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Upper plates of subduction zones commonly respond to flat slab subduction by structural reactivation,
magmatic arc disruption, and foreland basin inversion. However, the role of active strike-slip faults in
focusing convergent deformation and magmatism in response to oblique flat slab subduction remains
less clear. Here, we present new detrital apatite fission-track (dAFT) ages from 12 modern catchments
in the eastern Alaska Range, Alaska, USA, to reveal how the dextral Denali fault system has facilitated
bedrock exhumation and topographic growth during ca. 30 Ma-to-present oblique flat slab subduction

Keywords: of the Yakutat oceanic plateau. Additionally, a 940 ka (“°Ar/3°Ar whole rock) basalt flow is spatially
oblique associated with Cenozoic structures, locally reset AFT ages and provides the first evidence for Quaternary
subduction volcanism along the southern flank of the eastern Alaska Range. We integrate our new data with other
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thermochronologic, geochronologic, and regional geologic datasets to show that (1) most high topography
regions in southern Alaska have undergone rapid bedrock cooling and exhumation since ca. 30 Ma;
(2) elevated terrain and young cooling are spatially associated with long-lived active strike-slip fault
systems; (3) topographic growth associated with strike-slip fault deformation led to local inversion of
basin systems and drainage reorganization; (4) the onset of oblique oceanic plateau subduction is coeval
with a southward shift in arc magmatism from one region of active strike-slip faulting to another above
the northeastern edge of the flat slab; and (5) Quaternary volcanism marks the revival of magmatism in
the eastern Alaska Range above the geophysically imaged northeastern edge of the flat slab. Our analysis
of the post-30 Ma geologic evolution of southern Alaska demonstrates that strike-slip fault systems that
were active at the time of slab flattening evolved into transpression zones that focused bedrock cooling,

rock exhumation, and topographic growth.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction marks of upper plate tectonic evolution in both modern flat slab
regions of South America (Ramos et al., 2002) and inferred ancient
flat slab regions of North America (Saleeby, 2003). The down-dip
extent of increased plate boundary coupling (Espurt et al., 2008),
end loading (Axen et al, 2018), and locations of inherited major
crustal structures (Marshak et al., 2000) are thought to primarily
control the degree to which upper plate shortening is localized or
distributed. Minor strike-slip structures have been shown to form
perpendicular to the plate boundary as part of the upper plate
shortening regime in response to the subduction of buoyant crust
(e.g., Gardner et al., 2013). However, the role of pervasive, large-
magnitude strike-slip faulting in oblique flat slab environments has
received relatively little attention to date. Here, we investigate how

Active deformation at plate boundaries involving continental
lithosphere commonly deviates from plate-like behavior (e.g., Frey-
mueller, 2010). Spatially distributed deformation is clearly evident
in flat slab subduction environments where increased upper plate
convergence associated with slab flattening can drive widespread
upper plate deformation hundreds of kilometers inboard of the
trench (e.g., Axen et al., 2018). Distributed fault reactivation, basin
inversion, and migration of the magmatic arc are considered hall-
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preexisting active continental strike-slip fault systems influence the
distribution of upper plate deformation and magmatism in the
long-lived oblique flat slab subduction setting of southern Alaska.
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Fig. 1. A) Shaded relief map of southern Alaska showing new and compiled modern river detrital fission-track sample locations (colored circles) and locations of Alaska Range
Quaternary (Quat.) volcanic fields (orange squares and star) relative to major structures (black lines) and basins (blue shaded regions). The exposed Yakutat oceanic plateau
(transparent-black shaded region) and flat-slab subducted extent (broken bold black line from Pavlis et al., 2019) is inferred to drive upper plate deformation in southern
Alaska. Relative motion between the Yakutat block and southern Alaska is represented by the bold black arrow. HP-Hatcher Pass; MB-Mount Marcus Baker; WAR-Western
Alaska Range; CAR-Central Alaska Range; EAR-Eastern Alaska Range; Chug-Chugach Mountains; Talk-Talkeetna Mountains. Faults in inset: T-K-Tintina-Kaltag; D-Denali;
C-LC-Castle Mountain-Lake Clark; BR-Border Ranges; Yak-subducted extent of Yakutat oceanic plateau (orange). B) Hillshade map of the same extent as Fig. 1A overlain
by terrane geology (see section 2 for details). Colored domains are labeled generically on the map and represent generalized southern Alaska terranes in the legend. (For
interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

Subduction of the Yakutat oceanic plateau (Christeson et al.,
2010) beneath southern Alaska is a prolonged, and still active,
example of a flat slab environment wherein the upper plate is dis-
sected by numerous inherited strike-slip faults (Finzel et al., 2011a;
Allam et al.,, 2017). Flat slab subduction is inferred to have begun
by ca. 30 Ma based on modification of the upper plate thermal
structure, migration of arc magmatism, and topographic growth at
that time (Enkelmann et al., 2015 and references therein; Brue-
seke et al,, 2019; Trop et al,, 2019). Long-lived (ca. 30 Myr) and
still active upper plate dextral strike-slip faults in southern Alaska
include the Denali, Castle Mountain-Lake Clark, eastern Contact-
Bagley, Totschunda, and Fairweather fault systems (Fig. 1).

Geophysical models of southern Alaska deformation yield vari-
able importance of strike-slip fault systems in regional deformation
above the flat slab. Despite generally sparse coverage of GPS sta-
tions in southern Alaska (e.g., Freymueller et al., 2008; Elliott and
Freymueller, 2020), the geodetic velocity field and distribution of
crustal seismicity together highlight the strike-slip fault systems as
zones of focused deformation (Ruppert et al.,, 2008). Inverse nu-
merical simulations of the geodetic velocity field suggest a some-
what different view wherein the strike-slip fault systems occupy
zones of elevated strain rate embedded into regionally diffuse de-
formation above the flat slab (Finzel et al., 2011b). Alternatively,

finite element forward geodynamic modeling favors high coupling
between the subducted flat slab and base of the upper plate, which
would act to increase the strength of the upper plate by refrigera-
tion and mechanical thickening (Koons et al., 2010; Jadamec et al.,
2013). In the forward simulations, lateral rheological contrasts in
the upper plate (e.g., lithospheric scale strike-slip faults) are crucial
for focusing upper plate deformation. More recent block-modeling
of geodetic data suggests an intermediate scenario wherein the
size of the blocks, and thus the potential for deformation localiza-
tion, increases with distance from the plate boundary (Elliott and
Freymueller, 2020). A potential implication of the block modeling
is that the role of preexisting strike-slip fault systems in focus-
ing upper plate deformation increases with distance from the plate
boundary fault system.

