent of the
framework and consists of roughly equal proportions of
plagioclase and K-feldspar. Sedimentary rock fragments
(SRFs), consisting largely of detrital carbonate, mudstone,
and argillite, are the dominant lithic component (average
8 percent of framework), with lesser amounts of felsic
volcanic and plutonic grains, phyllite, and quartzite. Mi-
cas (average 3.5 percent) and organic material (average 6
percent) are more abundant than in the sandstones, based
on their hydrodynamic equivalence with the finer detritus.

Overall reservoir quality of the siltstones is moderately
poor to poor with an average air permeability of 1.22 md
(0.96 md Klinkenberg permeability) and average porosity
of 15 percent (fig. 3-11). They contain significant detrital
clay matrix (average 37 percent), which has a pronounced
effect on reservoir quality, particularly permeability

PETROFACIES

Siltstone

Very-fine-grained sandstone
Fine-grained sandstone
Medium-grained sandstone

'3 Julo)

Chert

Figure 3-3. Static image of rotating plot used to assign samples to one of four petrofacies. Variables are thin-section poros-
ity (%), grain size (mm), and chert content (%). The cemented sandstones are excluded from this plot and assigned to a
fifth petrofacies. This plot, which is fully rotatable in the Data Desk environment, provides an intuitive means to investigate
relationships among three variables without using statistical analyses. Typically the plot is rotated in all three dimensions
until maximum separation is obtained among the samples, at which point they can be assigned to individual groups.

Figure 3-4 (right). Ternary diagrams showing composition of Nanushuk sandstones. The data were obtained via the tradi-
tional point-counting method in which phaneritic rock fragments are classified as the appropriate lithology (for example,
granite, diorite, gabbro, gneiss). See table 3-4 for explanation of grain and intergranular parameters used in the diagrams.
A. Q,FL diagram; most samples plot in the litharenite, feldspathic litharenite, and lithic arkose fields of Folk (1974). Chert
is apportioned to the Q, pole, resulting in samples grouping closer to that pole. B. Q,FL, diagram; all samples plot in the
litharenite and feldspathic litharenite fields of Folk (1974). Chert is apportioned to the L, pole, resulting in a wide data spread
with coarser-grained samples closer to that pole and siltstones closer to the Q,, pole. C. Q PK diagram; the siltstones con-
tain more monocrystalline quartz and therefore plot closer to the Q,, pole. Most samples contain slightly more plagioclase
than K-feldspar. D. QL L, diagram; all samples plot along the Q_-L, join, indicating a relative paucity of volcanic and
metavolcanic detritus. E. L.L L diagram; the lithic population of all samples consists largely of sedimentary rock fragments
(SRF). This trend is partially due to the inclusion of chert with the SRFs. F. $CM diagram; the siltstones are enriched in
matrix, resulting in poor reservoir quality. The medium- and fine-grained sandstones are most porous; the two cemented
sandstones lack any thin-section porosity.
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(Neasham, 1977; Howard, 1992). Siderite is a minor cement
with a patchy distribution (varies from 0.5 to 6 percent
of bulk rock; average 3 percent). The intergranular vol-
ume (IGV) is high (average 41 percent), largely due to the
abundant matrix.

One sample of this petrofacies belongs to the plane-
parallel laminated sandstone (SIf) facies, three to the
ripple cross-laminated sandstone (Sr) facies, three to the
convolute laminated sandstone (Scb) facies, and two to
the massive mudstone (Fm) facies (table 3-1).

