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ABSTRACT

Analysis of the late Miocene to Holocene McCallum sedimentary basin,
located along the south side of the eastern Denali fault system, provides a bet-
ter understanding of strike-slip basin evolution, timing of displacement on the
Denali fault, and tectonics of the southern Alaska convergent margin. Analysis
of the McCallum basin utilizing measured stratigraphic sections, lithofacies
analyses, and “°Ar/**Ar tephra ages documented a 564-m-thick, two-member
stratigraphy. Fine-grained, lacustrine-dominated environments characterized
deposition of the lower member, and coarse-grained, stream-dominated
alluvial-fan environments characterized deposition of the upper member. The
40Ar/3Ar dating of tephras indicated that the lower member was deposited from
6.1 to 5.0 Ma, and the upper member was deposited from 5.0 to 3.8 Ma. Our
stratigraphic analysis of the McCallum basin illuminates the development of
a composite strike-slip basin, with the deposition of the lower member occur-
ring along a transtensional fault section, and deposition of the upper member
occurring along a transpressional fault section.This change in depositional and
tectonic settings is interpreted to reflect ~79-90 km of transport of the basin
along the Denali fault system based on Pleistocene-Holocene slip rates. Previ-
ous studies of the timing of Cenozoic displacement on the Denali fault system
utilizing sedimentary records emphasized a Paleogene component; our findings,
however, also require a significant Neogene component. Neogene strike-slip dis-
placement and basin development along the Denali fault system were broadly
coeval with development of high topography and related clastic wedges across
southern Alaska in response to flat slab subduction of the Yakutat microplate.

Wai Allen @ https://orcid.org/0000-0002-6624-0862
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H INTRODUCTION

The southern Alaska convergent margin was formed by subduction of oceanic
crust and accompanying island arcs, spreading ridges, and oceanic plateaus since
at least the Jurassic, and this process continues to the present (Fig. 1A; Plafker
and Berg, 1994; Nokleberg et al., 1994; Ridgway et al., 2007a). In response to this
subduction, the upper plate of this convergent margin contains a rich record of
Mesozoic to Cenozoic deformation, exhumation, and basin development (Trop
and Ridgway, 2007). Oligocene to ongoing flat slab subduction of the Yakutat
microplate, an oceanic plateau, is the most recent phase of this ongoing process
(Fig. 1A; Elliott et al., 2010; Finzel et al., 2011; Worthington et al., 2012). Continental
strike-slip faults distributed throughout southern and central Alaska accommodate
a component of Yakutat-North America convergence, with the Denali fault being
the largest active strike-slip system (Fig. 1A; Haeussler et al., 2017a).

In the Alaska Range, late Oligocene to present-day deformation, exhuma-
tion, and basin formation along the Denali fault system have been identified
in previous studies (Fitzgerald et al., 1993, 1995; Ridgway et al., 2002, 2007b;
Trop and Ridgway, 2007; Benowitz et al., 2011). An understudied part of the
sedimentary record of deformation in the Alaska Range is the thrust systems
and related sedimentary basins located along the south side of the central and
eastern Denali fault system (e.g., Fitzgerald et al., 2014; Riccio et al., 2014; Hae-
ussler et al., 2017b; Trop et al., 2019). Our study focused on the Neogene strata
of the McCallum formation in the McCallum basin, located 10 km south of the
Denali fault in the eastern Alaska Range and presently exposed mainly in the
footwall of a southwest-verging thrust system (McCallum Creek fault labeled on
Fig. 1A). Neogene strata of the McCallum basin provide an exceptional record
of depositional and tectonic processes along the Denali fault system because
these strata are deformed, are well exposed, and contain abundant tephras
that allow for establishment of a chronostratigraphic framework. Our data sets
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Figure 1. (A) Regional digital elevation model of southern
Alaska and adjacent parts of Canada showing the Denali
fault system and other major structural elements (from
GeoMapApp (www.marinegeo.org/geomapapp; Ryan et
al., 2009). CAR—central Alaska Range; EAR—eastern Alaska
Range; HCF—Hines Creek fault; TF—Totschunda fault; WA —
Wrangell arc; WAR—western Alaska Range. Pacific-North
American (PAC-NA) and Yakutat microplate-North Ameri-
can (YAK-NA) motion vectors are summarized from Fletcher
and Freymueller (2003); Eberhart-Phillips et al. (2006); Cross
and Freymueller (2008); Freymueller et al. (2008); Fuis et
al. (2008); and Haeussler (2008). Location of Denali is de-
noted with a red star. Gray rectangle marks location of part
B centered on the eastern Alaska Range. Top-left inset is
the geographic location map of the study region. Top-right
inset shows configuration of major geologic terranes. Ab-
breviations: NAC—North American continent, YCT —Yukon
composite terrane, WCT—Wrangellia composite terrane,
CAC—Chugach accretionary complex, TiF—Tintina fault,
BRF—Border Ranges fault, UTi—undifferentiated terranes
and igneous rocks, UTs—undifferentiated terranes and
sedimentary rocks, KB—Kahiltna Basin, and red dotted
line—Mesozoic suture zone between continental (YCT)
and oceanic (WCT) terranes (after Brennan et al., 2011; Trop
and Ridgway, 2007). (B) Generalized geologic map showing
major rock types and terranes in the eastern Alaska Range.
Geology is derived from Wilson et al. (2015). The 341 km sur-
face rupture of the M 7.9 Denali earthquake is outlined by the
red line (from Haeussler, 2009). Pleistocene-Holocene slip
rates along major sections of the Denali fault are annotated
based on previous work by Haeussler et al. (2017a). Red
dashed box indicates study location. Abbreviations: BGT—
Broxson Gulch thrust; SGTF—Susitna Glacier thrust fault;
HCF—Hines Creek fault. Figure is adapted from Fitzgerald
et al. (2014) and Trop et al. (2019).
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consisted of detailed measured stratigraphic sections, “°Ar/*°*Ar geochronology
of tephras, and structural observations. We then integrated our findings to
reconstruct the type and timing of depositional systems, and the changes in
the tectonic configuration of the basin through time. Our results provide new
information on the geomorphic, depositional, and basinal responses to strike-
slip displacement along this part of the Denali fault system since ca. 6.1 Ma.
Prior to our study, the stratigraphic, depositional, and tectonic framework of the
McCallum basin had not been investigated. The regional tectonic significance
of the McCallum basin on the south side of the Denali fault has only been
addressed in a preliminary manner by the regional synthesis of Ridgway et al.
(2002). The Neogene sedimentary record contained in the McCallum basin is
critical for a better understanding of the more recent strike-slip displacement
history, potential societal geohazards, evolution of the Denali fault system,
and regional tectonics of southern Alaska.

Previous studies of strike-slip displacement along the Denali fault sys-
tem have focused mainly on offset Jurassic-Cretaceous markers across the
fault (Eisbacher, 1976; Nokleberg et al., 1985; Lowey, 1998; Fasulo et al., 2020),
and Eocene-0Oligocene strike-slip basin records (Ridgway and DeCelles, 1993;
Ridgway et al., 1995, 1999, 2000). Our study adds to several recent studies
that are defining a significant component of Neogene deformation and strike-
slip displacement along the eastern Denali fault system (Waldien et al., 2018;
Trop et al., 2019). Results of our study also have broader implications for the
development of sedimentary basins along strike-slip fault systems. The pio-
neering work by Crowell et al. (1982) and Mann et al. (1983) established the
conceptual framework for development of pull-apart basins that form in mainly
transtensional settings. Subsequent research established an extensive body of
literature on different types of strike-slip basins (see excellent global review by
Mann, 2007). A less well studied type is transpressional basins forming along
zones of crustal shortening; some exceptions include Schneider et al. (1996),
Cowgill et al. (2004), and Barnes et al. (2005). The strata of the McCallum basin
are especially instructive in terms of strike-slip basin development because
we interpret these strata to record initial deposition along a transtensional
fault section followed by subsequent transport of the basin into a transpres-
sional section of the Denali fault system. We refer to these types of strike-slip
basins—basins that record translation along fault sections with different defor-
mational boundary conditions—as composite basins. Composite strike-slip
basins should be expected along other strike-slip fault systems with geometric
complexity and significant displacement histories, but, to our knowledge, the
sedimentary record of these basins has not been well described in the literature.

Bl REGIONAL GEOLOGIC SETTING AND PREVIOUS WORK
Geologic Setting of the Denali Fault System and Eastern Alaska Range

The Denali fault is an active dextral strike-slip fault system that extends for
more than 2000 km across southern Alaska and northwestern British Columbia

(Fig. 1A; St. Amand, 1957; Grantz, 1966; Stout and Chase, 1980; Dodds, 1992). In
south-central Alaska, the fault system is part of a diffuse Mesozoic collisional
boundary between Proterozoic(?)-Paleozoic continental margin rocks of the
Yukon composite terrane and Paleozoic-Mesozoic oceanic rocks of the Wrangellia
composite terrane, with Jurassic-Cretaceous marine sedimentary strata exposed
between the terranes (Fig. 1B; Nokleberg et al., 1994; Ridgway et al., 2002; Bren-
nan et al., 2011;Trop et al., 2019; Romero et al., 2020; Waldien et al., 2021). In the
region of the study area, the Denali fault system consists of four major sections,
and we employ the following terminology to delineate the sections as shown in
Figure 1B.The McKinley section extends westward from the junction with the
Hines Creek fault (HCF in Fig. 1B).The Kimball section extends from the junction
of the Hines Creek fault to the junction with the Totschunda fault (Fig. 1B). At
the eastern end of the Kimball section, the fault splays into the eastern Denali
fault and theTotschunda fault. We informally refer to the topography associated
with the Denali fault system between the headwaters of the Delta River and the
Alaska-Canada border as the eastern Alaska Range (Fig. 1B).

