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Abstract

The Nenana basin of interior Alaska forms a segment of the diffuse plate boundary
between the Bering and North American plates and is located within a complex zone of crustal-
scale strike-slip deformation that accommodates compressional stresses due to oblique plate
convergence to the south. The basin is currently the focus of new oil and gas exploration.
Integration of seismic reflection and well data, fracture data and apatite fission track analyses
with regional data improves our understanding of the tectonic development of this continental
strike-slip basin.The Nenana basin formed during the Late Paleocene as a 13-km-wide half-
graben, affected by regional intraplate magmatism and localized crustal thinning across the
Minto fault in south-central Alaska. The basin was uplifted and exhumed along this faulted
margin in Early Eocene through to Late Oligocene time in response to oblique subduction along
the southern Alaska margin. This event resulted in the removal of up to 1.5 km of Late Paleocene
strata from the basin. Renewed rifting and subsidence during Early Miocene time widened the
basin to the west resulting in deposition of Miocene nonmarine clastic rocks in reactivated and
newly-formed extensional half-grabens. In Middle to Late Miocene time, left lateral strike-slip
faulting was superimposed on this half-graben system, with rapid subsidence beginning in
Pliocene time and continuing to the present-day. At present, the Nenana basin is in a zone of
transtensional deformation that accommodates compressional stresses due to oblique plate
convergence and allows tectonic subsidence by oblique-extension along major basin-bounding

strike-slip faults.

Keywords: Nenana basin; transtensional basin; Interior Alaska; strike-slip faulting
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1. Introduction

Continental transform boundaries are often narrow zones of tectonic deformation
commonly associated with a steeply-dipping strike-slip fault or a complex array of steep strike-
slip faults which accommodate the relative plate motion (Mann 2007; Seeber et al. 2010). The
geometry, type and magnitude of relative plate displacement along the transform fault strongly
control the complex morphologies of transpressional basins and transpressional folds developing
along a transform margin (Ben-Avraham 1992; May 1993; Aksu et al. 2000). Continental
transform basins often record the tectonic history of the transform plate boundary and related
mechanisms of slip along the faults in their sedimentary fill. Investigating the origins and
evolutionary histories of these transform basins would constrain the tectonic development of the
transform fault systems as well as the structural architecture and thermal histories of transform
margins.

The Nenana basin is a prominent structure that overlies the eastern edge of a diffuse plate
boundary between the Bering plate to the west and the North American plate to the east (Cross
and Freymueller 2008) (Figure 1). The basin is located between two regional right-lateral strike-
slip fault zones — the Denali fault system to the south and the Kaltag-Tintina fault system to the
north (Figure 1) (Page et al. 1995; Ruppert et al. 2008; Tape et al. 2015; Dixit and Hanks 2015).
The northern foothills fold-and-thrust belt (NFFB) lies to the south of the Nenana basin. It is the
northernmost limit of active deformation from the Alaska Range orogenic belt (Lesh and
Ridgway 2007; Bemis et al. 2012). Recent seismological studies indicate that a number of
seismically-active NE-striking, left-lateral crustal-scale strike-slip faults cut through the Nenana
basin and show poorly characterized surface scarps (Figure 1) (Frohman 2015; Tape et al. 2015).

There is a general agreement that the Nenana basin formed as a consequence of extension along
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transtension-related deformation along these major, NE-striking faults. Recent studies address
the present-day tectonic deformation style of the Nenana basin (Page et al. 1995; Van Kooten et
al. 2012; Tape et al. 2015). However, the timing of faulting, the origin and evolution of the basin
is speculative and poorly understood. In addition, determining the extent of tectonic deformation
in the basin has been difficult due to lack of outcrop, limited exploration well data and scarcity of
publicly available seismic reflection data. As a result, it has been difficult to develop a cohesive
tectonic model of the evolution of the basin.

The Nenana basin is a promising hydrocarbon exploration area in interior Alaska and
may hold as much as 250 million barrels of recoverable oil, up to 28 billion cubic meter of
recoverable natural gas and up to 8 billion short tons of identified coal resources (Merritt 1986;
Doyon 2015). A better understanding of tectonically-induced deformation, sediment
accumulation and subsequent thermal regimes in the subsurface over time can constrain the
relative timing of trap formation, hydrocarbon generation and migration within the basin
(Hubbert 1953; Hunt 1996; Van Kooten et al. 2012).

This study investigates the phases of tectonic deformation of the Nenana basin by an
integrated analysis of two-dimensional (2D) seismic reflection profiles, well data, surface
fracture data and apatite fission track data. This integrated analysis was used to constrain the
thermal history of the basin and illustrate how basin subsidence and uplift events influenced the
thermal regime of the basin over time.

2. Geological Background

Central interior Alaska is dominated by two continental-scale, dextral strike-slip fault

systems: the Denali and Kaltag-Tintina fault systems (Figure 1). The Denali fault is an active

intraplate, dextral strike-slip fault that arcs through the Alaska Range. This fault accommodates
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dextral shear strain resulting from the oblique plate convergence to the south (Eberhart-Phillips
et al. 2003; Matmon et al. 2006). The Denali fault is reported to have 350 km of right-lateral
strike-slip displacement and it extends steeply through the crust to depths as deep as ~30 km
(Lanphere 1978; Fisher et al. 2007; Haeussler 2008). The Tintina fault is a steeply dipping
dextral strike-slip fault that extends through central Alaska and separates deformed Proterozoic-
Paleozoic North American crustal rocks from accreted Yukon-Tanana Terrane rocks in our study
area (Till et al. 2007). Murphy and Mortensen (2003) suggested at least 450 km of dextral
displacement along the Tintina fault in Late Cretaceous or Early Paleocene time. Since Early
Paleocene time, slip on the Tintina fault system has been minimal (Brogan et al. 1975). At its
western end, the Tintina fault connects with the Kaltag fault through a set of splay faults (Till et
al. 2007). To the south, the Alaska Range is a dextral transpressional orogen with north-vergent
thrusting along the northern foothills fold-and-thrust belt and strike-slip faulting along the Denali
fault (Haeussler 2008; Bemis et al. 2015). At present, the shallow oblique subduction and
collision of the Yakutat microplate along the southern Alaska margin drives the dextral
transpressional deformation across the Alaska Range (Figure 1) (Bemis and Wallace 2007;
Carver et al. 2008; Haeussler 2008). To the north of the central Alaska Range, contractional
deformation continues into the Nenana pull-apart and Tanana foreland basins (Ridgway et al.
2007; Dixit and Hanks 2015). Geologic and seismological evidence suggest that a pure shear
zone exists between the Denali and Tintina fault systems, driven by N-S directed crustal
shortening in response to oblique plate convergence to the south (Ratchkovski and Hansen 2002;
Ruppert et al. 2008; Bemis et al. 2015). Active faults and several active seismic zones (e.g.

Minto Flats Seismic Zone, Fairbanks Seismic Zone and Salcha Seismic Zone) across this zone
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suggest clockwise rotation of crustal blocks to accommodate N-S directed crustal shortening in
the region (Figure 1) (Page et al. 1995; Bemis et al. 2015).

Two major seismically-active northeast-striking left-lateral strike-slip faults cut through
the Nenana basin: the Minto fault in the southeast and an unnamed fault in the northwest (Fault 2
on Figure 2). These two faults and subsidiary faults have been referred to as the Minto Flats
Fault Zone (MFFZ) (Tape et al. 2015). At present, the basin is subsiding due to on-going
oblique-strike-slip (transtensional) movement along the major basin-bounding faults and
possibly due to crustal loading along the northern foothills of the central Alaska Range (Lesh and
Ridgway 2007; Dixit and Hanks 2015; Tape et al. 2015).

Various tectonic models have been proposed to explain the present-day structural setting
of the Nenana basin. Based on shallow seismic reflection and residual Bouguer anomaly data,
Van Kooten et al. (2012) and Doyon Limited (2015) proposed that the Nenana basin is an
extensional half-graben or graben complex that was formed along the Minto Fault. In contrast,
Tape et al. (2015) and Dixit et al. (2015) interpreted the Nenana basin as a transtensional pull-
apart basin situated between the two basin-bounding active left-lateral faults within the MFFZ
(Figure 3).

Only four exploration wells have been drilled in the Nenana basin (Figures 2 and 3).
Figure 4 outlines the stratigraphy of the basin encountered by the exploration wells. Proterozoic
to Early Paleozoic Yukon-Tanana Terrane schist and Late Paleozoic Totatlanika schist underlies
the Cenozoic non-marine sedimentary basin. The sedimentary fill of the Nenana basin includes:
Late Paleocene sediments (Late Paleocene Formation), a Miocene sequence (Usibelli Group), a
Pliocene sequence (Nenana Gravel), and Quaternary surficial deposits (Figure 4) (Merritt 1986;

Frost et al. 2002; Van Kooten et al. 2012). The Usibelli Group, the Miocene coal-bearing
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sequence, is further subdivided into five different formations--the Healy Creek, Sanctuary,
Suntrana, Lignite Creek and Grubstake formations. The major thermally mature to marginally
mature source rocks of the Nenana basin occur in the Late Paleocene and Healy Creek
formations (Figure 4) (Van Kooten et al. 2012, Dixit and Tomsich 2014).