VERY-FINE-GRAINED SANDSTONE PETROFACIES
The very-fine-grained sandstone petrofacies is rep-
resented by 16 feldspathic litharenites and litharenites
(figs. 3-4 and 3-7). They have an average modal composi-
tion of QueoF16L22r QunssEieleasr QunesP 1Ko Qp59Lvm6Lsm35 (fig,
3-4, appendix 3-F), and a plagioclase/total feldspar (P/F)
ratio of 0.66. Their average grain size (fig. 3-5, appendix
3-G) is 0.08 mm (lower very fine), with an average Folk
sorting (Folk, 1974) of 1.83 (poor). Monocrystalline (Q,,)
and polycrystalline (Qp) quartz are the two dominant
framework components, averaging 31 and 12 percent of
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Figure 3-5. Cumulative probability plots of grain size by petrofacies; each line represents a single sample.
Samples with a normal (Gaussian) distribution plot as a straight line; right-directed tails indicate abundant
matrix (both silt and clay). The value of the 50th percentile indicates median grain size, while the slope of

the line indicates sorting.
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Table 3-3. Wells for which data are included in scatter and ternary plots. Erosion estimates are derived from Burns and
others, 2005.

Number Operator Well API Top Zone Base Zone N Erosion
(feet) (feet) (feet)

1 U.S. Navy Barrow Core Test 1 50023100050000 169.0 194.0 6 2,725

2 Arco Big Bend 1 50287200110000 1,100.0 2,830.0 9 8,002

3 Husky E Simpson 2 50279200070000 2,387.0 2,398.0 9 1,785

4 U.S. Navy Fish Ck 1 50103100010000 2,970.6 3,032.9 5 1,103

5 U.S. Navy Grandstand 1 50057100010000 227.5 1,068.0 22 8,084

6 Arco Hunter A 50103204050000 3,625.0 3,652.0 7 2,068

7 Husky Inigok 1 50279200030000 2,632.0 3,081.9 7 3,223

8 U.S. Navy Knifeblade 1 50119100120000 312.0 1,490.0 6 6,777

9 BP Kuparuk Unit 1 50287100180000 5,529.0 5,920.0 9 7,090
10 Sinclair Little Twist Unit 1 50287100220000 942.0 3,609.0 4 8,895
11 U.S. Navy Meade 1 50163100020000 1,795.0 2,950.0 2 4,560
12 U.S. Navy Oumalik Test 1 50119100050000 916.0 2,758.3 17 4,711
13 Husky Seabee 1 50287200070000 270.0 2,110.0 7 6,564
14 BP Trailblazer A1 50103203640000 2,972.0 3,454.0 1,402
15 BP Trailblazer H1 50103203690000 2,760.0 3,090.0 3 1,525
16 U.S. Navy Topagoruk 1 50279100330000 302.0 2,097.0 10 2,748
17 Texaco Tulugak 1 50057200010000 1,700.0 2,510.0 8,030
18 Husky Tunalik 1 50301200010000 3,288.0 5,560.6 3,036
19 U.S. Navy Umiat Test 11 50287100110000 2,048.0 2,992.0 37 6,301
20 U.S. Navy Umiat Test 1 50287100010000 1,335.0 2,996.0 6,614
21 U.S. Navy Umiat Test 2 50287100020000 413.0 969.0 6,469
22 U.S. Navy Umiat Test 7 50287100070000 834.0 1,370.0 6,543
23 U.S. Navy Umiat Test 8 50287100080000 507.0 711.0 6,374
24 U.S. Navy Wolf Ck 2 50119100090000 2,511.0 3,520.0 20 7,071
25 U.S. Navy Wolf Ck 3 50119100100000 1,660.0 2,362.0 17 7,191

Table 3-4. Classification of grain and intergranular parameters.
A. Quartzose grains C. Lithic grains

Qm = Monocrystalline quartz
Qp = Polycrystalline quartz (including chert)
Q: = Total quartzose grains (Qm + Qp + chert)

Ls = Sedimentary rock fragments (including chert)
Lv = Volcanic rock fragments

Lm = Metamorphic rock fragments

B. Feldspar grains Lp = Plutonic rock fragments

Lsm = Sedimentary and metasedimentary rock fragments
Lvm = Volcanic and metavolcanic rock fragments

L = Lithic grains (Ls + Lv + Lm + Lp)

L: = Total lithic grains (L + Qp)

P = Plagioclase
K = Potassium feldspar
F = Total feldspar grains (P + K)

D. Intergranular components
¢ = Total porosity
C =Total cement
M = Matrix + clay laminae/burrows
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the framework fraction, respectively. Other significant
detrital components include chert (11 percent), plagio-
clase (9 percent), and K-feldspar (5 percent). Lithic detritus
consists largely of sedimentary (detrital carbonate, mud-
stone, argillite) and metamorphic (phyllite, quartzite)
rock fragments. Organic matter and micas are accessory
detrital components.

