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Key Points:

We document rejuvenation of the Totschunda fault, a crustal scale strike-slip fault, after a Pacific-Yakutat
plate vector change at ca. 6 Ma.

The Totschunda fault became the strand of principal slip due to its new favorable orientation over the
northern Eastern Denali fault.

Across the circum-Pacific many major strike-slip faults experienced modifications in response to the ca. 6
Ma Pacific plate motion change.

Abstract

The intersecting Totschunda and Denali strike-slip faults of southern Alaska have been active since at least
the Cretaceous. As long-lived structures, the history of deformation along these lithospheric-scale faults can
be used to investigate slip distribution between pre-existing fault strands and the transfer of stress inland
from plate boundaries due to relative plate motion changes. We apply geochronology (zircon U-Pb) and
thermochronology (apatite fission track, zircon and apatite (U-Th)/He) along the southern Totschunda fault
and integrate our new data with published regional low temperature thermochronology. U-Pb ages from
bedrock samples document Cretaceous gabbroic magmatism and Oligocene Wrangell arc volcanism. New
thermochronology data from along the Totschunda fault indicate an increase in rapid cooling, interpreted as
exhumation in the Late Miocene that continues until the present. We link this increase in vertical tectonics
to Totschunda fault strike-slip motion increasing from ~2 mm/yr in the Oligocene to the modern rate of ~14
mm/yr at ca. 6 Ma based on palinspastic reconstructions. The Pacific plate-North America plate convergence
vector rotated ~18° clockwise at ca. 6 Ma resulting in an incoming vector that is preferentially aligned with
the pre-existing Totschunda fault. This relative plate motion change and the subsequent alignment of the
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Totschunda fault with the Fairweather transform, led to slip-rejuvenation along the Totschunda fault and
diminution of strike-slip motion on the northern Eastern Denali Fault. We further suggest in other locations
around the Pacific margin the Pacific plate motion change in the Late Miocene also triggered fault system
reorganization towards mechanical efficiency.

Keywords: Plate Vector Change, Thermochronology, Alaska, Totschunda Fault, Denali Fault,
Fault Reactivation

1. Introduction

Convergent margins often accumulate long-lived lithospheric-scale crustal weaknesses that result from the
accretion and dismemberment of terranes (e.g., Wilson, 1965). These mechanical weaknesses frequently
manifest as strike-slip faults in oblique convergent settings and slip in response to changing plate boundary
conditions (e.g., Powell, 1993; Storti et al., 2003; Najman et al., 2022). The evolution of transform-fault
systems is a response, in part, to the orientation of pre-existing faults with respect to variations in plate
convergence (e.g., Walcott 1998; McCaffrey et al., 2000). Thus, changes in the orientation of convergence
during major plate reconfigurations may modify which faults accumulate strain through geologic time. As
fault splays are translated and rotated along a master strike-slip system they can also become preferentially
aligned for increased slip accommodation (e.g., Riccio et al. 2014).

Strike slip faults typically have a dip slip component in transpressional settings and thus, thermochronology
is often used to document rock cooling along strike slip systems (e.g., Fitzgerald et al., 1995; Benowitz et
al., 2014) which can be inferred to reflect periods of partitioned horizontal slip. Exhumation related rapid
cooling can also be inferred from kinetic modelling of thermochronology data from strike slip fault corridor
sampling transects. Therefore, applying geochronology and thermochronology to rock samples collected along
the Totschunda fault integrated with regional geologic constraints presents an opportunity to improve our
understanding of the slip distribution on the Denali fault strike-slip fault system and also the mechanisms
responsible for slip distribution between the Totschunda and Eastern Denali faults since ca. 52 Ma.

The intersecting Totschunda and Denali faults of Alaska are both interpreted as Cretaceous strike-slip faults
that developed across a Mesozoic collisional suture zone with strike-slip reactivation of the suture zone
structures (e.g., Churkin et al., 1982; Ridgway et al. 2002; Fitzgerald et al., 2014; Trop et al., 2019, 2020).
While plate convergence along the southern Alaska boundary continues, Late Miocene clockwise rotation
of the Pacific plate and attached Yakutat microplate relative to North America has influenced tectonics
extensively in interior Alaska (e.g., Fitzgerald et al. 1993, 1995; Waldien et al., 2019) and may have drastically
modified which faults transfer stress from the plate boundary into interior Alaska. Numerous studies suggest
that in response to the Late Miocene Pacific-Yakutat plate motion change, the Eastern Denali fault (Figure
1) has played a diminished role in the transfer of slip from the plate boundary to the continental interior
(Waldien et al., 2018; Choi et al., 2021; Allen et al., 2022; Trop et al., 2022; Benowitz et al. 2022a, b). Herein
we refer to the Pacific and neighboring Yakutat microplate as the Pacific-Yakutat plate when referencing
how the Late Miocene Pacific plate vector change affected Alaska plate boundary conditions.

2



P
os

te
d

on
14

A
ug

20
23

|T
he

co
py

ri
gh

t
ho

ld
er

is
th

e
au

th
or

/f
un

de
r.

A
ll

ri
gh

ts
re

se
rv

ed
.

N
o

re
us

e
w

it
ho

ut
pe

rm
is

si
on

.
|h

tt
ps

:/
/d

oi
.o

rg
/1

0.
22

54
1/

es
so

ar
.1

69
20

30
65

.5
62

92
54

7/
v1

|T
hi

s
a

pr
ep

ri
nt

an
d

ha
s

no
t

be
en

pe
er

re
vi

ew
ed

.
D

at
a

m
ay

be
pr

el
im

in
ar

y.

Figure 1: Simplified terrane map of Alaska and the Northern Cordillera with major faults. Most major faults
in Alaska are terrane boundary structures (e.g., Coney et al., 1984; Nokleberg et al., 1985). Convergence
rates for the Pacific Plate and Yakutat microplate with respect to a fixed north America are from Elliot et
al. (2010). Approximate extent of Figure 2 is shown by the white box. Extent of imaged subducted Yakutat
microplate is based chiefly on tomography and seismicity data (adapted from Eberhart-Phillips et al., 2006;
Bauer et al., 2014; and Wech, 2016; Pavlis et al., 2019; Mann et al., 2022). Geologic units modified from
Wilson et al. (2015). MZ sediments represent the Alaska Range Suture Zone. Offset Maclaren - Kluane
schist shown with blue 1*. Potentially offset Tetelna formation and Station Creek formation shown with
yellow 2*. Offset Dezeadesh-Nutzotin-Clearwater basins shown with green 3*. Offset Ruby Range - Susitna
Batholith pink 4*.