Estimates of strike-slip displacement along the Denali fault system vary
from tens to hundreds of kilometers based on correlation of variably offset
geologic features. Along the eastern and central Denali fault, ~370-450 km of
post-Cretaceous strike-slip displacement is estimated based on correlation of
offset Jurassic-Cretaceous marine strata (Eisbacher, 1976; Lowey et al., 1998;
Fasulo et al., 2020). Nokleberg et al. (1985) estimated 400 km of post-57 Ma
strike-slip displacement based on correlation of offset metamorphic belts
and intrusive rocks. Also, along the McKinley section, Trop et al. (2019) esti-
mated 150 km of dextral strike-slip displacement of ca. 29 Ma strata based on
provenance data. Reed and Lanphere (1974), in contrast, interpreted 38 km of
post-38 Ma displacement along the McKinley section based on offset plutons.
A more recent study, however, interpreted these two plutons as being unre-
lated, not offset halves of the same pluton, thus questioning this displacement
estimate (Regan et al., 2020). More recent displacement records are based
on cosmogenic exposure dating of offset geomorphic features. Pleistocene-
Holocene slip rates based on this approach indicate slip rates between ~5 and
13 mm/yr along the Denali fault sections (black circles in Fig. 1B; Matmon et
al., 2006; Mériaux et al., 2009; Haeussler et al., 2017a; Marechal et al., 2018).

The Totschunda fault is a dextral strike-slip fault that extends at least
200 km southeastward from its junction with the Denali fault (Fig. 1B; Richter
and Matson, 1971; Schwartz et al., 2012).The displacement history along this
structure is unclear. In some studies, the Totschunda fault was thought to be
a very young structure, in the age range of 2 Ma (Richter and Matson, 1971;
Bemis et al., 2015). More recent studies based on a dike intrusion within the
Totschunda fault zone suggest that this fault had to have been active since
at least ca. 29 Ma (Brueseke et al., 2019). Another recent study has estimated
~85 km of displacement since 18 Ma based on offset intrusive rocks of the
Wrangell arc along theTotschunda fault (Berkelhammer et al., 2019).That esti-
mate is consistent with an estimated minimum of 75 km of displacement on
theTotschunda fault based on offset marine strata of the Jurassic-Cretaceous
Nutzotin Mountain sequence (Fasulo et al., 2020).
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Geologic Setting and Previous Work on the McCallum Basin

Series of generally south-verging thrust faults have been mapped along
the south side of the Kimball and McKinley sections of the Denali fault (Fig.
1B; e.g., Bond, 1976; Stout, 1976; Ridgway et al., 2002; Waldien et al., 2018,
2021). In our study area, the interior thrust sheets, directly south of the Denali
fault, juxtapose mainly Paleozoic igneous rocks with Mesozoic igneous rocks
(Fig. 2; Nokleberg et al., 1992a, 1992b, 2015). The exterior thrust sheets carry
Paleozoic and Mesozoic igneous rocks, Eocene volcanic strata, and locally
Upper Miocene to Pliocene sedimentary strata. The McCallum Creek fault is
the southernmost-exposed thrust fault in this south-verging series of faults
(Fig. 2). Our study area, the northeastern part of the McCallum basin, is best
exposed in the footwall of the McCallum Creek thrust fault (Fig. 2).

Exposures of the McCallum basin crop out in a northwest-southeast-trending
belt along the southern flank of the eastern Alaska Range (Fig. 2). Here, Upper
Miocene to Holocene sedimentary and minor volcanic strata are well exposed
along both Phelan and McCallum Creeks; we informally refer to these strata
as the McCallum formation. Previous gravity and seismic geophysical studies
have defined the basin geometry as 28 km long (northwest trending) and 18 km
wide with basinal strata that are ~1.5 km thick in the subsurface (Morin and Glen,
2003; Brocher et al., 2004). Previous geologic work in the McCallum basin was

limited to focused geologic mapping (Hanson, 1963; Bond, 1976; Stout, 1976) and
regional compilations (Ridgway et al., 2002; Nokleberg et al., 1982, 1992a, 1992b,
2015). A more recent detailed structural and mapping study by Waldien et al.
(2018) documented the geometry of the thrust system adjacent to the McCallum
basin as part of a strike-slip flower structure related to partitioned transpression
along the Kimball section of the Denali fault. Apatite fission-track cooling ages
indicate that slip on the master McCallum Creek fault resulted in as much as
~4.8 km of bedrock exhumation since ca. 6 Ma (Waldien et al., 2018). The age of
the strata of the McCallum formation has only received limited attention in prior
studies. Previous work determining the age of these strata was based on K-Ar
hornblende and K-Ar plagioclase ages (n = 10) from tephra beds with isochron
ages that ranged from 745 to 4.78 Ma (Turner et al., 1980; Kunk, 1995). These
initial K-Ar studies did not place dated samples into a stratigraphic framework.

H DATA
Stratigraphic Framework of the McCallum Formation

We defined a two-member stratigraphy for the McCallum formation based
on 11 measured stratigraphic sections, lithofacies analyses, and “°Ar/*Ar dating
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of tephras (Figs. 2 and 3).Tephra dates were determined as part of our study at
eight of the 11 measured stratigraphic sections (Figs. 3, 4, and 5). The “°Ar/*Ar
geochronologic methods employed are described in detail in the following
section. We used lithofacies correlation, tephra dates, and physical correlation
between individual beds to construct a chronostratigraphic composite section
of the McCallum formation that has an overall thickness of 564 m (Fig. 6A).
Measured sections with the largest stratigraphic thickness were selected for
construction of the composite section and are highlighted with red boxes
in Figure 3.The lower member has a conservatively estimated stratigraphic
thickness of 181.5 m, which was derived from the measured section 2 because
it was the longest continuous section for the lower member (Fig. 3). We chose
this conservative approach based on the limited exposures and an average
distance of ~2 km between geographic locations of measured sections that
characterize the lower member (Fig. 2). Our estimated stratigraphic thickness

of 383 m for the upper member was derived from a combination of measured
sections 8, 9, and 10 (Fig. 3). Measured sections 8 and 9 are located within
less than a 0.5 km distance of each other and are along strike of each other,
with the projection of measured section 8 below measured section 9 (Figs. 2
and 3). The stratigraphic thickness of measured section 10 was added to the
estimated thickness of the upper member to account for the presence of the
youngest dated tephra (3.8 Ma).

“OAr/**Ar Geochronology of Tephras

We identified 24 tephra beds during our study of the McCallum formation.
Eight tephra samples were collected for “°Ar/*Ar dating in the context of mea-
sured sections to construct a chronostratigraphic framework for the McCallum
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01HODO WR#L1, WR#L2, WR#3 Combined Isochron @

Age: 5.08 £ 0.06 Ma

Figure 4. Inverse isochron diagrams for volcanic
glass from four tephras sampled from the lower
member of the McCallum formation. Circled
numbers in headings correspond to samples
collected from measured section locations 1,
2, 3, and 4 in Figure 2, which can be viewed in
stratigraphic context in Figure 3. Isochron ages

01GUNN WR#1 and WR#L2 Combo Isochron @

were calculated from *°Ar/“Ar vs. **Ar/*Ar ratios
recorded during each individual heating step.
S9Ar/*Ar Steps selected for isochron age determination
are shown in red ellipses, and steps not selected
are in black ellipses. Total N value summarizes

0.4 0.6 0.8

the number of steps selected for each sample.
The mean square of weighted deviates (MSWD)
values range from 1.72 to 0.3 for the samples.
Samples with multiple aliquots are denoted
with glass (GL) or whole-rock (WR) notation
and are reported as combined isochron ages.
The oldest dated tephra is 6.17 + 0.07 Ma, and
the youngest dated tephra is 4.98 + 0.19 Ma from
the lower member.

Age: 6.17 £ 0.07 Ma
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formation (Figs. 3, 4, and 5; Table S1 in the Supplemental Material'). Tephra
samples typically consisted of ~90% volcanic glass and ~10% feldspar. Individ-
ual volcanic glass grains (18-24 grains per sample) were selected for multigrain
analysis using “°Ar/**Ar geochronology. These samples were processed at the
Geochronology Facility at the University of Alaska—-Fairbanks to extract 99%
pure volcanic glass separates for each sample. Each separate was examined
under an optical microscope to confirm identification and purity. Separates
were irradiated at McMaster University Nuclear Reactor in Hamilton, Ontario,
Canada. Individual grains were then laser step-heated from relatively low
temperatures until reaching fusion temperatures using a 6 W argon-ion laser
(e.g., Sliwinski et al., 2012). For each step, isotopic ratios of Ar were analyzed

'Supplemental Material. Ar/Ar geochronologic and U-Pb detrital zircon geochronologic ages.
Please visit https://doi.org/10.1130/GEOS.S.16892557 to access the supplemental material, and
contact editing @geosociety.org with any questions.

0.01 0.015 0.02
39Ar/“Ar

using a VG3600 mass spectrometer that produced a spectrum of ages based
on individual steps. A more detailed description of this method can be found
in Sliwinski et al. (2012) and Benowitz et al. (2011). The “°Ar/**Ar analyses were
determined by coauthor Jeff A. Benowitz at the Geochronology Facility at
the University of Alaska—Fairbanks. Results of these analyses are reported
as inverse isochron ages with a range of mean square of weighted deviation
(MSWD) values of 0.3-2.14 (Figs. 4 and 5). Inverse isochron ages were calcu-
lated from an inverse isochron diagram of ¥Ar/*Ar versus *Ar/*Ar isotopic
ratios recorded during each individual heating step (Roddick, 1978; Roddick et
al., 1980; Benowitz et al., 2011). Recent work has demonstrated that “°Ar/*Ar
dating of volcanic glass can produce robust and reproducible results (Cogliati
etal., 2021).The robustness of “°Ar/**Ar dating of volcanic glass (tephra dating)
and hence potential alteration can be evaluated by multi-aliquot dating. We
utilized “°Ar/**Ar multigrain analyses of one to three aliquots of glass for each
tephra sample. For samples where two or more analyses were performed,
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composite isochrons were compiled from the individual analyses. Composite
isochrons are a common technique applied in “°Ar/**Ar geochronology appli-
cations to account for potential excess “°Ar and to increase overall precision
(e.g., Sharp and Renne, 2005; Cassata et al., 2008). Figures 2 and 3 display the
stratigraphic positions and geographic locations for individual tephra samples
collected for “°Ar/*°Ar analysis. As shown in Figure 6A, the stratigraphically
oldest dated tephrais 6.17 + 0.07 Ma, and the stratigraphically youngest dated
tephra is 3.80 + 0.05 Ma.