Overall reservoir quality of the very-fine-grained
sandstones is good to very good with an average air per-
meability of 43 md (36 md Klinkenberg permeability) and
average porosity of 23 percent (fig. 3-11). They typically
are lightly cemented, containing an average of 3 percent
carbonate cements, mostly siderite and minor ankerite.
Kaolinite is a patchy, pore-filling cement averaging 1
percent of the bulk rock; a few overgrowths (<1 percent)
were observed on detrital quartz grains. Detrital matrix
is variable, ranging from 3 to 12 bulk percent, sometimes
concentrated along diffuse laminae. The average inter-
granular volume (IGV) is 24 percent, similar to that of the
other sandstones.

Nine samples of this petrofacies belong to the plane-
parallel laminated sandstone (SIf) facies, five to the ripple
cross-laminated sandstone (Sr) facies, and two to the het-
erolithic sandstone and mudstone (SFh) facies (table 3-1).

FINE-GRAINED SANDSTONE PETROFACIES

The fine-grained sandstone petrofacies is represented
by 21 chert-rich litharenites (fig. 3-8). They have an aver-
age modal composition of Q.,F,,L,,, Q.10F ;0L QuesPaiKisr
QusLymoLms, (fig. 3-4, appendix 3-F), and a plagioclase/
total feldspar (P/F) ratio of 0.59. The average grain size
(fig. 3-5, appendix 3-G) of this petrofacies is 0.20 mm (up-
per fine), with an average Folk sorting (Folk, 1974) of 0.97
(moderate). Chert and monocrystalline quartz (Q,) with
dominantly straight to slightly undulose extinction are the
two dominant framework components, averaging 26 and
17 percent of the framework fraction, respectively. Chert
is largely of the common microcrystalline variety; other
varieties include micaceous-argillaceous, calcareous-do-
lomitic, and microporous chert. Polycrystalline quartz (Q,)

Figure 3-6. Photomicrographs of siltstone petrofacies; sample from 1,160.3 ft. A. General view of siltstone, showing an
abundance of detrital clay (yellow arrows). Plane-polarized light. B. Same view as A, but with crossed polars. C. Detailed view
of siltstone in which the framework fraction consists largely of monocrystalline quartz (q). Plane-polarized light. D. Same
view as C, but with crossed polars.
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averages 9 percent of the detrital framework and consists
of both grains with 2-5 crystals (plutonic and high-rank
metamorphic provenance) and greater than 5 crystals
(low-rank metamorphic provenance; Basu and others,
1975; Blatt and others, 1980; Blatt, 1982; Boggs, 2009).
Feldspar comprises roughly 9 percent of the framework,
consisting of slightly more plagioclase than K-feldspar.
Plagioclase shows varying degrees of alteration and dis-
solution, while K-feldspar is largely unaltered. Lithic
fragments (excluding chert) comprise approximately 30
percent of the rock framework, consisting of mudstone-
siltstone, felsic volcanic and plutonic grains, quartzite,
phyllite, and detrital carbonate. Micas, heavy minerals,
and dispersed organic grains occur in trace amounts.
Overall reservoir quality of these sandstones is very
good to excellent with an average air permeability of 210
md (193 md Klinkenberg permeability) and average poros-
ity of 25 percent (fig. 3-11). They are largely uncemented
and contain only limited detrital matrix. Minor cements
include patchy, pore-filling kaolinite and siderite, and

ke £ TR

Figure 3-7. Photomicrographs of very-fine-grained sandstone petrofacies; sample from 1,072.1 ft. A. General view, showing

occasional ankerite. Siderite locally replaces oversized
clay grains (probable clay rip-up clasts) and occurs along
mica cleavage, causing the mica to be splayed out. A few
overgrowths were observed on monocrystalline quartz
grains. The average intergranular volume (IGV) is 23
percent, suggesting that most porosity loss was through
compaction.