We present thermochronologic evidence from near-fault and fault-zone bedrock samples along the southern
Totschunda fault demonstrating the initiation of rapid exhumation at ca. 6 Ma. We also present geochronol-
ogy and thermochronology data from cobbles within a nearby basin of Late Miocene-Pleistocene age lying
to the east of the Totschunda fault and cut by splays of that fault. Rapid exhumation beginning in the
Late Miocene along the Totschunda fault is interpreted as a response to the ca. 6 Ma Pacific-Yakutat plate
motion change. This plate motion change led to a more favorable convergence orientation such that slip
(with associated exhumation) was primarily accommodated on the Totschunda fault, effectively abandoning
strike-slip on the northern Eastern Denali fault. Our results build upon our understanding of how plate
boundary forces are transferred and distributed inboard onto strike-slip fault systems like the San Jacinto-
San Andreas faults in California (Spotila et al. 2001; Blythe et al., 2002). Furthermore, this data provides
insight into long-term slip distribution along strike slip fault systems which can improve seismic hazard fore-
casts in Alaska and other regions with long lived strike-slip faults and evolving plate boundary conditions
(e.g., Alpine fault, Dead Sea, San Andreas fault).

2. Geologic Background

2.1 Alaska Range Suture Zone and the Totschunda-Denali Fault system

The complex Mesozoic to Cenozoic Alaska Range suture zone lies between the peri-Laurentian Yukon-Tanana
composite terrane to the north (intermontane terranes) and the more recently accreted, late Paleozoic and
Mesozoic intra-oceanic plateau and volcanic arc rocks of the accreted Wrangellia composite terrane (insular

3
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terranes) to the south (Figure 1; Coney et al., 1980; Nokleberg and Richter, 2007; Dusel-Bacon et al., 2013;
Jones et al., 2017). Rocks within the Alaska Range suture zone consist primarily of Late Jurassic to Late
Cretaceous marine sedimentary strata and associated metamorphic equivalents (Figure 1) (Ridgway et al.,
2002; Manselle et al., 2020). The section of the suture zone where parts of this study were conducted is
bounded to the north by the near-vertical Denali fault and the Totschunda fault to the south (e.g., Richter,
1976; Allam et al., 2017).

The ~2000 km long, dextral strike-slip Denali fault system is the northern boundary of the Alaska Range
suture zone in our region of study and has likely been active since at least ca. 70 Ma (Cole et al., 1999; Miller
et al., 2002; Benowitz et al., 2014; McDermott et al., 2019) with ~480 km of documented slip occurring since
ca. 52 Ma. The ~480 km of offset since 52 Ma is based inpart on the correlative offset ca. 57 Ma. Ruby
Range-East Susitna Batholiths (Figure 1; Riccio et al., 2014) and offset ca. 52 Ma Shakwak-Ann Creek
Plutons (e.g., Waldien et al., 2021a). These plutons are located within and immediately adjacent to the
Maclaren-Kluane schist which is the principal piercing point on the Denali fault (Figure 1). The Maclaren
schist and these younger 57 and 52 Ma plutons have been displaced ~480 km from their correlative piercing
points (e.g., Forbes et al., 1974; Waldien et al., 2021a). Furthermore, the Mesozoic Clearwater-Nutzotin-
Dezeadesh Basin complex has been dissected and slivered with the Clearwater sliver being displaced ~480
km from the Dezeadesh basin and the Nutzotin sequence being displaced ~360 km from Dezeadesh basin
(Figure 1) (e.g., Eisbacher, 1976; Lowey et al., 2019; Waldien et al., 2021a).

Because the Maclaren schist and Kluane schist are correlative and have been separated by the Denali Fault,
the Maclaren schist cannot be translated down the Totschunda fault and must be restored only to the junction
of the two faults (so this translated crustal block can be restored on the Eastern Denali fault to the Maclaren’s
paleo-connection with the Kluane schist). Currently, the Maclaren schist has been translated roughly 125
kms away from the Totschunda-Denali fault intersection. Since the separation has occurred since 52 Ma,
this piercing point provides a limit of 125 kms of horizontal displacement of the Totschunda fault since 52
Ma. Additionally, the Clearwater metasediments have been displaced ~125 km from the correlative Nutzotin
Basin (Figure 1) providing an additional piecing point with a nearly identical displacement (Waldien et al.,
2022). We therefore infer the Totschunda fault has contributed ~125 kms of the 480 km total displacement
of the Maclaren schist (e.g., Eisbacher, 1976; Waldien et al., 2021a; Allen et al., 2022; Trop et al., 2022;
this study). Palinspastic restoration of offset volcanic products of the Wrangell volcanic field along the
Totschunda fault provide additional markers that suggest ~85 km of the ~125 km of slip occurred since ca.
6 Ma (Berkelhammer et al., 2019; Trop et al., 2022). More speculatively, there is an apparent ~80 km offset
(age unknown) of the Border Ranges fault system along the dextral Art Lewis fault (Bruhn et al., 2004;
2014) which is a southern segment of the Connector fault (Figure 1). This Connector fault offset observation
is consistent with the offset constraints along the Totschunda fault (Trop et al., 2022).

Besides the dissected Wrangell arc, piercing points that inform on the long term (106 years) slip rates
along the Totschunda fault are lacking. MacKevett (1978) suggested that the Station Creek Formation
just north of the Duke River fault and the Slana Spur Formation/ Tetelna Volcanics near the Totschunda-
Denali intersection are possibly correlative based on age (Permian), lithology (interlayered meta-volcaniclastic
sediments and lava flows), and similar stratigraphy (Figure 1). These geologic units are separated by ~180
km, but modern dating techniques, detailed mapping, and compositional analysis have not yet been applied
to these rocks to corroborate this interpretation.

Using surface exposure ages on offset geomorphological features, Matmon et al. (2006) and Haeussler et al.
(2017) determined Pleistocene-Holocene slip rates along the Denali fault system. West of the Totschunda-
Denali fault intersection average slip rates on the Denali fault were determined to be ~12.9 mm/yr, east
of the intersection ~5.3 mm/yr, and ~7.4 mm/yr along the Totschunda fault. Using field observations,
high-resolution imagery, digital elevation models, and cosmogenic nuclide dating, Marechal et al. (2018)
document different Pleistocene-Holocene slip rates for the Totschunda and Eastern Denali faults. Marechal
et al. (2018) determined rates of ~14.6 mm/yr on the Totschunda fault as compared to <1 mm/yr for the
northern Eastern Denali fault (Figure 2). This discrepancy in Pleistocene slip rates for the Eastern Denali
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Fault and Totschunda fault reported by Matmon et al. (2006) and Marechal et al. (2018) is not easily
explained, but the two research groups did not make slip observations at the same locations. Matmon et
al. (2006) made slip determinations based on offset features within ~ 30 km of the Totschunda-Denali fault
junction. Marechal et al. (2018) made slip determinations along the entire length of the Eastern Denali
fault and note that further than 80 km from the Totschunda-Denali junction, there is no observed horizontal
motion on the Eastern Denali fault. Marechal et al. (2018) sampled the Totschunda fault ~120 km south of
the Totschunda-Denali fault intersection. We prefer the Marechal et al. (2018) determinations because they
align with the long-term geologic record (Waldien et al., 2018, 2021a and Allen et al., 2022) and seismology
modeling (Oglesby et al., 2004; Choi et al., 2021).