Sedimentology and Depositional Systems
Detailed sedimentologic observations were made while measuring a

total of >1.2 km of individual stratigraphic sections on a bed-by-bed basis
using a Jacob'’s staff. Paleoflow indicators were based on measurement of 10

imbricated clasts in a conglomerate bed and are shown in Figure 6A. Clast
compositional data from conglomerate were collected by identifying ~100
individual clasts within a delineated rectangular area within individual beds;
these data are shown in Figure 6B. Utilizing this data set, we subdivided the
McCallum formation into nine main lithofacies that define the depositional
systems of the lower and upper members (see summary of lithofacies descrip-
tions and interpretations inTable 1). In the following sections, we describe each
of the nine main lithofacies documented in the McCallum formation.

Stratigraphic Context of the Lower Member
The lower member is characterized by predominantly laminated mudstone,

sandstone, and granule to pebble conglomerate, and it has a minimum thick-
ness of 181.5 m (Fig. 6). Tephra and lignite beds are common in the lower
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TABLE 1. LITHOFACIES DESCRIPTIONS AND INTERPRETATIONS FOR UPPER MIOCENE-PLIOCENE STRATA OF THE MCCALLUM BASIN

Facies
codes

Color, bedding, texture, structures

Facies interpretations

F1

F2ab

F3

F4

F5

F6

F7

F8

F9

Granule-pebble conglomerate, moderately sorted, and clast-supported, with rounded
to subrounded clasts; crudely horizontally stratified and often overlain by sandstone
and lignite; most beds are 5.5 m thick.

Medium- to coarse-grained sandstone, normally grades into organic-rich siltstone and
tephra (a), commonly contains lignite beds, locally contains horizontal stratification
with granule to pebble conglomerate lenses, and has large coalified wood fragments
organized in a chaotic manner (b); most beds are 4 m thick and amalgamate to as
much as 22 m thick.

Laminated mudstone interbedded with minor fine-grained sandstone that grades
normally into ripple-stratified siltstone-rich beds that contain plant fragments;
siltstone beds often grade into laminated mudstone beds; most beds are 6 to 1 m
thick. Present in both the lower and upper member.

Laterally continuous volcanic ash deposits at the outcrop scale; contains abundant
vesicular and cuspate volcanic glass shards; beds commonly have sharp basal
contacts and contain laminations that grade into fine-grained organic-rich layers.
Present in both lower member and upper member. Most beds are 1 m thick in the
lower member; most beds are 15 cm thick in the upper member.

Lignite horizons interbedded with laminated tephra layers; most beds are 20 cm thick.

Clast-supported, boulder-pebble conglomerate, crudely horizontally stratified, with
subrounded to angular clasts, locally imbricated; interbedded sandstone locally
contains subordinate tephra beds; most beds are 6 m thick but can amalgamate to
22 m thick.

Organized, clast-supported, pebble-cobble conglomerate with subordinate lenticular
sandstone lenses, horizontally stratified, with subrounded to rounded clasts,
imbricated; interbedded with normally graded horizontally stratified sandstone; most
beds are 5 m thick.

Well-organized, sandy clast-supported conglomerate, and granule-pebble-cobble
conglomerate contain subrounded clasts that are often imbricated; interbedded
sandstone, commonly contains trough cross-stratification; most beds are 5 m thick.

Sandstone with abundant granule-conglomerate lenses; low-angle to horizontal
stratification is common; most beds are 5 m thick and amalgamate to as much as
84 m thick.

High-velocity streamflow processes and channel bar migration in proximal
stream-dominated alluvial-fan systems (Smith, 1974; Godin, 1991;
Sambrook-Smith et al., 2006; Bridge, 2006; Bridge and Lunt, 2009).

Streamflow conditions in broad, sand-rich channelized environments; highly
vegetated adjacent floodplains (Nichols and Fisher, 2007; Miall, 2010).

Low-velocity, suspension settling processes in standing water within lacustrine
environments with episodic/seasonal underflow turbidity currents during
flood conditions; best preserved in distal basin facies (Sturm and Matter,
1978; Fouch and Dean, 1982; Talbot and Allen, 1996; Schnurrenberger et al.,
20083; Ridgway et al., 2007b; Renaut and Gierlowski-Kordesch, 2010).

Air-fall tephra deposited during volcanic eruptions (Smith, 1991).

Swamps, marshes, wet floodplains; best preserved in distal basin facies
(McCabe, 1985).

High-velocity, streamflow processes associated with proximal environments of
stream-dominated, alluvial-fan systems (Rust and Jones, 1987; Collinson,
1996; Miall, 2010).

Bedload transport by tractive currents under hydrodynamically stable flow
conditions of longitudinal bars in shallow medial stream-dominated alluvial-
fan systems (Collinson, 1996; Lunt and Bridge, 2004; Nichols and Fisher,
2007).

Bedload transport by tractive current processes; deposition in longitudinal and
transverse bars in distal stream-dominated alluvial-fan systems (Ghinassi
and lelpi, 2016).

Midchannel bars with basal lag deposits resulting from sandy bedload
channels of medial-distal region of stream-dominated alluvial-fan systems
with well-developed sandflats (Collinson, 1996; Nichols and Fisher, 2007;
Fisher et al., 2007; Miall, 2010).

member (Fig. 7). The stratigraphically lowest dated tephra in the lower mem-
ber has a “Ar/*°Ar age of 6.17 + 0.07 Ma (measured section 3 in Fig. 7), and
the stratigraphically highest dated tephra in the lower member has an age of
4.98 + 0.19 Ma (measured section 1 in Fig. 7). We informally defined the type
section of the lower member as the well exposed strata along Phelan Creek
(measured section 6 in Fig. 2; see also Fig. 7).

Common Lithofacies of the Lower Member

Facies 1. Organized, clast-supported granule to pebble conglomerate with
sandstone and lignite.

Description: Facies 1 consists of upward-fining packages of granule to
pebble conglomerate that grade into fine- to medium-grained sandstone and

lignite (measured sections 1 and 2 in Fig. 7; see also Fig. 8A). These pack-
ages have average thicknesses of 5.5 m, with a range from 1.5 to 16 m.The
lower part of the package consists of conglomerate beds with erosive basal
contacts. These conglomerate beds are crudely horizontally stratified with
average thicknesses of 3.5-5.5 m. Conglomerate clasts are rounded to sub-
rounded and have an average maximum particle size of 4 cm, with a range
from 2 to 18 cm (Fig. 8A). The dominant clast type in the conglomerate is
metabasalt (greenstone) (Fig. 6B). Sandstone lenses are common in the con-
glomerate beds.These lenses range in thickness from 30 to 65 cm; locally, these
lenses have discontinuous horizons of tephra that range in thickness from 5 to
30 cm.The tops of conglomerate beds are commonly overlain with sandstone
containing lignite horizons (Fig. 8A). These overlying sandstone beds are fine-
to medium-grained, horizontally stratified beds, and they have average bed
thicknesses of 1-6 m. Individual lignite horizons have thicknesses that range
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Figure 8. Common lithofacies documented in the
lower member of the McCallum formation. See
Table 1 for facies codes, lithologic descriptions,
and interpretations for individual lithofacies.
(A) Facies 1 (F1) consists of organized clast-
supported, granule to pebble conglomerate with
minor sandstone and siltstone. Note lignite over-
lying F1. Hammer for scale. (B) Facies 2A (F2A)
consists of massive medium- to coarse-grained
sandstone that is commonly overlain by lignite
and tephra (facies 4; F4). Bedding dips steeply
to the right. People for scale. (C) Facies 2B (F2B)
is characterized by coarse-grained sandstone
with horizons of abundant woody debris (yellow
arrows). (D) Facies 3 (F3) consists of laminated
mudstone and siltstone. Individual laminae
are shown by white arrows. Hammer for scale.
(E) Facies 4 (F4) is characterized by laterally con-
tinuous volcanic ash layers (yellow arrows) that
are commonly interbedded with lignite (facies
5; F5). Bedding is dipping steeply to the right.
Hammer head for scale. (F) Scanning electron
microscope image of tephra. Note volcanic glass
shards with cuspate (white arrows) and vesicu-
lar textures (orange arrow).
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from 6 to 10 cm. Sandstone beds locally contain granule conglomerate lenses
with thicknesses of 50-70 cm, and they often include clasts of lignite. These
conglomerate lenses have subrounded to subangular clasts with an average
maximum particle size of 2.6 cm and a range from 0.5 to 6 cm. This facies
accounts for 31% of the lower member and is best exposed in measured
sections 1, 2, and 4 in Figure 7. The conglomerate beds of facies 1 are best
developed adjacent to the McCallum Creek fault and grade southward and
southwestward into facies 2.

Interpretation: We interpret facies 1 to represent deposition by stream-
flow processes within migrating channel bar forms. Horizontally stratified,
clast-supported conglomerate with erosive basal contacts indicates depo-
sition by bedload transport during high-velocity flows, and the migration
of longitudinal bars in channelized systems (Smith, 1974; Sambrook-Smith
et al., 2006). The upward-fining packages represent the gradual abandon-
ment of individual channels. During high-flow conditions, vegetated channel
bars were quickly buried, preventing oxidation and allowing preservation of
organic material that formed the thin lignitic horizons. We interpret sandstone
lenses, containing horizontal stratification, as a product of deposition on top
of channel bars and along the flanks of bars during waning flow conditions
(e.g., Godin, 1991; Bridge, 2006; Bridge and Lunt, 2009). During these low-flow
conditions, channel bars were quickly revegetated, based on the occurrence
of multiple thin lignite layers directly above the conglomerate (Fig. 8A). The
overlying sandstone beds with lignite are interpreted to represent deposition
in inactive channels.

Facies 2. Massive, medium- to coarse-grained gray sandstone with disar-
ticulated fossilized wood fragments.

