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Front cover. Oblique aerial view southeastward of Chisik Island summit area. This mountain-scale exposure of Naknek Formation exhibits
evidence of a Late Jurassic deep-water canyon incised into slope strata of Snug Harbor Siltstone Member (gray-brown, wedge-shaped
succession at left of exposure) and ultimately backfilled with basin-floor sandstones of the Pomeroy Arkose Member (at and below the
summit ridge). Stratigraphic studies of the Naknek Formation along the ~80-km-long Iniskin—Tuxedni bays outcrop belt led to the rec-
ognition of three deep-water paleocanyons. These discoveries and related work permit the first sequence-stratigraphic interpretation
for the Naknek Formation in the hydrocarbon-bearing Cook Inlet forearc basin. See figures 4 and 17A for photogeologic rendition and
sequence-stratigraphic interpretation, respectively, of this Chisik Island locality. This part of the exposure is ~275 m tall, for sense of scale.
Photograph by T.M. Herriott.
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DEEP-WATER CANYONS AND SEQUENCE-STRATIGRAPHIC FRAMEWORK
OF THE UPPER JURASSIC NAKNEK FORMATION, COOK INLET FOREARC
BASIN, SOUTH-CENTRAL ALASKA

Trystan M. Herriott', Marwan A. Wartes', and Paul L. Decker?

ABSTRACT

The Naknek Formation records Late Jurassic forearc basin sedimentation and crops out discontinuously along an
approximately 1,000 km trend in southern Alaska. Recent work in the Iniskin-Tuxedni bays area yielded depositional
environment interpretations for the lower Oxfordian-lower Kimmeridgian Naknek members of Cook Inlet (in ascending
order): Chisik Conglomerate (fan delta), lower sandstone (inner shelf), Snug Harbor Siltstone (outer shelf and slope),
and Pomeroy Arkose (base of slope and basin floor). Geologic mapping and stratigraphic reconnaissance also led to the
discovery of three seismic-scale, deep-water paleocanyons incised into Snug Harbor slope strata and chiefly filled with
channelized Pomeroy sandstone. Following incisional establishment of the canyons, confinement was maintained by
erosional and aggradational processes, with indications of the latter in anomalously thick successions of Snug Harbor that
crop out immediately adjacent to fill strata and are interpreted as channel-belt-bounding master levees. Fill lithologies and
stratigraphic architecture reflect an overall reduction of thalweg gradients following an early episode of canyon evolution
marked by incision and sediment bypass. Ultimately, canyon-associated depositional systems trended toward above-
seafloor equilibrium profiles as arkosic sediment debouched onto the basin floor and canyon mouths retreated upslope.

Recognition of the deep-water canyons combined with a synthesis of our depositional systems and stratigraphic
architecture studies permit a sequence-stratigraphic analysis of the Naknek Formation. The basal members—Chisik
Conglomerate and lower sandstone—overlie the Middle Jurassic Chinitna Formation along a sequence-bounding un-
conformity (basal surface of forced regression) and form a lowstand systems tract (LST-1). A transgressive surface caps
LST-1 at the base of Snug Harbor (outer shelf) and is overlain by a transgressive systems tract (T'ST). The mid Snug Harbor
(slope) exhibits a somewhat thicker-bedded and coarser-grained depositional motif, defining a highstand systems tract
(HST) lying above a maximum flooding surface at the top of TST. Inception of the deep-water canyons coincided with
termination of HST, forming a basal surface of forced regression that in inter-canyon areas is conformable. The lower
Pomeroy and two distinct stratigraphic elements of Snug Harbor constitute base-of-slope and basin-floor components
of alowstand systems tract (LST-2). A complete third order (10° years duration) stratigraphic sequence comprises LST-1

through HST, with LST-2 occurring in the overlying sequence.

Dominant sediment supply signals are recorded by the coarse, arkosic deposits of forced through normal regressions of
LST-1and LST-2, whereas TST and HST reflect episodes of potentially subtle alternation between accommodation-favored
(TST) and sediment-supply-favored (HST) conditions. Establishment of a shelf-slope-basin-floor depositional profile
by progradation of clinoforms during HST is inferred, with the incipient canyons cut into this HST slope. Accumulation
of slope-bypassed sediment of LST-2 occurred along deep-water reaches of diminishing gradient at and beyond the base
of slope, ultimately forming a coarse clastic wedge of coalesced basin-floor fan lobes that backstepped and onlapped the
inherited slope profile and probably thinned basinward by downlap beyond the outcrop belt. The deep-water canyons
and onlapping fan complex are stratigraphic elements and relations well known from seismic reflection datasets around

the world but rarely are documented in outcrop.

The Naknek Formation marked the regional onset of ubiquitous batholithic provenance in the forearc, signaling
exhumation of the magmatic arc’s roots and suggesting tectonism was a driving force of sediment supply during the Late
Jurassic. However, there are indications that changing climate modulated Naknek sedimentation regimes, and ostensible
glacioeustatic changes have been reported for Callovian-Oxfordian time that may have critically influenced base-level fall
and development of the base-of-Naknek sequence boundary. Nevertheless, convergent margin tectonics likely played the
dominant role in driving changes in Naknek sediment supply and accommodation, with climate and eustasy contributing

subordinate influences on the resultant stratigraphic architecture.

This stratigraphic analysis relates to petroleum systems of the underexplored Cook Inlet by identifying depositional
dip gradient domains in the Naknek Formation, defining reaches through time and space characterized by erosion, bypass,
and sediment accumulation in the context of base-level cyclicity and sediment supply. Constraints on sediment routing and
timing for export of coarse detritus into marine settings improves predictability of facies distribution in the subsurface.
However, Naknek sandstones contain a high proportion of labile grains, typically resulting in diagenetic destruction of
porosity and permeability during burial. Nevertheless, exploration models may benefit from integrating the depositional
systems work of this study, recognizing that provenance, sediment routing, lithologic parameters, and oil charge timing

are keys to determining reservoir quality variability for conventional and unconventional plays.

' Alaska Division of Geological & Geophysical Surveys, 3354 College Road, Fairbanks, Alaska 99709-3707; trystan.herriott@alaska.gov
2 Alaska Division of Oil and Gas, 550 West 7th Avenue, Suite 1100, Anchorage, Alaska 99501-3560
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1. INTRODUCTION

The Alaska Division of Geological & Geophysical Sur-
veys conducted geologic studies in lower Cook Inlet
(fig. 1) as part of a multi-agency collaboration with the
Alaska Division of Oil and Gas and the U.S. Geologi-
cal Survey. Six field campaigns in the Iniskin-Tuxedni
bays area since 2009 focused on the Mesozoic stratig-
raphy and deformational history near the arc—forearc
boundary (figs. 1 and 2) (Gillis, 2013, 2014; Wartes,
2015a; Herriott, 2016), aiming to further delineate the
petroleum potential of the region and build on the
geologic framework established by Detterman and Hart-
sock (1966). As part of this program, sedimentologic
and stratigraphic work on the Upper Jurassic Naknek
Formation rendered new understanding of the unit’s
depositional environments and stratigraphic archi-
tecture (Wartes and others, 2011, 2013, 2015; LePain
and others, 2013; Herriott and Wartes, 2014; Herriott
and others, 2015a, 2015b, 2015¢, 2016a). This work is
complemented by detailed geologic mapping along the
Iniskin-Tuxedni bays outcrop trend, yielding additional
insights into the Naknek Formation’ lithostratigraphic
relations (Herriott and Wartes, 2014; Herriott and oth-
ers, 2015a). During the course of these investigations we
identified three seismic-scale exposures of sand-prone,
channelized successions hosted in finer-grained, tabu-
lar-bedded strata, with large-scale erosional surfaces
separating the two stratigraphic motifs; field relations
at these localities were preliminarily described by Her-
riott and Wartes (2014) and Herriott and others (2015a,
2016a) and interpreted as the stratigraphic record of
deep-water canyons and associated processes.

This paper presents a stratigraphic analysis of bed- to
map-scale (1:63,360) observations, indicating establish-
ment and filling of three deep-water canyons (section 2).
Recognition of these canyons, consideration of our pub-
lished and ongoing process-response sedimentologic
studies, and examination of member-scale stratigraphic
surfaces elucidate sedimentation trends and cycles
of the Late Jurassic forearc basin and permit the first
sequence-stratigraphic interpretation for the Naknek
Formation in Cook Inlet (section 3). The sequence-
stratigraphic analysis, including a canyon-associated
model for sediment dispersal, improves predictability
of facies distribution in the basin’s subsurface (sections
3 and 4). Additionally, the shallow- to deep-marine
depositional settings described in this paper provide
constraints for permissible sediment routing pathways

that may have influenced sandstone modal composi-
tions in the Naknek Formation (section 4). The findings
of this study are relevant to exploration of Cook Inlet’s
prolific, economically significant yet underexplored
petroleum systems (LePain and others, 2013), and
channelized, deep-water depositional systems similar to
those described here have become increasingly prospec-
tive global exploration targets during the past several
decades (for example, Posamentier and Kolla, 2003;
Mayall and others, 2006; Hubbard and others, 2014).

1.1 Geologic Setting

Cook Inlet, in south-central Alaska, is a long-lived
forearc basin (Dickinson, 1995) with a Jurassic through
Cenozoic stratigraphic record approximately 20 km
thick (Fisher and Magoon, 1978; LePain and others,
2013). Middle (Tuxedni Group and Chinitna Forma-
tion) and Upper (Naknek Formation) Jurassic forearc
basin strata crop out southeast of the northwest-dipping
Bruin Bay fault system near the arc—forearc margin of
lower Cook Inlet (fig. 2). Talkeetna arc rocks—remnants
of which constitute part of the Alaska—Aleutian Range
batholith and the Lower Jurassic volcanogenic Talkeetna
Formation (figs. 1 and 2)—dominantly lie northwest of
the Bruin Bay fault system; the intraoceanic Talkeetna
arc (Clift and others, 2005; Rioux and others, 2010)
likely was active during Tuxedni-Naknek sedimenta-
tion (Detterman and Hartsock, 1966; Detterman and
Reed, 1980; Wartes and others, 2011, 2013; LePain and
others, 2013). Regionally, the Border Ranges fault sys-
tem defines the Cook Inlet forearc basin’s southeastern,
trenchward margin, where an emergent, Mesozoic and
younger accretionary prism is present (fig. 1) (Pavlis
and Roeske, 2007).

The Middle and Upper Jurassic forearc basin stratigraphy
is chiefly marine in outcrops of the Iniskin-Tuxedni
bays area and records unroofing of the Talkeetna arc’s
volcanic carapace (Lower Jurassic Talkeetna Formation)
and its Jurassic-age plutonic roots, with basin fill trend-
ing from volcanic rock fragment-rich (Tuxedni Group
and Chinitna Formation) toward arkosic (Naknek For-
mation) (Detterman and Hartsock, 1966; Kirschner and
Lyon, 1973; Fisher and Magoon, 1978; Detterman and
Reed, 1980; Trop and others, 2005; Trop and Ridgway,
2007; Helmold and others, 2013; LePain and others,
2013). The Talkeetna arc batholith in lower Cook Inlet
exhibits intermediate to felsic compositions (Reed and
Lanphere, 1973; Reed and others, 1983; Rioux and
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Figure 1. Location map of the Iniskin—Tuxedni bays study area. The authors made detailed observations of the Naknek Formation at more
than 325 localities (blue dots) during six field seasons. Note Chisik Island and the Hickerson Lake and Mount Pomeroy areas (orange
labels), which are discussed in detail in this report. Lower Cook Inlet is typically regarded as the part of the basin that lies between Kalgin
Island and Kamishak Bay (Fisher and Magoon, 1978; LePain and others, 2013). Bruin Bay (BBFS) and Border Ranges (BRFS) fault systems
are modified from LePain and others (2013). Topographic base map from portions of U.S. Geological Survey lliamna, Seldovia, Lake Clark,
and Kenai 1:250,000-scale quadrangles; shaded-relief image modified from U.S. Geological Survey Elevation Data Set Shaded Relief of

Alaska poster. Additional abbreviations: Al = Augustine Island; TM = Talkeetna Mountains.
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others, 2010), consistent with the framework compo-
sition of Naknek Formation sandstones (for example,
Helmold and others, 2013).

1.2 Naknek Formation (Upper Jurassic)

The Upper Jurassic Naknek Formation (Spurr, 1900;
Martin, 1905; Martin and Katz, 1912) is recognized
along a discontinuous outcrop belt in southern Alaska
that extends for more than 1,000 km from the Alaska
Peninsula northeastward through Cook Inlet and
into the Talkeetna Mountains (fig. 1) (Wilson and
others, 1998, 2012; LePain and others, 2013). In the
Iniskin-Tuxedni bays study area, the Naknek Forma-
tion comprises marine strata that have been variously
divided into lithostratigraphically defined members
(Moffit, 1927; Kirschner and Minard, 1949; Hartsock,
1954; Detterman and Hartsock, 1966; also Detterman
and others, 1996; Wilson and others, 2012). Recent geo-
logic mapping on the Iniskin Peninsula (Herriott and
Wartes, 2014; also Gillis and others, 2014) and north

of Chinitna Bay followed the four-member division of
Detterman and Hartsock (1966) (in ascending order):
Chisik Conglomerate, lower sandstone (informal), Snug
Harbor Siltstone, and Pomeroy Arkose (fig. 3). Marine
faunal assemblages indicate these members range from
lower Oxfordian through lower Kimmeridgian (Imlay,
1981), an interval spanning approximately 9 million
years (Ogg and Hinnov, 2012). Member ages reported
below are after Imlay (1981), although the Chisik is
non-fossiliferous and its age is inferred. On the Iniskin
Peninsula (fig. 1), the Naknek Formation is typically
greater than 1,300 m thick (Herriott and Wartes, 2014).
A partly comparable stacking of Naknek members or
probable equivalents is reported on the Alaska Peninsula
(Detterman and others, 1996), but the Pomeroy Arkose
Member is limited to the Iniskin-Tuxedni bays area and
an isolated locality on Augustine Island (fig. 1) (Wilson
and others, 2012).

Naknek Formation strata in the study area are well
exposed within an approximately 80-km-long outcrop
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Figure 2. Simplified geologic map of lower Cook Inlet, with the study area extending along the outcrop trend between Iniskin and Tuxedni
bays. Middle Jurassic and younger forearc basin strata, including the Naknek Formation, lie southeast of the Bruin Bay fault system (BBFS),
which is generally regarded as the forearc basin margin (LePain and others, 2013); Lower Jurassic volcanic strata and Jurassic plutonic
rocks of the Talkeetna arc (see Alaska—Aleutian Range batholith [AARB]) dominantly crop out northwest of the BBFS. Figure modified
from Betka and Gillis (2015) and Wartes (2015b); geologic map modified from regional compilation by Wilson and others (2009, 2012).
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trend that mainly parallels structural strike and the
basin-margin-defining elements of the Bruin Bay
fault system and the Alaska-Aleutian Range batholith
(fig. 2). Deviations from this regional pattern occur
locally; for example, the Naknek stratigraphy strikes
east near Iniskin Bay (fig. 3B), reflecting a structural
trend in the southwest-plunging nose of the Fitz Creek
anticline (Detterman and Hartsock, 1966). Chiefly
consistent within-member facies associations for each
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of the Naknek members are observed throughout the
study area, supporting an inference that structural
strike is generally parallel to depositional strike of the
Late Jurassic depositional systems. Exceptions to the
along-strike facies uniformity occur in the Naknek,
and are discussed in this paper, yet remain compatible
with the structural strike as approximate depositional
strike equivalency. Marked lithologic variability in each
Naknek member is likely in the inferred southeastward

Figure 3. Geologic maps of the (A) Hickerson Lake and (B) Mount
Pomeroy areas. Mapping was conducted at 1:63,360 scale and
documents the largest-scale stratigraphic relations described
in this report. See figure 1 for index map. Abbreviations:
Cgl. = Conglomerate; Kimm. = Kimmeridgian; mbr. = member.
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depositional dip direction but only limited proximal-
distal intra-member stratigraphic relations are revealed
by the modern outcrop belt.