In this contribution, we assess the role of preexisting up-
per plate strike-slip faults in the oblique flat slab environment
of southern Alaska by evaluating regional exhumation patterns
through the lens of detrital thermochronology. Studies using de-
trital mineral chronometers from modern sediment and Neogene-
Quaternary stratigraphic sections have proven foundational for un-
derstanding long-term patterns of bedrock cooling, erosion, and
magmatism in largely inaccessible regions of southern Alaska (e.g.,
Enkelmann et al., 2019). Detrital thermochronology data are par-
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ticularly well suited to capture regional exhumational responses
to changes in plate boundary forcing due to the spatial-temporal
sensitivity of the technique to tectonic events affecting broad re-
gions. Here, we present modern river detrital apatite fission-track
(dAFT) data from 12 catchments in the eastern Alaska Range (yel-
low circles in Fig. 1). We compare the new dAFT data to published
dAFT and detrital zircon fission-track (dZFT) datasets sampled from
modern catchments in other regions across southern Alaska (red,
blue, and white circles in Fig. 1) to evaluate whether deforma-
tion is diffuse across the upper plate of the flat slab region, or
primarily focused along preexisting strike-slip fault systems. Addi-
tionally, we present the first field observations and an “CAr/3°Ar
date documenting a newly recognized Quaternary volcanic field in
the eastern Alaska Range, which has perturbed bedrock cooling
in the region. Our integration of new and published data reveals
loci of Oligocene-to-Neogene upper plate deformation and topo-
graphic growth, which inform a comprehensive model describing
the tectono-magmatic response to oblique flat slab subduction of
the Yakutat oceanic plateau beneath southern Alaska.

2. Regional geology and cooling patterns in southern Alaska

Much of the geology of the northern North American Cordillera
formed by accretion of tectonostratigraphic terranes during the
Mesozoic. From north to south, important terranes in south-
ern Alaska include peri-continental Laurentian metamorphic rocks
north of the Denali fault, the Wrangellia composite island arc
terrane south of the Denali fault, and the Chugach accretionary
complex south of the Border Ranges fault system (Fig. 1B). The
boundaries between these terranes are in most places occupied by
dextral strike-slip faults that are interpreted to penetrate the litho-
sphere based on receiver function seismology (e.g., Miller et al.,
2018) and seismic anisotropy studies (e.g., Estéve et al., 2020).
The Denali fault system juxtaposes the accreted Wrangellia arc
terrane in the south against continental North American-affinity
terranes to the north. A region underlain by imbricated Mesozoic
marginal marine basin strata, plutonic rocks, oceanic fragments,
and disparate continental terranes known as the Alaska Range su-
ture zone is intersected by the Denali fault and appears to focus
post-suturing deformation (Fitzgerald et al., 2014), which facili-
tated rapid Neogene exhumation of the Alaska Range (Haeussler et
al., 2008; Benowitz et al.,, 2014; Lease et al., 2016). South of the
Wrangellia terrane, the Chugach accretionary complex represents
the forearc to Mesozoic arcs that were built upon the Wrangel-
lia composite terrane, although the accretionary complex has been
translated hundreds of kilometers from the associated arc rocks
by Late Cretaceous-Paleogene dextral slip along the Border Ranges
fault system (e.g., Roeske et al.,, 2003). Oligocene to present ex-
humation of the accretionary complex is largely associated with
underplating of the Yakutat slab along with its cover strata and is
mainly facilitated by transpression along the Contact fault system
in the western Chugach Range and the Bagley fault in the eastern
Chugach Range (Bruhn et al., 2012; Arkle et al., 2013).

Low-temperature cooling patterns across southern Alaska sug-
gest that bedrock cooling has taken place in response to regional
magmatic, tectonic, and climatic forcing. Late Cretaceous cooling
can be attributed to exhumation and/or thermal relaxation fol-
lowing accretion of the Wrangellia composite terrane to western
North America (Falkowski and Enkelmann, 2016; McDermott et al.,
2019). Early Cenozoic cooling is widespread throughout southern
Alaska and adjacent Yukon and likely records extension (e.g., O’Sul-
livan and Currie, 1996), post-magmatic cooling of batholithic rocks
(Lease et al.,, 2016; Enkelmann et al., 2019), and/or a possible slab
window event (Terhune et al., 2019). Cooling age data from high
elevation regions commonly show an increase in cooling rate at ca.
25-30 Ma, which is generally considered to record flattening of the
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Yakutat slab (Finzel et al., 2011a; Enkelmann et al.,, 2015; Lease
et al., 2016). The onset of alpine glaciation in Alaska at ca. 4 Ma
(Gulick et al., 2015; Horikawa et al., 2015) enhanced bedrock ero-
sion in high elevation regions and is recorded in low-temperature
cooling age data regionally (e.g., Berger et al., 2008; Lease, 2018).