3. Data and Methods

The dataset used in this study includes 2000-km-long two-dimensional seismic reflection
profiles, borehole logs from four exploration wells and apatite fission track (AFT) data from four
rock samples: two collected from the well cuttings of Nunivak 1 well and two samples from an
outcrop along the eastern margin of the basin, near the town of Nenana (Figure 2).

3.1 Well data

Borehole logs and lithostratigraphy data from four exploration wells (Nenana 1, Totek
Hills 1, Nunivak 1 and Nunivak 2) were used as control points to determine the subsurface
geology of the basin (Figures 2 and 5) (AOGCC 2015; Doyon Limited 2015). The age
assignments for the observed sedimentary units in Nunivak 1 and Nunivak 2 wells were based on
palynomorph data collected from these exploration wells (Gerry Van Kooten, written
communication 2014). In addition to subsurface stratigraphy, sonic and density logs were further
used to establish well-to-seismic ties that allowed the stratigraphic correlation of key seismic
reflectors.

Nunivak 1 well was selected to generate a representative one-dimensional tectonic
subsidence history model for the basin (Figures 3b and 5). Nunivak 1 was chosen because it: 1)
shows good tectonic history (unconformities and well preserved sedimentary strata); 2)
represents most of the stratigraphic sequences that are well documented in outcrop; 3) is drilled

at a geographic location which samples the deeper area within the basin; and 4) has reasonable
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thermal history data needed to calibrate the subsidence history model. The burial history for this
well was generated using BasinMod software program (Platte River Associates Inc.). BasinMod
software program uses decompaction and backstripping techniques to estimate tectonic
subsidence according to method of Steckler and Watts (1978). The main input parameters for the
modeling included the ages and depths of each stratigraphic horizon. To generate a useful
thermal history for this well, we considered the basal heat flow model published for the Nenana
basin by Van Kooten and others (2012) and Dixit and Hanks (2015). Our burial history model is
constrained by the subsurface stratigraphy at Nunivak 1 well and the observed present-day
temperature data.
3.2 Seismic Reflection Data

The seismic reflection data available for this study include four 2D seismic reflection
profiles approximately 2000-km-long.These profiles extend down to 4 sec in two-way-travel
time (TAO02, TAO3, TA0O4 and TAOS; Figure 3). Three seismic transects (TA02, TA03 and
TAO4) are oriented northwest-southeast whereas one seismic transect is oriented northeast-
southwest, parallel to the structural trend observed in the region. This 2D seismic grid was
acquired and processed by ConocoPhillips and was kindly provided for our research. More
recently, Doyon Limited (2015) published a series of additional 2D and 3D seismic reflection
profiles that were acquired during hydrocarbon exploration surveys in the Nenana basin. We
integrated this more recent published seismic reflection data with the 2D seismic grid provided
by ConocoPhillips to evaluate the subsurface geometry, timing of faulting and evolution of the
Nenana basin. An integrated seismic interpretation was performed employing the IHS Kingdom
Suite. Synthetic seismograms and depth-converted seismic horizons were used for the correlation

of stratigraphic units encountered in the wells as well as to generate structural and isopach maps
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for the selected horizons. The lithological and stratigraphic information derived from the
published well data was used to constrain the age and geological interpretation of individual
units.

3.3 Apatite Fission Track (AFT) Data

Four samples were collected for an AFT analysis to evaluate the thermal history of the
Nenana basin. Samples 1 and 2 were collected from well cuttings of Nunivak 1 well stored at the
Geological Materials Center in Eagle River, Alaska (Dixit and Tomsich 2014) (Figure 5).
Sample 1 was taken from the Late Paleocene sediments (depth interval of 2746 m- 3359 m)
whereas Sample 2 was taken from the Miocene Usibelli Group sediments (depth interval of 1695
m- 2252 m). Samples 1 and 2 are from the hanging wall of the Minto Fault. Sample 3 was
collected from quartzite of the Yukon-Tanana Terrane exposed along the Parks Highway (Figure
2). Sample 4 was obtained from schist of the Yukon- Tanana Terrane located farther south, near
the town of Nenana (Figure 2). Both samples are from the footwall of the Minto Fault.

All of the samples were sent to Apatite to Zircon Inc. (A2Z, Idaho) for AFT analysis. The
detailed experimental procedures and principles of fission track analysis that are implemented by
Apatite to Zircon Inc. are described in Donelick et al. (2005). We used the HeFTy software
(Ketcham et al. 2007) to model the time-temperatures histories for each sample. Input
parameters for the time-temperature modeling (inverse modeling) of each sample were the
fission-track length distribution and the fission-track age with errors of +16. For every inverse
model, additional timing constraints such as stratigraphic age, sample depth and present-day
temperature were applied to honor the tectonic burial history of the basin. Each inverse model
randomly generated (Monte Carlo approach) 10000 independent time-temperature paths and

compared the modelled data with measured fission track data. The best-fit solution for each of
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the inverse models was based on a goodness of fit (GOF) value, in which ‘good’ and
‘acceptable’ fit to the measured data corresponded to GOF values of 0.5 and 0.05, respectively.
The best-fit time-temperature path (GOF close to 1) provided the most likely thermal history for
a given sample in accordance with the measured data.

3.4 Fracture Sampling and Calcite Twin Data

In order to investigate the history of fracture formation at the basin scale, we collected
fracture data that included fracture orientations (strike and dip), modes of deformation (opening
or shearing), the presence or absence of fracture fill (calcite or quartz) and cross-cutting
relationships in the outcrop of basement schist rocks of the Yukon-Tanana Terrane exposed near
the town of Nenana (Figure 2). We used the linear scanline fracture survey method to measure
the fracture attributes of each fracture (Priest 1993). Each scanline was set up normal to the
strike of a particular fracture set identified at the outcrop. Based on the quality of exposed rocks,
at least 25 fractures were measured for each fracture set for further statistical analysis.

At high temperatures and in the presence of reactive fluids, open fractures are completely
filled with mineral precipitates such as calcite and quartz (Laubach 2003). The cemented
fractures therefore record fluid migration pathways and can provide information on stress
regimes active during fracturing filling. To examine the modes of deformation and temperature
history of such fractures, we collected oriented rock samples containing well-preserved veins for
thin section analysis. Petrographic thin sections (cut parallel as well as normal to the mineralized
vein walls) for each of these samples were made by National Petrographic Services, Inc in
Houston, Texas. We analyzed these thin sections to interpret vein composition, type of

deformation and the direction of shear identified from crystal orientations.
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Mechanical e-twinning occurs in calcite crystals that are deformed at low temperatures (<
300°c) and under high shear stresses (Burkhard 1993). Thin twins in calcite generally dominate
at temperatures below 170°C whereas above 200°C, calcite exhibits thick twins (Ferrill et al.
2004). As a result, twin morphologies in calcite from vein fillings can be used to provide
information about deformation temperature of a host rock. In this study, we used thin sections
from each sample to further analyze twin thickness and extent of deformation within a vein.
Resulting calcite twin morphologic interpretations were then integrated with the apatite fission
track data in order to constrain the timing of fracture formation within the basin.

4. Observations
4.1 Major depositional sequences and events

We identified four major seismic sequences from synthetic seismic ties, unconformities
and reflection character within Cenozoic strata of the Nenana basin. These include: 1)
Proterozoic to Paleozoic seismic basement; 2) Paleocene syn-rift sequence; 3) Miocene syn-rift
sequence; and 4) Pliocene and younger post-rift sequence (Figures 6 and 7).

4.1.1 Proterozoic to Paleozoic Pre-Rift Seismic Basement

An erosional unconformity marks the top of Proterozoic to Paleozoic metamorphic
basement rocks of the Yukon-Tanana Terrane. This basement unconformity dips to the east from
Nenana 1 well and to the southeast from Totek Hills 1 well and truncates against a faulted-block
along the Minto Fault, near the town of Nenana (Figures 2, 3 and 5). We first interpreted the
basement sequence along the basin margins on the seismic profiles and traced it further into the
deeper sections of the basin.