1.2.1 CHISIK CONGLOMERATE MEMBER
(LOWERI[?] OXFORDIAN)

The Chisik Conglomerate Member is a gray-weathering,
poorly organized, very-thick-bedded conglomerate unit
with subordinate sandstone (Detterman and Hartsock,
1966; Wartes and others, 2013; Herriott and Wartes,
2014). The Chisik unconformably overlies Middle Ju-
rassic (Callovian) strata of the Chinitna Formation at
Iniskin Bay (fig. 1), where it is in turn abruptly overlain
by the Snug Harbor Siltstone Member (Detterman and
Hartsock, 1966; Herriott and Wartes, 2014). The distri-
bution of Chisik in the study area is limited to the Iniskin
Bay-Mount Pomeroy trend (Herriott and Wartes, 2014)
and the vicinity of Chisik Island. The member is 131 m
thick along the east shore of Iniskin Bay (this study) and
depositionally thins to zero approximately 5 km to the
east (fig. 3B). Detterman and Hartsock (1966) regarded
the Chisik as a lateral equivalent to the lower sandstone
member, although the Chisik is everywhere overlain
by the lower sandstone where both members crop out
near Mount Pomeroy and at Chisik Island (Herriott
and Wartes, 2014; this study). Wartes and others (2011,
2013) interpreted the Chisik Conglomerate Member as
recording fan-delta sedimentation.

1.2.2 LOWER SANDSTONE MEMBER (LOWER
TO MIDDLE OXFORDIAN)

The lower sandstone member is a dominantly tan-
weathering, thick-bedded, very-fine- to fine-grained
sandstone unit (Detterman and Hartsock, 1966; Wartes
and others, 2013, 2015; Herriott and Wartes, 2014).
Where the Chisik is absent, this informal member
unconformably overlies the Chinitna Formation and is
sharply and conformably overlain by the Snug Harbor
Siltstone Member (Detterman and Hartsock, 1966; Her-
riott and Wartes, 2014). The lower sandstone is about
240 m thick on the Iniskin Peninsula (Herriott and
Wartes, 2014), but appears to be locally thicker north of
Chinitna Bay (~317 m; Wartes and others, 2015) and is
absent at Iniskin Bay (fig. 3B). Wartes and others (2011,
2013) interpreted a storm-influenced shelfal environ-
ment for deposition of the lower sandstone member,
with examination of additional exposures yielding

evidence of lower shoreface processes and a possible
deltaic signature (Wartes and others, 2015). We regard
the lower sandstone as primarily recording deposition
in an inner shelf setting with shoreface and probable
deltaic stratigraphic elements and/or influences.

1.2.3 SNUG HARBOR SILTSTONE MEMBER
(MIDDLE TO UPPER OXFORDIAN)

The Snug Harbor Siltstone Member is a chiefly dark-
gray-weathering, thin- to thick-bedded siltstone and
very-fine-grained sandstone unit that is overlain con-
formably and unconformably by the Pomeroy Arkose
Member (Detterman and Hartsock, 1966; Wartes and
others, 2013; Herriott and Wartes, 2014). Detterman and
Hartsock (1966) reported the local presence of pebbles
in minor sandstone beds, but recent work documented
conglomeratic sandstone and pebble to boulder con-
glomerate as subordinate but notable constituents of the
Snug Harbor (Herriott and Wartes, 2014; this study).
The member is about 260 m thick in most exposures on
the Iniskin Peninsula (Herriott and Wartes, 2014), but
this typical stratigraphic thickness varies significantly
in the vicinities of Chisik Island, Hickerson Lake, and
Mount Pomeroy (fig. 1; see below). The Snug Harbor
Siltstone Member is interpreted to record outer shelf to
slope sedimentation (LePain and others, 2013; Wartes
and others, 2013); we generally refer to Snug Harbor
as a slope unit, but the lower part of the member was
likely deposited on an outer shelf (this study). Farther
to the southwest on the Alaska Peninsula, Detterman
and others (1996) reported that the Snug Harbor was
deposited in “moderately deep water” below wave base
and above the carbonate compensation depth.

1.2.3.1 Jns; and Jns,

In the Chisik Island and Hickerson Lake areas two
divisions of the Snug Harbor Siltstone Member are
recognized and denoted with subscripts in this paper
(Jns; and Jns,). Ins; represents the typical lithostrati-
graphic expression of Snug Harbor and is only mapped
where a distinction from Jns, is possible. Jns, comprises
thick, channelized successions of chiefly brown- and
gray-weathering arkose, siltstone, and subordinate con-
glomerate; channel-form sediment bodies of Jns, onlap
Jns, along sharp, erosional surfaces that cut across tens
to hundreds of meters of stratigraphy.
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1.2.4 POMEROY ARKOSE MEMBER (LOWER
KIMMERIDGIAN)

The Pomeroy Arkose Member is a typically light-gray-
weathering, commonly amalgamated, very-thick-
bedded, arkosic sandstone unit with subordinate, locally
well-developed, thin-bedded siltstone and sandstone
intercalations; thick packages of siltstone as well as
conglomerate are also observed, although arkose and
arkosic conglomerate everywhere define the base of the
member (Detterman and Hartsock, 1966; Wartes and
others, 2013; LePain and others, 2013; Herriott and
Wartes, 2014). A minimum thickness for the Pomeroy
is 899 m, with the member’s top not occurring on the
Iniskin Peninsula (Herriott and Wartes, 2014); however,
Upper Cretaceous and Cenozoic strata unconformably
overlie the Pomeroy in exposures north of Chinitna Bay
(Detterman and Hartsock, 1966; Magoon and others,
1980; Bradley and others, 1999; LePain and others,
2012; Wilson and others, 2012; Gillis, 2016). Wartes
and others (2013) interpreted the lower Pomeroy Ar-
kose Member to dominantly record deposition from
sediment gravity flows and proposed a base-of-slope to
basin-floor environment, which is consistent with work
by LePain and others (2013). This paper addresses the
lower several hundred meters of the Pomeroy.

1.2.4.1 Jnp, and Jnp,

Two divisions in the lower part of the Pomeroy Arkose
Member (Jnp, and Jnp,) are recognized by this study
and mapped where possible in the Chisik Island, Hick-
erson Lake, and Mount Pomeroy areas. Distinction
between Jnp, and Jnp, is based on differences in stratal
body geometries: Jnp; hosts conspicuous, large-scale
channel forms and Jnp, is chiefly tabular bodied at
the scales of exposure. Analogous to Jnsy, Jnp, repre-
sents the typical lithostratigraphic expression of the
lower several hundred meters of Pomeroy observed
throughout most exposures in the study area and is
only distinguished where an underlying Jnp; occurs.
Channel-form sediment bodies of Jnp; onlap sharp,
erosional surfaces that cut across tens to hundreds of
meters of stratigraphy, including Jns; and Jns, as well
as undifferentiated Snug Harbor (Jns).

2. STRATIGRAPHIC ARCHITECTURE

OF THE SNUG HARBOR SILTSTONE

AND POMEROY ARKOSE MEMBERS AT
CHISIK ISLAND, HICKERSON LAKE, AND
MOUNT POMEROY

The contact between the Snug Harbor Siltstone and
Pomeroy Arkose Members is generally conspicuous,
juxtaposing dark-gray-weathering, relatively thin-
bedded, and fine-grained strata (Snug Harbor) with
overlying lighter-gray-weathering, thicker-bedded, and
coarser-grained strata (Pomeroy) (Herriott and Wartes,
2014). Detterman and Hartsock (1966) emphasized
that the contact is everywhere sharp and conformable
except at the southwestern end of Chisik Island, where
a minor erosional relation was observed. Detterman
and Hartsock (1966) also reported that among the
Naknek Formation members the Snug Harbor is distin-
guished by its remarkable consistency of thickness and
lithologic character, indicating a uniform stratigraphy
with limited along-strike lithologic variability. Recent
work highlighted a transitional facies that is common
in the uppermost Snug Harbor, where Pomeroy-like,
thick arkose beds occur (Herriott and Wartes, 2014).
Additionally, we map thick channelized successions
hosted by seismic-scale erosion surfaces associated with
the Snug Harbor Siltstone and Pomeroy Arkose in the
Chisik Island, Hickerson Lake, and Mount Pomeroy
areas (fig. 1, orange labels); these stratigraphic features
clearly deviate from the typically conformable, layer-
cake-like stacking of these members. Despite these
local stratigraphic complexities in the Snug Harbor to
Pomeroy transition, we always map this lithologically
defined contact at the base of a thick succession (typi-
cally greater than 100 m) of amalgamated arkose beds
that are locally conglomeratic (see also Herriott and
Wartes, 2014).

2.1 Methods—Photogeologic Mapping

Photogeologic mapping on oblique-view digital pho-
tographs is integral to this study. The photographed
localities include kilometer-scale mountainsides and
cliff faces where the Naknek Formation crops out. These
areas are generally impractical and/or hazardous to ac-
cess for hands-on examination but permit extraordinary
opportunities to document member-scale and smaller
stratigraphic architecture. Mountain-scale photographs
included here were typically made during helicopter-
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based aerial reconnaissance, although ground-based
photographs are employed where applicable. In pho-
tographing the exposures, we prioritized alignment of
the interchangeable-lens-camera’s digital sensor to the
approximate plane of the mountainside or cliff face to re-
duce scale variation in the frame, although this was not
always accomplished or practical. Azimuths of viewing
directions range from strike- to dip-parallel, with these
two end members serving as preferences; viewing direc-
tions are noted in photogeologic figure captions and the
approximate strike and dip of beds are reported in the
figures and text. Photogeologic mapping of lithostrati-
graphic units and stratal geometries are presented in the
observations section below, although we recognize the
complexity of making purely objective geologic observa-
tions in this context (compare with discussion by Miall
and Miall, 2001). Sequence-stratigraphic interpretations
for some of the photogeologic figures of this study and
from Herriott and Wartes (2014) are included in section
3 of this paper.

Photogeologic mapping was conducted in coordination
with 1:63,360-scale geologic mapping of the Naknek
Formation between Iniskin Bay and Johnson River
(DGGS, unpublished data) and additional stratigraphic
reconnaissance between Johnson River and Tuxedni
Bay, including Chisik Island (fig. 1). Outcrop and sub-
crop character of the Naknek Formation varies as a
function of grain size as well as bed thickness and
geometry; weathering color of strata—reflecting sedi-
ment composition, cementation, and grain size—and
distinctive weathering profiles also were employed in
distinguishing among the Naknek members. Naknek
Formation mapping criteria of the current study are
described above and by Herriott and Wartes (2014;
see also Detterman and Hartsock, 1966). Additional
photographs and observations made from multiple
perspectives and viewing distances augmented the
photogeologic mapping, which was completed digitally
using Adobe Illustrator® software. We mapped informal,
subscripted divisions of the Snug Harbor Siltstone and
Pomeroy Arkose Members where lithologic observa-
tions permitted these distinctions (see sections 1.2.3.1

and 1.2.4.1). Channel-form sediment body geometries
were mapped where observed and other bedding ge-
ometries are noted in the figures and text.

Stratigraphic thicknesses labeled on the photogeologic
figures and reported in the text were determined by
a method similar to the tape-compass—clinometer
technique of Compton (1985) but here are based on
topographic-map-determined distances between unit
contacts rather than tape measure. Where thicknesses
are reported as approximate, the geometric calcula-
tions relied on contacts that are inaccessible but readily
mapped from a distance. Where thicknesses are re-
ported to the nearest meter, the geometric calculations
relied on contacts that were visited by the authors, who
collected precise latitude and longitude coordinates with
handheld Global Positioning System (GPS) receivers.
We compared both variants of our employed method to
several Naknek member thicknesses determined by Ja-
cob staff (Wartes and others, 2015; DGGS, unpublished
data) and reported by Detterman and Hartsock (1966);
these comparisons generally yielded results within 10
percent of the aforementioned sources.

2.2 Observations

2.2.1 CHISIKISLAND

Chisik Island lies in Tuxedni Bay at the northeastern
end of the study area, and hosts Cook Inlet’s northern-
most exposures of the Naknek Formation (Wilson and
others, 2012). All four members of the Naknek crop
out in a steep and largely inaccessible mountainside
north of peak 2674 (fig. 1), with strata dipping gently
(~15°) to the southeast. The stratigraphic architecture
at this locality was preliminarily outlined by Herriott
and others (2016a).

Aerial stratigraphic reconnaissance and photogeologic
mapping of the Naknek members, sub-member-scale
lithostratigraphic units, and channel-form sediment
bodies at the Chisik Island locality delineate promi-
nent concave-up erosional surfaces in the upper Snug
Harbor through lower Pomeroy (fig. 4, Jns, and Jnp,).

Figure 4 (opposite page). Oblique aerial view southeastward of the northern extent of Chisik Island. Key stratigraphic relations in the
Snug Harbor Siltstone (Jns) and Pomeroy Arkose (Jnp) Members (and subscripted divisions) are discussed in the text. (A) Oblique aerial
photograph. (B) Photogeologic rendition. (C) Line-drawing rendition. View toward center of photograph is nearly dip-direction parallel,
with beds dipping ~15° southeastward (into and toward left of photograph). Approximately 400 m of topographic relief lie between peak
2674 and the base-of-cliff exposures of Chisik Conglomerate Member (Inc), for sense of scale; the exposure is ¥900 m wide at brush line
near the Naknek-Chinitna Formations contact. A—-C are modified from Herriott and others (2016a).
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This channelized succession lies above the exposure’s
highest rank (in the sense of Catuneanu and others,
2009), seismic-scale erosional surface (fig. 4, master
erosion surface [orange long-dashed line]), which
cuts down through more than approximately 90 m of
stratigraphy and preserves an underlying, apparently
northeastward-thickening wedge of dark-gray-weather-
ing, tabular-bedded siltstone and subordinate sandstone
of typical Snug Harbor facies (Jns,). This high-relief ero-
sional surface separates lithologically and architecturally
distinct Jns; and Jns, in the central-right area of figure
4 and juxtaposes the lower sandstone member with Jns,
to the southwest, where Jns, is entirely truncated (see
farthest right of fig. 4E). Ins, is up to approximately 60
m thick and distinguished from Jns; in that it crops out
above the master erosion surface and hosts channel-
form sediment bodies as well as abundant, thick arkose
beds. Channel-fill packages in Jns, range from gray-
weathering, thickly bedded, amalgamated arkoses to
thinner-bedded successions of intercalated arkose and
brown-weathering siltstone (fig. 4D and E).

We map the Snug Harbor-Pomeroy contact at the
base of the very thick (tens of meters) accumulations
of channelized, amalgamated arkoses (Jnp) that over-
lie Jns; and Jns,. Jnp; is up to approximately 130 m
thick and silty strata are only a minor constituent (see
dark-weathering Jnp, beds in fig. 4). Channel-fills of
Jns,-Inp; exhibit an upsection trend of diminishing
channel margin gradients (in approximately cross-
sectional views). This trend at least in part corresponds
to the geometry of the master erosion surface, which has
a lower margin gradient in its upper part. Many of the
mapped channel bodies in Jns, and Jnp, directly onlap
and merge with the master erosion surface, demonstrat-
ing the composited nature of this surface (fig. 4D and
E). The Naknek is capped near peak 2674 by a Pomeroy
interval mapped as Jnp,, which contains thicker amal-
gamated arkosic packages than are observed in Jnpg, is
dominantly tabular-bodied at the scale of exposure, and
lacks silty interbeds (that is to say, is consistent with the
typical lithostratigraphic expression of lower Pomeroy
Arkose Member).

2.2.2 HICKERSON LAKE AREA

Hickerson Lake lies within a landslide-dammed glacial
valley (Detterman and Hartsock, 1966) approximately
5 km north of Chinitna Bay, with nearby topographic
relief locally exceeding 1,000 m (fig. 1). Naknek

Formation strata near the lake dip gently (22-27°)
southeastward and are discontinuously exposed along
the lake’s northeastern and southwestern shorelines as
well as in the surrounding valleys, ridges, and peaks
(fig. 3A). The large-scale stratigraphic architecture of
the Naknek Formation southwest of Hickerson Lake was
preliminarily reported by Herriott and others (2015a).

A geologic mapping traverse on the southwestern shore
of Hickerson Lake revealed a clast-supported cobble
conglomerate greater than 5 m thick, with outsized
clasts up to approximately 80 cm (figs. 5 and 6). Clasts
include rounded diorite, mafic volcanic/greenstone,
mafic intrusive, and commonly angular dark brown
siltstone. This boulder-bearing conglomerate constitutes
a channel-form sediment body with a sharp, erosional
base (fig. 5B) that onlaps and immediately overlies a
98-m-thick succession of thin- to medium-bedded,
sandy siltstone and subordinate sandstone that thickens
to the west and is mappable as Jns,; (fig. 6); the dark
brown siltstone clasts are lithologically consistent with
the immediately underlying Jns,. The conglomerate is
overlain by an approximately 200-m-thick, thin- to very-
thick-bedded arkosic sandstone and siltstone interval,
with locally common intrabasinal sedimentary clasts
that are also lithologically similar to Jns;. Although
outcrops are limited due to vegetative cover, strata in
this interval are commonly channelized, onlap Jns,, and
mappable as Jns, (fig. 6). Farther along the lakeshore
to the southeast lies a gray-weathering, cliff-forming,
tens-of-meters-thick, amalgamated, arkosic sandstone
package with prominent, sharp-based, channel-form
stratal geometries that onlap Jns, (fig. 6, leftmost
shoreline).