-Richter and Matson (1971), using offset geomorphological features of unknown age (probably Pleistocene)
inferred ~10 kms of slip on the Totschunda fault since ca. 1 Ma. Although this Pleistocene slip rate on
the Totschunda (~10 mm/yr) is not well constrained, this constraint is similar to the Holocene rate (~14.6
mm/yr) suggested by Marechal et al. (2018). There is also significantly less seismic activity along the Eastern
Denali fault compared to along the Totschunda fault (Figure 2). A compilation of regional thermochronology
data (Figure 2) show a pattern of young apatite Helium ages (AHe) along the margins of the Fairweather
fault, the inferred Connector fault, and to the north (our data) along the southern Totschunda fault. This
data also shows a relative absence of young AHe ages on the southern Eastern Denali fault. Additionally, the
2002 7.9M Denali fault earthquake ruptured the Totschunda fault not the Eastern Denali fault due to the
fault’s preferential geometry with regards to the regional stress field (Oglesby et al., 2004) adding credence
to the Totschunda being the strand of principal slip. We interpret these patterns to further support the
Totschunda fault being the primary structure transferring stress inboard from the plate margin since the
Late Miocene as compared to the Eastern Denali fault.

Despite most of the lateral displacement on the Totschunda fault occurring since 52 Ma, the fault is likely
a Cretaceous structural feature. The Totschunda fault forms part of the inboard suture of the Wrangellia
composite terrane with North America as shown by geological mapping (e.g., Richter et al., 1976; MacKevett
et al., 1978) and magnetic maps of the region (Bankey et al., 2002). Receiver function analysis from Allam
et al. (2017) show a 10 km moho offset across the Totschunda fault (deeper to the west). Regional Wrangell
composite terrane (intermontane) suturing along the Totschunda fault by ca. 117 Ma has also been suggested
by the presence of well-dated subaerial sedimentary units with dinosaur footprints that uncomformably
overlap both the Wrangell composite terrane and the Cretaceous Nutzotin basin (Fiorillo et al., 2012; Trop
et al., 2020). Trop et al. (2020) infer that since these overlap assemblage rocks preserve land-based fauna,
and cover both Wrangellia and the inferred sutured basin, they must record a minimum suturing age. There
is also thermochronologic evidence along the central Totschunda fault of a Cretaceous rapid cooling episode
which has been interpreted as exhumation during Cretaceous suturing (Milde, 2014; this study) and a dikelet
has been dated to ca. 114 Ma (40Ar/39Ar K-feldspar) that was injected into pre-existing fault gouge along
the Totschunda fault zone (Trop et al., 2020).

5



P
os

te
d

on
14

A
ug

20
23

|T
he

co
py

ri
gh

t
ho

ld
er

is
th

e
au

th
or

/f
un

de
r.

A
ll

ri
gh

ts
re

se
rv

ed
.

N
o

re
us

e
w

it
ho

ut
pe

rm
is

si
on

.
|h

tt
ps

:/
/d

oi
.o

rg
/1

0.
22

54
1/

es
so

ar
.1

69
20

30
65

.5
62

92
54

7/
v1

|T
hi

s
a

pr
ep

ri
nt

an
d

ha
s

no
t

be
en

pe
er

re
vi

ew
ed

.
D

at
a

m
ay

be
pr

el
im

in
ar

y.

Figure 2: a) Seismicity ranging from 0 to 15 km of depth from 1960 to present-day: Seismic events denoted
as blue dots (USGS Earthquake Database). Faults are delineated with solid pink lines and labeled with white
lettering. b) Published (see Supplementary File 18) and new apatite (U-Th)/He ages for southern Alaska,
listed alphabetically: Enkelmann et al. (2017), McAleer et al. (2009), McDermott et al (2019), Spotila et al.
(2004), Spotila and Berger (2010). Major faults shown as semi-transparent pink lines; these are labeled in
(a). Approximate slip rates of the major faults shown in white lettering with pink arrows denoting primary
sense of slip on each structure. These modern slip rates are from Marechal et al. (2018) and Brothers et al.
(2020). Approximate Figure 3 outline shown with yellow box.

The injection of a dike at 30 Ma into the Totschunda fault zone and hypabyssal dikes ca. 25-23 Ma emplaced
proximal to, but only on the west side of the Totschunda fault implies fault movement and transtension
during the Oligocene (Brueseke et al., 2019). Additional dacitic and andesitic porphyry of Oligocene age
along the southern Totschunda fault (this study) also implies Oligo-Miocene slip on the Totschunda fault.
Lastly, Milde (2014) collected and analyzed two apatite fission track samples from Cretaceous plutons near
the central Totschunda fault and far away (>10 km) from any large Oligocene magmatic bodies that indicate
rapid cooling in the Late Oligocene. Milde interprets that these samples were rapidly exhumed in the Late
Oligocene on the basis of the presence of Oligocene ages on the west side of the Totschunda fault and
Cretaceous ages on the east side of the Totschunda fault.

The restoration of translated Oligocene-Early Miocene boulder conglomerate packages onto the Totschunda
from the Central Denali fault (Allen et al., 2022) and coeval focused magmatism along the Totschunda fault
(Trop et al., 2022, this study) further support Totschunda fault motion in the Late Oligocene. 23-19 Ma
intra-arc extension magmatism in the Sonya Creek Volcanic Field has also been linked to coeval motion
along the Totschunda and Eastern Denali faults (Berkelhammer et al., 2019). Intra-arc extensional basin
formation and magmatism west of the southern Totschunda fault at ca. 13-5 Ma has also been linked to
inferred motion on this structure (Trop et al., 2012). The ca. 10-2 Ma Frederika Formation (White River
‘Tillites’) in a small basin abutting the southern Totschunda fault (e.g., Eyles and Eyles, 1989) are discussed
in the next section (2.2) as the formation of that basin is also interpreted to reflect slip on the Totschunda
fault in the Late Miocene-Pleistocene. Lastly, the Euchre Volcano erupted directly from the Totschunda
fault (Brueseke et al., 2019; Trop et al., 2022) providing indirect evidence of slip and extension in the late
Pliocene (ca. 3 Ma).