The seismic reflection data did not provide a direct reflection at the top of metamorphic

basement (Figures 6 and 7). Consequently, well logs, truncation patterns of seismic reflectors
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and upper crustal models of the Nenana basin were defined with the potential field data from
gravity and magnetics (see Dixit and Hanks 2015). These data constrain our interpretation of the
top of metamorphic basement within the basin (Figures 6 and 7). The interval velocities directly
derived from the well data for our interpreted basement sequence are 4.5 - 5.3 km/s, and
comparable to velocities of metamorphic bedrock in the Yukon-Tanana Terrane calculated from
deep crustal seismic studies (4.9 km/sec; Brocher et al. 2004).

Two major northeast-striking, down-to-west faults bound the basin on the top-of-
basement structure (Fault 3 and Minto Fault; Figure 6). Both of these faults offset the basement
unconformity and show > 1 km of the mean fault displacement. In map-view, the distance
between the two northeast-striking basin-bounding faults generally increases to the north (Figure
3).

The top-of-basement structure map also illustrates the asymmetry of the Nenana basin
(Figure 3). The basement surface deepens abruptly to >5.5 km deep in the southeast, on the
downthrown side of the Minto Fault. The top of basement shallows gradually westward where it
is 1079 m at Nenana 1 well (Figure 3b). The basement on the upthrown side of the Minto Fault is
exposed along the northeastern margin of the basin, near the town of Nenana (Figure 2).

4.1.1 Paleocene and Older Synrift Sequence

The palynomorph data collected from Nunivak 1 well suggests that > 305 m of Late
Paleocene non-marine deposits overlie the seismic basement (Van Kooten et al. 2012, Gerry Van
Kooten, written communication 2016). At the eastern basin margin, growth strata are evident in
this sequence where high-amplitude, continuous seismic reflectors expand toward the major,
northeast-striking faults that bound the basin (Figure 6). This Late Paleocene sequence thickens

toward the east and above the deepest parts of the basin (Figure 6). The sequence also pinches
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out or thins towards the west, along the Nenana High and to the southwest, along the Totek Hills
High (Figure 7). At the base of the sequence, seismic reflections onlap onto the irregular and
gently sloping basement surface along the western and southwestern margins of the basin
(Figures 6 and 7). The non-marine character of the sediments, thickening of strata against the
major basement-involved faults and progressive onlap onto the underlying basement surface
suggests active deposition of these sediments during growth of a normal fault-bounded basin,
suggesting that this is a synrift sequence (Schlische 1991; Contreras et al. 1997).
Early Eocene to Late Oligocene Unconformity

At the top of the Late Paleocene sequence, an erosional unconformity truncates
underlying seismic reflectors (Figures 6 and 7). This surface indicates that the underlying
Paleocene sequence experienced a post-depositional exhumation. This unconformity is also
evident as a hiatus on well logs (Nunivak 1 and Nunivak 2; Figure 5). To the west of Nenana
High, the angular unconformity cannot be traced or identified on the seismic data (Figure 6).
4.1.2 Miocene Synrift Sequence

Seismic reflection ties to well control indicate that the sequence overlying the Late
Paleocene Formation in Nunivak 1 and Nunivak 2 wells is Early Miocene to Late Miocene in
age, based on the palynomorphs data (Gerry Van Kooten, written communication 2016) (Figure
5). This sequence marks the deposition of the fluvial and lacustrine coal-bearing rocks of the
Miocene Usibelli Group (Van Kooten et al. 2012). On seismic reflection profiles, this sequence
downlaps onto the underlying Early Eocene/Late Oligocene angular unconformity (Figures 6 and
7). This seismic sequence is characterized by high-amplitude, continuous reflections along the
deeper sections of the basin and near the eastern basin margin (Figures 6 and 7). These seismic

reflections become less continuous to discontinuous across the gently-sloping, western and
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southwestern basin margins. This discontinuity in seismic reflections suggests laterally
heterogeneous lithologies or a fractured rock mass along these basin margins (Chopra and
Marfurt 2008).

Based on the seismic reflection character, the Miocene sequence can be further divided
into two sub-sequences: (1) a Lower Miocene sequence (including the Healy Creek and
Sanctuary Formations), and (2) an Upper Miocene sequence (including the Suntrana Creek,
Lignite Creek and Grubstake Formations) (Figure 4). Stratigraphically, the Lower Miocene
sequence is a fining-upward trend that reflects a transition from a sand-rich fluvio-deltaic
environment of the Healy Creek Formation to a silt-rich lacustrine environment of the Sanctuary
Formation (Ridgway et al. 2007, Van Kooten et al. 2012). In the seismic reflection data, the two
subsequences are separated by a subaerial unconformity. On seismic reflection profiles,
Sanctuary Formation strata progressively onlap the top-of-Healy Creek surface along the
hanging wall and indicate a continuous deepening of the basin (Figure 6). This Lower Miocene
sequence thickens across the northeast-striking major faults (Fault 3 and Minto Fault) and
suggests sedimentation coeval with the development of these faults (Figure 6).

The Upper Miocene sequence consists of extensive braided fluvial-deltaic sediments of
the sand-rich Suntrana and Lignite Creek formations that transition upward into the silt-rich,
lacustrine facies of the Grubstake Formation (Figure 4) (Ridgway et al. 2007; Van Kooten et al.
2012). On seismic profiles, this sequence onlaps the underlying Lower Miocene sediments
towards the western and southwestern basin margins and also thickens against the northeast-
trending major basin faults (Fault 3 and Minto Fault). Deposition of the Upper Miocene

sequence, therefore, records a renewed period of basin subsidence.
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Locally, a set of northwest-striking negative flower structures are associated with
syndeformational growth strata within the Upper Miocene sequence (Figure 6). These northwest-
striking faults generally cut through the basement surface, indicating continuation of basement-
involved oblique-extensional faulting in the basin.

4.1.3 Pliocene to Quaternary Post-Rift Sequence

The top of the Miocene Usibelli Group is well defined as an unconformity surface in both
outcrop and in wells and is overlain by the Pliocene Nenana Gravel and Quaternary deposits
(Figure 5). On seismic profiles, the Nenana Gravel downlaps basinward onto the Miocene
unconformity surface (Figures 6 and 7). This sequence displays a poor seismic reflectivity and/or
a lack of continuous stratigraphic reflectors in large parts of the basin. Much of the poor seismic
resolution in this section could be due to unconsolidated, fractured or poorly-sorted sediments
(Dixit and Tomsich 2014).

This sequence thickens towards the north and above the deepest section of the basin (Van
Kooten at al. 2012; this study) and thins westward and southwestward along the margins of the
basin (Figure 6). The surface exposures of the Miocene Usibelli Group and Neogene Nenana
Gravel sediments near the Totek Hills High (Figure 2) suggest that the southwestward-thinning
of Pliocene-Quaternary strata could be due to erosion during the uplift and exhumation of this
region (Figure 7). Unlike older basin sequences, the observed thickness variations of Pliocene
and younger strata were not controlled by any major basement-involved fault. This suggests
filling of the basin in a post-rift setting.

4.2 Burial history of Nunivak 1 Well
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In order to better understand the subsidence and thermal history of the Nenana basin, we
evaluated the tectonic subsidence history of the Nunivak 1 well (Figure 8). The Nunivak 1 well
was drilled on an intra-basement high in the Nenana basin.

Cenozoic strata encountered in Nunivak 1 well record three distinct phases of tectonic
subsidence and a single phase of uplift in the area (Figure 8). Subsidence rates are calculated
from inferred compacted sediment thicknesses, as interpreted from Nunivak 1 well data. At the
Nunivak 1 well site, rapid tectonic subsidence (~0.24km/Ma) occurred from Late Paleocene to
Early Eocene and resulted in the deposition of more than 1829 m of the Late Paleocene
sediments. This was interrupted by a major episode of basement uplift and exhumation in Early
Eocene (54.8 Ma) to Late Oligocene (23.8 Ma) that eroded and removed as much as 1524 m of
the Late Paleocene Formation strata. Renewed tectonic subsidence in the Miocene resulted in the
deposition of 2012 m of Usibelli Group strata in gravelly braided streams to high-sinuosity
mixed-load streams and lacustrine environments (Figure 8) (Buffler and Triplehorn 1976). The
rate of basin subsidence in the Miocene (~0.11 km/ Ma) appears to be much slower than that in
the Late Paleocene (~0.24 km/Ma). Our burial history curves further suggest that tectonic
subsidence accelerated during Pliocene time (~0.37km/Ma) with the deposition of about 1372 m
of Nenana Gravel deposits in gravelly braided streams and alluvial fans (Wahrhaftig 1987). The
basin continued to subside rapidly until the present.