The Snug Harbor-Pomeroy contact is mapped at the
base of the cliff-forming arkoses, which are identified
as Jnp, (fig. 6). Extending this contact to the west, the
surface is in a stratigraphically higher position near peak
3140 (fig. 3A), where an unusually thick (~500 m) Snug
Harbor section occurs (fig. 6C) (compare to Detterman
and Hartsock, 1966; Herriott and Wartes, 2014). Aerial
reconnaissance and limited examination of precipi-
tously steep outcrops indicated that Snug Harbor strata
cropping out below peak 3140 comprise dominantly
thin, tabular beds of fine-grained lithologies, although
subordinate thick beds of sandstone are present. The
difference in total Snug Harbor thickness across figure 6
suggests approximately 200 m of lithostratigraphic relief
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on the top of the member between peak 3140 and
Hickerson Lake, where Jns; and Jns, combined are
approximately 300 m thick. Relief along this surface is
occupied by the arkosic, channel-form strata of Jnp;
that onlap Snug Harbor (Jns, and undifferentiated Jns).
Additionally, our outcrop- to mountain-scale observa-
tions of onlapping stratal terminations of Jns, and Jnp;
channel bodies demarcate segments of a seismic-scale
master erosion surface that exhibits approximately
400 m of stratigraphic relief and diminishing gradient
upsection (fig. 6, orange long-dashed line), illustrating
notable similarities in facies stacking relations of Jns;,
Ins,, and Jnp, between the Hickerson Lake southwest
and Chisik Island localities (compare figs. 4 and 6).

Observations of the Snug Harbor and Pomeroy stra-
tigraphy immediately northeast of Hickerson Lake are
hampered by limited lake-level exposures, but strati-
graphic context is provided by outcrops of the lower
sandstone member, which correlates well to the tightly
constrained lower sandstone-Snug Harbor contact
along the southwest lakeshore (fig. 3A). Directly above
this outcrop of the uppermost lower sandstone is a
161-m-thick, recessive, covered interval overlain by a
greater-than-40-m-thick succession of very-thick-bed-
ded, boulder-bearing, pebble and cobble conglomerate
with subordinate lenses of sandstone (fig. 7). Discon-
tinuous exposures above this conglomeratic package
suggest dominantly arkosic strata overlie the figure 7B

Figure 5. Photographs of the >5-m-thick, boulder-bearing cobble
conglomerate in the Snug Harbor Siltstone Member (Ins,), south-
west shore of Hickerson Lake (fig. 1). (A) The chiefly rounded-cobble
conglomerate is disorganized, clast supported, and lacks evident
internal stratification. Geologist for scale. Photograph by M.A.
Wartes. (B) View of sharp, erosional base (orange short-dashed
line) of the channel-form cobble conglomerate bed (Ins,), which
overlies fine-grained strata typical of Snug Harbor (Jns, ). Larger-scale
stratigraphic context is in figure 6. Notebook is 12 x 19 cm for scale.
Line symbology after figure 4. Photograph by P.L. Decker.

Figure 6 (opposite page). Oblique aerial view southwestward of peak 3140 area (fig. 3B), with the southwestern shoreline of Hickerson
Lake in the foreground. Key stratigraphic relations in the Snug Harbor Siltstone (Jns) and Pomeroy Arkose (Jnp) Members (and subscripted
divisions) are discussed in the text. (A) Oblique aerial photograph. (B) Photogeologic rendition. (C) Line-drawing rendition. View toward
center of photograph is generally strike parallel, with beds dipping ~20° southeastward (toward left of photograph). See stratigraphic
thicknesses for sense of scale. Figure modified from Herriott and others (2015a). Photograph by T.M. Herriott. Stratigraphic units (ascend-
ing order): Inss = lower sandstone member, Naknek Formation; Jns = Snug Harbor Siltstone Member, Naknek Formation; Jnp = Pomeroy

Arkose Member, Naknek Formation.
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Figure 7. Photographs of the area northeast of Hickerson Lake. (A) Oblique view northeastward, with the northeastern shore of Hickerson
Lake in the foreground. See text for discussion of stratigraphic thicknesses and map unit relations. View toward center of photograph
is approximately strike parallel, with beds dipping ~25° southeastward (toward right of photograph). See stratigraphic thicknesses for
sense of scale; note also that Snug Harbor Siltstone Member (Jns) at ridgeline is ~3 km north—northeast of Snug Harbor section at shore-
line. (B) Oblique aerial view northeastward of the base of Pomeroy Arkose Member along the northeastern shore of Hickerson Lake;
see area noted by magenta dashed line in A for reference to field of view. This well-exposed basal section of the Pomeroy is >40 m thick
and comprises a channelized and tabular-bodied conglomerate package with subordinate sandstone; this interval is recognized as Jnpy.
Photographs by T.M. Herriott. Stratigraphic units (ascending order): Jc = Chinitna Formation; Jnss = lower sandstone member, Naknek For-
mation; Jns = Snug Harbor Siltstone Member, Naknek Formation; Jnp = Pomeroy Arkose Member, Naknek Formation; Cz = Cenozoic strata.
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outcrop. We map the Snug Harbor-Pomeroy contact
at the base of the conglomerate section (Herriott and
Wartes [2014] reported similar basal Pomeroy facies
in the Iniskin Bay area), limiting the Snug Harbor to
the 161-m-thick covered interval (fig. 7A). Although
stratification is somewhat enigmatically expressed in
the basal Pomeroy conglomerate of figure 7B, chan-
nel-forms and tabular beds are recognized, and the
interval is identified as Jnp;. The ridgeline about 3 km
north-northeast of figure 7B hosts an approximately
100-m-thick Snug Harbor stratigraphy (fig. 7A), which
is approximately 400 m thinner than the Snug Harbor
north of peak 3140 (fig. 6C) that lies about 5 km to
the southwest (fig. 3A). Vegetative and talus cover are
common along the northeast lakeshore-to-ridgeline
trend, but the stratigraphic thickness of Snug Harbor
must remain relatively thin throughout this area as
constrained by outcrops of the lower sandstone and
Pomeroy Arkose members (fig. 7A).

Excellent exposures of the Snug Harbor and lower
Pomeroy stratigraphy occur approximately 3-4 km to
the north-northeast of Hickerson Lake, where Jns,
Ins,, and Jnp; are mapped in two cirque headwalls
(fig. 8; also fig. 3A). The cirque immediately beyond the
figure 7A ridgeline reveals channelized, conglomerate-
bearing successions of Jns, and Jnp; that onlap Jns,;
and Jns,, respectively (fig. 8B). Jns, sandstones are
distinctly browner-weathering than the overlying gray-
weathering sandstones of Jnp, (fig. 8B-D). Additionally,
Ins, appears to be mostly conglomerate to the south-
west (rightmost Ins, of fig. 8B), whereas conglomerate
constitutes only a subordinate component of Ins, along
the ridgeline between the two cirques (fig. 8B-D). The
50-m-thick Jns; on the common ridgeline/skyline of the
figure 8 photographs is overlain by 26 m of Ins,, and
the Jns;-JIns, and Jns,-Inp; erosional contacts each cut
across tens of meters of stratigraphy in the two headwall
exposures, resulting in apparent eastward or north-
eastward thickening wedges of the Snug Harbor units
(fig. 8B and C). However, the cumulative Snug Harbor
is somewhat thicker to the west-southwest, where the
undifferentiated member thickness is approximately
100 m (fig. 7A; lower-right of fig. 8B). These thickness
relations indicate locally variable morphology along the
erosional contacts. A master erosion surface, as delin-
eated by Jns, channel-forms that onlap and cut into Jns,,
lies at the base of the channelized Jns,-Jnp, stratigraphy
and is readily mapped across the figure 8B headwall. The

stratigraphic architecture and facies relations at these
cirques are broadly similar to and consistent with our
observations in the area southwest of Hickerson Lake
(fig. 6) and at Chisik Island (fig. 4).

2.2.3 MOUNT POMEROY AREA

Mount Pomeroy (2,385 feet) lies along a prominent
cuesta that extends between Iniskin and Oil bays (fig. 1).
Snug Harbor Siltstone and Pomeroy Arkose Members in
the area dip gently (13-29°) southward and are exposed
in steep north-facing slopes and cliffs (fig. 3B). Herriott
and Wartes (2014) briefly reported atypical map-scale
stratigraphic relations between these two members in
the Mount Pomeroy area.

Geologic mapping of Mount Pomeroy indicates that its
northern flanks comprise Snug Harbor strata (fig. 9A;
Herriott and Wartes, 2014). Along strike approximately
0.6 km west of Mount Pomeroy, channel-form strata
of Pomeroy Arkose—recognized as Jnp;—crop out
in the north-facing cliff and onlap the Snug Harbor
along a sharp erosion surface (fig. 9B and C). Farther
along strike to the west, amalgamated arkose and con-
glomerate constitute the entire cliff face, with the Snug
Harbor-Pomeroy contact cutting farther downsec-
tion westward along the base of the cliff (fig. 10). The
arkosic, cliff-forming package of Jnp, extends for
approximately 4 km southwest of Mount Pomeroy to
the east shore of Iniskin Bay and continues to host
channel-form sediment bodies (fig. 10). The Snug
Harbor recessively underlies the Pomeroy Arkose
west and southwest of Mount Pomeroy (figs. 9B and
C and 10). At Iniskin Bay, sharp- and erosive-based,
channelized, very-thick-bedded arkosic sandstones
and disorganized, boulder-bearing conglomerates of
Jnp, are common (fig. 11) and onlap the underlying
Snug Harbor (fig. 10B). Notably, the Snug Harbor is
approximately 425 m thick at Mount Pomeroy, but
thins by approximately 175 m to the west, measuring
252 m thick at Iniskin Bay (fig. 10B). The only known
Snug Harbor stratigraphy that is comparable to the
Mount Pomeroy area thickness is the approximately
500-m-thick succession near peak 3140 (fig. 6C).

Our geologic mapping (fig. 3B) follows the lithostrati-
graphic surfaces reported above (figs. 9 and 10) and
is generally consistent with early work by Kirschner
and Minard (1949) and Hartsock (1954), although the
stratigraphic implications of the map pattern were not
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Jns, stratigraphic e
thickness = 50 m

Figure 8 (above and opposite page). Photographs of two cirque headwalls ~3-4 km northeast of Hickerson Lake. (A) Oblique view
northeastward of cirque headwall (labeled NW cirque in fig. 3A) immediately beyond figure 7A skyline. Photograph by T.M. Herriott.
(B) Photogeologic rendition of A. Channel-form stratal surfaces (orange short-dashed lines) are common in Jns; and Jnpy; the Jns;=Ins,
contact (orange long-dashed line at center left of figure) defines a master erosion surface comparable to the surfaces mapped in figures
4, 5B, and 6. Ins at lower right is the upper part of the ~100-m-thick Snug Harbor section along the ridgeline of figure 7A. Thin yellow
lines delineate steep ridges that disrupt perspectives of sediment body continuity in the cliff face. View is approximately strike parallel,
with beds dipping 26—-28° southeastward (toward right of photograph). See stratigraphic thicknesses for sense of scale; the headwall is
~450 m wide at the base of Pomeroy. (C) Oblique aerial view southwestward of cirque headwall (labeled NE cirque in fig. 3A) ~0.8 km
beyond ~100-m-thick Snug Harbor section in figure 7A and immediately beyond skyline of A and B. Note the excellent expression of
Ins, facies at left, including tabular-bedded siltstone and arkose as well as channelized arkose; channel-form sediment bodies of Jnp,
onlap Jns,. View is nearly strike parallel, with beds dipping 27-28° southeastward (toward left of photograph). Photograph by M.A.
Wartes. (D) Outcrop denoted by magenta arrow in C. View of channelized pebbly sandstone and cobble conglomerate at base of Ins,.
Jns, arkoses are tannish-brown-weathering, whereas overlying Pomeroy arkoses (B and C) are distinctly gray-weathering, likely reflecting
upsection diminishment of mud in the sandstones. Pencil (in magenta ellipse) is 14 cm long for scale. Photograph by T.M. Herriott. Ad-
ditional line symbology after figures 4 and 6. Stratigraphic units (ascending order): Jnss = lower sandstone member, Naknek Formation;
Jns = Snug Harbor Siltstone Member, Naknek Formation; Jnp = Pomeroy Arkose Member, Naknek Formation.
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discussed until recently (Herriott and Wartes, 2014).
The new mapping and stratigraphic thickness deter-
minations indicate a westward-thickening package of
channelized Pomeroy Arkose (Jnp;) that occupies ap-
proximately 175 m of relief on a seismic-scale surface
that cuts across the underlying Snug Harbor, which
thickens eastward into a remarkably thick (~425
m) succession near Mount Pomeroy (fig. 10). The
member-scale stratigraphic architecture of the Snug
Harbor Siltstone and Pomeroy Arkose along the Mount
Pomeroy-to-Iniskin Bay trend is broadly similar to the
stratigraphic relations documented near Chisik Island
and Hickerson Lake approximately 70 km and 40 km to
the northeast, respectively (fig. 1). Interpretations and
further discussion of the stratigraphic architecture in
these three areas are presented in the following section.

2.3 Interpretations and Discussion—
Deep-Water Canyons and Associated
Stratigraphic Elements

The Snug Harbor Siltstone and Pomeroy Arkose Mem-
bers’ lithologies, bedding geometries, onlap relations,
and marked changes in stratigraphic thicknesses reveal
depositional systems with large seafloor pathways that
transported and accumulated sediment in deep water”.
The seismic-scale exposures in the Chisik Island, Hick-
erson Lake, and Mount Pomeroy areas are interpreted
as the record of processes, products, and associations
with deep-water canyons (fig. 12), which we define as
broad (fill is kilometers wide), deep (fill is hundreds of
meters thick), erosive-based, slope-associated conduits
for transport of mud, sand, and gravel in deep-marine

environments (compare with Shepard, 1981; Pickering
and others, 1989; Reading and Richards, 1994; Gallo-
way and Hobday, 1996; Galloway, 1998; Richards and
others, 1998; Posamentier and Allen, 1999; Prather,
2003; Weimer and Slatt, 2007; Di Celma, 2011; Jobe and
others, 2011; Williams and Graham, 2013). Scale alone
is commonly insufficient to distinguish between slope
channels and canyons—although the latter are in general
larger than the former—but it is the markedly erosional
character and complex, composited, and long-lived
evolution of marine canyons that differentiate them
from deep-water channels (Galloway, 1998) that them-
selves form part of the process-response framework of
canyon-associated depositional systems. The recogni-
tion of seismic-scale deep-water depositional systems
elements such as canyons in outcrop is not common
(see discussion by Di Celma, 2011; see also Mutti and
Normark, 1987), but documentation of these and related
features is a key aspect to determining paleophysiogra-
phy (Posamentier and Allen, 1999) and understanding
basin-scale depositional cycles (Miall, 2010).

Marine canyons form where sufficient bathymetric
gradients, and thus gravitational potential, exist for
mass wasting and erosive sediment gravity flows to
incise the seafloor (for example, Shepard, 1981; Pick-
ering and others, 1989; Galloway, 1998; Normark
and Carlson, 2003). Where these conditions per-
sist, long-lived conduits for sediment transport from
shelfal to deep-water environments are established
(see reviews by Galloway and Hobday, 1996; Weimer
and Slatt, 2007). Along depositionally constructional
basin margins, canyons are commonly incised into

3Deep-water marine settings are typically at greater than 200 m water depth (for example, Galloway and Hobday, 1996). However, our emphasis in
this paper is that deep-water environments are below storm wave base and lie basinward of a shelf-slope break (if one is present). This emphasis
is process-response focused, with sediment transport and deposition in deep-water realms governed at least in part by gradient-driven processes
such as sediment gravity flows.