Description: We subdivided facies 2 into two types: facies 2A and facies 2B.
Facies 2A consists of upward-fining packages of moderately sorted, massive,
medium- to coarse-grained gray sandstone interbedded with organic-rich
laminated siltstone and tephra (Fig. 8B). Sandstone beds have average thick-
ness of 3.3 m in our measured sections, with a range of thicknesses from 1 to
4.5 m. Individual beds can form amalgamated packages that are up to 22.5 m
thick (best exposed in measured section 2 at 100 m in Fig. 7). Sandstone beds
are generally massive but locally contain horizontal stratification and trough
cross-stratification. These sandstone beds also contain lenses of granule to
pebble conglomerate that include lignite fragments. Conglomerate lenses in
sandstone beds are ~10 cm thick with granule- to pebble-sized subrounded
clasts.These sandstone packages fine upward into organic-rich siltstone beds
containing lignite that have bed thicknesses ranging from 20 to 50 cm. Facies
2B has the same general lithologic characteristics of facies 2A but also contains
large coalified wood fragments concentrated in specific horizons in a chaotic
manner (Fig. 8C). Facies 2B is best exposed in measured sections 4 and 6 in
Figure 7.We subdivided facies 2 on our measured sections to make it easier for
future researchers to identify these paleo-wood-rich horizons. Facies 2 makes
up 29% of the lower member, and it is best exposed in measured sections 2,
4,5, and 6 in Figure 7. The sandstone beds of facies 2 grade and interfinger
basinward into facies 3.

Interpretation: We interpret facies 2 to represent tractive transport of sand
in channelized environments.Thick, amalgamated, massive-bedded sandstone
packages in this facies suggest to us that these sands were rapidly deposited
by turbulent bedload and suspended sediment transport. These are common
processes in streamflow conditions associated with multiple-channelized sys-
tems (e.g., Nichols and Fisher, 2007; Miall, 2010). We interpret the general
lack of sedimentary structures indicative of well-organized bed forms to sug-
gest episodic high-velocity sheet flows during bankfull conditions (facies 2A).
During maximum flood conditions, the high-velocity flows are interpreted to
have inundated vegetated floodplains. The abundance and high density of
disorganized woody detritus and other plant fragments in facies 2B suggest
that during flood conditions, vegetation was rapidly incorporated into chan-
nels and transported.

Facies 3. Laminated mudstone with subordinate sandstone and siltstone
with fossilized plant debris.

Description: Facies 3 is characterized by laminated gray mudstone inter-
bedded with minor sandstone and siltstone (Fig. 8D). Laminated mudstone
beds have individual bed thicknesses that range from 1 to 6 m. Laminations
are defined by subtle changes in grain size and organic detritus content. Fluid
escape structures locally disrupt the laminations. Fine- to medium-grained
sandstone beds with individual thicknesses that range from 3 to 30 cm
commonly have sharp lower contacts with underlying laminated mudstone.
Sandstone beds commonly have ripple stratification and grade normally
into siltstone beds that are brown in color and rich in mica and organic
detritus. Locally, siltstone beds contain climbing ripple stratification, and
laminations defined by disarticulated fossilized plant fragments. Siltstone
beds grade vertically into thicker-bedded, laminated mudstone. Facies 3
is the most common facies in basinward exposures of the lower member,
forming over 34% of the total lithofacies, and is best exposed in measured
sections 4 and 6 in Figure 7. The mudstone-rich units of facies 3 are inter-
bedded with facies 4 and 5.

Interpretation: We interpret mudstone of facies 3 to have been deposited
mainly through suspension fallout processes common in lacustrine environ-
ments (e.g., Renaut and Gierlowski-Kordesch, 2010). Preservation of laminae
in the mudstone indicates deposition by low-velocity, suspension-settling
processes in standing water (e.g., Talbot and Allen, 1996; Schnurrenberger
et al., 2003). The laminations that characterize this facies may represent
seasonal varves, such as those reported from lacustrine strata deposited in
temperate climates (e.g., Fouch and Dean, 1982; Ridgway et al., 2007b; Renaut
and Gierlowski-Kordesch, 2010). We interpret the thin, normally graded, and
ripple-laminated beds of fine-grained sandstone as products of density flows
related to lacustrine underflows or turbidity currents associated with flood
conditions and/or spring runoff (e.g., Sturm and Matter, 1978).The disruption of
laminations due to fluid escape structures suggests an abundance of pore water
within the interstices of the mud, and we interpret that these structures formed
as a result of dewatering related to rapid deposition. In general, we interpret
that deposition of facies 3 likely occurred in widespread shallow lacustrine
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environments with episodic deposition of fine-grained sands delivered from
surrounding low-gradient streams during flood conditions.

Facies 4.Tephra beds.

Description: Volcanic ash deposits are common in the lower member
and have an average bed thickness of 1 m, with a range in bed thicknesses
from 4 cm to 5 m (Figs. 7, 8B, and 8E). These strata are laterally continuous
at the scale of the exposures and contain abundant vesicular volcanic glass
shards and euhedral phenocrysts (Fig. 8F). Tephra beds commonly have
sharp basal contacts and contain laminations that normally grade into fine-
grained, organic-rich layers at the tops of the beds (Fig. 8E).This facies makes
up 4% of the lower member and is best exposed in measured sections 4, 5,
and 6 in Figure 7.

Interpretation: We interpret facies 4 to represent air-fall tephra deposited
in mainly lacustrine environments represented by facies 3. The absence of
flattening/welded fabrics, the laterally continuous bed geometries, the sharp
lower contacts, and the gradational upper contacts are common characteristics
of air-fall tephras deposited during volcanic eruptions (Smith, 1991).The pres-
ervation of laminations and the euhedral phenocrysts within this facies both
suggest a lack of extensive reworking by fluvial processes and are consistent
with deposition in lacustrine and paludal environments (e.g., Smith, 1991).

Facies 5. Lignite with thin tephra layers.

Description: Lignite beds are common throughout the lower member and
often contain thin, laminated tephra layers (Fig. 8E). The average bed thick-
ness of this facies is 20 cm, with a maximum thickness of 50 cm. This facies
makes up 2% of the lower member and is best exposed at measured sections
4,5, and 6 in Figure 7.

Interpretation: We interpret facies 5 to represent deposition in environments
with high preservation potential such as swamps, marshes, and other wet
floodplain areas (e.g., McCabe, 1985). In our interpretation, these peat-forming
environments were inundated by frequent volcanic air-fall events to preserve
the thin tephra beds during the deposition of facies 5.

Summary of Depositional Systems of the Lower Member

We interpret the abrupt changes in facies types, the documentation of
mainly traction-dominated streamflow sedimentary structures, and the com-
mon occurrence of woody debris and lignite as products of deposition in
stream-dominated alluvial-fan systems (e.g., Ridgway and DeCelles, 1993;
Jo et al., 1997; Ghinassi and lelpi, 2016). In contrast to better-studied “arid”
alluvial-fan deposystems, these types of alluvial fans are dominated by
streamflow facies and are sometimes referred to as wet fans (e.g., Schumm
et al., 1987). In our interpretation of the lower member of the McCallum
formation, stream-dominated alluvial fans transported sediment into more
distal extensive lacustrine environments (Fig. 9). The granule to pebble con-
glomerate interbedded with coarse sandstone of facies 1 is interpreted to
represent deposition in the proximal parts of stream-dominated alluvial-fan

systems adjacent to the major faults along the northeastern basin margin
(Fig. 9). Basinward, the proximal facies grade into horizontally stratified, medi-
um-grained sandstone (facies 2) that contains lenses of granule to pebble
conglomerate (Fig. 9). Locally, within these facies, there are chaotic mixtures
of large, fossilized plant fragments, suggesting that, at times, channels in
the stream-dominated alluvial-fan systems were choked with woody detri-
tus, probably during larger flood events. Common distal lithofacies include
laminated mudstone (facies 3), tephra (facies 4), and lignite (facies 5). These
distal facies are interpreted to represent shallow lacustrine and wetland dep-
ositional environments (Fig. 9). Tephras (facies 4) are interpreted to represent
widespread air-fall events likely related to volcanic activity of late Miocene
volcanic centers of the Wrangell arc (Fig. 9; i.e., Mount Blackburn volcanic
center). Published K-Ar dates from these volcanic centers range in age from
6 to 5 Ma (Richter et al., 1990), which overlap the range of “°Ar/*°Ar dates for
the tephras documented in our study for the lower member (6.1-4.9 Ma).
The common occurrence of thin tephra horizons in lignite beds suggests that
volcanism was nearly continuous at geologic time scales during deposition
of the lower member. The common occurrence of lignitic beds along with
the abundance of woody and plant detritus in all lithofacies indicates that
the landscape was vegetated during deposition of the lower member. We
interpret the lower member of the McCallum formation to represent a late
Miocene period of basin subsidence, when subsidence outpaced both devel-
opment of well-integrated fluvial systems and sediment supply, resulting in
the development of a regional lacustrine system with adjacent peat swamps
(Fig. 9; e.g., McCabe, 1985; Ridgway et al., 2007b).

Stratigraphic Context of the Upper Member

The upper member of the McCallum formation is defined mainly by
pebble-cobble conglomerate interbedded with coarse-grained sandstone
and minor tephra, and it has a minimum thickness of 383 m (Fig. 6A). Two of
the lithofacies documented in the lower member are also found in the upper
member.These are fine-grained sandstone with siltstone and lignite of facies
3 that constitutes 7% of the upper member, and tephra beds of facies 4 that
make up <1% of the upper member (Table 1). In the upper member, facies 3
has an average bed thickness of 4.5 m, contains well-preserved fossil leaves,
and is best exposed in measured section 11 in Figure 10. Facies 4 in the upper
member has an average bed thickness of 15 cm with a range from 5 to 30 cm
and is best exposed in measured section 7 in Figure 10. Tephras in the upper
member are thinner (<30 cm) and less common relative to the lower member.
The stratigraphically lowest dated tephra in the upper member has a “°Ar/*°Ar
age of 5.05 + 0.10 Ma (measured section 7 in Fig. 10), and the stratigraphically
highest dated tephra in this member has an age of 3.80 + 0.05 Ma (measured
section 10 in Fig. 10).The most accessible and well-exposed parts of the upper
member are along McCallum Creek, and we informally define this exposure
as the type section (measured section 9 in Fig. 2; see also Fig. 10).
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custrine deposits. Note the red dashed outline
of the approximate position of the McCallum
basin near the intersection of the Totschunda
and Denali fault system based on Pleistocene-
Holocene slip rates along the Kimball section of
the Denali fault (13 mm/yr), and the oldest dated
tephra of the lower member (ca. 6.17 Ma). Also,
note interpreted relative locations of measured
sections (circled numbers) in this proximal to
distal depositional context and respective fa-
cies. Measured sections are intended to show
representative lithofacies for different parts of
the interpreted depositional setting and do not
represent specific time slices for the McCallum
= basin. See Figure 6 for grain-size abbreviations.
4 See key in Figure 7 for lithofacies patterns in the
measured section, and see text andTable 1 for a
detailed description of the facies.