Northwest of the Totschunda fault, the central Denali fault has acted as a conduit for magmatism since at
least the Late Cretaceous based on generally continuous magmatism from ca. 95 to 25 Ma, both proximal
to, and directly along the main fault trace (e.g., Regan et al. 2020, 2021; Benowitz 2022a). Likewise,
the Totschunda and Duke River faults (which intersect at the southern terminus of the Totschunda fault;
Figures 1, 2) appear to have acted as conduits for Wrangell arc magmatism since ca. 30 Ma (Trop et al.,
2022, this study). The Duke River and Totschunda faults have probably been connected since Cretaceous
times (Cobbett et al., 2016; Trop et al., 2020) with slip at times apparently being transferred from the Duke
River onto the Totschunda (Marechal et al., 2018; Choi et al., 2021). Hence, the deformation history of the
Duke River fault potentially informs on the deformation history of the Totschunda fault. Eocene to Miocene
strike-slip related basins (Ridgway and Decelles, 1993) and Miocene leaky transform magmatism (Skulski et
al., 1992; Cole and Ridgway 1993; Trop et al., 2022) along the Duke River fault suggest the Duke River fault
was active during most of the Cenozoic. Therefore, it is possible that slip was transferred from the Duke
River to the Totschunda from the Eocene to the present (e.g., Marechal et al., 2018) but direct geologic
evidence for Eocene -slip along the Totschunda fault is lacking.

2.2 White River ‘Tillites’

The White River ‘Tillites’ were deposited in a small transtensional basin immediately east of the Totschunda
fault. This basin contains diamictites and debris flow deposits with interlayered lavas and tuffs derived from
the Wrangell volcanic arc (Figure 3). Eight K-Ar whole rock ages from selected tuffs and volcanic flows
interbedded in these sediments range in age between 10 and 2 Ma indicating that the sediments were
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deposited from Late Miocene to Pleistocene (Denton and Armstrong, 1969). Sediments in this basin are
considered part of the Frederika Formation which is also found outside the field area to the south of the
Wrangell mountains (MacKevett 1978; Trop et al., 2012; Figure 3). Deposition of the ‘tillites’ are interpreted
as being syn-tectonic with slip along the Totschunda fault (Eyles and Eyles, 1989; Trop et al., 2012) based
on observed “proximal-sedimentation and a sustained and plentiful supply of coarse debris in a high relief
environment” and the possibility that some large debris flows in the section were earthquake derived. The
sediments of the White River Tillites are also crosscut and deformed by thrust splays from this fault system.
Apatite fission track ages on cobbles from this basin were collected to inform on the provenance and/or the
subsequent exhumation history of the basin.

Figure 3: Geologic map of Lime Creek field area with sample locations (Map is adapted from MacKevett
(1978) where detailed unit descriptions are recorded). For sample 19SOLO06, the dashed green line leading
away from the sample location denotes inferred sample path for a rock that clearly originated from the outcrop
denoted with a green X.

2.3 Yakutat Flat Slab Subduction, The Wrangell Arc, and the Pacific Plate

The Yakutat microplate is an 11-30 km thick oceanic plateau, with a dip and crustal thickness contrast
between the eastern and western segments and thinning slab thickness towards the north (Ferris et al., 2003;
Rossi et al., 2006; Worthington et al., 2012; Mann et al., 2022). The Yakutat microplates convergence angle
reflects Pacific plate vector changes through time (e.g., McAleer et al., 2009). The thick (>11 km) Yakutat
slab extends for ~250 km northwestward beneath Alaska at a subduction angle of ~20° before the dip angle
increases to ~60° beneath the Alaska Range. Seismic images by Ferris et al. (2003) showed that thickened
crust of the Yakutat terrane carries through to the steeper slab section to depths of at least 150 km beneath
the Alaska range (Mann et al., 2022).

The Wrangell volcanic arc, which is related to subduction of the Yakutat slab, initiated by ca. 30 Ma
(Brueseke et al., 2019; Berkelhammer et al., 2019; Trop et al., 2022), coeval with the cessation of magmatism
in the Alaska Range arc (Trop et al., 2019; Regan et al., 2021; Benowitz et al., 2022a). This change in
location of arc magmatism, from the west to the east has been linked to the commencement of Yakutat
flat-slab subduction under southern Alaska (Richter et al., 1990; Trop et al., 2019; Jones et al., 2021). Other
upper plate proxies such as exhumation in the Alaska Range (Benowitz et al., 2011, 2012, 2019; Riccio et al.,
2014; Lease et al., 2016), deformation of the Susitna Basin (Shaw et al., 2020) and modification of Alaska’s
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southern margin forearc (Finzel et al., 2015; Betka et al., 2017; Rosenthal et al., 2018; Pavlis et al., 2019)
have also been linked with the initiation of Yakutat flat-slab subduction.

A significant Alaska plate boundary change occurred at ca. 25 Ma, when the Pacific-Yakutat plate vector
relative to North America underwent 8° - 15° of counter- clockwise rotation (Jicha et al., 2018). Inboard
of the plate margin, this relative plate margin change resulted in significant oblique convergence across the
Denali fault system as southern Alaska moved to the northwest (e.g., Benowitz et al., 2014; Trop et al.,
2019). A 18° clockwise rotation in convergence angle and a 37 % increase in convergence rate between the
Pacific-Yakutat plate relative to North America at ca. 6 Ma (Engebretson et al., 1985; Doubrovine and
Tarduno, 2008; Austerman et al., 2011) further increased the northwestward-directed motion of southern
Alaska. Fitzgerald et al. (1993, 1995) correlated this plate motion change with a significant pulse of Late
Miocene uplift and exhumation in the central Alaska Range, that in combination with the coeval formation
of the Mount McKinley restraining bend (Benowitz et al., 2022b) formed the present-day high-standing
mountains of the central Alaska Range (Denali; 6190 m). This Pacific-Yakutat plate motion change is also
assumed to result in the transfer of slip onto the Totschunda fault from the Denali fault (Waldien et al.,
2018; Choi et al., 2021; Allen et al., 2022).

3. Methods and sampling strategy

Strike-slip faults often have a dip-slip component (e.g., Barth et al., 2014) and variations in strike and geo-
metry can result in linked contractional structures (Sylvester 1988; Spotila et al., 1998). Thermochronology
presents a means to record the path of a rock as the rock cools and approaches the surface (exhumation),
hence a rock sample’s cooling trajectory can be used as a proxy for deformation and a means to unravel
the vertical component of the partitioned slip history of strike-slip faults such as along the Alpine Fault of
New Zealand and the Fairweather Fault (e.g., White and Green, 1986; Batt et al., 2004; Lease et al. 2021).
Provided that the derived cooling ages and modelled cooling paths do not correspond to known regional
magmatic ages, by applying thermochronology to samples collected along both sides of the Totschunda fault
we can evaluate the cooling and exhumation histories of rocks along the structure and infer changes in slip
rates through time.

Rocks in the field area are largely composed of Late-Paleozoic island-arc rocks of Wrangellia Composite
Terrane affinity (MacKevett, 1978). These rocks are primarily Permian fossiliferous shallow marine clastic
sedimentary rocks and limestones of the Hasen Creek Formation, and volcanoclastic rocks, lavas, and gray-
wackes of the Station Creek Formation (Figure 3). Intrusive rocks in our field area are limited to a Cretaceous
(previously mapped as Triassic) gabbro intrusive body on the east side of the Totschunda fault, and many
small (<3 km2) Oligocene shallow intrusive andesitic and dacitic porphyry plugs associated with the Wran-
gell arc. The presence of these andesitic and dacitic porphyry plugs, which are interpreted as hypabyssal
rocks (MacKevett, 1978), on the surface suggests 2-3 km of exhumation since their emplacement, making
them a reasonable target for thermochronology. Thus, our primary targets for sampling and analyses were
these intermediate hypabyssal plugs.