4.3 Apatite Fission Track Analysis

A fission-track age is mainly a function of fission track lengths and, for apatite, records
the cooling history of the host rock from temperatures < 120° C (Green et al. 1989; Gallagher et
al. 1998, Ketcham et al. 1999). Apatite fission track ages and fission track length data were

determined for 4 samples (Table 1). Fission track ages obtained from these 4 samples fall
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between 41.4 + 7.8 Ma and 7.79 £+ 3.5 Ma (Table 1 and Figure 9). In general, the AFT ages
decrease from west to east (Figure 2). Samples 1 and 2 collected from the Nunivak 1 well show
the oldest AFT ages (Figure 2) while samples 3 and 4 from the exposed basement rocks in the
footwall of the Minto fault have the youngest AFT ages. The observed AFT ages and track
lengths indicate that all samples have experienced temperatures >120°C and have been totally
annealed in the past (Figure 9).
4.3.1 Cooling History of Samples 1 and 2 from the Nunivak 1 Well

The AFT age of 39.41+ 4.8 Ma for Sample 1 from the Late Paleocene Formation of
Nunivak 1 well is significantly younger than the formation age (Table 1; O’Sullivan 1999).
Mean track lengths of 13.9 + 1.52 um for this sample are shorter than the standard, unannealed
mean track length of 16.3 £ 0.9 pm (Gleadow et al. 1986). These two observations suggest that
Sample 1 resided in the apatite partial annealing zone (PAZ, 120° C to 60° C) for a significant
time. The HeFTy inverse model solution for Sample 1 shows a goodness-of-fit (GOF) of 0.94 for
the AFT age and 0.82 for the track length (Figure 9). This model suggests a bimodal thermal
history with two distinct phases of rapid burial and subsequent heating - first in the Late
Paleocene to Early Eocene and second during Early Miocene to present day, with an intervening
phase of rapid cooling in the Middle Eocene to Late Oligocene.

Sample 2 is from the Miocene Usibelli Group penetrated by the Nunivak 1 well (Figure
5). Sample 2 has an AFT age of 41.40 + 7.8 Ma which is significantly older than the depositional
age of the Miocene Usibelli Group (Table 1). The older AFT age thus indicates that Sample 2
was clearly not completely reset and contains apatite fission tracks that are inherited from the
provenance of sediments deposited (Gleadow et al. 1986). Sample 2 also yields longer mean

track lengths (14.28 £ 1.18 um) compared to Sample 1, indicating rapid cooling of the host rock
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through the PAZ at 58 Ma — 55 Ma. The HeFTy inverse model solution for Sample 2 indicates a
GOF of 0.96 for the AFT age and 0.46 for the track length (Figure 9). The relatively lower GOF
for the AFT track length could be due to fission tracks that are inherited from the provenance of
sediments deposited and not reset completely (Gleadow et al. 1986; O’Sullivan 1999). The
weighted-mean time-temperature solution for this inherited apatite sample suggests that most of
the cooling occurred between 60 Ma to 50 Ma. This sample was then rapidly buried and
subsequently heated from surface temperature (15° C) to about 65° C since the Pliocene (Figure
9).
4.3.2 Cooling History of Samples 3 and 4 from the Outcrops

Sample 3 is from basement rocks (mainly quartzite) of the Nenana Basin exposed along
the Parks Highway and in the footwall of the NE-striking, basin-bounding Minto Fault (Figure
2). The observed AFT age of 28.35 + 4.1 Ma for Sample 3 is much younger than the depositional
age and is therefore reset completely (Gleadow et al. 1986) (Figure 9). Similar to Sample 2,
Sample 3 shows a longer mean fission track length of 14.45 + 1.44 um which indicates rapid
cooling of the host rock through the PAZ. The HeFTy inverse model for Sample 3 indicates a
GOF of 0.98 for the AFT age and 0.99 for the track length (Figure 9). The weighted-mean time
temperature path for Sample 3 further suggests that the initial cooling of Sample 3 through the
PAZ (120° C to 60° C) occurred from Early Oligocene to Early Miocene. A continuous, gradual
cooling history of Sample 3 can be interpreted as being due to continuous uplift of the footwall
of the Minto Fault along the eastern basin margin.

Sample 4 is also from the basement rocks (mainly schist) of the Nenana basin, located
farther south of Sample 3, near the town of Nenana (Figure 2). This sample yielded a much

younger pooled age of 7.8 £ 3.5 Ma and mean track length of 14.3 = 1.2 um (Figure 9). The
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younger fission track age and longer fission track length of this sample suggest that the sample
was reset completely and then uplifted rapidly through the PAZ during the Late Miocene (~10
Ma to 7Ma). The inverse model solution for Sample 4 provides a GOF of 1 and 0.99 for the AFT
age and track length distribution, respectively.

Overall, thermal histories for all four samples suggest that the area experienced
temperatures in excess of 120°C during Late Paleocene time. Following an episode of maximum
burial, cooling through the PAZ in the deeper parts of the basin occurred in Mid Eocene to Late
Oligocene time, whereas along the eastern margin of the basin, rocks were uplifted and cooled
through the PAZ during the Early Oligocene to Late Miocene. At present, Samples 1 and 2 are
undergoing rapid burial and are situated within the PAZ along the hanging wall of the Minto
Fault (Figure 2). In contrast, Samples 3 and 4 are undergoing rapid uplift and are situated above
the PAZ, along the footwall of the Minto Fault. The difference in the observed cooling histories
of Samples 3 and 4 suggests a progressive migration of footwall uplift southward along the
eastern margin of the basin over time. Our hypothesis is consistent with the rotational block
model proposed for the eastside Minto Fault by Frohman (2015).

4.4 Analysis of Fracture Sets and Fracture Formation Chronology

We identified four main fracture sets in the regional basement schist of the Yukon-
Tanana Terrane located at an outcrop near the town of Nenana, hereafter referred to as the
‘Nenana outcrop’ (Figure 2). Based on the statistical analysis of fracture orientations, modes of
deformation and cross-cutting relationships, these fracture sets were distinguished based on
relative age, orientation, mode of opening and fracture fill (Figure 10). All of these fracture sets
are shear fractures and are filled with calcite and/or quartz. Each of the fracture sets is discussed

in detail below.
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4.4.1 Fracture Set (F1)

Fracture set F1 consists of shear fractures that range in strike from 300° to 320° and have
an average dip of 75° SW +/- 30° (Table 2). At the Nenana outcrop, all other fracture sets (sets
F2 to F4) terminate against this fracture set (Figure 10). In thin section, set F1 fracture fill is
composed largely of calcite with subsidiary quartz. Calcite crystals appear blocky to fibrous in
shape, whereas secondary quartz crystals tend to be elongated and blocky. In thin sections that
are parallel to vein walls, the calcite crystals are oriented at 40°-50° angles to the right (91° NE)
with respect to the vein wall and suggest right-lateral shear (Table 2). However, in thin sections
that are normal to vein walls, the calcite crystals are oriented at 30° angles to the left relative to
the vein wall showing a dominant dip-slip motion. Combined slip vectors inferred from thin
sections of set F1 therefore suggest that the veins in this fracture set exhibit a right-lateral shear
displacement with a strong dip-slip component (Table 2). The NW-striking right-lateral transfer
fault in the Nenana basin shows a similar average orientation to set F1 (325° strike with dip of
70°). We therefore correlate set F1 to the NW-striking oblique-slip fault in the basin.

The morphology and thickness of the calcite twins in set F1 indicate that both thin (Type
I, <170 °C) and thick (Type II, 200-300 °C) twins are present (Table 2). Under increasing strain
at temperatures below 170 °C, new thin twins form instead of widening existing twins (Ferrill et
al. 2004). We therefore interpret that thick calcite twins in fracture set F1 were formed when the
host rock was exposed to temperatures > 200°C whereas thin twins were locally developed
within thick twins at lower temperatures (<170 °C).

4.4.2 Fracture Set (F2)
Fracture set F2 is a set of en-echelon shear fractures with a strike of 240°-260° and an

average dip of 73° SE +/- 30° (Table 2). At the Nenana outcrop, slickenfibres on F2 fracture
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surfaces show dominantly left-lateral motion. In some places, these fractures abut against and
postdate, set F1 and cross-cut set F3 (Figure 10). We therefore interpret that the fractures in set
F2 formed after set F1 and simultaneously with set F3.

In thin section, fracture set F2 consists of extensional veins filled dominantly with quartz
and shear veins filled primarily with calcite. The calcite-filled veins show a strong sense of left-
lateral shear motion (Table 2). In thin sections cut parallel to the vein wall, calcite crystal
orientations show two distinct groups. Calcite crystals in the first group are oriented from 65°-
75° (311° NW), while the ones in the second group range from 40°-50° (286° NW) in orientation
with respect to the vein wall. In thin sections cut normal to the vein walls, calcite crystals are
oriented both at 20° and 40° angles. As a result, combined slip vectors for set F2 show that the
opening projection of calcite-filled veins has predominantly left-lateral shear sense with a strong
dip-slip component.