Common Lithofacies of the Upper Member

Facies 6. Clast-supported, boulder-pebble conglomerate with minor
sandstone.

Description: Facies 6 consists of upward-fining packages of moderately
sorted, clast-supported, boulder-pebble conglomerate, and sandstone that
range in thickness from 6 to 15 m (Fig. 11A). The lower parts of these pack-
ages contain conglomerate beds with crude horizontal stratification. The
upper parts of the packages consist of coarse-grained, massive sandstone
beds with lenses of conglomerate (Fig. 11A). The contact between the lower
conglomerate beds and upper sandstone beds is very gradational. The con-
glomerate beds exhibit normal grading and contain subrounded to angular
clasts with an average maximum particle size of 16 cm and range from 8 to
32 cm (Fig. 11B). Locally, clasts in the conglomerate beds are imbricated.The
dominant clast type for all the conglomerate lithofacies of the upper member
is metabasalt (greenstone) (Fig. 6B). Within conglomerate packages, there are
coarse-grained, lenticular sandstone lenses that have average thicknesses
of 3-5 m and widths of 40-50 m. Individual sandstone lenses fine upward in
grain size. Within the sandstone lenses, there are thin beds of tephra (facies
4) with thicknesses of 5-30 cm (Fig. 11B). Facies 6 makes up 20% of the upper

member and is best exposed at measured section 7 in Figure 10. Facies 6 is
only found adjacent to the McCallum Creek thrust fault along the northeastern
margin of the McCallum basin (measured section 7 in Fig. 2). Our mapping
shows that the boulder conglomerate of facies 6 transitions to finer-grained
conglomerate of facies 7 over ~1.5 km (Fig. 2).

Interpretation: We interpret facies 6 to represent proximal facies within a
stream-dominated, alluvial-fan system. High-velocity, streamflow processes
entrained, transported, and deposited clast-supported, boulder to pebble
conglomerate of facies 6 under tractional conditions.The clast-supported tex-
ture, crude horizontal stratification, and locally imbricated clasts require that
streamflow velocities would have been sufficient to allow bedload transport
of coarse clasts (e.g., Rust and Jones, 1987; Collinson, 1996; Miall, 2010). We
interpret the sandstone beds that overlie the conglomerate beds as repre-
senting lower-flow-velocity deposition during waning flow conditions and/or
after the main channel had avulsed to a different part of the channel complex.
Our alluvial-fan interpretation is partly based on the restriction of this facies
to the immediate footwall of the McCallum Creek thrust fault and the abrupt
transition to facies 7.

Facies 7. Organized, clast-supported, pebble-cobble conglomerate with
sandstone.

Allen et al. | Sedimentary record of the evolution of a translated strike-slip basin along the Denali fault system
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Sandstone

Figure 11. Common lithofacies documented in the upper member of
the McCallum formation. SeeTable 1 for facies codes, lithologic descrip-
tions, and interpretations for individual lithofacies. (A) Facies 6 (F6) is
characterized by thick beds of clast-supported, horizontally stratified,
boulder-pebble conglomerate. Purple arrows point to the tops of individ-
ual conglomerate beds. (B) Facies 4 (F4) consists of tephra beds, outlined
by white dashed lines and blue arrows, interbedded with facies 6 (F6).
Hammer for scale. (C) Exposures of facies 7 are characterized by thick
beds of clast-supported, horizontally stratified, pebble-cobble conglom-
erate. White arrows point to the tops of individual conglomerate beds.
Trees in foreground for scale. (D) Lenticular sandstone lenses between fa-
cies F7 and F9 in stream-dominated alluvial-fan facies. (E) Close-up photo
of clast-supported conglomerate of facies 7 with subangular clasts.
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Description: Facies 7 consists mainly of packages of conglomerate interbed-
ded with sandstone and has thicknesses that range from 4.5 to 14 m (Fig. 11C).
Conglomerate beds consist of clast-supported, pebble-cobble conglomerate
with subordinate lenticular sandstone lenses (Fig. 11D). These conglomerate
packages are dominated by horizontal stratification in broad 50-60-m-wide
lenticular units that are 10-12 m thick (Fig. 11C). The conglomerate beds com-
monly contain imbricated, subrounded to rounded clasts that have an average
maximum particle size of 9 cm and range in size from 5 to 16 cm (Fig. 11E).
Sandstone units within the conglomerate consist of discontinuous, coarse- to
medium-grained sandstone lenses with lenticular geometries with a range of
thicknesses from 10 to 20 cm.The upper contacts of these conglomerate units
are commonly overlain with upward-fining sandstone beds that consist of

coarse- to medium-grained, horizontally stratified sandstone with bed thick-
nesses that range from 0.50 to 1 m (Figs. 11D and 12A). Facies 7 makes up
31% of the upper member and is best exposed in measured sections 8 and 9
in Figure 10.This facies grades northeastward into coarser-grained conglomer-
ate of facies 6 and southwestward into finer-grained conglomerate of facies 9.

Interpretation: We interpret the clast-supported conglomerate with hor-
izontal stratification and lenses of lenticular sandstone of facies 7 as being
indicative of deposition by streamflow processes. These are characteristics of
gravels transported as bedload by tractive currents under hydrodynamically
stable flow conditions to form longitudinal bars (e.g., Collinson, 1996; Lunt
and Bridge, 2004; Nichols and Fisher, 2007). Imbrication is best developed
across the top of longitudinal bars in high-discharge areas of streamflow

Figure 12. Common lithofacies documented in the upper member of
the McCallum formation: (A) Facies 7 (F7) is characterized by organized,
clast-supported, pebble-cobble conglomerate with subordinate lenticular
sandstone lenses. Facies 7 is commonly interbedded with coarse sand-
stone with granule conglomerate lenses of facies 9 (F9). (B) Facies 8 (F8)
is characterized by granule-pebble-cobble conglomerate with abundant
sandstone lenses. Blue arrows point to locally imbricated clasts within
facies F8. (C) Facies 8 (F8) is commonly interbedded with the fine-grained
sandstone with siltstone and lignite of facies 3 (3). Yellow arrows point to
top of lignite horizon. Coin for scale.

Allen et al. | Sedimentary record of the evolution of a translated strike-slip basin along the Denali fault system
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(Collinson, 1996). Reduction in flow velocities allows for sand to be deposited
through rapid saltation or suspension processes on the tops of gravel-rich bars
(Collinson, 1996). We interpret these conglomerate units as representing depo-
sition in shallow braided channels in the medial region of a stream-dominated
alluvial-fan system.

Facies 8. Well-organized, sandy, clast-supported, granule-pebble-cobble
conglomerate with sandstone.

Description: Facies 8 consists of conglomerate beds interbedded with sand-
stone that range in thickness from 1 to 10 m and amalgamate to thicknesses
up to 19 m based on our measured sections. Conglomerate units consist of
well-sorted, imbricated, clast-supported, granule-pebble-cobble conglomer-
ate with abundant sandstone lenses (Fig. 12B). Clasts in the conglomerate
are commonly subrounded and have an average maximum particle size of
6 cm with a range in size from 4.5 to 14 cm (Fig. 12C). Sandstone lenses within
the conglomerate consist of coarse-grained sandstone beds that range in
thickness from 5 to 20 cm and often contain trough cross-stratification. These
sandstone lenses are discontinuous at width scales of 5-6 m.This facies makes
up 20% of the upper member and is best exposed in measured sections 7, 10,
and 11 in Figure 10. Facies 8 grades east-northeastward into coarser-grained
conglomerate of facies 7 and west-northwestward into the sandstone-dom-
inated facies 9 and facies 3.

Interpretation: We interpret the clast-supported conglomerate with imbri-
cated clasts and trough cross-stratification of facies 8 to indicate deposition by
streamflow processes.The grain size of clasts, thickness of conglomerate beds,
and high sandstone content in this facies are interpreted to represent distal
parts of stream-dominated alluvial-fan systems (e.g., Ghinassi and lelpi, 2016).

Facies 9. Sandstone with abundant granule conglomerate lenses.

Description: Facies 9 consist of horizontally stratified, coarse-grained sand-
stone units containing conglomeratic lenses (Fig. 11D). Bed thicknesses of
these sandstone units range from 3to 10 m (Fig. 12A) and have amalgamated
thicknesses as much as 84 m. Sandstone units commonly contain granule con-
glomerate lenses, but, locally, pebble conglomerate lenses have an average
maximum particle size of 4 cm with a range in size from 3 to 7 cm. Horizontal
stratification is very common in this facies. This facies makes up 8% of the
upper member based on our measured sections and is best exposed in mea-
sured section 9 in Figure 10.

Interpretation: We interpret the horizontally stratified, thick-bedded sand-
stone with lenticular granule conglomerate lenses as representing deposition
in sandy bedload channels (e.g., Collinson, 1996; Nichols and Fisher, 2007;
Fisher et al., 2007; Miall, 2010). In these types of depositional systems, sand
is deposited mainly on midchannel bars, with gravel lenses deposited as
basal lags (Fisher et al., 2007). Subordinate conglomerate deposits in facies
9 suggest that average streamflow velocities were insufficient to mobilize
coarse gravel detritus and favored transport of finer sand-sized sediment.
In our interpretation, this sandstone-dominated facies represents chan-
nel deposits located in the medial-distal region of a stream-dominated,
alluvial-fan system.