Figure 9 (opposite page). Photographs of the Mount Pomeroy area. (A) Oblique view eastward of Mount Pomeroy (orange arrow), which
comprises chiefly thin-bedded siltstone with subordinate thicker-bedded and arkosic sandstone. This exposure is the upper part of a
very thick (~425 m) Snug Harbor succession; the only comparable Snug Harbor thickness elsewhere in the study area is observed west
of Hickerson Lake (section 2.2.2). View is approximately strike parallel, with beds dipping ~30° southward (toward right of photograph;
fig. 3B); note that the uppermost beds of Snug Harbor lie to the right of the field of view of this photograph along the dip-slope south
of Mount Pomeroy. Figure modified from Herriott and Wartes (2014). Photograph by T.M. Herriott. (B) Oblique aerial view southward
of the ridge extending west of Mount Pomeroy, which lies ~0.6 km along strike to the east (left) of this field of view. Photograph by M.A.
Wartes. (C) Photogeologic rendition of B. Channel-form sediment bodies of Jnp; onlap Snug Harbor along a sharp, erosional contact that
cuts across ~100 m of stratigraphy in this ~0.7-km-wide field of view. View is approximately dip parallel. See Jnp, stratigraphic thickness
for sense of scale. Red arrow marks the easternmost extent of the Snug Harbor-Pomeroy contact on this cliff face (see also fig. 10).
Additional line symbology after figure 6. Stratigraphic units (ascending order): Jnss = lower sandstone member, Naknek Formation; Jns
= Snug Harbor Siltstone Member, Naknek Formation; Jnp = Pomeroy Arkose Member, Naknek Formation.
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Jns stratigraphic
thickness ~425 m

Figure 10 (opposite page and above). Oblique aerial photographs depicting stratigraphic relations in the Snug Harbor Siltstone (Jns) and
Pomeroy Arkose (Jnp) Members of the Mount Pomeroy area between Iniskin and Oil bays (figs. 1 and 3B). (A) View eastward of the Mount
Pomeroy (orange arrow in B) area uplands. (B) Photogeologic rendition of A. The easternmost extent of Pomeroy Arkose strata (Jnp4) in
the cliff face is marked by the red arrow (see also fig. 9C). Snug Harbor extends for ~1 km on the Iniskin Bay coastline (for sense of scale)
and is demonstrably thinner (by ~175 m) there than at Mount Pomeroy. View is nearly strike parallel, with beds dipping ~25° southward
(toward right of photograph). (C) View southwestward of the Mount Pomeroy (orange arrow in D) area uplands. (D) Photogeologic rendi-
tion of C. The Snug Harbor stratigraphy at Mount Pomeroy lies along strike from lithologically distinct Pomeroy strata (Jnp;) in the cliffs
to the west (right). The lithostratigraphic contact between these two units cuts across the stratigraphy (downsection from red arrow
[see also figs. 9C and 10B] toward right of photograph); see text for further discussion. View is oblique to strike (east) and dip of bedding
(~25° south). See Jns stratigraphic thickness for sense of scale. D is modified from Herriott and Wartes (2014). For additional geographic
reference, The Toadstools (fig. 3B) are at the brown arrows of B and D. Thin magenta lines in B and D delineate steep ridges that disrupt
perspectives of sediment body continuity in the cliff face. Additional line symbology after figure 6. Photographs by T.M. Herriott. Strati-
graphic units (ascending order): Jc = Chinitna Formation; Jnc = Chisik Conglomerate Member, Naknek Formation; Jnss = lower sandstone
member, Naknek Formation; Jns = Snug Harbor Siltstone Member, Naknek Formation; Jnp = Pomeroy Arkose Member, Naknek Formation.
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progradational slope successions (fig. 12; Galloway,
1998). Deep-water canyon fills range from mud-dom-
inated to coarse-grained, high net (sand and gravel) to
gross (mud, sand, and gravel) deposits (for example,
Reading and Richards, 1994; Posamentier and Allen,
1999; Posamentier and Kolla, 2003; Jobe and others,
2011). The caliber of sediment supplied to the system,
seafloor gradient, and sediment gravity flow param-
eters are among the factors that influence the balance
of bypass versus deposition in deep-water settings
(Stevenson and others, 2015; also section 3), directly
impacting the lithologic character of canyon fill. Mud-
dominated canyon systems may yield poor outcrop
potential, with many of the best exposures of ancient
deep-water canyons comprising coarse-grained, ero-

sionally resistant deposits—the canyon fill—that are
in part encased by finer-grained, less erosionally resis-
tant strata—the canyon host (for example, Morris and
Busby-Spera, 1988; Satur and others, 2005; Kane and
others, 2007; Di Celma, 2011).

Channelized deep-water depositional systems evolve
through time and space (for example, Morris and
Busby-Spera, 1988, 1990; Galloway, 1998; Posamentier
and Kolla, 2003; Weimer and Slatt, 2007; Dykstra and
Kneller, 2007; Kane and others, 2007, 2009; Hodgson
and others, 2016; see below), with erosional processes
prevailing in steeper-gradient settings and aggrada-
tional processes dominant in lower-gradient settings
(for example, Hubbard and others, 2014). Marine

Figure 11. Photographs of Jnp; arkose and conglomerate at Iniskin Bay. (A) Sharp juxtaposition of lithofacies and relief along channel-
form stratal surfaces (orange short-dashed lines) reflect a highly erosive setting with cut-and-fill-style sedimentation characterized by
disorganized conglomerate and sandstone. Geologist for scale. Photograph by M.A. Wartes. (B) Disorganized, very-thick-bedded, poorly
sorted, matrix-supported conglomerate. Clasts are predominantly arc-derived diorite and mafic metavolcanic lithologies. Hammer head is
16 cm long for scale. From Wartes and others (2013). Photograph by M.A. Wartes. (C) A >2 m (apparent long dimension) diorite boulder
(see magenta arrow) hosted in an arkosic sandstone block that fell from a cliff of Jnp; immediately above the east shore of Iniskin Bay.
This outsized clast suggests high-energy, highly competent, channelized flow conditions that are consistent with our observations of Jnp;.

Geologist for scale. Photograph by T.M. Herriott.
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slopes—settings with gravity-driven erosional poten-
tial that are prone to bypass—transition downdip to
lower-gradient base-of-slope and basin-floor settings,
where depositional systems become increasingly de-
fined by aggradation (fig. 12) (for example, Mutti and
Normark, 1987; Galloway, 1998; Wynn and others,
2002). Through time, deposition along a previously
erosional reach of a deep-water channel profile may
lower the gradient and render increasingly aggrada-
tional processes at that locality (for example, Hodgson
and others, 2016).

The Chisik Island, Hickerson Lake, and Mount Pome-
roy canyons are interpreted as integral components of

23

a source-to-sink sediment dispersal system, linking
shelfal to basin-floor environments near the north-
western margin of the Cook Inlet forearc basin during
late Oxfordian(?)-early Kimmeridgian time. Trans-
port of sediment through canyon-associated deposi-
tional systems led to the accumulation of dominantly
coarse-grained strata at base-of-slope to basin-floor
settings; sediment that was not bypassed to more dis-
tal sites accumulated along canyon axes. We recog-
nize Jns, as pre-canyon establishment strata, Jns, and
Jnp; as the record of canyon filling, overthickened Jns
deposits as large-scale, conduit-bounding levee suc-
cessions, and Jnp, as distributary lobe deposits that
accumulated beyond canyon mouths. Observations

~100s to 1000s
— of meters —

Figure 12. Schematic block diagram of a generalized marine delta—shelf-slope—base-of-slope—basin-floor depositional profile, with a
submarine canyon incised into slope strata and bounded by master levees along its lower reaches near the base of slope. The shallow- to
deep-water transition lies at the shelf—slope break; the slope gradient is exaggerated for clarity (note generalized vertical and horizontal
scales). The deep-water canyons and associated stratigraphic elements described in this paper are interpreted as the record of environ-
ments at and proximal to the base of slope. Figure modified from Pickering and others (1989), Posamentier and Kolla (2003), Posamentier

and Walker (2006), and Hubbard and others (2012).

Figure 13. Schematic cross sections of confinement mechanisms
for deep-water channel systems with two end members: ero-
sional (A) and aggradational (C); a mixed erosional—aggradational
case (B) represents an example that lies along a continuum for
channel confinement and maintenance processes and is likely
dominant in natural systems. We interpret the Naknek deep-
water canyons and associated stratigraphic elements to coincide
with the hybrid confinement model of B. The focus of the current
study is on canyon-scale incision surfaces and largest-scale con-
structional confinement elements, but note that similar relations
of erosion and aggradation at channel margins occur at many
scales within channelized deep-water systems (see footnote 4).
Levee heights in B and C are not intended to be drawn to scale;
levee growth is contemporaneous with sediment gravity flows
transiting channel axes; channel-fill strata are omitted for clarity.
Figure modified from Clark and Pickering (1996) and Weimer and

A erosional

B mixed erosional-aggradational
%

| i

C aggradational

%&

Slatt (2007); see also Stow and Mayall (2000).
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reported above permit insights into the establishment,
stratigraphic evolution, morphology, and distribution
of the Naknek Formation deep-water canyons.

2.3.1 CANYON ESTABLISHMENT AND
CONFINEMENT

There are two end members for confinement of chan-
nelized deep-water depositional systems*: (1) Erosional
establishment of margins prior to filling, and (2) ag-
gradational establishment and maintenance of leveed
margins concurrent with filling (fig. 13). Between these
end members lies a spectrum comprising varying de-
grees of erosional versus aggradational confinement
(example in fig. 13B). Note that use of the term canyon
in deep-water stratigraphy literature is often reserved
for large, slope-incised sediment routing conduits that
lack or have minimally developed bounding levees
(Shepard, 1981; Weimer and Slatt, 2007; Hansen and
others, 2015) and is readily applied to many modern
seascapes (Normark and Carlson, 2003). However, the
continuum of process-response products that character-
ize these deep-water settings clearly reflects dynamic,
evolving depositional systems, as briefly noted above,
commonly presenting difficulties in distinguishing the
exact nature of confinement in large-scale ancient suc-
cessions in outcrop (for example, Bain and Hubbard,
2016). Additionally, slope-associated sediment routing
systems often result in stacking of end-member and
transitional confinement associations in systematic
patterns (for example, Galloway, 1998; Hodgson and
others, 2016). In this context, we employ canyon in this
paper to refer to a deep-water sediment routing conduit
that, at its maximum incision state, would have likely
met a strict, erosion-bound canyon definition; later
transformations of canyon-associated Naknek Forma-
tion deep-water depositional systems toward more
aggradational character are described below.

The Chisik Island, Hickerson Lake, and Mount Pome-
roy canyons were likely established and modified by
erosive sediment gravity flows, as suggested by chan-
nel-form, sharp-based, deep-water strata that onlap
the canyon margins (figs. 4, 5, 6, 8, and 9; for example,
compare with Mutti and Normark, 1987; Mayall and
others, 2006; Di Celma, 2011; Fildani and others, 2013;

Macauley and Hubbard, 2013; Hubbard and others,
2014). Canyon-establishment processes were driven
by negative deviations from the former equilibrium
profiles of the Snug Harbor slope of Ins; (section 3.3).
The sharp juxtaposition of channelized canyon fill—
best expressed by Jns, and Jnp, at the Chisik Island
canyon (fig. 4) and the cirques exposures northeast of
Hickerson Lake (fig. 8)—with Jns; host strata clearly
demonstrates that the canyons are in part bound by
deep incisions. In other words, the lower parts of the
Naknek canyons are confined by stratigraphic sur-
faces that delineate slope conduits that were cut into
Jns;. In cross-sectional view these initial canyon in-
cision surfaces may locally exceed 260 m (the typical
thickness of the Snug Harbor) of relief, as suggested
by the Chisik Island exposure, where the canyon floor
cuts through Jns; to the underlying lower sandstone
member (fig. 4). Compaction of the stratigraphy dur-
ing subsequent burial suggests even greater incision-
defined paleobathymetric relief was probable.

In addition to the incised canyon margins, the anoma-
lously thick, canyon-adjacent Snug Harbor Siltstone
Member stratigraphy at peak 3140 (~500 m thick; fig. 6)
and Mount Pomeroy (~425 m thick; fig. 10) strongly
suggest development of master-levee (in the sense of
Posamentier and Kolla, 2003; equivalent to external
levee in the sense of Kane and Hodgson, 2011; fig. 12)
margins, constituting the upper parts of these thick-
ened Snug Harbor successions (compare with Kane
and others, 2007, 2009; Sylvester and others, 2011;
Hodgson and others, 2011, 2016; Brunt and others,
2013; Morris and others, 2014). Total stratigraphic relief
(post-compaction) along these master levees may ap-
proach or exceed 250 m, as suggested by comparison
of the overthickened Snug Harbor successions to the
member’s typical thickness of approximately 260 m
(Herriott and Wartes, 2014). Aggradational growth of
the master levees may have spanned much of the life of
the canyons—potentially coinciding with both bypass-
prone and aggradational phases of canyon-floor channel
belts (see review by Weimer and Slatt, 2007; further dis-
cussion below). Unequivocal canyon-fill to master-levee
ties were not made during this study, although such
correlations are commonly obscured by erosion along

“A hierarchy of architectural elements for channelized deep-water depositional systems is necessary to describe all the scales at which erosion, bypass,
and deposition occur in these settings (for example, Sprague and others, 2005); however, our focus in this paper is chiefly on the master (highest

rank) erosional margins of the deep-water canyons.
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the interface between these two depositional elements
(Weimer and Slatt, 2007). Note that the master erosion
surface of figure 6 extends upsection from the canyon
incision surface, which cut into pre-existing Snug Har-
bor strata (genetically Jns,), into the interface between
conduit fill and coeval, canyon-associated master-levee
deposits (see also below). Bathymetrically defined can-
yon confinements in the study area were progressively
buried by aggrading sediment as equilibrium profiles
within the base-of-slope depositional systems were
reestablished above the seafloor (for example, compare
with Pirmez and others, 2000; Weimer and Slatt, 2007;
Hodgson and others, 2011, 2016; also Morris and Busby-
Spera, 1990; Dykstra and Kneller, 2007; Sylvester and
others, 2011).

2.3.2 DEPOSITIONALTRENDS

Sediment gravity flow processes similar to those that cut
the incipient deep-water canyons also likely rendered
the lowermost canyon deposits mapped as Ins, (figs. 4
and 5). Ins, is interpreted as the record of channel belts
that traversed canyon floors during an early, bypass-
prone, cut-and-fill episode. Coarse-grained strata (for
example, amalgamated sandstones and conglomerates
of figs. 4, 5, 6, and 8) were probably sourced from dense,
high-energy sediment gravity flows with at least locally
diminishing energy that resulted in deposition of the
coarsest parts of the flows—lithologies and processes
common to channel axes in deep-water settings (for
example, Mutti and Normark, 1987; Williams and oth-
ers, 1998; Mayall and others, 2006; Fildani and others,
2013). Fine-grained strata of Jns, are interpreted to
record deposition from lower-energy tails of chiefly
bypassing sediment gravity flows (compare with Mutti
and Normark, 1987; Williams and others, 1998; Posa-
mentier and Allen, 1999; Macauley and Hubbard, 2013)
and may in part be intra-canyon overbank deposits
(compare with Hansen and others, 2015). Some Jns,
sandstones are also browner-weathering than overly-
ing gray-weathering Pomeroy Arkose strata (fig. 8),
suggestive of a muddy component to the former and a
cleaner aspect to the latter. The master-levee margins
likely began aggrading during Jns, time (compare with
Kane and Hodgson, 2011), when mud was evidently
abundant in the system and turbulent suspensions of
fine-grained sediment—probably accompanying denser,
coarser, canyon-floor-bound basal portions of sediment
gravity flows—could overtop canyon rims (compare
with Mutti and others, 1999; Peakall and others, 2000).

Locally abundant intraformational, mudstone rip-up
clasts observed in Jns, along the southwestern shore of
Hickerson Lake may reflect further upslope develop-
ment of the canyons via headward erosion in this early
phase of canyon history. Jns, implies a period in canyon
evolution marked by erosive sediment gravity flow pro-
cesses that bypassed sediment to downdip depositional
reaches beyond the outcrop belt (compare with Hubbard
and others, 2014; Stevenson and others, 2015).