Fourteen samples of this petrofacies belong to the
plane-parallel laminated sandstone (SIf and Slm) facies,
four to the cross-bedded sandstone (Sx) facies, and three
to the massive sandstone (Sm) facies (table 2).

MEDIUM-GRAINED SANDSTONE PETROFACIES
The medium-grained sandstone petrofacies is repre-
sented by three samples that are chert-rich litharenites
(fig. 3-9). They have an average modal composition of
Qur0F L300 QuntoF sLerss QungoP 23Kes Qp73Lvm8Lsm19 (fig. 3-4, appendix
3-F) and a plagioclase/total feldspar (P/F) ratio of 0.76.
Their average grain size (fig. 3-5, appendix 3-G) is 0.27 mm
(lower medium), with an average Folk sorting (Folk, 1974)

a moderately compacted framework lacking significant cements. Plane-polarized light. B. Same view as A, but with crossed
polars. C. Detailed view of sandstone, showing abundance of monocrystalline quartz (g). Plane-polarized light. D. Same view
as C, but with crossed polars. Note detrital carbonate grains (dc).
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0f0.97 (moderate). Chert and monocrystalline quartz (Q,,)
are the two dominant framework components, averaging
44 and 17 percent of the framework fraction, respectively.
Although chert consists largely of the common, clay-poor,
microcrystalline variety, grains of micaceous-argillaceous
chert are not uncommon and a few grains of the calcare-
ous-dolomitic and microporous variants were noted.
Monocrystalline quartz typically has straight to slightly
undulose extinction (fig. 3-9). Polycrystalline quartz (Qp)
averages almost 5 percent of the detrital framework and
consists largely of grains with 2-5 crystal units. Feldspar
comprises roughly 8 percent of the framework, consisting
of three times more plagioclase than K-feldspar. Plagio-
clase shows varying degrees of alteration and dissolution,
while K-feldspar is largely unaltered. Lithic fragments (ex-
cluding chert) comprise one-fifth of the rock framework
and consist of a variety of lithologies including mudstone-
siltstone, felsic volcanic and plutonic grains, quartzite,
phyllite, and detrital carbonate. Micas (muscovite, biotite,

and chlorite) and heavy minerals occur in trace amounts.
Minor organic material occurs as dispersed grains (“coffee
grounds”) and discontinuous laminae.

Overall reservoir quality of these sandstones is excel-
lent with an average air permeability of 735 md (695 md
Klinkenberg permeability) and average porosity of 26 per-
cent (fig. 3-11). They are largely uncemented and contain
little detrital matrix. Minor cements include patchy, pore-
filling kaolinite and siderite. The average intergranular
volume (IGV) is 26 percent, suggesting that most porosity
loss was through compaction.

All three samples of this petrofacies belong to the
plane-parallel laminated sandstone (Slm) facies (table 3-1).

CARBONATE-CEMENTED SANDSTONE
PETROFACIES

The carbonate-cemented sandstone petrofacies is
represented by the two shallowest samples (181.9 and
339.0 ft), which are extensively cemented by ankerite.