3. Methods
3.1. Apatite fission-track thermochronology

New dAFT data reveal the <110 °C cooling history of 12 catch-
ments spanning 330 km of the eastern Alaska Range (Fig. 2). Sam-
ples comprise several subsamples of medium-coarse sand collected
from gravel bars along a 10-100 m river length to ensure a repre-
sentative, well-mixed sample. In 2019, sample collection involved
heavy mineral concentration in the field using a miner’s gold pan
and further concentration at UC Davis using standard magnetic
and density techniques. Apatite concentration from samples col-
lected prior to 2019 took place at GeoSep Services using standard
magnetic and density separation techniques. Fission-track dating
at GeoSep Services involved counting spontaneous fission tracks
on 70-110 grains per sample and parent isotope ratio measure-
ment using the laser ablation inductively coupled plasma mass
spectrometer (LA-ICP-MS) method (Donelick et al., 2005) at Wash-
ington State University (detailed methods in Appendix A and data
in Appendix B). We filtered the dAFT data and rejected analyzed
grains if they exhibited a uranium concentration less than 0.5 ppm
and an AFT age that is not within uncertainty of the oldest known
bedrock crystallization age in the catchment (<2% of the total
dataset). We deconvolved the dAFT datasets into constituent age
populations for each catchment (Fig. 2; Table 1) using the mixture
modeling methods available in DensityPlotter v. 8.4 (Vermeesch,
2012).

We compared the new and existing modern river dAFT and
dZFT datasets cross southern Alaska based on the abundance and
proportions of constituent age populations in different regions
(Fig. 3). We compiled the resolved age components for each de-
trital fission-track sample analyzed within a region and generated
probability density plots of the age population data for each region.
Because the age population plots do not account for the proportion
of dated grains that constitute each age population, we augment
the probability density plots with pie charts that show the data
binned into regionally important time intervals (<4, 4-30, and >30
Ma) and weighted by the proportion of dated grains in those time
bins.

3.2. Ar/39Ar geochronology

40Ar/39Ar analysis performed on one basalt sample at the
Geochronology laboratory at the University of Alaska, Fairbanks,
involved crushing the sample, sieving for the 500-1000 pm frac-
tion, washing dust from the fraction, and handpicking for a pure
phase of phenocryst-free groundmass. Monitoring of the neutron
flux and calculation of the irradiation parameter (J) were based on
the monitor mineral TCR-2 with an age of 28.619 Ma (Renne et al.,
2010). See Appendix C for detailed 4°Ar/3?Ar methods and data.

4. Results: new and compiled data
4.1. New detrital fission-track data

Individual catchments in the eastern Alaska Range predomi-
nantly yield AFT age populations at ca. 8-15 Ma, 20-30 Ma, and

50-65 Ma (Fig. 2; Table 1). The middle and west forks of the Ma-
claren River contain small (~5% abundance) populations centered
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Fig. 2. Equal-area probability density plots (PDPs) of detrital apatite fission-track data from individual catchments in the eastern Alaska Range. Filled PDPs represent the entire
mixed dataset, whereas unfilled black PDPs represent unmixed age populations. A logarithmic scale is used for single-grain age distributions because of Poisson counting
statistics and large, variable, and asymmetric uncertainties (Galbraith, 2005). The inset map in the upper right shows the locations of the catchments. N-total number of
analyzed grains; n-number of grains used in the unmixing analysis; PA1-6-Apatite fission track age populations defined in Table 1. Abbreviated catchment names: WM-West

Fork Maclaren River; MM-Middle Fork Maclaren River; MG-Maclaren Glacier.

at ca. 1.6-1.9 Ma, and several catchments also yield older (>90 Ma)
age populations.

The combined dAFT dataset (n = 1210 single-grain dates) for
catchments in the eastern Alaska Range presented herein records
widespread Cenozoic cooling (Fig. 3A). Of the dated grains, ~69%
document cooling between 4-30 Ma, and resolved age populations
are present at ca. 8-12 Ma and 22-28 Ma. Approximately 30% of
the grains record cooling between 30-197 Ma, and the remaining
~1% record cooling since 4 Ma.

4.2. Compiled detrital fission-track data

Modern river detrital fission-track data from the western/cen-
tral Alaska Range compiled here from Lease et al. (2016), Finzel et
al. (2016), and Enkelmann et al. (2019) display multiple phases of
Cenozoic cooling (Fig. 3B). The combined dAFT dataset predomi-
nantly records cooling from 30-4 Ma, wherein ~46% of the dated
grains fall into age populations at ca. 20-25 Ma and 6-10 Ma. Ap-
proximately 17% of the dated apatite grains record cooling younger
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Table 1
Eastern Alaska Range detrital apatite fission-track age populations.
Sample Sample PA1 PA2 PA3 PA4 PA5 PA6 n?(N)°
collection (1.6-7 Ma) (7-17 Ma) (20-33 Ma) (38-77 Ma) (96-134 Ma) (>145 Ma)
(vear)
Ann Creek 2019 109 + 2.7 (35%)  25.7 + 4.8 (47%) 96 + 19 (18%) 103(105)
Eureka Glacier 2019 111 £+ 1.7 (36%) 252 £+ 2.5 (64%) 105(105)
Maclaren Glacier 2019 11.9 + 1 (35%) 214 £+ 1.1 (62%) 99 + 31 (3%) 105(105)
M. Fork Maclaren R. 2019 19 + 06 (5%) 16.6 £ 0.8 (61%) 281 + 1.6 (31%) 63.9 + 7.7 (3%) 104(105)
W. Fork Maclaren R. 2019 1.6 + 04 (4%) 149 £ 0.9 (60%) 26.6 + 2.6 (21%)  55.9 + 8.5 (9%) 145 + 28 (6%) 105(105)
Maclaren River 2019 12 + 1.2 (26%) 213 + 14 (57) 38.5 + 4.8 (17%) 103(105)
Little Tok River 2016 30.6 £ 2.1 (29%) 579 + 3.4 (23%) 1253 £ 5.2 (26%) 197 £ 12 (21%)  69(70)
Robertson River 2012 49.8 + 2.3 (84%) 133 + 14 (16%) 109(110)
Delta River 2014 111 £ 1.3 (41%) 27.6 + 1.9 (54%) 66.1 £ 7.7 (5%) 105(110)
Upper Susitna River 2014 8.6 + 1.3 (30%) 32 + 2 (56%) 76.3 £ 7.5 (11%) 134 £+ 15 (3%) 109(110)
Tok River 2016 20 + 4.5 (18%) 119 + 14 (82%) 60(70)
Nenana River 2014 7.8 £ 0.6 (73%) 65.5 + 6.9 (27%) 108(110)