The Jns,-Jnp,; contact exhibits up to several tens of
meters of relief at Chisik Island (fig. 4) and the cirque
localities (fig. 8). Southwest of Hickerson Lake, where
Jnp, onlaps a thick succession of Jns,, the stratigraphic
relief along this contact exceeds several tens of meters,
but the relations are somewhat obscured by cover
(fig. 6). Regardless, the Jns,—Jnp, contact is clearly as-
sociated with some degree of incision into pre-existing
canyon fill, but the maximum scale at which this oc-
curred and the balance of allogenic(?) versus autogenic
influences on the stratigraphic architecture associated
with this surface remain poorly constrained. Further
complexity arises from the potential that at least some
of the intercalated arkose and siltstone of Jns, locally
represents intra-canyon overbank strata that aggraded
contemporaneously with adjacent arkosic channel fill
of Jnp, (for example, compare with Flint and others,
2011; Hodgson and others, 2011). Our observations do
not require or preclude such a relation, but comparable
sedimentation regimes and complexity are common
to deep-water channelized depositional systems (for
example, Sylvester and others, 2011).

Similar to the coarse deposits in Jns,, the locally con-
glomeratic, arkose-rich, Pomeroy canyon fill (Jnpy;
figs. 4, 6, 7B, 9C, 10, and 11) is interpreted to record
dense, energetic sediment gravity flows that transported
sediment along canyon-floor channel belts. Jnp,; is a
chiefly mud-poor unit with few fine-grained intercala-
tions, suggesting this stage of canyon evolution might
have coincided with reduced updip incision into the
Snug Harbor slope, increased sand input from coeval
shelfal depositional systems, and waning growth of
master levees via sedimentation from dilute, turbu-
lent, muddy suspensions above canyon-bound, dense
sediment gravity flows as noted above. However,
levee growth might have continued as aggradational
processes became more dominant along canyon axes
during deposition of Jnp, (see below), potentially re-
ducing channel-belt to levee-crest relief and permitting
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coarser detritus from denser parts of sediment gravity
flows to spill beyond canyon margins. Jnp; also heralds
a transition to apparently widening channel belts and
increasingly gentle gradients along channel-form mar-
gins (figs. 4 and 6), as well as increasing occurrence of
tabular, potentially unconfined beds (fig. 4). The degree
of bypass recorded in Jnp, is unclear, but the amalgam-
ated, commonly channel-form arkosic beds of this unit
seem to document a pronounced filling (that is to say,
aggradational) phase in the canyons.

The Jns, through Jnp, stratigraphy is interpreted to
reflect an upsection trend toward diminishing gradi-
ent along canyon axes and probable reduced bypass,
although this canyon-fill evolution was seemingly
punctuated by degradation along canyon thalwegs at
the Jns,—Jnp; contact. As discussed above, the canyon-
fill successions suggest a return to equilibrium profiles

lying above the seafloor as base-of-slope, canyon-mouth
proximal environments accumulated sediment, and
sand-choked depositional systems of the Pomeroy
(including Jnp, and chiefly Jnp,) backstepped and on-
lapped the inherited and locally modified bathymetric
expression of the Snug Harbor slope. The sand-rich,
mud-poor nature of Jnp; may have reduced efficiency of
the unit’s sediment gravity flows (for example, compare
with Mutti and Normark, 1987), potentially diminishing
runout of the sandy flows at the slope-basin floor transi-
tion and rendering thick accumulations of channelized
arkosic deposits approaching canyon mouths. Finally,
the sandy, amalgamated, tabular-bodied deposits of Jnp,
(fig. 4) are interpreted to record distributary lobe sedi-
mentation in basin-floor fans beyond canyon mouths
that were likely tied to the base-of-slope gradient break
and retreated farther upslope as arkosic sediment con-
tinued to spill onto the basin floor (fig. 14; compare

~100s
of meters

"~8-20 kilometers

Figure 14. Generalized block diagram exhibiting stratigraphic and structural relations of the basin margin associated with the Naknek
Formation deep-water canyons. The inferred marginal marine and shelfal record was eroded during later deformation of the forearc
basin stratigraphy. This model depicts major stratigraphic elements of HST, but portrays mid to late LST-2 time (see section 3); pre-HST
stratigraphy is not shown, nor are sub-member-scale Snug Harbor Siltstone (Jns) and Pomeroy Arkose (Jnp) units; master-levee
deposits are also omitted, but would lie along margins of lower canyon reaches and extend onto the proximal parts of onlapping
basin-floor fan complexes. The Naknek canyons and associated stratigraphic elements documented in outcrop are interpreted to
expose depositional settings at and near the base of slope. Figure adapted from Reading and Richards (1994), Richards and others
(1998), and Weimer and Slatt (2007). Abbreviations: BBFS(?) = Bruin Bay fault system(?) (query indicates uncertainty in fault system’s
influence on Naknek sedimentation [see text for discussion]; northwest dip magnitude not drawn to scale); NE = northeast.
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with Mutti and Normark, 1987; Galloway, 1998; Wynn
and others, 2002; Stevenson and others, 2015; Hodgson
and others, 2016).

2.3.3 CANYON ORIENTATION, MORPHOLOGY,
AND SPACING

The Naknek canyons’ axes are only generally constrained
by their mountain-scale exposures documented above,
although the canyons do not appear to be oriented at
highly oblique angles to the overall outcrop trends. The
laterally extensive Naknek facies belts of the study area
suggest a northeastward depositional strike consistent
with the basin margin orientation and location of nearby
Talkeetna arc rocks (see section 1.2). These constraints
and, more specifically, the along-strike consistency of
Pomeroy Arkose strata of base-of-slope and basin-
floor affinity stacked on Snug Harbor Siltstone strata
of slope affinity throughout the Iniskin-Tuxedni bays
study area indicates that the Snug Harbor slope faced
southeast. We thus propose that the paleocanyons
trended approximately southeastward, parallel to the
inferred maximum gradient of the slope’s profile and
approximately orthogonal to the basin margin (fig. 14),
although deviation of canyon axes from regional slope
dip may occur where pre-existing seafloor bathymetric
lows or structural controls exist (for example, Dykstra
and Kneller, 2007; Kane and others, 2009).

The canyon-bounding surfaces of this study are un-
doubtedly compound and time transgressive. That is
to say, the slope incision processes that yielded the
incipient Naknek canyons occurred during a somewhat
prolonged period driven by the passage of countless
sediment gravity flows (compare with Sylvester and
others, 2011; Bain and Hubbard, 2016; Hodgson and
others, 2016). Additionally, master levee confinement is
never instantaneous, as levee growth is accomplished by
incremental accumulation of sediment in thin-bedded,
dominantly fine-grained deposits. In addition, channel
margins at all scales are subjected to modification via
erosional processes inherent to channelized deposi-
tional systems. Therefore, the stratigraphic surface that
lies along a canyon fill-to-host facies interface does not
represent a paleobathymetric surface, but rather a com-
posited surface that never existed in its entirety along
the seafloor at any one time. Hodgson and others (2016)
presented a model that addresses the diachronous
nature of master bounding surfaces in deep-water,
channelized depositional settings. A similar notion has

been described for shelfal valley forms as well, with a
clear distinction between stratigraphic valleys versus
paleotopographic/paleobathymetric valleys (Strong
and Paola, 2008); in this sense, we employ the term
stratigraphic canyon in the following paragraph. Nev-
ertheless, although the size of the Naknek canyons on
the paleoseafloor could not have exceeded their scale in
the stratigraphic record (constraints discussed below),
the paleobathymetric expressions of the canyons may
have, in general, resembled the morphologic character
reflected in figures 4 and 6-10 (compare with Sylvester
and others, 2011; Hodgson and others, 2016; also Strong
and Paola, 2008).

Mapping the lateral distribution of canyon fills, margin
elements, and bounding surfaces provides minimum
scale constraints for the stratigraphic canyon widths.
Although canyon rims—probably defined by master-
levee crests—were not definitively observed during this
study, the thickened Snug Harbor successions near peak
3140 and Mount Pomeroy (figs. 6 and 10) suggest that
beyond-crest thinning of master-levee wedges occurs
southwest and northeast (or east) of those localities,
respectively. A relatively thin Snug Harbor succession
lies northeast of Hickerson Lake (fig. 7A), indicating
the canyon-bounding surface of figure 8 (orange long-
dashed line) is continuous with the equivalent surface
in figure 6 and is at or below the base of Pomeroy in
figure 7. Therefore, the minimum stratigraphic width
of the Hickerson Lake area canyon is approximately
6 km (the distance between the northeast cirque local-
ity and peak 3410 [fig. 3A]). Our geologic mapping
indicates that the Mount Pomeroy area canyon extends
along strike into Iniskin Bay, establishing a minimum
stratigraphic width of approximately 4 km (the distance
between Mount Pomeroy and Iniskin Bay [fig. 3B]; also
fig. 10). The Chisik Island canyon exposure constrains
a minimum stratigraphic width of approximately 1 km
(fig. 4). Thicknesses of compacted canyon-fill succes-
sions establish minimum stratigraphic canyon depths
of approximately 190 m, 400 m, and 175 m at the Chisik
Island (fig. 4; Jns, plus Jnp,), Hickerson Lake (fig. 6; Jns,
plus Jnp;), and Mount Pomeroy (fig. 10; Jnp,) areas,
respectively. The Hickerson Lake area canyon consti-
tutes the largest-scale (albeit a minimum) stratigraphic
canyon in the study area at approximately 6 km wide
by 400 m deep, but all the canyons have stratigraphic
expressions on the order of kilometers wide by hun-
dreds of meters deep. Figure 15 presents a schematic
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Figure 15. Schematic, down-dip view of a generalized Naknek Formation deep-water canyon. This interpretation integrates observations
from Chisik Island and the Hickerson Lake and Mount Pomeroy areas. Canyon-bounding elements comprise incised, lithostratigraphically
typical Snug Harbor Siltstone Member (Jns;) and aggraded master levees. The thick black line between master-levee crests is equivalent
to the orange long-dashed lines of figures 4, 5, 6, and 8; see text for discussion of the composited, time-transgressive nature of this strati-
graphic canyon-bounding surface. Canyon-fill strata (Jns; and Pomeroy Arkose Member) are omitted. Abbreviations: Jns = Snug Harbor

Siltstone Member, Naknek Formation; v.e. = vertical exaggeration.

stratigraphic canyon profile that is consistent with the
constraints reported above.

The Chisik Island, Hickerson Lake, and Mount Pomeroy
area observations establish a maximum canyon spac-
ing of approximately 30-40 km along the Late Jurassic
basin margin (fig. 1). Although additional canyons may
yet be recognized in the outcrop belt of the study area,
this maximum canyon spacing suggests that basin-floor
fans comprising coalesced distributary lobes potentially
radiated for 15 km or more beyond their canyon sources
as base-of-slope and proximal basin-floor environments
accumulated sediment (fig. 14). Whether additional
Pomeroy Arkose sediment spilled across the shelf edge
in inter-canyon areas and was shunted to the basin
floor via non-canyon confined flows is not currently
constrained. The implications of these deep-water can-
yons for understanding sediment supply regimes to
deep-water Snug Harbor and Pomeroy depositional
systems and identifying base-level cycles in the Naknek
Formation are discussed in the next section.

3. SEQUENCE STRATIGRAPHY OF
THE NAKNEK FORMATION

Sequence stratigraphy (Posamentier and others, 1988;
Posamentier and Vail, 1988; Van Wagoner and others,
1988) has, during the past several decades, developed
into a widely employed method of stratigraphic analysis,
stemming in large part from the pioneering work by
petroleum geologists in their examination of basin-fill
architectures interpreted from seismic reflection data
(Payton, 1977; Vail and others, 1977). Applications of

this method are yielding important advances in strati-
graphic studies (see discussions by Miall and Miall,
2001; Catuneanu, 2002), providing a useful tool to
better understand sedimentary processes in both non-
marine and marine settings (see reviews by Catuneanu
and others, 2009, 2011). Sequence-stratigraphic work
ideally integrates numerous datasets and recognizes
that the interplay between accommodation® and sedi-
ment supply yields cyclic patterns of sedimentation as
the balance alternates between these two fundamental
factors (for example, Neal and Abreu, 2009). Identi-
fication of sequence-stratigraphic surfaces, and thus
pivotal changes in the base-level® cycle, is integral to the
method, but these surfaces may be enigmatic or poorly
developed in deep-marine environments compared
to the commonly higher fidelity record of shallow-
marine settings (Catuneanu and others, 2009; Neal and
Abreu, 2009). Fortunately, excellent outcrops in the
Iniskin-Tuxedni bays study area permit identification
of key surfaces throughout the Naknek Formation’s
shallow- and deep-water stratigraphy, including the
canyon-associated successions. The following sequence-
stratigraphic analysis incorporates our outcrop-based
observations and interpretations of facies relations and
stratigraphic architecture, rendering insights into the
evolution of Naknek Formation depositional systems
and highlighting the relevance of this work to Cook Inlet
petroleum systems. This investigation also sheds light
on the tectonic, eustatic, and climatic signals recorded
within the Late Jurassic Cook Inlet forearc basin; a brief
introduction to some of these implications is included
below.

Defined by Jervey (1988) as “the space made available for potential sediment accumulation.”

°A conceptual, dynamic surface that delineates where the balance between erosion and deposition lies in active depositional systems (for example,
Catuneanu and others, 2009). Accommodation space always lies below this surface, which in marine environments is commonly approximated as
sea level (Jervey, 1988).
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3.1 Methods and Terminology

This sequence-stratigraphic interpretation of the Na-
knek Formation is supported by sedimentologic and
stratigraphic work of Wartes and others (2011, 2013,
2015), Herriott and Wartes (2014), and Herriott and
others (2015a, 2015b, 2015c¢, 2016a), section 2 of this
paper, and many of our previously unpublished observa-
tions and interpretations (see also LePain and others,
2013). Facies association stacking trends and stratal
terminations are employed to identify sequence-strati-
graphic surfaces that envelop systems tracts, reflecting
changes in accommodation and sediment supply and
permitting interpretation of base-level cycles. This
study follows the conceptual framework of Posamentier
and Allen (1999) in the placement of three sequence-
stratigraphic surfaces and naming of three systems tracts
in a stratigraphic sequence (fig. 16). These surfaces
and systems tracts are mapped onto the oblique-view
photogeologic figures presented below. Terms that we
employ in this analysis are discussed in the following
paragraph and set in underlined italics, with additional

Basal Surface of Forced
Regression (BSFR)

HIGHSTAND SYSTEMS
TRACT (HST)

Maximum Flooding
Surface (MFS)

TRANSGRESSIVE
SYSTEMS TRACT (TST)

Transgressive
Surface (TS)

LOWSTAND SYSTEMS
TRACT (LST)

Basal Surface of Forced
Regresssion (BSFR)

Figure 16. Schematic framework of sequence-stratigraphic
surfaces and systems tracts employed by this study. The basal
surface of forced regression serves as the sequence boundary,
with a stratigraphic sequence comprising the intervening
stratigraphy. See text for further discussion of this terminology
and its application to the Naknek Formation.

sequence-stratigraphic terms introduced for context
and/or comparison set in italics. It is imperative to
clearly define these sequence-stratigraphic surfaces and
systems tracts, because the relevance of this paper must
remain independent of the specific approach that is
utilized (see discussion by Catuneanu and others, 2009).

Naknek Formation sequence boundaries delineated by
this study are consistent with placement of correlative
conformities in the sense of Posamentier and Allen
(1999; compare to Hunt and Tucker, 1992), but we re-
fer to them as basal surfaces of forced regression (Hunt
and Tucker, 1992) because they mark onset of base-
level fall and are at least locally erosional. Our usage
of lowstand systems tract (in the sense of Posamentier
and Allen, 1999) includes the falling stage systems tract
(Plint and Nummedal, 2000) that comprises forced re-
gressive deposits (Plint, 1991; Posamentier and others,
1992; Posamentier and Morris, 2000) and the lowstand
systems tract (in the sense of the review by Catuneanu
and others, 2011) that comprises lowstand normal
regressive deposits (Posamentier and others, 1992; see
also Catuneanu, 2002, 2006). Usage of transgressive sur-
face, transgressive systems tract, and maximum flooding
surface are straightforward in the literature and their
application here; refer to Catuneanu and others (2009,
2011) for definitions and synonymous terms. We recog-
nize highstand systems tract in the sense of Posamentier
and Allen (1999), which includes all highstand normal
regressive deposits (Catuneanu, 2002, 2006; Catuneanu
and others, 2011).