Figure 3-8. Photomicrographs of fine-grained sandstone petrofacies; sample from 654.15 ft. A. General view, showing
abundance of intergranular pores (¢), quartz (q), K-feldspar (k), and chert (ch), which is best seen under crossed polars.
Plane-polarized light. B. Same view as A, but with crossed polars, showing abundant chert grains (ch). C. Detailed view,
showing common intergranular pores (¢). Note detrital K-feldspar (k). Plane-polarized light. D. Same view as C, but with
crossed polars.
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The abundant cement is the key petrographic character-
istic that groups these samples into the same petrofacies
(fig. 3-10). The two samples have an average grain size
(fig. 3-4, appendix 3-G) of 0.07 mm (lower very fine) and
an average Folk sorting (Folk, 1974) of 1.72 (poor). Their
detrital composition is similar to other very-fine-grained
sandstones from the well, with an average modal compo-
sition of QugoF15L25r QunasFisLisor QuroP15Kss) Qp51Lvm4Lsm45 (flg
3-4, appendix 3-F) and a plagioclase/total feldspar (P/F)
ratio of 0.50. Monocrystalline quartz (Q,) is the domi-
nant framework component in both samples, averaging
31 percent of the framework. Other significant detrital
components include chert (13 percent), polycrystalline
quartz (10 percent), plagioclase (7 percent), and K-feldspar
(7 percent). Lithic grains consist largely of sedimentary
(detrital carbonate, mudstone, argillite) and metamorphic
(phyllite, quartzite) rock fragments. Organic material and
micas are minor components.

Overall reservoir quality of these sandstones is very
poor to negligible with an average air permeability of
0.002 md (0.0005 md Klinkenberg permeability) and av-
erage porosity of 2.7 percent (fig. 3-11). They are highly
cemented by ankerite (provisional identification is based
on distinctive turquoise color resulting from potassium
ferricyanide stain), which is virtually the only cement in
the sandstones, averaging 43 percent of the bulk rock. The
similarity in detrital mineralogy between these highly
cemented and the other relatively uncemented very-
fine-grained sandstones suggests that cementation was
either (1) passively pore-filling with little replacement of
detrital grains, or (2) unselective in grain replacement.
While some grains do show evidence of etching or par-
tial replacement (fig. 3-10C), the bulk of cementation is
interpreted to have been passive. Matrix content varies
between the two samples and may be related to grain
size. The lower very-fine-grained (0.078 mm) sandstone at

Figure 3-9. Photomicrographs of medium-grained sandstone petrofacies; sample from 1,128.1 ft. A. General view, showing
extensive intergranular porosity (¢). Plane-polarized light. B. Same view as A, except with crossed polars, showing chert
(ch) is the dominant framework component. C. Detailed view, showing authigenic kaolinite (ka) filling pore between grains
of chert (ch) and K-feldspar (k). Plane-polarized light. D. Same view as C, except with crossed polars; note chert (ch) and
detrital carbonate (dc).
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181.9 ft contains 9.5 percent matrix while the upper very-
fine-grained (0.106 mm) sample at 339 ft contains only 2
percent matrix. The average intergranular volume (IGV)
of 49 percent is close to, or greater than, the presumed
initial depositional porosity, suggesting that cementation
was very early (syndepositional to very shallow burial) and
that virtually no porosity was lost through compaction.

One sample of this petrofacies belongs to the massive
sandstone (Sm) facies, the other to the ripple cross-lami-
nated sandstone (Sr) facies (table 3-1).

GRAIN-SIZE TRENDS

The Wainwright siltstones and sandstones exhibit
well-developed relationships among texture, composi-
tion, and reservoir quality. In particular, grain size has
a high degree of correlation with several parameters
including porosity, permeability, and grain composition,
as illustrated by chert, monocrystalline quartz, and VRFs.

It should be noted that because grain size is given in phi
(9), which is defined as -log,(grain size, ), a positive cor-
relation between variables (for example, permeability
increases with increasing grain size) is actually reported
as a negative value of the Pearson product-moment cor-
relation coefficient (r) (table 3-2). Likewise, to best display
alinear relationship among variables, the ordinate (y-axis)
on several of the cross-plots is commonly displayed with
a logarithmic scale.