3.1 U-Pb Zircon

We undertook U-Pb dating on zircon to determine the timing of intrusion for magmatic rocks along the
Totschunda fault as well as the age of the cobbles in the White River tillites. We performed Laser Ablation
Induced Coupled Plasma Mass Spectrometry using an Agilent 7900 ICP-MS and a Photon Machines G2 with
a Helix 2 sample cell at the University of Rochester (e.g., Trail et al., 2017). Zircon separates were obtained
during the mineral separation processing for apatite using standard mineral separation procedures. Grains
were mounted in epoxy and then polished. The mounts were then carbon coated and photographed on the
Cameca SXFive Microprobe at Syracuse University using the cathodoluminescence detector. These photos
were used to assess crystal zoning and heterogeneity within grains and between samples. Spot locations were
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chosen by identifying crystal regions visibly free of inclusions. Zircons were ablated with a spot size ranging
from 10 to 35 μm (Trail et al., 2017). The ICP-MS signals were evaluated with the Iolite 3.x software package
to select time intervals that reflected the bulk of the zircon grain and avoided sections where the laser ablated
through the grain and into the epoxy below, encountered an inclusion, or encountered surface contamination
(Paton et al., 2010, 2011). We used the R33 zircon standard (419 Ma) for age correction ablating one R33
zircon for every 10 unknowns with at least one shot between samples (Black et al., 2004). We attempted
20-25 grains or spots per sample. Drift was corrected for using the NIST standard at one shot for every 10
unknowns with at least one shot between samples. Almost all our samples appeared to have some surface
lead contamination from processing (potentially from milling or removal of sulfides using nitric acid) and
so our time series selections for uranium lead ratios largely excluded the first few seconds of measurements.
Additionally, on some grains, we encountered apparent inclusions or would ablate through the grain, and so
those shots and times were also excluded. Isotope ratios, dates, and associated uncertainties are calculated
from the integrations using the U Pb geochronology3data reduction scheme (Paton et al., 2010). The results
are summarized in Table 1, S1, & S2.

3.2 Apatite Fission Track Thermochronology

Apatite fission track (AFT) thermochronology has a thermal sensitivity from ca. 120@C to 60@C (e.g.,
Gleadow et al., 1983; Reiners and Brandon 2007). Above these temperatures fission tracks anneal instan-
taneously over geologic time and below these temperatures, fission tracks essentially cease annealing over
geologic time. The zone between the 120-60@C temperature range where tracks are annealed progressively
more slowly as temperature decreases is known as the partial annealing zone (Gleadow and Fitzgerald, 1987).
The relative proportions of confined fission track lengths provide information on the thermal history of the
sample such as the timing and rate of cooling through the partial annealing zone or partial annealing due
to reheating (Gleadow et al. 1986). For example, a track length distribution where almost all tracks are
>14-16 μm in length reflects rapid cooling with little to no residence time in the partial annealing zone.
More complex track length distributions containing both long and short tracks reflect slow cooling through
the partial annealing zone or partial annealing due to reheating with later rapid cooling (e.g., Gleadow et
al., 1983; 1986).

The density of spontaneous fission tracks in etched apatite crystals relative to the [U] concentration of
individual grains measured using induced fission tracks following irradiation (the external detector method)
is used to determine an AFT age (e.g., Hurford and Green, 1983). The composition of apatite plays a
role in the annealing of fission tracks; in general tracks in Cl-rich apatite are more resistant to annealing
compared to those in Fl-rich apatite (e.g., Gallagher et al., 1998; Ketcham 2007). We collected age and
confined track length data including a kinetic parameter that approximates chemical composition (Dpar)
and angle of each track with respect to the C-axis of each grain (Donelick et al., 2005). We applied AFT
thermochronology to bedrock samples along the Totschunda Fault and to detrital cobbles from the White
River ‘Tillites.’ Thermochronology applied to bedrock bounding the Totschunda fault provides potential
insight into fault slip related exhumation. In contrast, thermochronology applied to cobbles can provide
information on their provenance and pre-deposition cooling (exhumation of the source region) or the burial
and subsequent exhumation history of the basin provided the sediments were sufficiently buried to reset
the tracks (e.g., Beamud et al., 2011; Fitzgerald et al., 2019). AFT analyses (Table 2) were undertaken at
Syracuse University with details given in S14.

3.3 Apatite and Zircon (U-Th)/He dating

Helium analyses were conducted at the University of Colorado in the Thermochronology Research and
Advanced Instrumentation Laboratory using an ASI Alphachron for He extraction and measurement (e.g.,
Flowers et al., 2023a). Individual grains are placed in Nb-tubules, lasered to heat the grain and extract gas,
which is spiked with 3He, purified with SAES getters, and analyzed on a Pfeiffer Balzers QMS quadrupole
mass spectrometer. The process is then repeated to evaluate if there was complete extraction of 4He from
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the crystal (e.g., Farley, 2002; Flowers et al., 2023a). Grains are retrieved and then dissolved in nitric acid
before being analyzed for U, Th, and Sm using an Agilent 7900 Quadrupole ICP-MS. Grains were picked
to avoid broken ends, zoning, inclusions, fractures, and obvious radiation damage to limit the possibility of
excessive He from zircon inclusions or He loss from radiation damage and avoid diffusion properties that
may result in overdispersion of single grain ages (e.g., Fitzgerald et al., 2006; Flowers et al., 2023b). Grains
of adequate size (> ˜70 microns a-axis) are selected to minimize the FT correction. See Supplementary Files
4, 5, and 6 for more detailed information on zircon and apatite (U-Th)/He dating.

3.4 Multi Kinetic Modelling

Thermochronology data from individual samples were modelled using HeFTy v. 1.9.3 (Ketcham 2005).
Inputs to HeFTy are AFT single grain ages, c-axis projected confined lengths, Dpar-, single grain zircon
(U-Th)/He (ZHe) and apatite (U-Th)/He ages, and zircon (U-Pb) age constraints when available. HeFTy
uses a Monte Carlo approach, generating model AFT age and track length distributions and modeled ZHe
and apatite AHe diffusion profiles that are then compared to the measured data using a GOF criteria. Good
and acceptable fits are (0.05 and 0.50 respectively). Model paths are allowed to explore temperature-time
space (with both cooling and heating path segments) at random intervals. See Supplementary File 7 for
more details about the criteria used during thermal modeling.