Summary of Depositional Systems of the Upper Member

We interpret the upper member to represent a Pliocene period of general
basinward progradation of coarse-grained, stream-dominated alluvial-fan
deposystems over finer-grained, lacustrine-dominated deposystems of the
lower member (Fig. 13). Boulder-pebble conglomerate of facies 6, located
directly in the footwall of the McCallum Creek thrust fault, is interpreted as
proximal stream-dominated alluvial-fan strata (Fig. 13). These strata grade
basinward into better-organized cobble-pebble conglomerate of facies 7, which
we interpret as medial alluvial-fan strata (Fig. 13). These deposits grade basin-
ward into granule-pebble conglomerate of facies 8 and sheet sandstone of
facies 9, which we interpret as the more distal parts of stream-dominated
alluvial-fan depositional systems (Fig. 13). The fine-grained sandstone inter-
bedded with siltstone and lignite of facies 3 in the upper member contains
well-preserved fossil leaves and is only present in our most distal measured
section (measured section 11 in Fig. 10). These lithologies are interpreted as
having been deposited in lacustrine, wetland, and other vegetated paludal
environments, and they are interpreted as the most distal lithofacies studied
in the upper member (Fig. 13).

The south-southwestward paleoflow indicators for the upper member
(Fig. 6A), which collectively have a general radial pattern, are consistent with
an alluvial-fan interpretation. We interpret the predominance of metabasalt
(greenstone) clasts in the conglomerate of the upper member (Fig. 6B) as
an indication that the stream-dominated alluvial fans were transporting sed-
iment derived from the metabasalt-rich Slana Spur Formation and Nikolai
Greenstone exposed in thrust sheets that define the northeastern margin
of the McCallum basin (Fig. 2). These stratigraphic and structural relation-
ships are discussed in the next section. Our “°Ar/**Ar tephra dates from the
upper member (5.0-3.8 Ma) overlap well with the published K-Ar dates near
Mount Blackburn (4.5-3.4 Ma), a Pliocene volcanic center of the Wrangell
arc (Richter et al., 1990).

Structural and Stratigraphic Relationships along the Eastern
Basin Margin

The northwest-to-southeast-trending McCallum Creek thrust system
defines the northeastern margin of the McCallum basin and is a key area in
which to examine structural and stratigraphic relationships (Fig. 14A). In most
places, the McCallum Creek fault places Pennsylvanian-Permian igneous rocks
in the hanging wall of the thrust fault over Upper Miocene—Pliocene McCallum
formation in the footwall (Figs. 14B and 14C). In Figure 14B, proximal strata
of the upper member of the McCallum formation (facies 6) in the footwall
dip ~30°N toward the fault contact (measured section 7 in Fig. 2; Fig. 11A).
Southeastward, the McCallum Creek fault juxtaposes Eocene volcanic and
volcaniclastic strata over Upper Miocene strata of the lower member of the
McCallum formation (Gillis et al., 2019). Here, footwall strata are dipping 45°

Allen et al. | Sedimentary record of the evolution of a translated strike-slip basin along the Denali fault system
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toward the fault (Figs. 14D and 14E; measured section 3 in Fig. 2). Along this
part of the fault trace, zircon U-Pb geochronology (utilizing multigrain laser-
ablation-inductively coupled plasma-mass spectrometry) on Eocene volcanic
strata in the hanging wall yielded an age of 50 Ma (Fig. 14E, location 1;Table
S2 [footnote 1]), whereas a tephra in the McCallum formation, located in the
footwall, has a “°Ar/*Ar date of 6.17 + 0.07 Ma (Fig. 14E, location 2). In Figure
14F, a steeply dipping tephra bed of the lower member is shown that has a
“OAr/®Ar date of 5.1 + 0.06 Ma. Generally, we observe that strata of the McCal-
lum formation in the footwall have been steeply tilted with dips from 30° to 80°
near the contact with the McCallum Creek thrust fault. Our field observations
as shown in Figure 14 and recent work by Waldien et al. (2018) are consistent
with the upper member of the McCallum formation being deposited in a trans-
pressional basin related to a westward (basinward) propagating thrust system.
Geologic mapping and structural data indicate that this thrust system is part
of a regional flower structure that soles into the strike-slip Denali fault sys-
tem, which is located ~10 km northeast of the study area (Fig. 2; Waldien et al.,
2018).These observations are all evidence of Neogene deformation along this

Allen et al. | Sedimentary record of the evolution of a translated stri

part of the Denali fault system, and they are consistent with documentation
of multiple aftershocks of the 2002 Denali earthquake that were located on
the McCallum Creek fault (e.g., Brocher et al., 2004). The seismicity augments
geomorphic data that indicate the McCallum Creek thrust system is an active
component of the Denali fault system (Waldien, 2015) and that related basin
development continues to the present.

H DISCUSSION
Stages of Neogene Basin Development and Strike-Slip Displacement

Establishment of a depositional, chronostratigraphic, and structural frame-
work for the McCallum formation provides an opportunity to evaluate Neogene
basin development and strike-slip displacement along the Denali fault system.
Figure 15A illustrates the following: the modern tectonic configuration of the
McCallum basin relative to the Denali andTotschunda faults, the surface rupture

ke-slip basin along the Denali fault system
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Figure 14. Structural configuration of the northeastern margin of the McCallum basin: (A) Simplified map showing locations of key structural
and stratigraphic relationships documented between the McCallum Creek fault and the McCallum formation. Circled locations B through F
on map correspond with photographs shown in parts B-F. (B-C) Pennsylvanian-Permian rocks of the Wrangellia composite terrane (WCT) in
hanging wall juxtaposed with proximal alluvial-fan strata of the upper member of the McCallum formation in the footwall. (D-E, left column)
Eocene volcanic rocks in the hanging wall juxtaposed with lower member of the McCallum formation in the footwall. White dashed line in both
photos represents location of thrust fault. Blue arrow in D points to person (red shirt) and white arrow in E points to yellow tents for scale.
(E, right column) Age determination plots from circled locations shown in adjacent photo, showing 50 Ma U-Pb zircon age for Eocene volcanic
ash deposit at location 1 in the hanging wall (white bed; Table S2 [text footnote 1]) and “°Ar/**Ar date of tephra of 6.17 Ma at location 2 in
the footwall (measured section 3 in Fig. 7). MSWD —mean square of weighted deviates; WR—whole-rock sample. (F) Steeply dipping tephra
(white bed) with the determined “°Ar/*°Ar date of 5.1 Ma in the lower member of the McCallum formation (from measured section 4 in Fig. 7).
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Figure 15. Schematic depositional and strike-slip
displacement models that illustrate the inter-
preted stages of McCallum basin development
based on chronostratigraphic and modern slip
rates along the Denali fault system. (A) Mod-
ern structural configuration of the Denali fault
system highlights a region of Neogene transten-
sion and volcanism between the Totschunda
and Border Ranges fault systems. The junction
of the Totschunda and Denali faults marks the
start of a zone of transpressional uplift. Farther
northwest of this junction, deformation is char-
acterized by thrust deformation north and south
of the Denali fault as rock is transported into
an area of increasing transpression along the
more westward-trending Kimball and McKin-
ley sections of the fault system. The epicenter
(yellow star) and the 341 km surface rupture of
the M 7.9 Denali earthquake (EQ) is outlined by
the red line (from Haeussler, 2009) to highlight
active strike-slip active tectonics along the De-
nali fault system in the study area. (B) Stage
1: 6.1-5 Ma. During regional lacustrine deposi-
tion of the lower member, the McCallum basin
is interpreted to have been located ~79 km to
the southeast of its current location based on
Pleistocene-Holocene slip rates (13 mm/yr).
Active volcanism resulted in preservation of
numerous and thick tephras throughout the
lower member. (Continued on following page.)
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of the M 7.9 2002 Denali earthquake, a series of south-verging thrust faults
along the south side of the Denali fault, and the Wrangell arc. We interpret
several distinct stages of basin development since ca. 6.1 Ma based on our
stratigraphic and geochronologic analyses of the McCallum formation; each
of these progressive stages is shown in Figures 15B-15D. These stages are
interpreted to record the northwestward strike-slip transport of the McCallum
basin from a zone of transtensional deformation that starts near the junction
of theTotschunda and Denali faults, as shown in Figure 15A, into a region of
partitioned transpressional deformation characterized by shortening along the
south side of the Denali fault northwest of the junction of the Totschunda and
Denali faults. Geologically, the transtensional section is characterized by the
following: ~2 mm of active extension on the dextral strike-slipTotschunda fault,
based on geodetic data (Elliott and Freymueller, 2020), Neogene normal faults
(Trop et al., 2012), and Neogene volcanism (Richter et al., 1990; Preece and Hart,
2004; Berkelhammer et al., 2019; Brueseke et al., 2019; Trop et al., 2022). The
transpressional section is characterized by a strike-slip flower structure and
south-verging thrust faults that include the McCallum Creek thrust system on
the dextral Denali fault (e.g., Ridgway et al., 2002; Riccio et al., 2014; Waldien et
al., 2018). Farther to the west, thrust systems and related sedimentary basins
are present on both the north and south sides of the Denali fault system (Fig.
15A; Ridgway et al., 2002, 2007b; Bemis and Wallace, 2007; Lesh and Ridgway,
2007; Bemis et al., 2012, 2015; Riccio et al., 2014; Burkett et al., 2016; Haeussler
et al., 2017b). One of these thrust faults, the south-verging Susitna Glacier
thrust fault (Fig. 15A), was the epicenter for the 2002 Denali earthquake. This
earthquake propagated from the thrust fault onto the Denali fault and then
migrated southward onto theTotschunda fault (Fig. 15A; Eberhart-Phillips et al.,
2003; Crone et al., 2004; Haeussler et al., 2004). As discussed in the following
sections, our preferred interpretation for the northward strike-slip transport
of the McCallum basin along the Denali fault system is similar to the general
trace of the 2002 Denali earthquake surface rupture.