Both thick (Type II) and thin (Type I) calcite twins were observed in all of the thin
sections of shear veins in set F2 (Table 2). The calcite twins show signs of deformation with
patchy and curved twins.

4.4.3 Fracture Set (F3)

The shear fractures in fracture set F3 range in strike from 340°-360° and have an average
dip of 81° E +/- 30° (Table 2). In outcrop, these Mode II shear fractures show a right-lateral
shear sense. This set clearly abuts against set F1 and crosscuts set F2 (Figure 10). F3 fractures
are filled primarily with calcite with secondary quartz. In thin sections parallel to vein wall,
calcite crystals appear to have grown at a 45°- 60° angle (~125°- 140° SE) with respect to the

vein wall (~170°) (Table 2). No dip-slip motion was observed across the veins. The crystal
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orientations therefore indicate that the calcite-filled veins in set F3 were forming and
simultaneously deforming in a mainly right-lateral shear-related regime.

Thick (Type II) and thin (Type I) calcite twins are also present in all of the thin sections
obtained for set F3 (Table 2).

4.4.4 Fracture Set (F4)

Fractures from set F4 range in strike from 200°-220° and have an average dip of 74°NW
+/- 30° (Table 2). In contrast to F3, these Mode II shear fractures show predominant left-lateral
strike-slip deformation at the Nenana outcrop. In some places, this fracture set abuts against all
of the older fracture sets (F1-F3) and hence postdates all (Figure 10). In addition, this is the only
fracture set in which filled fractures show a crack-seal texture with calcite crystals appearing to
have grown from previously precipitated calcite reflecting incremental strain over time (Durney
and Ramsay 1973). Both calcite and quartz crystals appear to be oriented perpendicular to
(~300° NW) and at 45°-60° (~340° NW) with respect to the vein wall (~210°), indicating
predominant left-lateral strike-slip deformation in the veins (Table 2).

Most thin sections from set F4 fractures show both thick (Type II) and thin (Type I)
calcite twins (Table 2). However, in some thin sections of fractures that abut on the older sets,
only thin calcite twins (Type I, < 170°C) are observed. The shear fractures in set F4 that exhibit
only thin calcite twins are interpreted to be youngest in Nenana outcrop. In the Nenana basin,
NE-striking strike-slip faults such as the Minto Fault have a similar average orientation (40°NE)
to set F4 and share a left-lateral shear sense. We interpret that the shear fractures in set F4 are
related to these NE-striking strike-slip faults in the basin.

S. Discussion

5.1 Implications for the Tectonic Evolution of the Nenana Basin
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In this study, we integrated the seismic stratigraphy interpretations with the available
fission track and fracture data analyses to construct a structural model for the evolution of the
Nenana basin that is consistent with all observational data. A schematic structural section that
reflects all four stages of basin evolution is shown in Figure 11. This section is based on the
seismic line TA-02 that extends from the town of Nenana in the southeast to the northwest across
the basin (Figure 3).

5.1.1 Late Paleocene Basin-scale Extension and Initiation of Graben System

Seismic reflection data interpretations such as the progressive onlap of synrift strata and
growth strata patterns suggest that the Nenana basin initiated as a structural half-graben in the
Late Paleocene time (Figure 11a). Growth strata within the Late Paleocene sediments provide an
upper age constraint on the initial rifting in the Nenana basin. The formation of this extensional
system was dominated by localized early extensional rifting along the north-east striking,
westward-dipping Minto Fault.

Based on the seismic and paleomagnetic data, the restored average strike direction for the
Minto Fault during this time is approximately N13°E (Wallace and Ruppert 2012; this study).
This observation highlights a mean regional WNW-directed crustal extension across the Nenana
basin in Late Paleocene (Figure 11). The presence of more than 1.5 km of locally-sourced
lacustrine and fluvial deposits (Van Kooten et al. 2012, Doyon Limited 2015) in the Late
Paleocene Formation further confirms that this rifting phase was initiated rapidly and occurred
no later than Late Paleocene.

In the deeper parts of the basin, the thermal history of Sample 1 indicates rapid heating
from temperatures less then 40°C to higher than 170°C associated with the rapid burial of

sediments during the Late Paleocene rifting episode (Figure 9). Considering that the maximum
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vertical depth of burial of the Late Paleocene Formation in Nunivak 1 well was ~2012 m after
compaction during this time, then an estimated geothermal gradient of 66°C/km would be
required. The cooling histories of the basement AFT samples (Samples 3 and 4) located along
the footwall of the Minto Fault are also consistent with our interpretation of regionally extensive
high heat flow in the Late Paleocene time (Figure 9).

5.1.2 Eocene to Oligocene Regional Uplift and Erosion of Late Paleocene Strata

An erosional unconformity at the top of the Late Paleocene sequence in the basin
suggests a significant uplift occurred during Eocene to Late Oligocene time and marked the end
of the initial phase of rifting in the Nenana basin (Figure 11b). This unconformity is well
documented in the wells located on basement highs and implies that the rift-shoulders of the
graben were exposed from the beginning of Eocene time through Oligocene time.

Our AFT data also supports a regional uplift event in the Nenana basin during Early
Eocene to Late Oligocene time (Figure 9). AFT data from Samples 1 and 2 are located in the
deeper parts of the basin and record rapid cooling and exhumation in the excess of 0.7 km/Ma
beginning in Early to Mid Eocene time. This implies that the Minto Fault was reactivated as
reverse fault with an approximately 1.5 km of vertical displacement along its hanging wall
during Eocene uplift and exhumation event. Sample 3 from the Nenana outcrop shows that it was
uplifted and exhumed beginning in Mid to Late Eocene time with a slower cooling rate of
3.33°C/Ma. However, time-temperature path for Sample 4 located 4 km farther to the south from
Sample 3 suggests that this sample was still buried and/or experienced higher heat flows through
the Eocene to Oligocene time. We therefore propose that the regional uplift and exhumation
progressed northeastward on either side of the Minto Fault and towards the Yukon-Tanana

Upland during this time.

24

https://mc06.manuscriptcentral.com/cjes-pubs



Page 25 of 69

Canadian Journal of Earth Sciences

5.1.3 Transition from Extensional to Transtensional Fault Regime during Miocene time

During the early Miocene, the Nenana basin widened with the formation of a new half-
graben on western shoulder of the basin (Figure 11c). Renewed rifting and continued subsidence
along major northeast-striking faults allowed the deposition of Lower Miocene sequence
(including Healy Creek and Sanctuary formations) in both northeast-trending half-grabens
(Figure 11c). The Lower Miocene sequence thickens against the Minto fault, suggesting that the
Minto fault was reactivated and grew as a normal fault during this early Miocene rifting phase.
The depositional settings for the Lower Miocene sequence indicate a transition from proximal
braided river deposits of the Healy Creek Formation to lacustrine deposits of the Sanctuary
Formation. In addition to the presence of growth strata, this transition suggests that tectonic
subsidence due to slip on major graben-bounding faults accelerated during the Mid Miocene and
mainly controlled the deposition of the Lower Miocene sequence in the basin.

As the rifting and basin subsidence continued into the mid- to late Miocene, deposition of
the Upper Miocene sequence (including Suntrana Creek, Lignite Creek and Grubstake
formations) continued along the northeast-striking faults within the graben system (Figure 11c).
Stratigraphic thickness variations across northwest-striking faults and the presence of minor
growth strata within negative flower structures associated with these faults suggest that NW-
striking faults were reactivated as oblique-extensional (transtensional) transfer faults,
accommodating left-lateral motion along major northeast-striking faults and driving subsidence
locally during this phase of rifting.

AFT time-temperature curves for samples 1, 2 and 3 indicate that these samples were
outside the partial annealing zone (temperatures < 60°C) during Early Miocene time (Figure 9).

Based on the observed thickness of Miocene strata (~1707 m) in Nunivak 1 well, samples 1 and
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2 located along the hanging wall of the Minto Fault show slow burial from the Early Miocene to
Late Miocene at ~0.1 km/Ma. In the eastern region, along the Nenana outcrop, Sample 3 shows
slower cooling (~2.7°C/Ma) associated with the exhumation of Yukon-Tanana Upland during the
Miocene time (Brennan 2012; Frohman 2015). In contrast, Sample 4 located 4 km farther away,
exhibits a phase of rapid cooling 23.7°C/Ma in Late Miocene and suggests that the exhumation
of Yukon-Tanana Upland was migrating to the south during this time. In addition, a correlation
of calcite twins paleothermometry with fission track data from Sample 4 suggests that calcite-
filled shear fractures in all fracture sets (F1 to F4) formed during Mid to Late Miocene time
(Figure 12).