4. Results and Interpretation

4.1 Geochronology and Thermochronology

We sampled bedrock along the west and east sides of the Totschunda fault on several mapped and previously
unmapped small hypabyssal plugs and a small Cretaceous gabbro body (Figures 3, 4). Sample 19SOLO06
was collected from a lateral moraine just downstream from a prominent outcrop of hypabyssal intrusive
where this sample clearly originated based on lithology and travel trajectory (Figures 3, 4). U-Pb LA-ICP-
MS zircon dating was performed on four of the six bedrock samples from the Lime Creek drainage, and seven
of the eight detrital cobbles (Figures 3, 4, 5, 6). We report 14 AFT analyses: six from bedrock samples and
8 from cobbles from the White River ‘Tillites’ (Figures 3, 4, 5, 6). (U-Th)/He analyses were undertaken
on apatite separates from 6 bedrock samples (6 grains per sample) and one zircon separate from a bedrock
sample (19SOLO02; 3 grains) from the Lime Creek area.

Figure 4: Compiled geochronology and thermochronology from Lime Creek Bedrock. AHe, AFT, and zircon
U-Pb ages are displayed in colors coded in the key. Faults are denoted as solid lines or dotted where in-
ferred. Small camera images and corresponding white letters denote image locations in Figure 6. For sample
19SOLO06, the dashed green line leading away from the sample location denotes inferred sample path for a
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rock that clearly originated from the outcrop denoted with a green X. Representative thermal model for each
side of the Totschunda fault shows that more recent rapid cooling occurred on the west side of the Totschunda
fault than the east side of the structure.

4.1 LA-ICP-MS U-Pb Zircon Data

The U-Pb zircon ages for the hypabyssal bedrock in the Lime Creek drainage range from ca. 25 to 28 Ma
(Table 1; S1, S2) and therefore these intrusions are associated with the Wrangell volcanic arc (Trop et al.,
2022). The gabbro bedrock we sampled (19SOLO01 and 19SOLO02) was previously mapped as Triassic but
our new data indicates this unit is Cretaceous in age (ca. 100 Ma). Gabbro units mapped as Triassic in the
Lime creek area and within the McCarthy and Nabesna map areas (MacKevettt, 1978; Richter, 1971) may
warrant further inquiry to verify and better understand the spatial extent of Chisana arc Cretaceous aged
magmatism (Manselle et al., 2020) in the region.

The cobbles we analyzed likewise have lithologies (porphyritic volcanics) and Oligocene-Miocene ages showing
they too originated from Wrangell volcanic arc centers (e.g., Richter et al., 1990; Trop et al., 2022) (Figure
6; Tables 1, S1, S2). U-Pb ages for the felsic/intermediate detrital cobbles from the White River ’Tillites’
are primarily from two populations: the first group consisting of three cobbles ranged in age from ca. 26 to
28 Ma and a second group consisting of four cobbles (from two locations) ranged in age from ca. 8.9 to 10
Ma (Figure 6).

4.2 Fission Track Data: bedrock samples and Late Miocene-Pleistocene detrital
cobbles

Φιγυρε 5: ΗεΦΤψ μοδελεδ ‘γοοδ-φιτ’ ανδ ‘αςςεπταβλε-φιτ’ Τ-τ ενvελοπες φορ Ολιγοςενε ηψπαβψσσαλ ιντρυσιvε

ροςκς φρομ τηε ωεστ σιδε οφ τηε Τοτσςηυνδα φαυλτ (λεφτ) ανδ ῝ρεταςεους γαββροις ροςκς φρομ τηε εαστ

σιδε οφ τηε Τοτσςηυνδα φαυλτ (ριγητ). ΑΗε, ΑΦΤ, ανδ ζιρςον Υ-Πβ αγες αρε πλοττεδ ον τηε μοδελς ωηερε

11
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αππλιςαβλε ωιτη 2σ ερρορ βαρς φορ ΑΗε ανδ Υ-Πβ δατες ανδ 1σ ερρορ βαρς φορ ΑΦΤ δατες. Τεςτονις ανδ

πλατε βουνδαρψ εvεντς αρε λαβελεδ ας ςολορεδ σχυαρες ωιτη εξπλανατιον ιν τηε φιγυρε λεγενδ. ὃρρεσπονδινγ

ΑΦΤ λενγτη διστριβυτιονς αρε πλοττεδ το τηε ριγητ ορ λεφτ οφ εαςη σαμπλε. Τηε ‘μεαν’ ςοολινγ πατη φορ αλλ

τηε Ολιγοςενε ηψπαβψσσαλ ροςκς ις πρεσεντεδ ας α ςομποσιτε ςοολινγ ενvελοπε (σηοων αρε μεδιαν πατης φορ

αλλ ηψπαβψσσαλ σαμπλες). Αννοτατεδ Υ-Πβ, ΑΦΤ, ανδ ΑΗε αγες ωερε νοτ υσεδ ας ςονστραιντ βοξες δυρινγ

ΗεΦΤψ μοδελινγ.

Two bedrock samples (19SOLO01, 19SOLO02) from the Cretaceous gabbro immediately east of the
Totschunda fault have AFT ages of 84 ± 8 Ma (± 1σ) (19SOLO01) and 87 ± 8 Ma (19SOLO02). Small
plutonic bodies cool rapidly after emplacement (ca. <1 Ma) (Nabelek et al., 2012) so we infer these ages
reflect exhumation related cooling and not post emplacement thermal relaxation given the ca. 100 Ma U-Pb
zircon crystallization age of these gabbro samples.

On the west side of the Totschunda fault, four samples of Oligocene hypabyssal andesitic and dacitic porphyry
plugs (19SOLO06, 07; 10; and 11) yield AFT ages of 20 ± 3 (±1σ) (19SOLO06), 24 ± 5 (19SOLO07), 28
± 5 (19SOLO10), and 21 ± 5 Ma (19SOLO11). The track length distributions of all six bedrock samples
comprised a mix of long and shorter tracks indicative of complex thermal histories with significant residence
time in a partial annealing zone (e.g., Gleadow et al., 1986) (Figure 5, Tables 2, S15).

The detrital cobble AFT ages can be divided into two groups: 30-35 Ma (19SOLO18 a, b, c) from three
cobbles at one sample station and 8-13 Ma (19SOLO03 a, b, c and 19SOLO12 a, b) from five cobbles at two
additional sample stations (Figures 3, 6; Tables 2, S16, S17). The uranium concentration in apatite crystals
was low (4-7 pm) which resulted in relatively large uncertainties in AFT ages (± 3-6 Ma, ± 1σ). Low [U] plus
relatively young ages mean confined fission tracks suitable for track length measurement were rare. Without
sufficient length measurements (> 25) we did not model these samples. However, AFT ages overlap within
uncertainty of the U-Pb ages for the two groups (ca. 26 to 28 Ma and ca. 8.9 to 10 Ma; Figure 6). We
interpret the cobble AFT data to indicate rapid cooling associated with post intrusion thermal relaxation of
the original hypabyssal and volcanic units followed by exhumation, erosion, transportation and deposition
in the basin.