A good correlation exists between grain size and res-
ervoir quality as expressed by porosity and permeability.
There is a pronounced linear relationship between grain
size and porosity, with a Pearson product-moment corre-
lation coefficient (r) of -0.94 (table 3-2). The medium- and
fine-grained sandstones have average porosity of 26 and 25
percent, respectively, while the siltstone porosity averages
15 percent (fig. 3-12A). To ascertain whether this trend is
exhibited by Nanushuk Formation sandstones from other
localities, data from 25 additional North Slope wells (table

Figure 3-10. Photomicrographs of carbonate-cemented sandstone petrofacies; sample from 335.0 ft. A. General view showing
extensive ankerite (a) cement. An intergranular volume (IGV) approaching 45 percent suggests that cementation occurred
shortly after deposition and prior to significant burial. Plane-polarized light. B. Same view as A, except with crossed polars.
C. Detailed view, showing irregular edges of grains (blue arrow), suggesting some grain replacement might have occurred.
Plane-polarized light. D. Same view as C, except with crossed polars.
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3-3) were included in the plots for comparison. Based on
this limited dataset, it appears this trend is not evident in
the regional Nanushuk data, where sandstones of equiva-
lent grain size have substantially lower porosity with a
greater standard deviation. There is also a pronounced
linear relationship between grain size and permeability,
with an average permeability of 735 md in the medium-
grained sandstones and only 1 md in the siltstones (fig.
3-12B). It is universally recognized that with all other
factors being equal, coarser sediments have larger pore
throats, resulting in enhanced fluid mobility (Beard and
Weyl, 1973). For the regional Nanushuk samples, perme-
ability for a given grain size is substantially lower and

exhibits greater variability than permeability exhibited
by the Wainwright samples. The reason for the disparity
in the reservoir quality versus grain size relationships
between the Wainwright and regional Nanushuk sand-
stones is interpreted to reflect differences in burial and
is discussed in the following section.

The relationship between grain size and framework
composition is well illustrated by detrital chert (cor-
relation coefficient of -0.93), with the medium-grained
sandstones averaging more than 30 percent (whole rock)
chert, while the siltstones average slightly over 2 percent
(fig. 3-12C). The regional Nanushuk sandstones show
a similar correlation, suggesting the grain size versus
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Figure 3-11. Porosity—permeability cross plot showing reservoir quality of Wainwright and regional Nanushuk
sandstones included in this report. Of the non-cemented Wainwright samples, the medium- and fine-grained
sandstones have the best reservoir quality (very good to excellent), while the siltstones have the poorest
(moderately poor to poor). The carbonate-cemented rocks have negligible reservoir quality.
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Figure 3-12 (left). Cross plots of grain size in phi (b) versus several petrophysical and compositional parameters. Because
grain size is given in phi (), which is defined as -log,(grain size,, ), a positive correlation between variables (permeability
increases with increasing grain size) is actually reported as a negative value of the Pearson product—moment correlation
coefficient (r). Likewise, to best display a linear relationship between variables, the ordinate (y-axis) is commonly displayed
with a logarithmic scale. A. Porosity—grain-size plot, showing the well-developed relationship between the two variables (r
=-0.93) for the Wainwright samples. The regional Nanushuk sandstones do not show as good a correlation largely because
they have been subjected to deeper burial. B. Permeability—grain-size plot shows a similar very good correlation between
the two variables for the Wainwright samples that is not shared by the regional Nanushuk sandstones. C. Chert—grain-
size plot showing very good correlation for both the Wainwright and regional samples. Chert preferentially resides in the
coarser fraction of the detritus. D. Volcanic rock fragments (VRF)—grain-size plot showing good correlation for Wainwright
and regional samples. E. Monocrystalline quartz (Q,,)—grain-size plot, showing good correlation for the Wainwright and
regional sandstones. Wainwright siltstones have lower quartz content due to dilution by abundant detrital clay.

chert relationship may be universal among Nanushuk
sandstones. A possible explanation for this trend may lie
in the origin of the chert grains.