We interpret that the reactivation of pre-existing NW-striking faults in this time resulted
in the formation of conjugate shear fractures of sets F2 and F3 corresponding to a NE-directed
shortening. These fractures are overprinted by shear fractures of set F4 that contain thick calcite
twins (Type II) and have the same average orientation as Minto Fault are interpreted to have
formed as result of left-lateral strike-slip displacement along the Minto fault during this time.
5.1.4 Pliocene to Present Day Development of Transtensional Pull-apart Basin

Pliocene to present-day growth of the Nenana basin is characterized by a profound
change in sediment transport directions marked by the deposition of Nenana Gravel and
Quaternary sediments in northerly flowing river systems (Figure 11d) (Wahrhaftig et al. 1969;
Ridgway et al. 2007).

The nature of faulting and changes in sedimentary thicknesses across the northwest- and
northeast-striking faults during this phase are difficult to constrain due to poor seismic
reflectivity in younger sections of the basin. However, AFT data (Figure 9) suggest that samples

1 and 2 in the basin were undergoing rapid burial (~37-58°C/km) during this time whereas
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sample 3 and 4 situated along the footwall of Minto Fault are being rapidly uplifted at present.
Presence of deformed thin calcite twins in all fracture sets (F1 to F4) identified in this study is
consistent with our interpretation that the basement rocks along the footwall of Minto Fault were
exhumed and deformed since the Pliocene and now are exposed at the Nenana outcrop. Some
shear fractures in set F4 that abut on the older fracture sets and contain only thin calcite twins are
interpreted to have formed since the Pliocene and continue to form at the present-day (Figure
12).

The present-day stress tensor of the Nenana basin as inferred from seismic and fracture
data corresponds to a left-lateral strike-slip regime with the principal maximum horizontal stress
axis, Spmax, oriented N30°E. The NE-striking faults in the basin are oriented N40°E at the
present-day and therefore lie oblique to the regional compression axis allowing transfer of a
component of strike-slip from crustal shortening of the central Alaska Range in response to plate
convergence. This implies a 17° clockwise rotation of the stress-field in the Nenana basin since
Late Paleocene (Figure 11d).

5.2 Implications for the Regional Tectonic Setting of Central Interior Alaska

The Nenana basin is located along a diffuse plate boundary between the Bering plate to
the west and the North American plate to the east. The basin occupies a position on the foreland
side of the northern Alaska Range thrust system (Figure 1). Regional dextral Tintina-Kaltag and
Denali strike-slip fault systems that bound the basin to the north and south respectively,
accommodate N-S crustal shortening driven by an oblique plate convergence to the south. Our
study provides more detailed information on regional intra-plate stress fields that were present

during the different phases of basin evolution. These stress regimes likely reflect the tectonic

27

https://mc06.manuscriptcentral.com/cjes-pubs



Canadian Journal of Earth Sciences Page 28 of 69

influence of regional structural features that were active during individual phases of basin
development in central Alaska.

Paleocene time in central Alaska was dominated by an extensional tectonic regime and
was largely marked by high geothermal gradients associated with widespread intra-plate
magmatism related to Pacific-Kula slab window subduction, regional-scale strike-slip faulting
along the Tintina fault system and local subsidence along basin-scale extensional faults (Bradley
et al. 2003; Till et al. 2007). In our study, high geothermal gradients (66°C/km) and initiation of
the Nenana extensional half-graben in the Late Paleocene is consistent with regional intra-plate
crustal thinning and associated NW-oriented extension, extensive magmatism and high heat
flow. Modern day tectonic settings that show elevated geothermal gradients (40°C/km to
100°C/km) due to high regional heat flow occur in regions affected by ridge subduction and near
trench magmatism (Groome and Thorkelson 2009; Benowitz et al. 2012).

The Eocene-Oligocene exhumation event was a regional event in central Alaska (Trop
and Ridgway 2007; Dusel-Bacon et al. 2016). Our results suggest that this regional exhumation
episode resulted in uplift and erosion of Paleocene and older sedimentary strata in the Nenana
Basin with the formation of a basin-wide angular unconformity. Researchers have suggested a
number of different explanations for this regional event, including far-field effects of oblique
northwestward subduction of oceanic crust and the Resurrection-Kula spreading ridge (Bradley
et al. 1993; Haeussler et al. 2003); major strike-slip movements along the Denali and Tintina
fault systems (Platker and Berg 1994; Ridgway et al. 2002; Roeske et al. 2003) and
counterclockwise rotation of western and southwestern Alaska that was driven by Eurasia-North

America convergence (Coe et al. 1985; Platker 1987; Lonsdale 1988). The observed regional
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unconformity associated with the Eocene-Oligocene thermal cooling and uplift event in the
Nenana basin could have been caused by any or all of these geologic processes in central Alaska

Regional extension resumed during Late Oligocene- Early Miocene with deposition of
the Lower Miocene sequence in half grabens within the Nenana basin. During this time,
extensional displacement along NE-striking faults that form the basin's major boundaries
progressively widened the basin to the west. This model requires major dextral-slip along the
Denali and Tintina fault systems to drive NW-directed extension in the basin. Previous studies
on central Alaska suggest that such large-scale dextral shear was observed along the Denali and
Tintina fault systems during Oligocene through Early Miocene time (Nockleberg et al. 2000;
Ridgway et al. 2002; Moore and Box 2016) and is consistent with previous interpretations of the
plate reorganization between the Kula/Pacific oceanic plate and the North American continental
margin across south-central Alaska (Wallace and Engebretson 1984; Lonsdale 1988).

The development of the Nenana basin from Middle Miocene through Late Miocene was
marked by a change from dominantly extensional to a transtensional regime. During this episode
of transtension, left-lateral strike-slip shear was superimposed on pre-existing NE-trending half
grabens in the basin. The inferred sinistral transtension in the basin was coeval with continuation
of NW-directed oblique convergence between the Pacific and North American plates and onset
of shallow subduction of the Yakutat microplate beneath the southern Alaskan margin (Wallace
and Engebretson 1984; Plafker et al. 1994; Miller et al. 2002). We interpret the initiation of a
transtensional fault regime in the Nenana basin during this time as the product of oblique crustal
shortening across NE-striking major crustal-scale faults due to plate convergence to the south.

Rapid exhumation and tectonic development of the northern foothills of the central

Alaska Range occurred since the Early Miocene to present in response to the far field effects of
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continuing subduction of the Yakutat microplate beneath south-central Alaska (Benowitz et al.
2011; Brennan 2012). In our study, the high tectonic subsidence rates observed in the basin
during Pliocene to recent time likely reflect the influence of this north-vergent thrusting along
the actively uplifting Alaska Range; with basin subsidence mainly controlled by oblique slip on
the major basin-bounding faults. This setting continues to the present day.

5.3 Implications for the thermal maturity and hydrocarbon generation

The Nenana basin may have significant hydrocarbon resource potential. A detailed
understanding of the thermal history and tectonic development of the basin provides information
on source rock maturity, timing of hydrocarbon trap formation and the present-day hydrocarbon
generation potential of the basin. The burial and thermal history models developed in this study
aid in the general understanding of the hydrocarbon potential of the Nenana basin and
complement previous hydrocarbon studies on the basin.

Numerous authors have used Rock-Eval Pyrolysis and vitrinite reflectance data from well
cuttings of Nunivak 1 well to evaluate the petroleum potential of the source rocks of the Nenana
basin (Stanley and Lillis 2011, Van Kooten et al. 2012; Dixit and Tomsich 2014). These studies
suggests that both Healy Creek and Paleocene Formation sediments in Nunivak 1 well have
thermally-mature gas-prone coals with mean vitrinite reflectance ranging from 0.57 to 0.74 % Ry
and organic-rich oil-prone shales with total organic content (TOC) up to about 61.32 wt.%. Our
results show that the source rocks of the Paleocene Formation in Nunivak 1 well first entered the
early oil maturity zone in Late Paleocene time when they were buried to depths greater than 1.5
km and exposed to paleotemperatures significantly greater than the modern-day temperatures
(Figure 8). However, subsequent uplift and erosion during Eocene-Oligocene time removed