4 n-number of analyzed grains used in unmixing.

b N-total number of analyzed grains. Uncertainties on population ages are 1 s. Percentages are proportions of each component age population as part of the entire dataset.

than 4 Ma, which is linked to enhanced glacial erosion in the high
relief region during the middle to late Pliocene (Lease, 2018). De-
trital zircon fission-track data from the same catchments do not
contain age populations younger than 4 Ma, yet ~37% of the dZFT
cooling ages form an age population at ca. 15-30 Ma. Both the
combined dAFT and dZFT datasets record significant (dAFT~37%
and dZFT~63%) bedrock cooling older than 30 Ma, which can be
correlated with regional magmatic/thermal events (Lease et al.,
2016; Terhune et al., 2019; Regan et al., 2020).

Modern river and proglacial dZFT data from the northern
Chugach Mountains (Arkle et al, 2013) and southern Talkeetna
Mountains (Enkelmann et al., 2019) display a spectrum of Ceno-
zoic cooling ages (Fig. 3C). The majority (~82%) of the dated
grains record cooling at ca. 45 and 65 Ma, which can be corre-
lated to magmatic/thermal events at those times (Terhune et al.,
2019), and/or unroofing in nearby portions of the ranges (Little
and Naeser, 1989; Trop and Ridgway, 2007). Post-30 Ma cooling is
recorded in the remaining ~37% of the dated grains, which pri-
marily compose a ca. 22-29 Ma age population.

Modern river detrital fission-track data from catchments drain-
ing the northern flank of the St. Elias Mountains published by
Enkelmann et al. (2015 and references therein) and Falkowski and
Enkelmann (2016) record cooling that spans the Cretaceous and
Cenozoic (Fig. 3D). The majority (~53% dAFT and ~80% dZFT) of
the dated grains record bedrock cooling older than 30 Ma, which is
interpreted to reflect cooling during terrane accretion and multiple
pulses of regional magmatism (Falkowski and Enkelmann, 2016).
Cooling from 30-4 Ma is recorded by ~39% of the compiled dAFT
data and ~20% of the dZFT data. The 30-4 Ma cooling ages are
present in the catchments that intersect the high peak region of
the St. Elias Mountains and thus may record focused cooling within
the retrowedge of the orogen (e.g., Falkowski et al., 2014). Cooling
younger than 4 Ma is mainly recorded in the dAFT data (8% of the
dated grains) and likely records enhanced glacial erosion in the re-
gion of Mt. Logan (Enkelmann et al., 2015 and references therein).

Modern river and proglacial detrital fission-track data from
catchments draining the southern flank of the St. Elias Mountains
compiled by Enkelmann et al. (2015) record widespread late Ceno-
zoic cooling in the upper plate proximal to the Yakutat collision
zone (Fig. 3E). The comparable proportions of <4 Ma (46%) and
4-30 Ma (45%) grains in the compiled dAFT data indicate that en-
hanced glacial erosion and tectonically driven exhumation work in
tandem to generate the high relief of the St. Elias Mountains (e.g.,
Berger et al., 2008). The remaining ~9% of dAFT grains fall into a
distributed age range as old as ca. 128 Ma. Detrital ZFT data from
the same catchments predominantly record cooling older than 30
Ma (65% of the dated grains), yet those grains do not cluster into
discrete age populations. Younger, discrete dZFT age populations

Table 2

Locations of young volcanic features south of the Eastern Alaska Range.
Feature LAT (°N) LONG (°W)
Scoria 63.1358 146.3252
Blocky lava flow 63.1371 146.3217
Possible tuff interbedded with lava 63.0553 146.3132
Platey lava 63.0547 1463110
Oxidized lavas- possible vent 63.0569 146.3125
15ET166- Platey lava 63.2357 146.1944
Cinder 63.1364 146.3199

are present at ca. 25 Ma, 18 Ma, and younger than 10 Ma, which
together compose ~23% of the analyzed grains. Cooling younger
than 4 Ma is recorded by ~12% of the dated zircon grains, which
suggests that the combined tectonic forcing and glacial erosion was
locally significant enough to exhume rocks from below the ZFT clo-
sure temperature (~240°C) since 4 Ma.

4.3. Quaternary volcanism in the eastern Alaska Range

We present the first description of Quaternary volcanic rocks
along the southern flank of the eastern Alaska Range. Stout (1976)
mapped isolated exposures of “Tertiary basalt flows” that uncon-
formably overlie older structures in the area. Based on the re-
cent recognition that many of the structures beneath the basalt
flows have post-Oligocene slip (Twelker et al., 2020; Waldien et al.,
2021a), the field relationships alone suggest that the basalt flows
are Neogene or younger. We dated one outcrop of olivine basalt
near the southern flank of the eastern Alaska Range (orange star
on Fig. 1), which yielded an 49Ar/>°Ar whole rock plateau age of
940.4 + 271 ka (Fig. 4A). In addition to the dated locale, our re-
connaissance fieldwork has revealed additional outcrops of similar,
potentially younger lavas where delicate flow features and rock
types including brecciated flow tops and scoria are locally pre-
served. Owing to their low preservation potential, the presence of
scoria, cinder, and volcanic landforms implies that portions of the
Quaternary volcanic field along the southern flank of the Alaska
Range may be younger than the regional Pleistocene glaciations.
Table 2 and Fig. 4 contain locations and photos of features in the
Quaternary volcanic field.