3.2 Naknek Formation Surfaces, Systems
Tracts, and Stratigraphic Sequences

The base of the Naknek Formation is locally erosional
where the boulder-bearing Chisik Conglomerate
Member of fan delta affinity (Wartes and others, 2011,
2013) overlies the shelfal Paveloff Siltstone Member of
the Chinitna Formation (fig. 17) (LePain and others,
2013; Herriott and Wartes, 2014; Wartes and Herriott,
2015; Herriott and others, 2016b). Elsewhere, the Chi-
nitna-Naknek contact is less prominent and probably
represents a depositional hiatus of less than 1 million
years at the end of the Callovian (Detterman and Hart-
sock, 1966; Imlay, 1975). This locally erosional hiatus is
interpreted as a basal surface of forced regression and
base-of-Naknek sequence boundary (BSFR/SB-1) that
is overlain by a lowstand systems tract (LST-1) compris-
ing the Chisik and lower sandstone (figs. 17 and 18).
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Hickerson Lake

Figure 17. Oblique aerial photographs depicting mountain-scale outcrop expression of sequence-stratigraphic (red dashed lines and
red labels) and lithostratigraphic (black or white dashed lines and white labels) units and surfaces in the Naknek Formation of canyon-
associated areas; parenthetical labels are interpretations supported by lithostratigraphic and sequence-stratigraphic lines of evidence.
(A) View southeastward of the Chisik Island canyon locality. See text for discussion of stratigraphic relations. The exposure is ~900 m
wide at brush line near the Naknek—Chinitna Formations contact, for sense of scale. See figure 4A for noninterpreted photograph and
additional context. (B) View southwestward of the Hickerson Lake area canyon near peak 3140. Note that the master-levee succession—a
canyon-associated element of LST-2—is partly enveloped by the diverging canyon margin (orange long-dashed line; master erosion surface
of figs. 4, 6, 8, and 17A) and BSFR/SB-2. The intra-Jns maximum flooding surface is not identified here due to poor exposure (compare
to A; compare with D). Snug Harbor is ~¥500 m thick at right of figure, for sense of scale. See figure 6A for noninterpreted photograph
and additional context.
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Figure 17, continued. (C) View eastward of The Toadstools (identified by brown arrow in D) area of Iniskin Bay. (D) Sequence-stratigraphic
interpretation (with lithostratigraphic units) of C. The amount of apparent onlap of Chisik onto the Paveloff Siltstone Member (Jcp; see
small red queried arrow) may be exaggerated due to talus cover, but some degree of onlap across the sequence boundary (BSFR/SB-1)
is consistent with stacking of fan delta deposits on shelf strata (compare with Posamentier and Allen, 1999). Similar to B, the intra-Jns
maximum flooding surface is not identified due to poor exposure. View is nearly strike parallel. Chisik is 131 m thick at deeply shadowed
gorge (right of LST-1 label), for sense of scale. See figure 10A and B for a higher-altitude perspective of this area. Lithostratigraphic line-
work of D modified after Herriott and Wartes (2014). Additional line symbology after figures 4 and 6. Small red arrows mark onlapping
stratal terminations. Stratigraphic units (ascending order): Jcp = Paveloff Siltstone Member, Chinitna Formation; Jnc = Chisik Conglomerate
Member, Naknek Formation; Jnss = lower sandstone member, Naknek Formation; Jns = Snug Harbor Siltstone Member, Naknek Forma-
tion; Jnp = Pomeroy Arkose Member, Naknek Formation. Sequence-stratigraphic surfaces and units (ascending order): BSFR/SB-1 = basal
surface of forced regression/sequence boundary 1; LST-1 = lowstand systems tract 1; TS = transgressive surface; TST + HST = transgres-
sive systems tract and highstand systems tract; BSFR/SB-2 = basal surface of forced regression/sequence boundary 2; LST-2 = lowstand
systems tract 2. Photographs by T.M. Herriott.
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Figure 18. Oblique aerial photographs depicting mountain-scale outcrop expression of sequence-stratigraphic (red dashed lines and red
labels) and lithostratigraphic (white dashed lines and white labels) units and surfaces in the Naknek Formation of inter-canyon areas.
(A) View northeastward of a ridge southeast of Griffin Creek (fig. 1). (B) Sequence-stratigraphic interpretation (with lithostratigraphic
units) of A. BSFR/SB-2 is conformable in inter-canyon areas (see also D). View is approximately strike parallel. Jns extends for ~430 m
along the ridge, for sense of scale.
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Cook Inlet

Figure 18, continued. (C) View southwestward of the Shark Tooth Hill area (fig. 1). (D) Sequence-stratigraphic interpretation (with
lithostratigraphic units) of C. View is approximately strike parallel. The Snug Harbor is 285 m thick, for sense of scale. Lithostratigraphic
linework for B and D from Herriott and Wartes (2014). Stratigraphic units (ascending order): Jcp = Paveloff Siltstone Member, Chinitna
Formation; Jnss = lower sandstone member, Naknek Formation; Jns = Snug Harbor Siltstone Member, Naknek Formation; Jnp = Pomeroy
Arkose Member, Naknek Formation. Sequence-stratigraphic surfaces and units (ascending order): BSFR/SB-1 = basal surface of forced
regression/sequence boundary 1; LST-1 = lowstand systems tract 1; TS = transgressive surface; TST = transgressive systems tract; MFS =
maximum flooding surface; HST = highstand systems tract; BSFR/SB-2 = basal surface of forced regression/sequence boundary 2; LST-2
= lowstand systems tract 2. Photographs by T.M. Herriott.
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Outcrop evidence of subaerial exposure along BSFR/
SB-1 is enigmatic or lacking. The top of LST-1 occurs
where the Snug Harbor Siltstone Member sharply
overlies these basal Naknek members, marking a trans-
gressive surface at the onset of a transgressive systems
tract (TST) in lower Snug Harbor (outer shelf deposits:
this study; see also Wartes and others, 2013) (figs. 17
and 18). A series of very thin pebble- and granule-
bearing horizons with fossil hash are locally observed
in an approximately 25-cm-thick interval along the
lower sandstone-Snug Harbor contact and interpreted
as transgressive lag deposits.

Examination of the Snug Harbor weathering profile and
field observations described by Herriott and Wartes
(2014) suggest a candidate maximum flooding surface
lies at the base of a mid Snug Harbor resistant interval
(slope deposits: this study; see also Wartes and others,
2013), capping TST (fig. 18). The weathering resistance
of this laterally persistent interval reflects a somewhat
coarser-grained and thicker-bedded Snug Harbor pack-
age that is consistent with a highstand systems tract
(HST) (fig. 18) (compare with Posamentier and Allen,
1999) and contrasts with the underlying recessive,
thinner-bedded and finer-grained basal section of the
member (TST discussed above).

We interpret the slope-incised canyon floors and
margins to form part of a deep-water basal surface of
forced regression (BSFR/SB-2), a sequence boundary
that marks cessation of HST (fig. 17) (compare with
Mayall and others, 2006; Di Celma, 2011; Williams and
Graham, 2013). Canyon-associated Snug Harbor strata
are locally observed and constitute both canyon-fill
(Jns,) and master levees that overlie BSFR/SB-2 (fig. 17A
and B). In inter-canyon areas, where the stratigraphy is
conformable and a master-levee succession is absent, we
propose the Snug Harbor-Pomeroy contact is coinci-
dent with BSFR/SB-2, with base-of-slope to basin-floor
Pomeroy of a lowstand systems tract (LST-2) stacked
on slope strata of the Snug Harbor (HST) (figs. 14 and
18) (Wartes and others, 2013; also LePain and others,
2013). The top of LST-2 is not identified by this study,
although our reconnaissance of the nearly 1-km-thick
Pomeroy suggests the member contains additional
sequence-stratigraphic surfaces and systems tracts.
Regardless, LST-2 comprises all canyon associated-
deposits, including Jns, and the master levees, and at
least the lower several hundred meters of the Pomeroy,

constituting the cliff-forming, amalgamated arkosic
strata of figures 4, 6-10, 17, and 18.

This proposed framework indicates that a complete
stratigraphic sequence occurs in LST-1, TST, and HST
recorded by the Chisik, lower sandstone, and pre-
canyon Snug Harbor, with the latter locally mapped as
Jns; near the canyon localities and as undifferentiated
Jns in inter-canyon areas; note that Jns; includes both
TST and HST. Onset of a renewed cycle of sedimenta-
tion in an overlying stratigraphic sequence is marked by
LST-2, which comprises canyon-associated Snug Harbor
strata (Jns, and master-levee deposits) and Pomeroy
(Jnpy, Inp,, and undifferentiated Jnp) (figs. 17 and 18).
The LST-1 through HST stratigraphic sequence may
span approximately 6 million years, as suggested by the
biostratigraphic age constraints for the Naknek in the
study area (Imlay, 1981) and the approximate duration
of the Oxfordian (Cohen and others, 2013). This strati-
graphic sequence thus reflects a third-order (that is to
say, 10° years duration [see discussion by Miall, 2010])
base-level cycle.

3.3 Naknek Formation Base-Level Cycles,
Shoreline Trends, and Depositional Systems

Base level fell prior to the onset of Naknek deposition,
yielding a period of limited to negative shore-zone
accommodation (for example, compare with Catuneanu
and others, 2009) as the paleoshoreline was forced
basinward, terminating deposition of the Chinitna
Formation and establishing BSFR/SB-1. Syndepositional
activity on the nearby Bruin Bay fault system (fig. 2)
(Detterman and Hartsock, 1966; Detterman and Reed,
1980; Wartes and others, 2011, 2013; LePain and oth-
ers, 2013; see also Trop and others, 2005) may have in
part driven the strong sediment supply signal of LST-1
by steepening hanging wall (arcward) fluvial gradients,
resulting in widespread bypass-prone conditions in
nonmarine environments. Wartes and others (2015)
reported angular unconformities in the lower sandstone
member that subtly cut downsection toward the basin
margin and suggested these surfaces may reflect uplift
in the arc. LST-1 also notably marks commencement
of abundant supply of arkosic sediment, which was
derived from the Talkeetna arc’s plutonic roots in the
Alaska-Aleutian Range batholith (figs. 1 and 2). The
arkosic character of LST-1 contrasts with the volcanic
lithic-rich character of the Middle Jurassic forearc
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stratigraphy (for example, Helmold and others, 2013).
These structural-stratigraphic relations are consistent
with work by Trop and others (2005), who documented
syntectonic inception of Naknek Formation deposition
during early Oxfordian in the Talkeetna Mountains ap-
proximately 400 km northeast of the Iniskin-Tuxedni
bays area (fig. 1). These long-distance correlations also
are consistent with structural-stratigraphic relations
reported on the Alaska Peninsula that similarly indicate
exhumation of the adjacent magmatic arc contempora-
neous to onset of Naknek deposition (Detterman and
others, 1996). Collectively, these regionally extensive
trends suggest that plate-scale convergent margin
tectonics influenced the stratigraphic evolution of the
arc—forearc region during LST-1.

Distinguishing forced regressive strata from lowstand
normal regressive strata is commonly challenging (Plint
and Nummedal, 2000), although our preliminary work
on making such a distinction indicates that this forced
regression to lowstand normal regression transition—a
correlative conformity in the sense of Hunt and Tucker
(1992)—may be at least locally identifiable (Herriott
and others, 2015¢; see also terminology section above;
compare with Catuneanu and others, 2011). Within
the scope of this paper, we simply highlight that this
transition lies within LST-1 and heralded onset of
base-level rise that continued through the remainder
of the LST-1-TST-HST sequence. Maximum shoreline
regression marked the end of LST-1, yielding onset of
Snug Harbor deposition in TST. The ensuing transgres-
sion stacked outer-shelf Snug Harbor strata on top of
inner-shelf lower sandstone (fig. 18) and, locally, fan
delta deposits of the Chisik (fig. 17), indicating accom-
modation creation outpaced sediment supply as base
level continued to rise. At a minimum the landward-
stepping shoreline of TST neared the leading edge of the
Bruin Bay fault system, which typically lies within 10-20
km of the Snug Harbor outcrop trend (Detterman and
Hartsock, 1966), although the basin margin stratigraphy
was later shortened by tectonic deformation. However,
TST deposits of the Snug Harbor crop out within sev-
eral kilometers of the Bruin Bay fault system in the
Iniskin Bay area, and geologic mapping by Wartes and
others (2016) indicates that this transgression probably
flooded across (that is to say, to an arcward position
of) the mapped trace of the fault system where Snug
Harbor strata occur in its immediate footwall north of
Chinitna Bay. Therefore, if the Bruin Bay fault system

was active during Naknek sedimentation, these rela-
tions suggest fault slip may have transferred to a more
hindward structure in the fault system or that fault slip
at the basin margin decreased or halted during this
transgression, leading to a period of reduced sediment
supply and marine inundation toward the structural
front of the magmatic arc. As noted above, stratigraphic
studies suggest Oxfordian slip along the Bruin Bay fault
system (Detterman and Hartsock, 1966; Detterman and
Reed, 1980; Wartes and others, 2011, 2013; LePain and
others, 2013; also Trop and others, 2005), and ongoing
kinematic studies aim to delineate the timing and nature
of deformation along the fault system (Gillis and oth-
ers, 2013a; Betka and Gillis 2014a, 2014b, 2015, 2016).
However, the degree, if any, to which the Bruin Bay
fault system influenced forearc basin sediment supply
and subsidence remains an outstanding question, and
lithosphere-scale exhumation and subsidence processes
must be considered as well (see below).

The most landward position of the TST shoreline was
achieved during establishment of the intra-Snug Har-
bor maximum flooding surface. Above this surface,
sediment supply outpaced accommodation creation
during continued base-level rise, with aggradation and
an increasing component of progradation occurring
during highstand normal regression of HST. Note that
regression accompanying highstand systems tracts need
not be driven by significant changes in base-level rise,
but the transgression to highstand normal regression
shoreline trajectory reversal simply indicates a shift
from accommodation-favored to sediment-supply-
favored conditions. Nevertheless, we hypothesize that
the transition from TST to HST across the maximum
flooding surface is pivotal in the stratigraphic evolution
of the Naknek, marking a shift from outer shelf to slope
sedimentation in the study area as inferred Snug Harbor
clinoforms (HST) prograded across the TST deposits
that draped the relict, inherited lower sandstone shelf.

Marked base-level fall and forced regression is recorded
by BSFR/SB-2, terminating HST, locally forcing equi-
librium profiles below the slope’s seafloor via increased
environmental energy flux, and leading to erosional
inception of the deep-water canyons described in this
paper. Accommodation in the downstream nonmarine
and shallow-marine environments was likely negative
and low, respectively, at onset of LST-2 (compare with
Catuneanu and others, 2009; Catuneanu and Zecchin,
2016), promoting bypass and exporting sediment off
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the shelf and into the canyons; most of this sediment
load during an early, forced regressive phase of LST-2
probably bypassed the slope as well, with canyon-hosted
sediment gravity flows primarily depositing their loads
near and beyond base-of-slope settings and recorded
in part by Jns,. Dilute clouds of suspended sediment
accompanying the denser, canyon-bound portions
of these sediment gravity flows likely promoted ag-
gradational growth of canyon-bounding master levees
during deposition of LST-2 (compare with Hodgson
and others, 2016). Although the LST-2 paleoshoreline
was forced basinward along and above BSFR/SB-2, no
contemporaneous shallow-marine deposits crop out in
the study area, where deposition remained deep ma-
rine across this surface. A fundamental characteristic
of this regressive episode is that coarse and abundant
sediment was routed to deep-water reaches following
establishment of the canyons-associated sequence
boundary (BSFR/SB-2), ultimately rendering the thick,
commonly amalgamated, mud-poor, gravel-bearing,
and sand-rich lower Pomeroy of the canyon fills (Jnp,)
and overlying successions (Jnp, and undifferenti-
ated Jnp). Additionally, although allogenically driven
slope incision defined canyon inception and possibly
triggered degradation during early filling phases of
canyon evolution (see above; also Jns,—Jnp; contact of
fig. 6), deep-water accommodation at the base of the
Snug Harbor slope was probably plentiful following
the systems’ ultimate return of equilibrium profiles to
above the seafloor. We interpret that formation of the
canyons and export of Jns, and Pomeroy sediments to
deep-water settings was likely triggered by additional
exhumation of the magmatic arc that, once again, may
have been accomplished in part by slip along the Bruin
Bay fault system. LST-2 hosts an as-yet-to-be-defined
deep-water correlative conformity (in the sense of Hunt
and Tucker, 1992); future work on the Pomeroy Arkose
Member may identify a candidate for this surface that
separates forced regressive deposits from overlying
lowstand normal regressive deposits in LST-2.