significant volumes of mature Paleocene source rocks and lowered the hydrocarbon generation
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potential of remaining strata by reducing temperature and overburden pressure, It is likely that
the NE-striking faults were reactivated as reverse faults at this time, causing hydrocarbon
leakage to the surface and further reducing the hydrocarbon storage capacity of the basin.
Hydrocarbon generation in the Early Miocene Healy Creek Formation source rocks
began in the Mid Miocene time when the source rocks first entered into the early oil generation
window (Figure 8). This was followed by rapid subsidence during the Pliocene and a
corresponding increase in subsurface temperatures and pressures. At present, the source rocks of
both the Early Miocene Healy Creek and Paleocene formations in Nunivak 1 well are in the main
oil generation window and are likely sources of oil and gas accumulations in the basin. ~ Our
seismic-to-well ties suggest that thick fluvial sandstones with porosities ranging from 16% to
24% commonly occur in tilted fault blocks and within the Healy Creek and Suntrana formations
of the Nenana basin (Van Kooten et al. 2012; Doyon Limited 2015). These Miocene reservoir
rocks overlie thermally-mature hydrocarbon generating source rocks of the basin and could be
the most important reservoir rocks in the basin. As inferred from seismic data, intra-formational
shales in the Healy Creek Formation and siltstones of the Sanctuary and Grubstake formations
pinch out against the basement highs and could further seal the reservoir sands against fault
contacts (Figures 6 and 7). The observed growth strata and regional unconformities in the basin
further indicate that the formation of NW- and NE-striking faults predates the Miocene to recent
hydrocarbon generation and likely control formation of structural traps in the Miocene sandstone
reservoirs. A good example of such faulted block structural traps within the Nenana basin is an
intra-basinal high (Figure 1) that has been the focus of an extensive hydrocarbon exploration

program in recent years (Doyon Limited 2015).
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The timing of fracture development and their orientation may have significant impact on
the direction of hydrocarbon migration and trap integrity. Fractures observed in the Nenana
outcrop (Table 2 and Figure 11d) indicate WNW directed crustal extension since Mid Miocene
time and could suggest ENE-trending migration pathways from deeper source rocks charging
overlying Miocene sandstone reservoirs within the faulted block traps since this time.

6. Conclusions

Integrated analysis of seismic reflection data, borehole logs and surface fracture data
yield a model for the structural evolution of the Nenana basin. The burial history results were
integrated with apatite fission track and calcite twinning thermometry data to further provide
thermochronological constraints on the timing of deformation in the basin and to evaluate the
petroleum source rock maturation. This integrated analysis reveals three distinct phases of
rifting and an episode of regional uplift and exhumation since formation of the basin in Late
Paleocene time. The results of our fission track analyses further confirm the episodes of
maximum paleotemperature associated with rifting and cooling due to regional episode of uplift
and exhumation. In addition to this, we identified four distinct fracture sets showing fractures of
differing character (fracture strike and dip, modes of deformation and the nature of fracture fill)
from the outcrop studies and tied them to the major faults in the basin. These fracture sets show
evidence of different faulting mechanisms present within the basin and likely represent the state
of stress in the region over time.

During Late Paleocene time, intraplate magmatism and subsequent extension formed
and/or reactivated a series of normal faults in central Alaska (Till et al. 2007; Wallace and
Ruppert 2012). The Nenana basin initiated as an extensional half graben along one of these

extensional faults, the Minto Fault, during this time. Fault-controlled rapid tectonic subsidence
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(~0.24 km/Ma) and extension-related regional magmatism resulted in high heat flow with
corresponding geothermal gradient of ~66C/km in the basin. This first major paleothermal
episode in the basin was coeval with the deposition of Late Paleocene source rocks. These source
rocks entered the oil maturity window at shallow depths due to these increased temperatures
during the Late Paleocene.

Beginning in the Early Eocene through Late Oligocene, central Alaska experienced
regional-scale uplift and exhumation in response to oblique Resurrection-Kula ridge subduction
and associated crustal-scale strike-slip faulting along major the Denali and Tintina fault systems
(Trop and Ridgway 2007; Dusel-Bacon et al. 2016). This regional uplift and exhumation event
resulted in the reactivation of the Minto Fault as a reverse fault and removal of up to 1.5 km of
Late Paleocene strata from some parts of the Nenana basin. Apatite fission track analyses of all
samples indicate rapid cooling through the PAZ (120°C to 60°C) during this time. Uplift and
erosion of significant volumes of mature source rocks in the basin at this time may have resulted
in significant loss of hydrocarbons to the surface.

Plate reorganization between the Kula/Pacific oceanic plate and the North American plate
during Miocene time caused a major change in stress field orientation across most of southern
Alaska, including the Nenana basin (Wallace and Engebretson 1984; Lonsdale 1988). During the
Mid to Late Miocene time, crustal shortening oblique to the major NE-striking basin-bounding
faults superimposed a left-lateral shear on the pre-existing half-grabens in the basin. NW- and
NE-striking faults were reactivated as oblique-extensional (transtensional) faults, further driving
basin subsidence locally. Both Paleocene and Miocene source rocks were buried and
subsequently subjected to increased temperatures that may have initiated hydrocarbon

generation. During the Mid to Late Miocene time, fracture sets (F1 to F4) observed along the
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eastern margin of the basin were formed. Fission track data suggest that the hanging wall of the
Minto Fault experienced basin subsidence (~0.1 km/Ma) whereas the footwall was uplifted. This
uplift may have been related to the progressive southward exhumation of the Yukon-Tanana
Upland during this time (Frohman 2015).

Starting in Pliocene time and continuing to today, central Alaska experienced north-
vergent crustal shortening in response to the far field effects of continuing subduction of the
Yakutat microplate to the south. This resulted in uplift and exhumation of the central Alaska
Range transpressional orogen (Benowitz et al. 2011; Brennan 2012). At present the northern part
of the Nenana basin is undergoing WNW-directed extensional deformation along a step-over
zone between major left-lateral strike-slip faults, further widening the basin in the north. The
southern part of the basin is rapidly subsiding (geothermal gradients up to 37 to 58°C/km) in
response to the crustal loading due to the Alaska Range to the south. The major source rocks of
the basin are currently within the oil-generation window and likely sourcing a fresh hydrocarbon
charge northwestward in updip structural traps that are controlled by the major fault systems in

the basin.
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9. Figure Captions

Figure 1. (Left) Simplified tectonic map showing regional tectonic framework of central interior
Alaska and location of the Nenana basin relative to major active faults in the region. Faults are
inferred from Bemis (2004), Koehler et al. (2013), Frohman (2015) and Tape et al. (2015). The
Minto Flats Seismic Zone (MFSZ), the Fairbanks Seismic Zone (FSZ) and the Salcha Seismic
Zone (SSZ). White box indicates the position of Figure 2. (Right) Simplified present-day
tectonic model of the transtensional Nenana pull-apart basin (modified from Dixit and Hanks
2015). Horizontal velocity vectors relative to stable North America are inferred from the GPS

velocities available for the region (Fletcher 2002).

Figure 2. (Top) Geologic map of central interior Alaska, showing the Cenozoic-age Nenana
basin and exposed geology, including major lithologic units and regional fault systems. Dashed
black lines indicate high-angle strike-slip faults inferred from active seismicity in the region as
well as in surface outcrops in the Fairbanks area, (Ruppert et al. 2008; Frohman 2015; Tape et al.
2015). Quaternary thrust faults are shown as black lines with thrust symbols and define the
northern limit of the Northern Foothills fold-and-thrust belt of the central Alaska Range (Bemis
and Wallace 2007). Red box indicates the extent of seismic profiles used in this study (Figure 3;

courtesy of ConocoPhillips). Map modified from Wilson et al. (1998). Stars indicate location of
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apatite fission track (AFT) samples collected from the wells (pink stars) and obtained from the
Nenana outcrop (orange stars) used in this study (Rizzo 2015). (Bottom) 2016 Google Earth
image showing the specific location of AFT samples collected along the George Parks Highway

and at the Nunivak 1 well site.

Figure 3. Top of basement map for the Nenana basin showing the distribution of faults (solid
black lines) and major structural features discussed in text. Map is in two-way travel time and
based on the interpretation of 2D seismic profiles (blue lines) and published structural data by

Dixit and Hanks (2015) and Doyon Limited (2015).

Figure 4. Generalized stratigraphy showing lithologies, depositional settings, sedimentary
thickness, tectonic evolutionary phases and Cenozoic petroleum system of the Nenana basin
(after Wahrhaftig 1987; Ridgway et al. 2007; Doyon Limited 2015). Fracture sets F1 to F4 are

interpreted to have formed in the Mid Miocene to Late Miocene.

Figure 5. Lithostratigraphic correlation of exploration wells drilled in the Nenana basin. Location
of the wells is shown in Figure 2. The Gamma Ray (GR) borehole logs display a broad
lithological overview of strata present in each of the wells. Formation boundaries and ages were
based on the published well data by Doyon Limited (2015) and palynomorphs data (Gerry Van
Kooten, written communication 2016). Red arrows indicate the depth of samples collected from
the well cuttings of Nunivak 1 well for fission-track dating (Dixit and Tomsich 2014). The
sedimentary sequences are further correlated to tectonic deformation episodes that are

recognized in the Nenana basin: syn-rift 1, syn-rift 2 and post-rift (See Section 4).
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Figure 6. Interpreted seismic profile TA-02 across the Nenana basin. See Figure 3 for the
location of seismic profile TA-02. Seismic megasequences and formation boundaries are color

coded and match colors of stratigraphic correlation shown in Figure 5.