Stage 1(6.1-5.0 Ma): Transtensional Basin Development and
Lacustrine-Dominated Depositional Systems (Fig. 15B)

From a strike-slip displacement perspective, we repositioned the basin
during stage 1 to accommodate an interpreted displacement of ~79-90 km of
dextral offset of the McCallum basin since ca. 6.1 Ma, as shown in the paleo-
geographic reconstruction in Figure 15B. In this reconstruction, the McCallum
basin would have been located near or adjacent to the Denali-Totschunda fault
junction in an area presently characterized by transtension. Our reconstruc-
tion is based on extrapolating Pleistocene-Holocene slip rates on the Kimball
(~13 mm/yr) and Totschunda (~7 mm/yr) sections of the Denali fault for
6.1 m.y. (e.g., Matmon et al., 2006; Mériaux et al., 2009; Haeussler et al., 2017a),
based on the date of the oldest tephra (6.1 Ma) documented in our study from
the McCallum formation. It is important to note that the lower contact of the
McCallum formation with underlying “basement” rock has not been identified

in our study area, so our estimates serve as minimum displacement amounts
based on the age of the oldest exposed tephra. Using Pleistocene-Holocene slip
rates, the McCallum basin would be relocated 79 km southeastward of its cur-
rent position. Restoration of the McCallum basin fully to the Denali-Totschunda
fault junction requires 90 km of displacement. Within this framework, we refer
to 79-90 km of strike-slip displacement in the text.

It is important to note that a recent geodetic study has provided present-day
slip estimates along the Kimball (6-7 mm/yr), Totschunda (~9-10 mm/yr), and
eastern Denali (~2-3 mm/yr) fault sections (Elliott and Freymueller, 2020) that
differ from the Pleistocene-Holocene slip rates, with the Kimball section having
the largest difference. Our preferred slip estimate for the Kimball section of the
Denali fault is based on Pleistocene-Holocene slip estimates, which provide
longer records of the slip history, but there is undoubtedly considerable uncer-
tainty for estimating slip rates partitioned along the three fault segments over
the last 6.1 m.y. Also note that our approach assumes that the eastern Denali
fault has accommodated only minor strike-slip displacement since 6.1 Ma.
This assumption may be valid based on a recent seismological study that
suggests the eastern Denali fault has been inactive during the past ~6 m.y.
(Choi et al., 2021). Our assumption, however, remains an oversimplification
in light of reported offset geologic features on the eastern Denali fault near
Kluane Lake, Yukon, which suggest ~2 mm/yr of slip (Haeussler et al., 2017a).

From a depositional system perspective, this initial stage of development
of the McCallum basin was characterized by extensive lacustrine-dominated
environments within the transtensional region near the Denali-Totschunda
junction (Fig. 15B). Along the eastern basin margin, localized stream-dominated
alluvial-fan systems within vegetated, forest ecosystems (facies 1) transitioned
into more medial sand-rich parts of the alluvial-fan complex (facies 2) that
merged basinward into more distal widespread shallow lacustrine environ-
ments (facies 3). Lateral to the lacustrine environments were well-established,
peat-forming wetlands and bogs (facies 5; Figs. 7, 9, and 15B). These distal
lacustrine and wetland environments were areas of high preservation potential
for the numerous tephras that are common in the lower member and indicate
coeval volcanism, likely from the adjacent Wrangell arc (Fig. 15B). This first
stage of basin development ended by ca. 5 Ma, based on the 4.98 + 0.19 Ma
date from the youngest dated tephra from the lower member (Figs. 6 and 15B).

Stage 2 (5.0-3.8 Ma): Transpressional Basin Development and Stream-
Dominated Alluvial-Fan Depositional Environments (Fig. 15C)

During the next stage of basin development, we interpret the McCallum
basin to have been tectonically transported northwestward of the intersec-
tion of theTotschunda and Denali faults into a region of transpressional uplift
along the Kimball section of the Denali fault system (Fig. 15C). At the start of
stage 2, the basin would have been located ~65 km to the southeast of its cur-
rent position based on Pleistocene-Holocene displacement rates (~13 mm/yr)
and the oldest dated tephra of the upper member (5.0 Ma) (Figs. 6 and 15C).
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Transport into this transpressional region is interpreted to be marked by an
abrupt change in depositional systems, average grain size, and structural
configuration of the basin. This stage was characterized by deposition in con-
glomeratic stream-dominated alluvial-fan environments that characterize strata
of the upper member (Fig. 6). The coarse-grained strata are interpreted to be
the product of increased shortening of the thrust system along the north-
eastern basin margin as the basin was transported farther into the region of
transpressional uplift. Continued shortening and exhumation on the interior
thrust sheets produced the needed topographic gradient to allow transport of
coarser-grained detritus to the McCallum basin. Flexural subsidence produced
by the load of the growing thrust system created accommodation space in
the basin and resulted in the progradation of more proximal, alluvial fans of
the upper member over more distal, lacustrine strata of the lower member
(Figs. 6 and 15C).

Apatite fission-track data of Waldien et al. (2018) are consistent with our
sedimentologic-based interpretation of the growth of the thrust system along
the northeastern margin of the McCallum basin. These data indicate ~4.8 km
of exhumation since ca. 6 Ma, based on cooling ages in the hanging wall of
the McCallum Creek thrust fault. These young cooling ages suggest that the
up-section coarsening in grain size documented for the McCallum formation
(Fig. 6) was a product of growth, propagation, and erosion of the thrust system
as the basin was transported along the transpressional fault section.

Stage 3 (3.8 Ma to Present): Active Transpressional Basin (Fig. 15D)

The modern McCallum basin continues to develop as a transpressional
basin, with the northeastern margin defined by a southwestward-propagating
thrust system (Figs. 2 and 14).The shortening in the thrust system is interpreted
to be related to the continued strike-slip transport of the basin along a region
of increasing transpressional uplift that transitions westward into the start of
the section of the Denali fault sometimes referred to as the Hayes restraining
bend (e.g., Fitzgerald et al., 2014; Riccio et al., 2014; Bemis et al., 2015). At the
start of stage 3, the basin would have been located ~49 km to the southeast
of its current position, based on extrapolation of Pleistocene-Holocene slip
rates (~13 mm/yr) since 3.8 Ma (youngest dated tephra). The exposed strati-
graphic section appears to continue above the 3.8 Ma tephra but is covered
by vegetation in the lowlands. It is also important to note that geophysical
studies interpret 1.5 km of subsurface basin fill for the McCallum basin (Morin
and Glen, 2003; Brocher et al., 2004), so our 564-m-thick composite section
(Fig. 6A) only reflects the part of the stratigraphic section being exposed in
the more proximal part of the basin.

In stage 3 of basin development, the northeastern margin of the basin is
being overridden by thrust sheets with Pennsylvanian-Permian igneous rocks
(Figs. 14B and 14C) and Eocene volcanic strata (Figs. 14D and 14E) in their
hanging walls. Locally, proximal parts of the McCallum basin stratigraphy
have been incorporated into the basinward thrust sheets.These structural and

stratigraphic relationships result in the northeastern margin of the McCallum
basin being locally folded with steeply dipping strata in the proximal footwall
(Fig. 14F). Modern and Quaternary deposition in the proximal parts of the
McCallum basin is characterized by glacial outwash fan systems that transition
into high-gradient, braided fluvial environments that flow into the north-flow-
ing Delta River. Prior to the early Quaternary development of the north-flowing
Delta River system (Péwé, 1987), our paleoflow data (Fig. 6A) indicate pregla-
cial, south-southwestward drainages transported sediment toward the region
of the modern Copper River basin. Glacial deposits are common in the study
area and provide an opportunity for needed future research. The timing of
glaciation in the eastern Alaska Range is unclear, but previous studies have
estimated 2.9-2.6 Ma for east-central Alaska, 2.5 Ma for the north side of the
central Alaska Range, and 3.7 Ma for the western Alaska Range (Denton and
Armstrong, 1969; Duk-Rodkin et al., 2004, 2010; Lease et al., 2016). At times
during stage 3, the McCallum basin also contained parts of glacial Lake Atna
(e.g., Ferrians and Schmoll, 1957; Wiedmer et al., 2010). Volcanic activity con-
tinued in this stage of basin development, as marked by three of the largest,
by volume, active volcanoes in the Wrangell arc complex (Mount Wrangell,
Mount Drum, and Mount Sanford in Fig. 15D; Richter et al., 1990, 1994).

Summary of Neogene Strike-Slip Basin Development

We interpret the stratigraphy and geochronology documented for the
McCallum basin to represent a record of sedimentation during transport of
the basin from a transtensional to a transpressional setting along the Denali
fault system. This transition in the stratigraphic record is characterized by a
marked change from predominantly finer-grained lacustrine to coarser-grained
alluvial-fan strata (Fig. 6).The transtensional stage of basin formation initiated
by ca. 6.1 Ma and ended by ca. 5.0 Ma, based on the dated tephras (Fig. 6).
The transpressional stage of basin development started at ca. 5.0 Ma and con-
tinues to the present. We interpret this change in depositional systems and
basin configuration as a response to the growth, exhumation, and erosion
of thrust sheets as the McCallum basin was tectonically transported into a
region of transpressional deformation along the Kimball section of the Denali
fault system.

Our chronostratigraphic framework for the McCallum basin also provides
the opportunity to determine sediment accumulation rates associated with
deposition during both transtensional and transpressional stages of basin
development. The lacustrine-dominated strata of the exposed portion of the
lower member are 181 m thick and were deposited over an ~1 m.y. time span
(Fig. 6).The sediment accumulation rate for the deposition of the lower member
is ~181 m/m.y.The alluvial-fan strata of the upper member are 383 m thick and
were deposited over an ~1.2 m.y. time span (Fig. 6). The sediment accumulation
rate for the deposition of the upper member is ~319 m/m.y. These estimates
suggest sedimentation rates doubled during the stage of basin development
associated with translation into a region of transpressional deformation along
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the Denali fault system. It is important to note that these determinations do
not account for sediment compaction and that deposition in nonmarine envi-
ronments is often discontinuous and marked by hiatuses. We realize that these
are high sediment accumulation rates, but they are not outside the realm of
possibilities, considering that the Pliocene-Pleistocene foreland basin of Taiwan
has sedimentation rates up to 1900 m/m.y. (Chen et al., 2001).