4.3 Apatite and Zircon (U-Th)/He Data

We report inverse variance weighted mean AHe ages for five Lime Creek samples total (30 single-grain ages
in total; Table 3 and Figures 4, 5, 6, S3-S6); one from the Cretaceous gabbro east of the Totschunda fault
(single grain ages = 6; 53.4 - 9.0 Ma single grain ages) and four from Oligocene hypabyssal rocks west of
the fault (single grain ages = 24; 4.7 - 0.5 Ma single grain ages). Single-grain AHe ages were not included
in sample mean age calculations if they exceeded a z-score of two (two standard deviations from the overall
sample population mean). For included single-grain age data, there was no strong correlation of [eU] vs.
age or grain size (Rs) vs. age for any of these samples (see S6). The young AHe ages and low uranium
concentrations in apatite from the Lime Creek drainage (˜2.4 U pm for the hypabyssal intrusive rocks and
˜4.7 U pm for the Cretaceous gabbro) reduced any possible radiation damage related kinetic effects (e.g.,
Flowers et al., 2009; Flowers et al., 2022a, b).
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Figure 6: Photo Collage. Note that facing directions are given in black text at top of each figure where
applicable. a) Sample location for 19SOLO02 showing heavily oxidized quasi-gossanous material downstream
of the Cretaceous gabbro suggestive of local hydrothermal fluid flow. b) Sample location for 19SOLO02
showing where rocks were sampled (directly to the left of the bag) and heavily oxidized and weathered material
to the left of the red line in the image. Red dashed square highlights hematite precipitation on fracture
surfaces suggesting hydrothermal fluids at some point in the geologic past. ZHe, AFT, and AHe ages are
displayed on the figure to document age ‘inversion’. c) Photo of the unnamed creek bed with the White River
“Tillites” in the background. Small camera denotes location where photo 6D was taken, looking towards the
location of this photo. Approximate cobble sample locations shown with sample name and red stars. d) Photo
from ridge-top of White River ‘Tillites’ outcrop extent. Camera denotes image location of photo 6C that
looks uphill towards this location. Red arrow denotes a geologist for scale. Black arrows highlight a Holocene
(?) scarp on a splay of the Totschunda fault. Black dotted lines denote intersection of bedding planes
with topography and approximate strike. Note the strong change in ‘strike’ of beds across the fault scarp.
Lime Creek labeled in the background. e) Upthrown fault blocks along the Totschunda fault in Lime Creek.
Mapped fault trace continues out of frame along the creek and up through the mountainside. Fault blocks
are dominantly comprised of Paleozoic metasediments and thus were not good targets for thermochronologic
analyses but do make an impressive landscape feature. These upthrown blocks are probably < ˜25,000 years
old as otherwise they would have been removed by major glaciation in the valley (last glacial maximum;
Kaufman et al., 2011). f) Sample locations for 19SOLO06 and 19SOLO07 shown as red stars. Lime Creek
and Lime Glacier ice-cored moraine shown in the foreground.

ZHe dating was undertaken on the Cretaceous Gabbro to better resolve the thermal history of the rocks on
the east side of the Totschunda fault (19SOLO02, Table 3; Figures 6, S3, S5, S6). 19SOLO02 single-grain
ZHe ages from our analyses were the same regardless of [eU] or grain size. ZHe ages for sample 19SOLO02

13
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yielded a mean age of 8.0 ± 0.5 Ma (±1s; single-grain ages = 3). This age is younger than both the AFT age
(87.3 Ma) and the mean AHe age (27.9 Ma) although similar to the youngest AHe single-grain age (9 Ma)
from this sample. High [eU] zircons dated using (U-Th)/He can have lower closure temperatures than apatite
from the same sample due to radiation damage from high uranium concentrations facilitating diffusion of
He from the grain (e.g., Johnson et al., 2017), but the [eU] for the three 19SOLO02 grains analyzed only
ranges from ˜100 to ˜300 ppm (Table 3). However, sample 19SOLO02 was collected in an area of extensive
penetrative fluid flow (approximately 200 meters wide) (Figures 6a, 6b). This 8.0 ± 0.5 Ma ZHe age from
this sample is also similar in age to some of the ‘White River Tillites’ dated lava flows (8.4 ± 0.7 Ma; 8.7
± 0.9 Ma; Denton and Armstrong, 1969) lying within the basin that is immediately adjacent to 19SOLO02
(Figure 3). We therefore infer the young ZHe age (relative to the AFT and AHe ages from the same sample
19SOLO02) of ca. 8 Ma is related to hydrothermal fluid flow along the Totschunda fault coeval with a dated
magmatic event in the ‘White River Tillites’ area (Denton and Armstrong, 1969). Although the low [eU]
zircons selected for (U-Th)/He dating had no evident cracks nor defects (S3), we suggest that He loss due
to hydrothermal fluid flow in these zircons may be a physical process (such as leaching) and not exclusively
due to volume diffusion (e.g., Johnson et al., 2017).

4.4 HeFTy Modeling

Multi-kinetic inverse thermal models for samples from the Cretaceous Gabbro and Oligocene porphyry
samples were generated using HeFTy v. 1.9.3 (Ketcham, 2005; S7). Depicted constraint boxes were used
in a later stage of modelling iterations to optimize the ratio between tried paths and good paths (S7). For
the Cretaceous gabbro samples just east of the Totschunda fault (19SOLO01 & 19SOLO02; S8, S9) rapid
cooling occurred around ca. 95 Ma to temperatures of ˜100°C by ˜85 Ma followed by very slow cooling (˜
0.8°C/Ma) to 60°C until ca. 25 Ma when more rapid cooling (˜ 2.5°C/Ma) resumed (Figure 5). Overall,
with little variation, the Oligocene hypabyssal porphyry plug samples (samples 19SOLO06; 07; 10 and 11;
S10 - S13) preserve nearly identical thermal histories (Figure 5). Given the Oligocene crystallization ages
for these magmatic bodies, we associate Oligocene rapid cooling with thermal relaxation after intrusion,
followed by near isothermal shallow crustal residence until the Late Miocene when the hypabyssal rocks
experienced rapid cooling due to inferred exhumation at ˜13°C/Ma from ca. 6 Ma until present. The abrupt
change in AHe ages across the Totschunda fault (ca. 28 Ma east side; ca. 2 Ma west side), the preserved
upthrown blocks (Figures 4, 6) and the intrusive lithology of these Oligocene rocks support exhumation as
the mechanism responsible for the recorded cooling.