Figure 7. Interpreted seismic profile TA-05 across the Nenana basin. See Figure 3 for the
location of seismic profile TA-05. Seismic megasequences and formation boundaries are color

coded and match colors of stratigraphic correlation shown in Figure 5.

Figure 8. 1D burial history model of the Nunivak 1 well showing the relationship between
subsurface depth of the key horizons, formation age and hydrocarbon generation windows. The
burial history modeling was performed using BasinMod software developed by Platte River
Associates. The model was further calibrated using formation thicknesses identified from
Nunivak 1 data (AOGCC 2015), paleo-heat flow data estimated from fission track analyzes and
published data by Van Kooten and others (2012), and thermal maturities published by Stanley
and Lillis (2011) and Dixit and Tomsich (2014). Estimates of Eocene-Oligocene uplift and
erosion are based on geohistory model of Nenana basin pseudowell published by Van Kooten

and others (2012).

Figure 9. Time-temperature (t-T) histories calculated for samples 1 to 4 (see text for
explanation). The t-T pathways were obtained from inverse modeling with HeFTy software
(Ketcham et al. 2007). The main constraints on the possible t-T pathway for each sample include

estimates of stratigraphic age, subsurface depth and present-day temperature at a given depth.
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The goodness-of-fit (GOF) is the fit between the observed and modelled data. Green and pink
shaded areas mark envelopes of acceptable fit and good fit solutions (GOF > 0.5) respectively for
each sample. As shown by modeling, Samples 1 and 2 are undergoing rapid burial and suggest
ongoing basin growth and subsidence along the hanging wall of the Minto Fault. In constrast,
Samples 3 and 4 are experiencing rapid cooling along the footwall of the Minto Fault and
suggest a progressive migration of footwall uplift southward along the eastern margin of the

basin.

Figure 10. Cross-cutting relationships of fracture sets F1, F2, F3 and F4 at the Nenana outcrop.
(Left) Uninterpreted rock surface at the outcrop. (Right) Cross-cutting relationships of fracture
sets F1 (red), F2 (yellow), F3 (white), and F4 (blue). Fracture sets F2, F3 and F4 terminate
against set F1. Fracture set F1 is interpreted to be the earliest fracture set. Sets F2 and F3
commonly cross-cut each other and terminate on set F1. Set F4 terminates on all other fracture

sets and is interpreted as the youngest fracture set.

Figure 11. Simplified tectonic evolution model of the Nenana basin: (A) Late Paleocene
initiation of half-graben; (B) Mid Eocene to Late Oligocene regional uplift and erosion; (C)
Early Miocene to Late Miocene transition from extensional to transtensional basin, (D) Pliocene-
present day transtensional pull-apart basin. See Section 5.0 for more detailed discussion.
Compressional trends are inferred from paleomagnetic, seismic and fracture data studies

(Wallace and Ruppert 2012; this study).
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Figure 12. Time-temperature path for Sample 4 located at the Nenana outcrop based on apatite
fission track modeling. Stars show the proposed timing of fracture formation based on character
and texture of calcite fracture fill. All of the fracture sets indicated they formed under shear
conditions and contain calcite fill with Type II calcite twins, suggesting that the fractures were
cemented and deformed during the early phase of transtension in Middle to Late Miocene time.
Some fractures from set F4 that contain only Type I calcite twins and are interpreted as forming

more recently, in Pliocene through present-day time.
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total accepted [Ulm [Th]m [Sm]m pooled Mean Track Std. dev 95%-
Sample sumNs 95%+CI
spots spots ppm ppm ppm age Length (um) (pm) CI
Sample 1 40 20 365 27.24 108.47 66.73 39.41 13.98 1.52 4.25 4.76
Sample 2 40 33 604 17.62 22.82 68.31 41.40 14.29 1.18 6.54 7.76
Sample 3 40 24 245 15.06 3943 75.37 28.35 13.72 1.44 3.57 4.09
Sample 4 40 10 11 11.82 10.56 33.36 7.79 14.27 1.17 3.54 6.4

Table 1. Apatite fission track data for the Nenana basin samples.
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Set

Orientation

Fracture Character

Outcrop

Thin Section

Sense of Motion
(Slip Vector)

Thin Section Analysis
(Parallel to the Strike)

F1

= N=180

- Shear fractures
- Right-lateral shear

- In basement schist

- Quartz with secondary
calcite

- Right-lateral crystals angled
at 40°-50° along strike

- Crystals are angled at 30°
along dip

-Type l and Type Il

calcite twins present

- Strike: 300°-325°

- Average dip: 75° + 30°SW
- Dominantly dip-slip with

right-lateral component

- Slip vector >40°, <80° SW

F2

- Shear fractures

- Left-lateral shear

- In basement schist

- Quartz and calcite veins

- Right-lateral crystals angled
at 65%-70° and 40°-50° along
strike

- Crystals are angled at 50° to
70° along dip

-Typeland Type Il

calcite twins present

- Strike: 240°-260°

- Average dip: 73° + 30°SE
- Dominantly dip-slip with
left-lateral component

- Slip vector >40°, <80° SE

riented at <
]

286" NW

Oriented at g
B 311° NW

F3

- Shear fractures
- Right-lateral shear

- In basement schist

- Quartz and calcite veins

- Right-lateral crystal
arrangement along strike

-Type land Type Il
calcite twins present

- Strike: 340°-360°

- Average dip: 81° + 30°E
- Dominantly right-lateral
with no dip-slip
component

- Slip vector N/A

— N=250
- i - Quartz and calcite veins
- Shear fractures - Strike: 200°-220°
; - Left lateral crystal - Average dip:74° + 30°NW
F4 ‘// - Left-lateral shear arrangement along strike - Dominantly left- lateral with
/ no dip-slip

‘ - In basement schist -Typeland Type Il component
‘ calcite twins present ~Slip vector N/A
b 2 N=217

N Oriented at
4 125°sw

Thin Section Analysis
(Parallel to the vein)

Table 2. Results of fracture analyses showing the orientations and characteristics of fracture sets F1 to F 4.
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Regional Tectonic Setting of Central Alaska
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SAMPLE 1 (Late Paleocene Formation)
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SAMPLE 2 (Miocene Usibelli Group)

0354

0.30

0.254

Frequency
e o
SR
o 3

0.104

0.054

10095 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5
Time (Ma)
[ Envelope for good paths

| Envelope for acceptable paths
= Weighted-mean path

0 2 4 6 8 10 12 14 16 18 20
Length (um)
Age (Ma) Length (um)
Model Measured GOF old Model Measured GOF

416 414+78/-65

0.96 419 14.53+1.18 14.29+1.18 046

SAMPLE 4 (Paleozoic Basement Schist)

10095 90 85 80 75 70 65 60 55 50 45 40 35 30 25
Time (Ma]

Il Envelope for good paths
- Envelope for acceptable paths
Weighted-mean path

201510 5 0

https://mc06.manuscriptcentral.com/cjes-pubs

\

Track Length Distribution

0.354

0.30+

0.25+4

0.204

Frequency

0.154

0.104

0.054

T
0o 2 4 6

T T
8 10 12 14 16 18 20

Length (um)

Age (Ma)
Model Measured
7.80 7.80+6.4/-35

Length (um)
Measured GOF
14.27 £1.17 099

Model
14.6 + 1.68

GOF oOld
1.00 819



Page 67 of 69 Canadian Journal of Earth Sciences

o]

A

https://mc06.manuscriptcentral.com/cjes-pubs



Canadian Journal of Earth Sciences Page 68 of 69

S g R (A) Late Paleocene-Early Eocene Initiation of Graben System
v, T 1
s NW SE
Flb .
hmin s |
= S
hl’nin
s . 0 5 10
£ . [
L) (B) Late Oligocene Regional Uplift and Exhumation K
Normal faulting
NW
(Sv > SHmax > Shmin) BL

S B — 7 Legend
KM

(C) Late Miocene Extensional to Transtensional Regime
NW

Nenana Gravel

Upper Miocene Sequence
Lower Miocene Sequence
Late Paleocene Formation

Basement

Basinal subsidence/uplift

Fault block movement towards
the reader

Fault block movement away
from the reader

Base Level

Verticai or overburden stress

RPRRYS [ [ajaln

Maximum horizontal stress
Hmax

Shmin Minimum horizontal stress

Strike-slip faulting

(SHmax - Sv & Shmin)

https://mc06.manuscriptcentral.com/cjes-pubs



Page 69 of 69

Temperature (°C)

Canadian Journal of Earth Sciences

Time-temperature path for the fracture area (Sample 4)
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