5. Discussion
5.1. Regional integration of thermochronology datasets
The new dAFT data from the eastern Alaska Range augment ex-

isting bedrock and detrital thermochronology datasets from south-
ern Alaska indicating a major shift in the regional tectonic frame-
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Fig. 3. Equal-area probability density plots of compiled modern river detrital ap-
atite and zircon fission-track age populations from (A) the eastern Alaska Range
(this study), (B) western/central Alaska Range, (C) southern Talkeetna and northern
Chugach Mountains, and (D and E) St. Elias Mountains (see Section 4.2 for refer-
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each region and green/blue shaded time intervals represent known times of regional
cooling events. dAFT-detrital apatite fission-track; dZFT-detrital zircon fission track;
n-number of age populations used in the plots.

work at ca. 30 Ma (Benowitz et al., 2014; Riccio et al., 2014; Lease
et al, 2016; Waldien et al,, 2021a). Assessing the dAFT data from
the entire Alaska Range reveals that ~50% of detrital apatite grains
record cooling since 30 Ma and that tectonic-related cooling in
that time frame may be further split into populations at ca. 28,
20-22, and 8-12 Ma (Fig. 3A-B). Quaternary cooling ages in the
eastern Alaska Range dataset are ca. 1.5 Myr younger than cool-
ing attributed to enhanced glacial erosion in the central/western
Alaska Range (Figs. 2 and 3A-B) and are limited to two catchments
that contain relatively unweathered basalt clasts near the newly
identified Quaternary volcanic field (Figs. 1, 4F). On the basis of the
above observations, we attribute the Quaternary AFT dates in the
eastern Alaska Range to reflect volcanic provenance, annealing of
apatite fission tracks from interaction with volcanic fluids, and/or
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the thermal effects associated with the newly identified Quater-
nary volcanism in the region.

In the western and central Alaska Range, both the dAFT and
dZFT datasets record Oligocene-Neogene cooling (Fig. 3B). Post-30
Ma events in the Alaska Range that may have facilitated cool-
ing include exhumation related to thrust reactivation of terrane
accretionary structures (Waldien et al, 2021a), waning magma-
tism along the Denali fault (Trop et al., 2019; Regan et al.,, 2021),
and rock uplift associated with restraining bends along the De-
nali fault (Fitzgerald et al., 2014). Heterogeneity in the major
cooling age populations among catchments (Figs. 2 and 3; Ta-
ble 1) suggests that cooling, exhumation, and related topographic
growth in the Alaska Range were not uniform across the entire
range. Instead, variation in the location, rate, and episodicity of
rock uplift/exhumation are more probable (e.g., Bill et al, 2018)
and may be related to a spatially variable structural and kine-
matic evolution of the Denali fault system (e.g., Waldien et al,
2018).

Both bedrock and detrital thermochronology datasets display
abundant post-30 Ma cooling and exhumation in mountainous re-
gions across southern Alaska (Figs. 3 and 5). Bedrock cooling ages
suggest Oligocene-to-present exhumation depths of >14 km north
of the Denali fault in the eastern Alaska Range (Benowitz et al.,
2014), <10 km south of the Denali fault in the eastern Alaska
Range (Waldien et al.,, 2018, 2021a), <6 km south of the Denali
fault in the Kluane Ranges (McDermott et al., 2019), >8.5 km in
the Denali massif (Fitzgerald et al, 1995), >6 km in the west-
ern Alaska Range south of the Denali fault (Lease, 2018), 5-11 km
in the central Chugach Mountains (Arkle et al., 2013), <4 km in
the Talkeetna Mountains (Terhune et al., 2019), and <10 km depth
in the St. Elias Mountains (Enkelmann et al.,, 2015 and references
therein). Assuming a paleo-geothermal gradient of ~30°C/km, a
ZFT closure temperature of 240°C, and that clustering of single-
grain dZFT dates records cooling from below the ZFT partial re-
tention zone, the dZFT data compiled herein suggest that most
high-elevation regions of southern Alaska have, at least locally, ex-
perienced bedrock exhumation from depths of >8 km. The bedrock
and detrital cooling age data together suggest, aside from elements
of paleo-topography in the Talkeetna Mountains (Terhune et al.,
2019; Fig. 5), the western Alaska Range (Benowitz et al., 2012), and
portions of the northern St. Elias Mountains (Falkowski and Enkel-
mann, 2016), that the topographic signature of southern Alaska has
largely taken form since ca. 30 Ma.

5.2. Oligocene-to-present arc magmatism in southern Alaska

The Oligocene marks a fundamental shift in the loci of arc
magmatism in southern Alaska. U-Pb zircon dating from exhumed
batholithic rocks and modern river sands indicates that prior to ca.
32 Ma, the Alaska Range was the locus of Cenozoic subduction-
related magmatism (Lease et al., 2016; Regan et al., 2020, 2021;
Jones et al., 2021). From ca. 32-25 Ma, arc magmatism waned in
the Alaska Range (Trop et al., 2019) and refocused in the region of
the present-day Wrangell Mountains, which contain calc-alkaline
igneous rocks as old as ca. 30 Ma (Brueseke et al., 2019). The
migration of arc magmatism led to a magmatic gap throughout
the eastern and central Alaska Range between the eastern Aleu-
tian and Wrangell Mountains arcs, which broadly aligns with the
present-day subducted extent of the Yakutat slab (Jones et al.,
2021; Fig. 1).