Figure 14 presents a depositional model portraying
stratigraphic elements of HST and LST-2. The Chisik Is-
land, Hickerson Lake, and Mount Pomeroy canyons and
the deep-water aspects of the sequence-stratigraphic
interpretation yield several insights relevant to basin
evolution and physiography during Snug Harbor and
Pomeroy time:

1. Stacking of a highstand systems tract on a trans-

gressive systems tract predicts progradation
of clinoforms in the upper Snug Harbor HST
(compare with Neal and Abreu, 2009), although
such a prediction should not be considered to be
conclusive. However, establishment of a shelf-
slope-basin-floor depositional profile by HST
clinoforms is consistent with subsequent canyon
development, as increased seafloor gradient drives
deep-water erosion, which is a gravity-driven
process common to slopes (Galloway and Hobday;,
1996; Galloway, 1998).

. Further evidence of a shelf-slope-basin-floor

profile is provided by stacking of Pomeroy Arkose
of base-of-slope and basin-floor affinity (LST-2)
on Snug Harbor Siltstone of slope affinity (HST)
in inter-canyon areas (fig. 18) (LePain and oth-
ers, 2013; Wartes and others, 2013; Herriott and
Wartes, 2014). Pomeroy deposition occurred at and
beyond the slope-basin-floor gradient transition
(for example, compare with Pickering and oth-
ers, 1989; Galloway and Hobday, 1996; Galloway,
1998; discussion above), a setting characterized
by diminishing sediment gravity flow energy—
via deceleration—where sand-rich, deep-water
successions are deposited in modern deep-water
environments and documented in the rock record
(see review by Weimer and Slatt, 2007). In contrast,
basins lacking shelf-slope-basin-floor gradient
breaks and exhibiting low-gradient, ramp-like
depositional profiles (for example, tectonically
sluggish interior seaways) do not host thick, deep-
water sandstone successions (Posamentier and
Allen, 1999).

. Sandstones of the Pomeroy Arkose Member may

have a somewhat limited depositional distribu-
tion downdip of the Iniskin-Tuxedni bays region.
In other words, as a sand-rich, base-of-slope and
basin-floor unit, the Pomeroy may be wedge-
shaped in depositional profile, likely thinning
markedly basinward by downlap of a basin-floor
fan complex. This is reflected in our interpretive
model of figure 14; additional considerations re-
garding the potential distal extents of the Pomeroy
are presented below.
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4. We hypothesize that a potentially narrow (<10
km[?]), sandy shelf and coastal plain constituted
the shallow- to marginal-marine part of LST-2,
with location constraints provided by the deep-
water depositional elements of the outcrop belt
and, at least tentatively, modern exposures of the
magmatic arc and Bruin Bay fault system (figs. 1-3
and 14). Furthermore, LST-2 depositional systems
were capable of supplying and transporting from
subaerial source to deep-water sink the caliber
and volume of sediment observed in outcrop
(figs. 4-11, 17, and 18). Relatively steep, narrow
shelves are well suited to meet this requirement
as they can bypass coarse, well-winnowed sedi-
ment to canyon-associated deep-water settings
(Sweet and Blum, 2016); narrow shelves are
especially common at tectonically active basin
margins (Posamentier and Allen, 1999; Williams
and Graham, 2013). Any stratigraphic vestige of
this former shelf and shoreline in the study area
was eroded during later exhumation of the forearc
margin stratigraphy.

3.3.1 DRIVING FORCES OF NAKNEK
FORMATION SEDIMENT SUPPLY AND
BASE-LEVEL CHANGES

Sediment supply and accommodation are the currency
of sequence stratigraphy, but these factors are prin-
cipally controlled by allogenic processes—tectonics,
eustasy, and climate—that are complex, interrelated,
and often difficult to interpret from the geologic record
(Posamentier and Allen, 1999; Catuneanu, 2006; Catu-
neanu and others, 2009, 2011; Miall, 2010). In forearc
basins, however, tectonism is generally credited as the
dominant driver of third-order base-level cyclicity and
stratigraphic architecture, with influences of eustatic
change on million-year-scale stratigraphic sequences
likely overwhelmed by tectonics (Miall, 2010). A com-
prehensive examination of these allogenic mechanisms
in the context of the Naknek Formation is beyond the
scope of this paper, but we preliminarily introduce
several important considerations.

Our sequence analysis highlights probable tectonic ef-
fects on the stratigraphic evolution of the Naknek. Many
of these signatures of tectonism relate to sediment sup-
ply. For example, the large volumes of coarse-grained,
batholith-derived detritus that were flushed into the

forearc during LST-1 and LST-2 suggest exhumation of
the arc’s plutonic roots and generation or maintenance
of steep nonmarine gradients conducive to transport-
ing these sediment loads to the shoreline. However,
climate undoubtedly affected precipitation regimes
that modulated Naknek sediment supply. For example,
Wartes and Decker (2015) reported evidence in an
along-strike equivalent to LST-1 of glacially influenced
sedimentation in the Chisik Conglomerate Member of
the Kamishak Bay area (see fig. 1). Warm-based gla-
ciers in the Alaska—Aleutian Range batholith may have
sculpted this provenance landscape (compare with Hal-
let and others, 1996) and set the scene for high-energy,
flashy discharge environments that supplied abundant,
coarse sediment to downdip LST-1 depositional sys-
tems. However, glaciation is not a prerequisite for such
a sediment-supply regime, as fluvial processes may
also yield rapid orogenic erosion rates—and in turn
sediment yields to downdip depositional sites—in as-
sociation with rock uplift (for example, Burbank, 2002;
Koppes and Montgomery, 2009). In fact, Peizhen and
others (2001) highlighted that climate change alone
can increase sediment supply and caliber regardless of
whether glaciers occur in a catchment. Notably, isotopic
evidence for a Callovian-Oxfordian changing climate
has been reported (for example, Dera and others, 2011),
and any accompanying glaciation has eustatic—and
thus accommodation—implications as well. Currently,
however, there is not consensus in the literature regard-
ing the occurrence or extent of a Middle-Late Jurassic
transition glaciation (for example, Hallam, 2001; Drom-
art and others, 2003a, 2003b; Cecca and others, 2005;
Alberti and others, 2012a, 2012b). Proponents of a
Jurassic continental ice hypothesis suggest sea-level fall
of 40-80 m during a late Callovian glacial maximum,
with sea level rising into the late Oxfordian (Dromart
and others, 2003a, 2003b). The timing of such a eustatic
fall tentatively coincides with formation of BSFR/SB-1,
and the hypothesized fall's magnitude suggests it may
have played a critical role in the Chinitna Formation—
Naknek Formation transition on the northwest basin
margin’s shelf.

Despite the uncertainty regarding glacioeustatic change
during establishment of BSFR/SB-1, this sequence
boundary clearly reflects falling base level with zero to
negative accommodation at the shoreline during earli-
est Naknek time. The Oxfordian stratigraphy that lies
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above this surface is typically more than 500 m thick,
requiring a concomitant creation of accommodation
following the dearth of nearshore accommodation
demonstrated where BSFR/SB-1 crops out in the study
area; that is to say, Oxfordian accommodation in the
study area was chiefly created during Naknek time and
not inherited from Chinitna Formation depositional
systems. Although the LST-1 through HST base-level
cycle defined above largely coincides with the rising part
of the sea-level curve published by Dromart and others
(2003a; their fig. 5), the hundreds of meters of accom-
modation created and filled during this time greatly
exceeds any potential tens of meters of eustatic rise
associated with the warming phase of a hypothesized
Callovian-Oxfordian glacial cycle.

We suggest that tectonically driven subsidence in the
forearc basin, which occurred at least in part contem-
poraneously with tectonically influenced exhumation
and sediment influx from the arc, probably represents
the main factor in Naknek accommodation creation
during the Oxfordian. However, the LST-1 through HST
(Oxfordian) base-level cycle was likely a composited
curve, recording tectonics plus a subordinate eustatic
signal’. Sea-level fall potentially factored prominently
in establishment of BSFR/SB-1 by diminishing shel-
fal accommodation during the Callovian-Oxfordian
transition. Convergent margin tectonic subsidence
probably became increasingly dominant in generating
Naknek accommodation through the Oxfordian, dwarf-
ingany ostensible, contemporaneous glacioeustatic rise.
Finally, climate change waned in the late Oxfordian, with
the Kimmeridgian being a time of warm and stable cli-
mate (Dera and others, 2011) when an additional 900 m
or more of Naknek Formation stratigraphy (LST-2 and
overlying, not-yet-defined systems tracts of the Pomeroy
Arkose Member) accumulated in the study area.

Delineating in detail the timing, nature, and rela-
tive contributions of the various allogenic drivers of
base-level cyclicity in the Naknek Formation should
include further comparison of this study’s sequence-
stratigraphic framework with published oxygen isotope
and seawater temperature curves for the Middle-Late
Jurassic. Such an analysis may require new geochro-
nologic constraints on Naknek members and systems
tracts and/or reassessment of available faunal ages.

Additional complexities also arise in that orogenic
feedback linkages occur among tectonics, climate, and
topography (for example, Molnar and England, 1990;
Burbank, 2002; Whipple, 2009), and forearc basins
exhibit remarkably variable geometries and subsid-
ence curves that reflect a variety of plate-margin-scale
tectonic mechanisms (Dickinson, 1995; Xie and Heller,
2009; Noda, 2016). These and related topics require ad-
ditional consideration, and syntheses of the tectonic,
eustatic, and climatic implications of our Naknek For-
mation studies are forthcoming.

4. IMPLICATIONS FOR POTENTIAL
NAKNEK FORMATION RESERVOIRS
INTHE COOK INLET SUBSURFACE

This paper identifies paleobathymetric gradient do-
mains of Naknek Formation depositional systems and
emphasizes how transitions between these domains in-
fluenced erosion, bypass, and sediment accumulation in
the context of base-level cyclicity and sediment supply.
This stratigraphic framework sheds predictive light on
lithofacies distribution in the Upper Jurassic stratigra-
phy, which regionally overlies the Middle Jurassic and/
or Late Triassic sources for the basin’s oil and associated
gas (for example, LePain and others, 2013), and has
implications for hydrocarbon reservoirs in lower Cook
Inlet. Oil-stained Naknek Formation sandstones in the
Kamishak Bay area indicate reservoir potential in the
unit (for example, Herriott and others, 2013), although
exclusively Mesozoic petroleum plays in the basin are
unproven (Decker, 2006; LePain and others, 2013).

The following section (1) discusses export of coarse
sediment into the basin during deposition of the Naknek
lowstand systems tracts, which bears on conventional
reservoir prospectivity from a grain-size perspective;
(2) summarizes previously published offshore subsur-
face data and its relevance to the distribution of Naknek
lithologies and paleophysiography of the basin; and
(3) highlights the potential impact of provenance vari-
ability and sediment routing on reservoir quality in the
Naknek, and notes the importance of subsurface facies
predictability regardless of commonly poor conven-
tional reservoir quality parameters in the formation.

’Additional subordinate components are likely as well, including, for example, sediment compaction, sediment loading, and hydrostatic loading.
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4.1 Distribution of Coarse-Grained Facies in
the Lowstand Systems Tracts

4.1.1 LST1

LST-1 comprises sandstone and conglomerate in the
outcrop belt, and these marginal- and shallow-marine
depositional systems undoubtedly bypassed sand and
gravel downdip. However, it remains enigmatic whether
any of this bypassed sediment encountered a shelf-slope
break beyond the outcrop belt and was shunted to a
basin-floor setting. In other words, it is unclear if LST-
1 hosts a deep-water, sand-rich succession or if this
systems tract simply fines and thins basinward along a
relatively uniform or diminishing gradient depositional
profile. Additional studies of this systems tract are in
progress, and results from the ongoing work may yield
insights into whether coarse deposits potentially accu-
mulated in outer shelf and/or deep-water environments
and lie in the subsurface today.

4.1.2 LST-2

The Pomeroy Arkose Member has long been recognized
in the Iniskin-Tuxedni bays area (Martin, 1905; Martin
and Katz, 1912; Mofht, 1927; Kirschner and Minard,
1949; Hartsock, 1954; Detterman and Hartsock, 1966),
but the deep-marine affinity of this unit is not widely
known, having only been documented in the public-do-
main literature by a few workers (Egbert, 1982; Wartes
and others, 2013; LePain and others, 2013; this study).
This report delineates deep-water depositional reaches
in LST-2, including the lower part of the Pomeroy, that
were prone to coarse-grained sedimentation and may
have reservoir potential either along-strike or downdip
in the subsurface.

Sand-prone canyon-fill successions broadly analogous
to those described above are recognized throughout the
world for their reservoir potential (for example, Cronin
and Kidd, 1998; Stow and Mayall, 2000; Prather, 2003;
Satur and others, 2005; Mayall and others, 2006; Di
Celma, 2011; Jobe and others, 2011). The dominantly
coarse-grained canyon fills of this study were prob-
ably supplied from sandy fluvial and shallow-marine
environments (fig. 14; for example, compare with
Posamentier and Kolla, 2003; Jobe and others, 2011).
Sand-prone shelfal deposits with probable reservoir
potential likely aggraded landward of the outcrop
belt during normal regression lowstand conditions of
LST-2 (for example, compare with Porebski and Steel,

2003; Covault and others, 2009) but were later eroded;
however, contemporaneous along-strike shelfal settings
may be preserved elsewhere. LST-1 of this study may
constitute an older analog to this inferred LST-2 shelf,
and a probable younger analog crops out in the Naknek
Formation of Kamishak Bay (see below).

Reservoir facies may also occur in large-scale levee
successions, which are prone to deep-water sand ac-
cumulation via overspilling processes (Posamentier
and Kolla, 2003; Mayall and others, 2006; Dykstra and
Kneller, 2007; Weimer and Slatt, 2007; Hubbard and oth-
ers, 2008; Hansen and others, 2015). Note, however, that
scale is an important consideration in this scenario, with
paleobathymetric relief along the master levees in the
Naknek and sediment gravity flow heights, sand-to-mud
ratio, and density stratification character undoubtedly
impacting the degree to which sandy beds developed in
this setting (compare with Hansen and others, 2015).
Regardless, sandstones are observed in the peak 3140
and Mount Pomeroy areas master levees, indicating the
potential viability of this reservoir type. Furthermore,
this stratigraphic element could have prograded into
downdip settings during early LST-2 and thus may oc-
cur in the subsurface beyond the outcrop belt (compare
with Hodgson and others, 2016).

The deep-water canyons of this study bypassed sediment
to base-of-slope and basin-floor settings that hosted
deep-water distributary depositional systems (fig. 14).
These environments of deposition are globally recog-
nized for their hydrocarbon reservoir prospectivity
(for example, Mutti and Normark, 1987; Reading and
Richards, 1994; Richards and Bowman, 1998; Richards
and others, 1998; Weimer and Slatt, 2007; Macauley and
Hubbard, 2013). Additionally, the interpreted clastic
wedge of LST-2 basin-floor fans that onlapped the Snug
Harbor slope (fig. 14) may be prone to stratigraphic
trapping if overlying deep-water seal facies cap LST-2
(compare with Prather, 2003).

4.2 Well Control

A limited number of legacy exploration wells penetrate
the Naknek Formation of lower Cook Inlet, and pub-
lished data regarding these wells is scarce. The vertical
Hawk 1 well (fig. 2) penetrated 3,143 m of Naknek
Formation before drilling into underlying Middle Juras-
sic strata (Alaska Geological Society, 1985; LePain and
others, 2013), but this apparent thickness is probably
much greater than the true stratigraphic thickness of
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the unit due at least in part to structural thickening.
The COST 1 well (fig. 2) ostensibly reached total depth
in the Naknek Formation (Magoon, 1986a; compare
to Alaska Geological Society, 1985), so a complete
formation thickness is not clearly established for the
well. Nevertheless, Magoon (1986b) reported that a
1,200-1,600-m-thick well interval at the bottom of
COST 1 correlates to the Iniskin-Tuxedni bays region
Naknek Formation, with 450-600 m of overlying Up-
per Jurassic strata correlated to the Tithonian Naknek
of Kamishak Bay. Micropaleontological work on COST
1 material indicated that the Upper Jurassic interval
encountered in the well is marginal to shallow marine,
although possibly in part as deep as middle neritic
(Magoon, 1986b; Turner, 1986).