Potential sources include the Mississippian-Penn-
sylvanian Lisburne Group, mid-Pennsylvanian-Permian
Imnaitchiak chert, and Triassic Otuk Formation (Mull,
1995). Large (cobble- to boulder-sized) chert nodules are
widespread in the Lisburne carbonates and Imnaitchiak
chert, while thin-bedded (2-6-inch-thick beds) chert pre-
dominates in the Otuk Formation (Mull, 1995). In either
case, as nodular and/or bedded chert clasts weather and
erode from the host lithologies, their size would dictate
concentration in the coarsest detritus. With continued
transport and abrasion, chert grains of silt to very-fine
sand size should ultimately be produced if its solubility
were comparable to that of quartz; but that is not the
case in these Nanushuk sandstones. Perhaps in these
finer fractions the higher solubility of chert relative to
monocrystalline quartz (Aase and others, 1996; Jahren
and Ramm, 2000), combined with greater surface area,
may result in its selective dissolution, thereby increasing
the relative abundance of quartz. Bedded chert typically
contains clay and other impurities compared to modular
chert, which is usually isotropic (Mull, 1995), possibly mak-
ing the former more susceptible to dissolution (Wartes,
oral commun.). A similar grain-size relationship is also
seen in Ivishak sandstones from the North Slope of Alaska,
where chert content is thought to be related to distance
of transport (Atkinson and others, 1990).

A similar, although less pronounced, relationship ex-
ists between grain size and volcanic rock fragment (VRF)
content where the medium- and fine-grained sandstones
average 4 percent (whole rock) VRFs while the siltstones
average 0.5 percent (fig. 3-12D). The regional Nanushuk
data for VRFs show similar abundance (0.2-5 percent),
although the correlation is not as convincing. In the cases
of both chert and VRFs, the lithic grains are concentrated
in the coarser detritus.

A complementary relationship exists for grain size
and monocrystalline quartz, where the medium-grained
sandstones average 13 percent (whole rock) Q, while the
siltstones average 26 percent (fig. 3-12E). The correla-
tion coefficient of 0.67 for the entire dataset increases to
0.80 for just the sand fraction (siltstones excluded). The

regional Nanushuk data for Q , are similar (8-38 percent
spread), although the correlation is less pronounced.

RESERVOIR QUALITY

Reservoir quality (porosity and permeability) of the
Wainwright sandstones varies widely from very poor
(cemented sandstones) to excellent (medium-grained
sandstone) and, with the exception of the cemented sam-
ples, is largely controlled by grain size, which is a proxy
for depositional environment. The porosity-permeability
trend for the Wainwright samples parallels that of the
regional Nanushuk trend, although a larger proportion of
the regional sandstones have poor to very poor reservoir
quality (fig. 3-11). This disparity in reservoir quality re-
sults from differences in burial, specifically the maximum
burial the rocks experienced. The Wainwright test well is
located along the northern Alaska coastline, where the
amount of removed overburden is estimated at 2,762 ft
(fig. 3-13, modified from Burns and others, 2005). That
amount, added to the current burial depths of Wainwright
samples, yields maximum depths of burial (D, ) ranging
from 2,944 to 4,263 ft, generally considered shallow to
moderate burial. In contrast, many of the wells in the re-
gional dataset are up to 100 mi south of the Barrow arch,
where estimates of removed overburden approach 9,000
ft (fig. 3-13, table 3-3). As a result, the maximum depth
of burial for many of these samples approaches 10,000 ft
(fig. 3-14), which is traditionally considered deep burial.

Differences in reservoir quality are graphically illus-
trated in a PFC (porosity-framework-cement) diagram
(fig. 3-15), a technique originally proposed by Franks and
Lee (1994). The Wainwright sandstones largely plot in
the field of “compacted reservoir” while the siltstones
fall into the “compacted non-reservoir” area of the
diagram. The regional Nanushuk sandstones are largely
confined to the “compacted reservoir” and “compacted
non-reservoir” fields, although a few samples plot in the
“preserved reservoir” portion of the diagram. A limited
number of the Wainwright and regional samples lie in the
“cemented non-reservoir” field, attesting that porosity is
largely destroyed by compaction. This is confirmed by a
cross plot of compactional porosity loss (COPL; Lundegard,
1992) versus cementational porosity loss (CEPL), which
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Wrainwright #1