Although ca. 2-25 Ma igneous rocks are absent from the east-
ern and central Alaska Range, the presence of Quaternary volcanic
fields along the southern (940.4 £+ 27.1 ka lava flow; Fig. 4) and
northern (Jumbo Dome-1.026 + 0.057 Ma [*CAr/3°Ar hornblende];
Cameron et al, 2015, and Buzzard Maar-ca. 10 ka [CAr/3%Ar
groundmass]; Andronikov and Mukasa, 2010) flanks of the Alaska
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Fig. 4. Features of Quaternary volcanic rocks in the eastern Alaska Range. A) “0Ar/3%Ar age spectrum for sample 15ET166. Gray-filled gas release steps are used to calculate
the age of the sample. N-number of gas release steps used to calculate the age; MSWD-mean square weighted deviation. B) 15ET166 hand sample. Photo by Evan Twelker
(Alaska Division of Geology and Geological Surveys). C) Outcrop photo of 15ET166 (orange star on Fig. 1). The platy outcrop pattern pictured here is common among outcrops
of young volcanic rocks in the eastern Alaska Range. The hammer for scale is ~40 cm long. Photo by Evan Twelker (Alaska Division of Geology and Geological Surveys).
D) Geomorphic features indicative of young volcanism are preserved in the landscape. Here, a semi-conic feature composed of oxidized basalt is preserved. Inset: Google
Earth image showing that the cone appears to have breached out of the southeast flank (“cinder cone” in Table 2). E) Zoomed-in image of the cone flank illustrating the
along-strike relationship with the Wrangell arc (Mt. Sanford). F) Vesicular basalt clasts are locally present in glacial outwash. This sample was collected from a moraine
adjacent to the Eureka Glacier. G) A late Pleistocene, or potentially post-glacial Holocene, age for some volcanic features is suggested by the presence of unaltered cinder
ejecta (pictured here from “cinder cone” coordinate in Table 2) among oxidized basalt scoria and the preserved landforms.

Range demonstrate that active magmatism has recently resumed in
the region. Preliminary geochemical data from Jumbo Dome lavas
suggest adakite-like characteristics (Cameron et al., 2015). Simi-
larly, adakite-like geochemical signatures are common in Wrangell
arc lavas of all ages and have been attributed to melting along the
edge of the Yakutat slab (Brueseke et al., 2019). Considering the
northeastern extent of subducted Yakutat slab from a recent geo-
physical compilation (Pavlis et al., 2019), it is clear that the Qua-
ternary lava flows along the southern flank of the eastern Alaska
Range are located above the edge of the slab (Fig. 1) and their pet-
rogenesis is thus likely also influenced by the slab edge. Due to
the observation that the as yet unsubducted portion of the Yaku-
tat slab is thicker than the imaged subducted section (~30 km vs.
~17 km), Gulick et al. (2013) postulated that an enhanced stage of
collision between the Yakutat microplate and southern Alaska be-

gan at ca. 1 Ma. We further hypothesize that the introduction of
the thicker Yakutat crust led to an increase in end loading during
the Quaternary, which may have facilitated tearing of the Yakutat
slab (Fuis et al.,, 2008) or an increase in slab dip without tearing
(Pavlis et al., 2019), a lull in Wrangell arc magmatism after 200,000
ka (Richter et al.,, 1990), and the revival of Alaska Range magma-
tism. Our preliminary, yet cursory, documentation of Quaternary
lavas in the eastern Alaska Range provides a foundation for future
detailed petrologic and geochemical studies to address their origin.

5.3. Upper plate response to oblique flat slab subduction of the Yakutat
oceanic plateau in southern Alaska

The compiled regional thermochronology dataset from southern
Alaska reflects widespread, yet spatially heterogeneous, ca. 30 Ma-
to-present cooling, bedrock exhumation, and topographic growth
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Fig. 5. Topographic-cooling age profiles showing that young bedrock apatite fission-
track (AFT) and apatite (U-Th)/He (AHe) cooling ages are spatially associated with
major Cenozoic strike-slip fault systems in southern Alaska. Profile A-A’ is mod-
ified from Terhune et al. (2019). Cooling age data are compiled from Terhune et
al. (2019 and references therein), Arkle et al. (2013 and references therein), Berger
et al. (2008), Enkelmann et al. (2015 and references therein), O’Sullivan and Currie
(1996), Meigs et al. (2008), Spotila et al. (2004), Riccio et al. (2014), and Benowitz
et al. (2014). “AFT not reset” refers to AFT ages that are older than 80 Ma. Red
faults on the profiles have Neogene activity, whereas faults indicated by a broken
line have no documented Neogene activity.

focused along preexisting active strike-slip fault systems (Fig. 6).
In the proximal hanging wall of the flat slab collision zone, deep
and rapid exhumation in the St. Elias Mountains is mainly fo-
cused in the syntaxis region (Fig. 1A). In the syntaxis, localized
motion on the dextral transpressional Fairweather fault transi-
tions to convergence across the thrust belt (Chapman et al., 2012).
Residual relative plate motion is bifurcated northward to the De-
nali fault system (Fig. 1B) and westward to the Chugach-St. Elias
fault and eastern end of the Contact fault, which was renamed
as the Bagley fault (Bruhn et al., 2012; Enkelmann et al., 2015).
The Fairweather, Chugach-St. Elias, and Bagley faults accommo-
dated margin-parallel translation of the Yakutat terrane relative to
North America throughout the Cenozoic (Bruhn et al., 2012; Lease
et al,, 2021) and were thus active throughout the onset of Yaku-
tat flat slab subduction. To the north, rock uplift and exhumation
in the Alaska Range has been focused along the dextral transpres-
sional Denali fault system since ca. 30 Ma (Lease et al., 2016). Prior
to ca. 30 Ma, the Denali fault accommodated mainly lateral motion
of outboard terranes, which transitioned to transpression upon in-
troduction of the Yakutat flat slab at ca. 30 Ma (e.g., Finzel et al,,
2016; Waldien et al., 2021b). Near the apex of the Alaska oro-
cline, localized recent exhumation in the high peak regions of the
northern Chugach Mountains (Mt. Marcus Baker-MB on Fig. 1) and
southern Talkeetna Mountains (east of Hatcher Pass-HP on Fig. 1)
has been attributed to Oligocene-Neogene slip on the Castle Moun-
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tain fault, Contact fault, and subsidiary structures in the Matanuska
Valley, which likely were active during initial subduction of the
Yakutat oceanic plateau (Arkle et al., 2013 and references therein;
Terhune et al., 2019).