The sedimentary record of strike-slip basin development along continental
strike-slip fault systems is often difficult to elucidate due to low preservation
potential, structural complexity, and multiple unconformities, leading to an
incomplete stratigraphic record (e.g., Sylvester and Smith, 1976; Christie-Blick
and Biddle, 1985). Prior studies of strike-slip basin development have focused
on distinct end members of basin types termed transpressional and transten-
sional basins (for a comprehensive review of both types of basins, see Mann,
2007). Subsidence mechanisms for each setting vary, with localized extension
being a dominant subsidence mechanism for transtensional basins and flex-
ural subsidence being a dominant subsidence mechanism for transpressional
basins (Ingersoll, 2011). Our analysis of the McCallum basin defines a compos-
ite basin type that initiated in a transtensional setting and was subsequently
transported into a transpressional setting (e.g., Reading, 1980). Our findings
suggest that the McCallum basin may serve as an example of what we term
a “composite” strike-slip basin, characterized by a stratigraphy that records
distinct stages of basin development along a major strike-slip fault system.
Because continental strike-slip fault systems commonly change orientation
along strike, composite basins as documented herein are likely to be associated
with other strike-slip fault systems but are underrepresented in the literature.

It should be noted that our tectonic reconstruction approach is an over-
simplification of a complex tectonic setting.The reconstruction assumes that:
(1) the Pleistocene-Holocene slip rates along the Denali fault are reasonable
approximations of the slip rates over the last 6.1 m.y.; (2) all strike-slip dis-
placement can be accounted for on the main strand of the Kimball section of
the Denali fault, when it is more likely that unrecognized subordinate parallel
strike-slip faults as well as related thrust faults accommodated some of the
inferred displacement; and (3) the fault junction between the Totschunda and
eastern Denali fault has existed and has been stable over the past 6.1 m.y.
These assumptions, hopefully, will be tested in future studies on this part of
the Denali fault system.

Neogene Regional Tectonics of the Upper Plate of the Southern
Alaska Convergent Margin

Our analysis of the McCallum formation defines distinct stages of com-
posite basin development and strike-slip displacement along the Denali fault
system from ca. 6.1 Ma to the present. The age range determined for the
McCallum formation coincides with widespread deformation and basin devel-
opment across the southern Alaska convergent margin. To the west of the
McCallum basin in the central Alaska Range, the Denali massif underwent rapid

exhumation (~1 km/m.y.) beginning at ca. 6 Ma (red star in Fig. 16; Plafker et al.,
1992; Fitzgerald et al., 1993, 1995). The sedimentary record of the exhumation
of Denali is recorded in the 1.2-km-thick Pliocene Nenana Gravel of theTanana
basin exposed north of the Alaska Range (Fig. 16; Wahrhaftig, 1987; Ridgway et
al., 2007b; Brennan and Ridgway, 2015). On the south side of the central Alaska
Range, Miocene and Pliocene deposition occurred in a wedge-top basin, the
Peter Hills basin, along the Broad Pass thrust fault system (Fig. 16; Haeussler
et al., 2017b). Southeast of the McCallum basin, along the southern margin
of the upper plate, the St. Elias syntaxis is also marked by growth of high
topography produced by focused, young exhumation of >5 km/m.y. from ca.
4 to 2 Ma (Fig. 16; Enkelmann et al., 2010, 2015). In this same general area, the
hanging wall of the Chugach-St. Elias fault has been actively exhuming since
5 Ma, based on (U-Th)/He zircon analysis (Fig. 16; Berger et al., 2008). In the St.
Elias region, the sedimentary record of Neogene deformation is a thick clastic
wedge (~5 km) of Upper Miocene-Pleistocene synorogenic strata, known as
theYakataga Formation (e.g., Plafker, 1987; Lagoe et al., 1993; Plafker and Berg,
1994). In addition to the onshore marine record of rapid exhumation in the St.
Elias region, the offshore record documents increased sedimentation in the
Gulf of Alaska since ca. 5 Ma (Gulick et al., 2015). Southwest of the McCallum
basin, in the Cook Inlet forearc basin, the sedimentary record of late Miocene-
Pliocene deformation is inferred from the ~3.3-km-thick Sterling Formation
(e.g., Flores et al., 2004; Finzel et al., 2011, 2015).

In addition to the development of young topography and deposition of
synorogenic clastic wedges on the upper plate of the convergent margin,
there was also increased late Miocene to Holocene volcanism in the Wrangell
arc (Fig. 16).The Wrangell arc is located southeast of the McCallum basin and
extends for ~500 km from southern Alaska to southwestern Yukon (Fig. 16;
Richter, 1976; Richter et al., 1990; Skulski et al., 1991; Brueseke et al., 2019;Trop
et al., 2022). The Wrangell arc has been active since ca. 30 Ma (Fig. 16; Richter
et al., 1990; Preece and Hart, 2004; Brueseke et al., 2019). The late Miocene
to present period of volcanism has resulted in the development of some of
the highest, and largest by volume, volcanoes in North America (Fig. 16; Nye,
1983; Richter et al., 1990, 1994).The tephras documented in the McCallum basin
were likely sourced from major Wrangell volcanoes that overlap in age with
the deposition of the McCallum basin (ca. 6.1 Ma to present), such as Mount
Blackburn (ca. 4 Ma).

The plate-boundary driving forces for regional Neogene deformation were
likely related to subduction of the Yakutat slab, with its progressively thicker
crust leading to active microplate collision along the southern Alaska conver-
gent margin (Fig. 16; Plafker, 1987; Eberhart-Phillips et al., 2006; Christeson et
al., 2010; Elliott et al., 2010; Finzel et al., 2011; Worthington et al., 2012; Elliott
and Freymueller, 2020). An additional factor driving Neogene deformation
may have been a shift in relative plate motion from a northwestern-directed
vector motion to more northward-directed motion at ca. 6 Ma (Fig. 16; Cox
and Engebretson, 1985; Engebretson et al., 1985; Fitzgerald et al., 1993, 1995;
Wessel and Kroenke, 2007; Doubrovine and Tarduno, 2008). Our analysis of
the McCallum basin illustrates a clear record of strike-slip displacement along
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Figure 16. Basin development and related strike-
slip deformation of the McCallum basin along the
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the Denali fault system by ca. 6 Ma to the present. In general, we interpret  occurred during the Paleogene (e.g., Ridgway and DeCelles, 1993; Ridgway
this stage of strike-slip displacement and basin development to be a far-field et al., 1999; Trop and Ridgway, 2007). Our analyses of the McCallum forma-
response of the Denali fault to subduction of thicker crust of theYakutat micro- tion, combined with several other recent studies (Berkelhammer et al., 2019;
plate along the plate boundary and changing plate-boundary conditions. Our ~ Brueseke et al., 2019; Trop et al., 2019), indicate the importance of Neogene
findings build on a number of geologic, geophysical, and modeling studies  displacement along the Denali fault system. Additional studies are needed, but
that relate Neogene deformation in southern and central Alaska to flat slab  Neogene strike-slip displacement may represent a significant component of
subduction (Abers, 2008; Haeussler, 2008; Freymueller et al., 2008; Jadamec  the total fault-slip record and will need to be incorporated into tectonic models
et al., 2013; Finzel et al., 2011, 2015). and paleogeographic reconstructions to develop a more complete understand-
The specific timing of strike-slip displacement along the Denali fault is  ing of the geologic development of the southern Alaska convergent margin.

unclear and warrants additional studies. Several previous studies have doc-

umented 300-400 km of Cretaceous and/or younger displacement based on

correlation of interpreted offset Jurassic-Cretaceous sedimentary strata (Eis- [l CONCLUSIONS

bacher, 1976; Nokleberg et al., 1985; Lowey, 1998; Fasulo et al., 2020). Due to

the Mesozoic age of the offset markers, these important studies provide little (1) The newly defined McCallum formation represents a period of active
insight into the specific timing of strike-slip displacement.The documentation basin development and strike-slip displacement along the eastern
of Eocene-Oligocene strike-slip basins along the Denali fault system led other Denali fault system from ca. 6.1 Ma to the present. Stratigraphic and
previous studies to suggest that much of the total displacement may have geochronologic data define a 564-m-thick stratigraphic section for this
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formation that consists of a fine-grained, lacustrine-dominated lower
member, and a coarse-grained, stream-dominated, alluvial-fan upper
member. We interpret this stratigraphic transition to be a product of
~79-90 km of Neogene displacement along the Denali fault based on our
palinspastic reconstruction.The formation of the basin along a transten-
sional section of the fault is interpreted to have started by ca. 6.1 Ma, and
the basin was subsequently transported into a region of transpression
by ca. 5 Ma. Displacement along the transpressional Kimball section
of the Denali fault continues to the present and results in an active
propagating thrust system that is deforming the northeastern margin of
the McCallum basin. Previous studies of strike-slip basin development
classify most basins into two end members: transtensional or trans-
pressional. We interpret the McCallum basin as a composite strike-slip
basin that bridges both end members. Composite basins are likely com-
mon along other strike-slip fault systems and warrant additional study.

(2) Our analysis of the McCallum basin, combined with several other recent
studies, indicates that ~79-90 km of the previously interpreted 300-
400 km of Cretaceous or younger dextral displacement on the Denali
fault system are late Miocene and younger. Previous basin analysis
studies placed an emphasis on Eocene-Oligocene displacement. The
sedimentary record from the McCallum basin indicates that significant
Neogene strike-slip displacement will now need to be incorporated into
future tectonic reconstructions of the Denali fault system.

(3) From a more regional perspective, the Neogene tectonics of southern
Alaska are interpreted to be related to flat slab subduction of progres-
sively thicker crust of the Yakutat microplate and a Pacific plate vector
change. Much of the high topography and the related Neogene clastic
wedges documented across the southern Alaska convergent margin
are coeval with strike-slip displacement and basin development on the
eastern Denali fault system; all of these upper-plate processes may be
related to flat slab subduction.
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