It remains uncertain how the Naknek Formation of
the Iniskin-Tuxedni bays areas correlates to the Upper
Jurassic stratigraphy of COST 1. It is important to note,
however, that our usage of deep water in this paper is
a process-based definition (footnote 3) that reflects
sedimentologic and stratigraphic interpretations of
outcrops and does not refer to absolute water depth,
contrasting with water-depth determinations for the
COST 1 Naknek strata that are based on micropaleon-
tological constraints. If, in fact, a Naknek interval that is
age-equivalent to LST-2 of this study was penetrated in
the COST 1 well and consists entirely of shallow-marine
shelfal strata, the sand-rich Pomeroy of this study must
pinch out between the outcrop belt and the well. An
LST-2 basin-floor fan complex pinchout by downlap
may be attributed to deceleration of low-efficiency sedi-
ment gravity flows beyond the base-of-slope gradient
transition as reported above (also fig. 14). Additionally,
the apparent absence of coeval deep-water strata at the
COST 1 well may reflect a deep-marine depocenter or
axial trough between the northwest basin margin and
the well (fig. 2), suggesting basinward (southeastward)
shoaling and a paleophysiographic basin configuration
that is not well understood at this time. Future work fo-
cused on correlating the Iniskin-Tuxedni bays outcrop
belt stratigraphy with the COST 1 well could provide
additional insights into Late Jurassic forearc basin pa-
leobathymetry and depositional systems.

4.3 Additional Reservoir Considerations

Naknek Formation sandstones were recently collected
from the Iniskin-Tuxedni bays study area for deter-
mination of reservoir quality parameters. The samples

are calcic plagioclase-rich, reflecting provenance from
Talkeetna arc diorites and rendering a labile modal
composition (Helmold and others, 2013). Limited con-
ventional reservoir quality is reflected by low porosity
and permeability results—typically less than 7 percent
and less than 1 millidarcy, respectively—principally
related to burial and zeolite cementation associated with
albitization (Helmold and others, 2013; LePain and oth-
ers, 2013). However, as suggested by Helmold and others
(2013), variability in provenance terrane composition
through time and space in the Talkeetna arc batholith
may have yielded more mineralogically stable Naknek
strata elsewhere in the basin, possibly resulting in better
conventional reservoir quality than the Iniskin-Tuxedni
bays area samples exhibit. Work by Helmold (2013) and
Herriott and others (2013) indicates that shallow-ma-
rine Naknek Formation sandstones (Indecision Creek
Member; Detterman and others, 1996) on the south
shore of Kamishak Bay, which are notably locally oil
stained (Magoon and others, 1975; Lyle and Morehouse,
1977; Stanley and others, 2013; Herriott and others,
2013), are somewhat more quartzose on average than
the Naknek samples from the Iniskin-Tuxedni bays
area; similar Naknek sandstones in the subsurface may
have conventional reservoir potential. Interestingly,
the Indecision Creek Member may in part represent a
shelfal environment analogous to the inferred LST-2
shelf discussed above, although the member is younger
(dominantly Tithonian; Detterman and others, 1996)
than the lower Kimmeridgian Pomeroy (Detterman and
Hartsock, 1966; Imlay, 1981).

The impacts of sandstone composition on conventional
reservoir quality highlights the need to better under-
stand how along-strike compositional variability of the
Talkeetna arc batholith may have influenced the modal
composition of Naknek sediments deposited in the
forearc basin. However, it is a combination of source
area composition (that is to say, geochemistry and
mineralogy of plutons in the batholith) and sediment
routing that is key to predicting where mineralogi-
cally stable sandstones, and thus potential conventional
reservoirs, may occur in the Naknek Formation. The
HST and LST-2 depositional model of figure 14 is an
advancement in this respect, presenting a framework
with source-to-sink sediment routing implications. Al-
though figure 14 does not uniquely solve this problem,
it does provide insights into various and potentially
complex sediment routing pathways. As an example,
sediment transport via longshore drift in conjunction
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with shelfal indentation by canyon heads can segment
shallow-marine sediment dispersal systems and lead to
the localized capture and shunting of sediments to deep-
water settings (for example, Piper and Normark, 2001;
Posamentier and Kolla, 2003; Covault and others, 2007;
Sweet and Blum, 2016). In such a scenario, Pomeroy or
coeval sand-rich deposits may have compositions that
do not mirror the contemporaneously adjacent batholith
and may even vary from sediments routed through a
nearby sediment transport pathway and canyon system.
Additionally, the degree, if any, to which deep-water
basin axial transport occurred during the Late Jurassic
is unknown, but further compositional variability in
deep-marine Naknek sandstones may be influenced
by this factor. This work serves as an impetus to fur-
ther delineate ancient sediment transport pathways
through depositional systems of the Naknek Formation
that may provide specific source-to-sink constraints to
improve our understanding of conventional reservoir
quality potential in the unit. Plausible sediment routing
scenarios should be integrated into exploration models
of lower Cook Inlet.

Fracture-related migration pathways and/or fracture-
hosted hydrocarbons are also likely relevant to any
petroleum system(s) that includes the Naknek. For
example, oil seeps in the study area have long been
recognized and are typically associated with fractures
(Detterman and Hartsock, 1966; Blasko, 1976; Wartes
and Herriott, 2014). Detterman and Hartsock (1966)
also surmised that oil and gas shows in Iniskin Peninsula
exploration wells were fracture controlled, and Rosen-
thal (in preparation) remarks that the highest fracture
intensities in the Iniskin-Tuxedni bays area occur near
the Bruin Bay fault system. Recent reports by Gillis and
others (2013b) and Rosenthal and others (2015a, 2015b,
2016) stem from fracture characterization studies in
lower Cook Inlet that aim to address fractured reservoir
potential of the basin's Mesozoic stratigraphy, including
the Naknek Formation, which in outcrop has promi-
nent, widespread, meso-scale fracture sets and in thin
section contains micro-fractures (Helmold and others,
2013). Rosenthal and others (2015a, 2015b, 2016) pre-
liminarily reported that fracture intensities in Mesozoic
strata of the Iniskin Peninsula and surrounding areas
correlate with grain size, with finer-grained strata having
higher fracture intensities than coarser-grained strata.
However, ongoing work by Rosenthal (in preparation)
indicates that a grain-size correlation with fracture

intensity is apparently lacking in the Iniskin-Tuxedni
bays study area, although the author notes that some
lithologic parameters may have unrecognized rela-
tions to fracture characteristics (for example, compare
with Nelson, 2001). Nevertheless, these recent fracture
studies demonstrate the relevance of structural and
stratigraphic inputs in establishing a fractured reservoir
model for the Naknek.

Other considerations regarding potential Naknek
Formation reservoirs include the degree of sorting
in sandstones and timing of oil charge. As a possible
analog for a tight reservoir play in the Naknek, Wartes
and Herriott (2015) documented matrix-hosted oil in a
poorly sorted, low-permeability(?) Chinitna Formation
sandstone that crops out on the south shore of Chinitna
Bay. Those authors hypothesized that argillaceous Ju-
rassic sandstones may have maintained some degree of
primary reservoir quality for longer during burial than
did well-sorted strata, with the latter initially serving
as preferential conduits for flow of diagenetic fluids
and early cementation. It is thus possible that poorly
sorted Naknek Formation sandstones may serve as tight,
low-permeability reservoirs in the subsurface (see also
LePain and others, 2013). Additionally, Decker (2006)
highlighted that strong, early oil charge of Mesozoic
sandstones in Cook Inlet, if it occurred, could have
retarded porosity-destroying cementation during sub-
sequent burial to greater depths, further demonstrating
that numerous scenarios exist where oil and/or gas may
be hosted in the Jurassic stratigraphy. Notably, a recent
U.S. Geological Survey assessment of undiscovered oil
and gas in Cook Inlet delineated two Mesozoic assess-
ment units, although they are generally unexplored
(Stanley and others, 2011a, 2011b). Regardless of the
play type, Naknek Formation depositional systems and
facies distribution remain important considerations for
petroleum exploration in Cook Inlet.

5. SUMMARY AND CONCLUSIONS

The Naknek Formation in the Iniskin-Tuxedni bays
region comprises four members deposited in shallow- to
deep-marine environments of the Late Jurassic (early
Oxfordian—early Kimmeridgian) Cook Inlet forearc
basin (in ascending order): Chisik Conglomerate (fan
delta), lower sandstone (inner shelf), Snug Harbor
Siltstone (outer shelf and slope), and Pomeroy Arkose
(base of slope and basin floor). Field studies led to the
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recognition of three seismic-scale stratigraphic elements
associated with the deep-water Snug Harbor Siltstone
and Pomeroy Arkose Members in the Chisik Island,
Hickerson Lake, and Mount Pomeroy areas. Sedimen-
tologic, stratigraphic, and geologic mapping-based
observations at these localities indicate tabular-bedded
Snug Harbor successions of slope affinity (locally iden-
tified as Jns,;) were incised and host channelized Snug
Harbor (Ins,) and Pomeroy (Jnp,) intervals. Hundreds
of meters of lithostratigraphic relief across kilometer-
scale lateral extents are evident in these areas, where
field relations indicate establishment and filling of three
submarine canyons as part of a deep-water aspect of the
Naknek Formation that evolved during late Oxford-
ian(?)-early Kimmeridgian. We interpret that these
Naknek canyons were established by erosive sediment
gravity flows, with incision driven by allogenic forcing;
stratigraphic relief along these incisions may locally
exceed 260 m. Further confinement of canyon-floor
channel belts was provided by the growth of thick,
leveed master margins that may have total compacted
thicknesses of 250 m or greater. Early canyon fill (Jns,)
locally recorded deposition from the coarsest-grained
bedload (conglomerate and sandstone) and probable
dilute tails (siltstone and associated sandstone) of sedi-
ment gravity flows during a bypass-dominated phase
of canyon evolution. Canyon-associated deep-water
depositional systems later transitioned to a channel-
ized-aggradational regime along canyon axes (Jnp,).
Finally, the broadly tabular, amalgamated, thick pack-
ages of Jnp, strata were deposited, likely recording
kilometer-scale, coalescing distributary lobes that ag-
graded beyond canyon mouths and formed basin-floor
fans with radii of 15 km or greater. Overall depositional
trends in the canyon successions reflect upsection re-
duction in gradients along canyon axes and reduced
bypass, suggesting a return to above-seafloor equilib-
rium profiles for near-canyon-mouth environments
at the base of slope. Some degree of degradation that
may be beyond the scale of autocyclicity is apparent at
intra-canyon fill Jns,-Jnp, contacts, but the larger-scale
trend of upsection diminishing gradient along canyon
axes is dominant. Sand-choked depositional systems of
Pomeroy—dominantly recorded by Jnp,—ultimately
backstepped and onlapped the inherited paleobathy-
metric expression of the Snug Harbor slope, and canyon
mouths retreated farther upslope as arkosic sediment
continued to spill onto the basin floor. Comparable
deep-marine stratigraphic relations are best known from

seismic reflection datasets and are rarely well-expressed
or recognized in outcrop; the paleocanyons of this study
are among the best outcrop examples known worldwide.

We propose a sequence-stratigraphic framework for the
Naknek Formation that identifies candidate sequence-
stratigraphic surfaces, enveloping systems tracts and
reflecting pivotal changes in base level and sediment
supply. The basal, shallow-marine Naknek Formation
members—Chisik Conglomerate (fan delta) and lower
sandstone (inner shelf)—constitute a lowstand systems
tract (LST-1) that overlies the Middle Jurassic Chinitna
Formation along a locally erosional sequence bound-
ary identified as a basal surface of forced regression
(BSFR/SB-1). An overlying transgressive surface marks
onset of TST in the lower Snug Harbor (outer shelf),
which is capped by a maximum flooding surface at
the base of a mid Snug Harbor resistant interval. The
upper Snug Harbor (slope) overlies this maximum
flooding surface and is identified as HST, which was in
turn terminated by establishment of a second Naknek
Formation sequence boundary (BSFR/SB-2). BSFR/
SB-2 is a deep-water basal surface of forced regres-
sion that the canyons of this study were incised along.
The youngest, stratigraphically distinct Snug Harbor
(canyon-associated Jns, and Jns master-levee deposits)
and lower Pomeroy (base of slope and basin floor; locally
canyon-associated) are deep-water aspects of a second
lowstand systems tract (LST-2) in the Naknek. This pro-
posed sequence-stratigraphic framework indicates that
a complete, third-order stratigraphic sequence occurs
in the Chisik-lower sandstone-HST Snug Harbor, with
a renewed cycle of sedimentation in LST-2 Snug Har-
bor and Pomeroy that overlie the canyons-associated
sequence boundary (BSFR/SB-2).

Two sediment-supply-dominated episodes were re-
corded by forced through normal regressions of LST-1
and LST-2. These lowstand systems tracts may in part
reflect slip along the Bruin Bay fault system and in-
creased sediment supply to the basin, although the fault
system’s slip history is not yet well constrained. TST and
HST were deposited during a period of rising base level
where the alternating balance between accommodation
creation (favored during TST) and sediment supply
(favored during HST) dictated shoreline trajectories.
We interpret establishment of a shelf-slope-basin-floor
depositional dip profile in the study area by prograda-
tion of clinoforms during the HST, setting the scene for
incipient canyon development along the Snug Harbor
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slope, aggradation of canyon-bounding levees, and
accumulation of coarse-grained detritus of Jns, and
lower Pomeroy (including Jnp, and Jnp,) as deep-water
basinal elements of LST-2. Canyon-associated and over-
lying depositional systems of LST-2 ultimately rendered
a coarse clastic wedge at the slope-basin floor transition
that onlapped the Snug Harbor slope and likely thins
by downlap basinward of the outcrop belt.

This study delineates stratigraphic changes reflected
in the rock record and discusses them in terms of ac-
commodation and sediment supply, but these factors
are themselves controlled by the interplay among tec-
tonics, eustasy, and climate. Several lines of evidence
preliminarily shed light on how these allogenic con-
trols influenced basin-fill architecture. For example,
inception of Naknek deposition during the early Ox-
fordian marks regionally widespread delivery of coarse,
batholithic detritus into the forearc basin, suggesting
exhumation of the Talkeetna arc’s plutonic roots and
tectonics-driven sediment supply. Evidence of a glacial
influence on Naknek sedimentation has been reported
in the Chisik Conglomerate Member southwest of
the study area and has implications for modulation of
sediment-supply regimes to marine settings of LST-1
but is not essential to our interpretation. Some pub-
lished isotope studies indicate Callovian-Oxfordian
climate change and accompanying continental ice for-
mation, but the existence and extent of this glaciation
remain uncertain. Nevertheless, it is worth noting that
a hypothesized sea-level fall of 40-80 m, with a glacial
maximum during late Callovian, tentatively coincides
with the formation of BSFR/SB-1 and is of a magnitude
that may have strongly influenced the transition in shelf
facies of the Chinitna and Naknek Formations. How-
ever, requisite accommodation creation recorded by the
Oxfordian Naknek stratigraphy exceeds any apparently
coeval glacioeustatic rise by an order of magnitude.
Furthermore, an additional 900 m or more of Naknek
stratigraphy accumulated in the study area during the
early Kimmeridgian, which marked a return to a prob-
able warm and stable climate. We thus suggest that
glacioeustatic fall at the Chinitna-Naknek transition
may have played an important role in the basin’s strati-
graphic evolution, with subsequent Naknek Formation
accommodation creation primarily underwritten by
subsidence related to convergent margin tectonics and
subordinately influenced by eustasy.

Cook Inlet is an underexplored petroleum province
that is economically vital to south-central Alaska. The
canyon-associated deep-water depositional systems and
sequence-stratigraphic framework described by this
study yield improved predictability for the distribution
of potential hydrocarbon reservoir facies in the Upper
Jurassic stratigraphy of the basin. Coarse detritus was
shed into marine settings of the forearc during de-
position of the lowstand systems tracts, although the
distal extents of LST-1 are not yet well defined. Shelf
(inferred), canyon axis, master levee, and base-of-slope
to basin-floor settings of LST-2 were in part prone to
accumulating sand and gravel with potential to form
hydrocarbon reservoirs. Although arkosic sandstones of
the Naknek Formation often have low conventional res-
ervoir quality in the outcrop belt, a better understanding
of the compositional variability of the provenance area
and sediment routing pathways are keys to determining
whether and where conventional reservoir quality may
occur in the unit. Regardless, understanding deposi-
tional systems and distribution of lithologies in the
Naknek Formation is relevant to exploration models
that consider numerous play types, including fractured
and/or tight, low-permeability reservoirs in Cook Inlet.
Ongoing work aims to further delineate the Naknek
Formation’s stratigraphic evolution in the context of
tectonics, climate, eustasy, and petroleum systems in
the Late Jurassic arc—forearc region of southern Alaska.
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