One peculiar aspect of the upper plate structural configuration
is that major inactive structures, despite their importance as signif-
icant geologic-geophysical boundaries, appear to have experienced
limited reactivation upon the transition to the flat slab setting. For
example, the Talkeetna and Border Ranges faults are the two most
profound geophysical features in southern Alaska and likely pen-
etrate the lithosphere (Miller et al., 2018), yet the only sections
of these faults with demonstrable Neogene slip are the sections
near the aforementioned active strike-slip fault systems (Waldien
et al., 2021a). Cooling age profiles that span the inherited active
and inactive structures clearly show that bedrock cooling ages in-
crease with distance away from the currently active transpressional
fault systems toward unreactivated inherited structures and sedi-
mentary basins (Fig. 5).

Four long-lived and still active sedimentary basin systems (Cop-
per River, Tanana, Susitna, Cook Inlet-Fig. 1A) were active prior to,
and during, flat slab subduction of the Yakutat oceanic plateau
(Trop and Ridgway, 2007). Flexural subsidence in response to
tectonic drivers likely controls depocenter locations and stability
(Ridgway et al., 2007). Additionally, the location of the Cook Inlet
basin has been correlated with dynamic subsidence in relation to
the geometry of the subducted slab (Haeussler and Saltus, 2011).
Between the eastern Alaska Range and northern St. Elias Moun-
tains, sparse geodetic data (Freymueller et al., 2008) suggest that a
small amount of regional shortening may accompany flexural sub-
sidence in the Copper River basin, where active shortening struc-
tures have not been identified. Whereas protracted subsidence has
created accommodation space near the relatively stable basin axes
since at least the Eocene (Trop and Ridgway, 2007), evidence for
basin inversion is present along the boundaries of the active basins
(e.g., Finzel et al., 2011a; Saltus et al., 2016) and has been linked to
outward growth of topography in response to slip on range-front
shortening structures splaying from the master Denali fault (e.g.,
Haeussler, 2008; Bemis et al., 2015; Haeussler et al., 2017; Wal-
dien et al., 2018; Allen et al., 2021). Topographic growth associated
with the shortening structures led to widespread drainage reorga-
nization throughout southern Alaska (Finzel et al., 2016; Benowitz
et al, 2019), which resulted in isolated active basins separated
by high relief regions centered on the active transpression zones
(Figs. 1A and 6).

Southern Alaska experienced a wholesale refocusing of arc
magmatism after ca. 32 Ma, which we interpret as a result of the
onset of flat slab subduction of the Yakutat oceanic plateau (Fig. 6).
Regional pluton ages indicate that arc magmatism prior to ca. 32
Ma was focused along the Denali fault (Trop et al., 2019). After
restoring ca. 30 Myr of slip on the Denali fault (Regan et al., 2021;
Waldien et al.,, 2021b), magmatism along the Denali fault appears
to record an arc-trench (trench inferred to be the Chugach-St. Elias
fault-Fig. 1) gap of ~200-450 km. The potentially large arc-trench
gap prior to ca. 32 Ma may imply a component of shallow sub-
duction prior to the Yakutat flat slab and/or that the Denali fault
served as a conduit for underplated mantle-derived melts. The ob-
served decline in Alaska Range arc magmatism from ca. 30 to 25
Ma is contemporaneous with the birth of the Wrangell arc at ca. 30
Ma, and both are generally interpreted to record initial subduction
of the Yakutat oceanic plateau (Brueseke et al., 2019; Trop et al.,
2019; Jones et al., 2021). Throughout its ca. 30 Myr duration, the
Wrangell arc has been focused within a region of precursor upper
plate strike-slip faulting (the Totschunda fault) above the north-
eastern edge of the Yakutat slab (Trop et al, 2021). The newly
recognized Quaternary volcanic field in the eastern Alaska Range
(Figs. 1A and 4) also coincides with the imaged northeastern edge
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Fig. 6. Schematic diagrams showing the ca. 32-0 Ma southern Alaska tectonic evolution as it displays salient features of “normal” (left) and flat slab (right) subduction in
obliquely convergent environments. Key features of the tectonic evolution upon the onset of oblique flat slab subduction include (1) active strike-slip fault systems transition
into transpressional deformation zones with bedrock cooling/exhumation/surface uplift focused along the fault systems; (2) topographic growth associated with transpression
zones causes drainage reorganization and inversion along the edges of basins; and (3) magmatism is focused above the slab edge and active strike-slip fault systems play a
role in facilitating magma ascent. Paleo-drainage directions are inferred from Finzel et al. (2016) and Trop and Ridgway (2007).

of the subducted Yakutat slab (Pavlis et al., 2019) and magma
ascent may have been facilitated by deep-seated structures associ-
ated with the Denali fault system. These observations together sug-
gest that the northeastern margin geometry of the Yakutat slab has
remained relatively stable with respect to the upper plate south of
the Denali fault from ca. 30-1 Ma.

The sum of the compiled data and associated interpretations
leads to a set of salient features describing the upper plate geologic
evolution in response to oblique subduction of the Yakutat oceanic
plateau beneath southern Alaska. These features are portrayed in
Fig. 6 and include (1) bedrock exhumation and topographic devel-
opment are focused along strike-slip fault systems that were active
at the time of slab flattening; (2) foreland basin inversion is re-
stricted to the periphery of regions of growing topographic relief;
and (3) arc magmatism refocuses into the region above the slab
edge, and the loci of volcanism are spatially associated with active
strike-slip fault systems.

5.4. The role of preexisting upper plate strike-slip faults in the
tectono-magmatic response to oblique subduction of oceanic plateaus

The geophysical and geological datasets summarized herein
show that the post-30 Ma patterns of bedrock exhumation, mag-
matism, and sedimentation in southern Alaska provide an archive
of oblique subduction of an oceanic plateau. Our analysis suggests
that obliquely convergent margins with preexisting upper plate
strike-slip structures experiencing oblique flat slab subduction will
undergo focused bedrock exhumation and associated topographic
growth along major strike-slip structures that were active prior
to, and during, the slab flattening process. Increased upper plate
convergence appears to have the effect of transitioning the ac-
tive fault systems from transcurrent to transpressional kinematics
rather than wholesale reactivation of inactive structures. Magma-
tism during the oblique flat slab regime will not necessarily mi-

grate inboard as has been documented along other flat slab con-
vergent margins (e.g., central Chile-Argentina-Capaldi et al., 2020),
but instead melting may be focused along the lateral edge of the
slab, and magma ascent through the upper plate may be facili-
tated by active lithospheric-scale strike-slip fault systems. A key
outcome from our analysis is that upper plate strike-slip faults
systems are loci of bedrock cooling, magmatism, and topographic
growth, all of which favor block-style deformation models wherein
the size of the blocks is controlled by the spacing of the inherited
strike-slip fault systems.