Figure 3-13. Contoured map of the central North Slope of Alaska, showing estimates of the amount (in feet) of Brookian
strata removed by erosion. Red dot shows the location of the Wainwright #1 test well; yellow dots show locations of 25 wells
for which data are included in scatter and ternary plots (table 3-3). The large arrow shows the regional trend of increasing
amounts of erosion to the south. Contours were generated from the data of Burns and others (2005) using the GeoAtlas
mapping module of GeoGraphix (minimum curvature algorithm with smallest feature radius of 50,000 ft and radius of
influence of 1,000,000 ft).
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Figure 3-14. Cross plot of porosity versus maximum burial depth (D, ,,) for the Wainwright and regional Nanushuk siltstones
and sandstones. The Wainwright samples have D, ,, values ranging from 2,944 to 4,263 ft, while most of the regional Na-
nushuk samples were buried to greater depths (D,.,>6,000 ft). The arrows point out the two major controls on Nanushuk
reservoir quality: Grain size and compaction. At any given value of D, reservoir quality is largely controlled by grain size,
which is a proxy for environment of deposition. At the regional scale, compaction has a significant effect on reservoir quality.
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shows a similar relationship (fig. 3-16). The vast majority
of Wainwright and regional Nanushuk sandstones have
COPL values of 25-45 percent with corresponding CEPL
values of less than 8 percent, confirming that cementa-
tion does not play a major role in porosity destruction.
Reservoir quality is largely controlled by two separate
processes: Local grain-size effects and regional compac-
tion (fig. 3-14). On the local scale at any given geographic
location, porosity and permeability are mainly a function
of grain size, which is determined by the sedimentary
environment where the detritus was deposited. From a re-
gional perspective, porosity and permeability are reduced

b

as the sediments, regardless of depositional environment,
are buried to greater depths. Hence, there is a decrease in
overall reservoir quality from north to south correspond-
ing to greater amounts of burial and removed overburden.
In areas that have not seen significant burial, such as the
vicinity of the Barrow arch, there is usually a large spread
in porosity and permeability controlled almost exclusively
by grain size. In areas that have undergone deep burial,
such as the vicinity of the Brooks Range deformation front,
the variability of porosity and permeability in any given
core is reduced, being controlled by both grain size and
compaction (fig. 3-14).

45%

@}
C@ Preserved
© Reservoir
@
(@)
Compacted Cemented
Reservoir Reservoir
(@}
Cemented
Non-Reservoir

100%

45%

PETROFACIES

coe>O

Siltstone

Very-fine-grained sandstone
Fine-grained sandstone
Medium-grained sandstone
Cemented sandstone
Subsurface Nanushuk

Figure 3-15. Porosity—Framework—Cement (¢—F—C) ternary diagram showing reservoir quality
of the Wainwright and regional Nanushuk siltstones and sandstones. The Wainwright siltstones
plot in the “compacted non-reservoir” area of the diagram, while most of the Wainwright sand-
stones plot in the “compacted reservoir” field. The regional Nanushuk sandstones plot mainly
in the “compacted non-reservoir” and “compacted reservoir” fields, although a few are in the
“preserved reservoir” and “cemented non-reservoir” fields. This confirms that porosity loss in
Nanushuk sandstones is dominantly through compaction. Diagram modified from Franks and

Lee (1994); used with permission.
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Figure 3-16. Cross plot of compactional porosity loss versus cementational porosity loss for
Wainwright and regional Nanushuk siltstones and sandstones. Samples with cementational
porosity loss greater than 45 percent (Wainwright #1, 181.9 ft) are arbitrarily set to the as-
sumed maximum intergranular volume of 45 percent. The diagonal line (1:1) represents equal
porosity loss by compaction and cementation. Most of the porosity loss in all samples was
through compaction. Diagram modified from Lundegard (1992).
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