Modern and ancient examples of oblique subduction of oceanic
plateaus share similarities with our documentation of the Oligo-
cene-to-present evolution of southern Alaska. Active oblique sub-
duction of the Samoan and Louisville Ridges into the Tonga Trench
has led to loci of upper plate convergence, strike-slip faulting,
and focusing of magmatism into upper plate structures, which
sets these sections of the margin apart from the otherwise exten-
sional upper plate (Pelletier et al., 1998). In the northern Andes
of Ecuador and Colombia, protracted slip histories alternating be-
tween transpressional and transtensional deformation within up-
per plate strike-slip fault systems appear to record changes in the
obliquity, thickness, and dip (inferred from upper plate conver-
gence) of subducting slabs throughout the Cenozoic (e.g., Mora et
al., 2017 and references therein). Here, multiple angular unconfor-
mities associated with changes in sediment provenance recorded
in basin strata adjacent to the strike-slip fault systems suggest
that basin inversion and magmatism were focused along preex-
isting lithospheric-scale structures that were active during changes
in the upper plate deformation regime (Mora et al., 2017 and ref-
erences therein). Lastly, the Late Cretaceous upper plate tectonic
setting of western North America at the latitude of the contiguous
United States involved a regional intra-arc strike-slip fault system
that accommodated oblique convergence and aided in magma as-
cent (e.g., Tikoff and de Saint Blanquat, 1997, among several oth-
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ers). The kinematics of the intra-arc shear system evolved with
changes in the convergence angle and rate (Nadin et al., 2016)
until inferred slab flattening related to oblique subduction of a hy-
pothesized oceanic plateau exhumed the batholith as deformation
and magmatism migrated inboard (e.g., Saleeby, 2003). Shortening
and focused cooling of the upper plate took place along preexisting
structures, some of which were strike-slip faults that were active
at the onset of plateau oblique subduction (e.g., Nadin et al., 2016).

Given the abundance of oceanic plateaus on the modern
seafloor (e.g., Mann and Taira, 2004), the correlation between
oceanic plateau subduction and shallow slab dip (e.g., Gutscher
et al., 2000), and the observation that nearly all plate boundaries
have some amount of obliquity (e.g., Philippon and Corti, 2016), it
follows that oblique flat slab subduction of oceanic plateaus is a
fundamental, yet often overlooked, geologic process. Moreover, the
upper plate geologic evolution resulting from slab flattening in a
partitioned oblique subduction setting shows a noteworthy depar-
ture from the upper plate evolution in orthogonal flat slab regions
(e.g., Mexico-Arce et al., 2020; Costa Rica-Gardner et al., 2013;
Peru-Bishop et al., 2017) and in oblique flat slab environments
without active preexisting continental scale strike-slip faults (e.g.,
Ontong Java-Mann and Taira, 2004, central Argentina-Siame et al.,
2005). Variability in the tectonic behavior among the examples
discussed herein suggests that the precursor upper plate geologic
history in each region partly controls the resulting geologic evolu-
tion in response to oblique flat slab subduction.

6. Conclusion

We have shown herein that the post-30 Ma tectono-magmatic
evolution of southern Alaska can be linked to oblique flat slab sub-
duction of an oceanic plateau and propose that southern Alaska is
an archetypical example of such a process. Key outcomes from our
study include the following:

1) Post-30 Ma bedrock cooling and exhumation are widespread
in the eastern Alaska Range. Most of the post-30 Ma bedrock
cooling and interpreted topographic growth are associated
with transpression in the Denali fault system. Quaternary cool-
ing in the eastern Alaska Range is best explained by thermal
effects related to ca. 1 Ma volcanism.

2) The youngest cooling ages across southern Alaska are spatially
associated with regions of high topographic relief adjacent to
major strike-slip fault systems. Increased upper plate conver-
gence related to subduction of the Yakutat oceanic plateau is
focused on the preexisting strike-slip fault systems that were
active at the time of slab flattening. The shift to oblique flat
slab subduction had the effect of changing the bulk deforma-
tion regime within the strike-slip fault systems from transcur-
rent to transpressional. Inherited structures that were inactive
at the time of slab flattening appear to have been reactivated
only near the active lithospheric scale transpressional fault
systems.

Regional drainage networks were reorganized during subduc-

tion of the Yakutat flat slab. Basins were isolated by inversion

along their margins where topography developed in response
to transpressional deformation, but the basin axes remain ac-
tive depocenters.

Subduction of the Yakutat oceanic plateau is associated with

the demise of subduction-related magmatism along the De-

nali fault at ca. 32-25 Ma and the refocusing of arc magma-
tism above the northeastern edge of the slab after ca. 30 Ma.

Arc magmatism was spatially associated with active strike-slip

fault systems during both time intervals.

5) Quaternary volcanism in the eastern Alaska Range records the
resumption of magmatism in central Alaska after a ca. 24 Myr

4

=

10
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hiatus and is focused above the Yakutat slab edge. We inter-
pret that the revival of Alaska Range magmatism is related to
a recent (ca. 1 Ma) change in Yakutat slab geometry or a slab
tear, possibly in response to the introduction of a thicker por-
tion of the plateau to the southern Alaska margin.

6) The precursor geologic history of the upper plate plays an im-
portant role in the way that upper plate deformation is man-
ifested, and magmatism is focused during changes to margin
obliquity and dip of the subducting slab.
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