5. Discussion

5.1 East Side of the Totschunda Fault Thermal Histories

The two samples of Cretaceous gabbro (19SOLO01 and 02) from the east side of the Totschunda fault
document mid-Cretaceous (ca. ˜95 Ma) cooling of ˜5°C/Ma, then ca. 70 million years of relatively slow
cooling (<1°C/Ma) followed by an increase in cooling rate to ˜2.5°C/Ma in the Late Miocene. Given that
the U-Pb zircon emplacement age is ca. 100 Ma (19SOLO01), and AFT ages are 84-87 Ma, we infer that
Cretaceous cooling is due to regional exhumation, consistent with similar Cretaceous cooling ages observed
west of the central Totschunda fault by Milde (2014). We acknowledge that track shortening from long
residence times in the PAZ would have reduced the fission track age, but given the coarse-grained nature of
the intrusive rock implying emplacement below the PAZ (˜ 5 km) we think Cretaceous exhumation is more
apt. These gabbroic rock samples then slowly cooled or were near isothermal from the mid-Late Cretaceous
until the Late Miocene where a small pulse of more rapid cooling is evident (˜35°C since 6 Ma). This Late
Miocene cooling is significantly less than the observed Late Miocene-Present cooling on the west side of the
Totschunda fault (˜100°C since 6 Ma).
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5.2 West side of the Totschunda fault Thermal Histories

U-Pb zircon ages from hypabyssal rocks on the west side of Totschunda fault (samples 19SOLO06; 07; 10
and 11) yield Oligocene ages. Thus, these rocks only constrain post-Oligocene tectonic activity along the
Totschunda fault, but we infer their emplacement is related to concurrent transtensional magmatism along
the fault (e.g., Blanquat et al., 1998). Given the partial overlap of the AFT ages with U-Pb zircon ages for the
hypabyssal samples west of the Totschunda fault (25-28 Ma) and the complex track length distributions, we
interpret these rocks to have been emplaced at relatively shallow depths in concurrence with their lithology,
followed by residence in the partial annealing zone before later cooling and inferred exhumation. The overlap
in fission track and U-Pb zircon ages therefore reflects the timing of crystallization. However, the paucity
of longer tracks relative to shorter more-annealed tracks in the Oligocene hypabyssal rocks suggests these
rocks were exhumed in the recent geologic past (Figure 5). The HeFTy thermal models further constrain this
history with residence in a partial annealing zone from the time of emplacement until ˜6 Ma when they were
rapidly cooled. The AHe ages (3.23 - 1.07 Ma) also indicate continued rapid cooling through the Pliocene
and into the Pleistocene. We interpret this Late Miocene cooling as related to rejuvenated horizontal slip
and associated exhumation along the Totschunda Fault.

5.3 The case against thermal perturbation for our samples

The case for thermal perturbation resulting from nearby magmatism (or resultant hydrothermal effects) in
our samples is generally poor except for the ZHe results from sample 19SOLO02 as discussed above. While
young Wrangell arc lavas nearby have similar Late Miocene - recent ages of eruption compared to AHe ages
from the hypabyssal samples (Denton and Armstrong, 1969; Richter et al., 1990; Trop et al., 2022), the fact
that the gabbro sample from east of the Totschunda Fault preserves an AHe age that is much older than the
nearby lavas (<1 km distance, 27 Ma AHe age vs 2 Ma age of lava) suggests that these lavas did not reset the
AHe system in our hypabyssal intrusive rocks. The young AHe ages in our hypabyssal rocks therefore reflect
exhumation related cooling. The hypabyssal rocks themselves hypothetically could have reset the AHe ages
for the Cretaceous aged gabbro, as the AHe gabbro age (ca. 27 Ma) is the similar as the intrusive ages of
the hypabyssal rocks that are only 1.5 km away (25-28 Ma). However, the overall large spread in single grain
AHe ages (53.4-9.0 Ma) from the gabbro imply the sample did not experience a significant heating-cooling
event at ca. 27 Ma.

5.4 Climatic Forcing of Rock Cooling (?)

The Pleistocene AHe ages from the southern Totschunda fault overlap with the timing of Northern Hemis-
phere glaciations (e.g., Raymo, 1994). Some researchers have suggested that glaciation can lead to periods
of rapid erosion, and thus, rapid exhumation (e.g., Spotila et al., 2004; Huntington et al., 2006; Blythe et
al., 2017). If some of the sediments in the White River ‘Tillites’ have a glacial origin, increased climate for-
cing (i.e., glaciation) could, in part, be responsible for the recorded exhumation. If true, one should expect
Pleistocene AHe ages everywhere there was glaciation in the Lime Creek drainage with the youngest cooling
ages at the lowest elevations regardless of structural position (i.e., proximity to the fault). That is not the
case as shown by the Oligocene AHe ages from Cretaceous gabbro samples collected ˜35 m above the valley
floor that have ages of ca. 27 Ma as compared to two samples collected ˜400 m above the valley floor, that
have younger Plio-Pleistocene AHe cooling ages (Figure 6). Additionally, the Totschunda fault is in the rain
shadow of the Saint Elias Range and considered an area where surface processes’ control on cooling age
patterns are limited during the late Cenozoic (Enkelmann et al., 2017). Overall, the pattern of thermochro-
nologic ages show a structural control-contrasting ages across the Totschunda fault (ages are younger to the
west, older to the east) indicative of west-side up displacement. This pattern of younger thermochronologic
ages to the west of the fault was also recognized by Milde (2014) on the central Totschunda fault.
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5.5 Detrital Cobbles and the White River ‘Tillites’

The different zircon U-Pb and AFT age populations between the two groups of porphyritic andesite and
dacite cobbles collected from different stratigraphic positions may reflect a change in provenance during
deposition of basin sediments; however the stratigraphic ages of the cobbles are poorly constrained given the
deformational history of the basin (Denton and Armstrong, 1969; Eyles and Eyles, 1986). The K-Ar ages
on lavas within the stratigraphic section reported by Denton and Armstrong (1969) constrain the timing of
sedimentation but given post-depositional deformation are insufficient to resolve the stratigraphic position
of the cobbles. Regardless, the cobbles were deposited at the surface sometime between ca. 10 and 2 Ma.

At one outcrop near the base of the section, sample 19SOLO18B has a mean track length of 10.8 mm (n=12)
and sample 19SOLO18C from the same location has a mean track length of 14.6 mm (n=15). Overlapping U-
Pb and AFT ages for this stratigraphically lowermost outcrop indicate that both clasts originate from coeval
subvolcanic or volcanic rocks and both clasts shared the same depositional history. Cobble 19SOLO18C, with
little track shortening, had to come from a rock emplaced above the PAZ or erupted on the surface (cooler
than 60°C) and never buried to higher temperatures. Significant track shortening in Cobble 19SOLO18B
suggests residence in the PAZ, which could potentially have occurred either before source rock exhumation
(as in the bedrock samples analyzed) or in the basin during burial. This latter option is unlikely as both
cobbles 19SOLO18B and 19SOLO18C must share the same depositional history. Therefore, our cobble AFT
data do not record the burial nor exhumation history of this “thin” sedimentary basin. Instead, the cobbles
document that there has been little to no thermal resetting in the tillite strata. We therefore cannot constrain
the timing of basin deformation and unroofing using the AFT data. Unlike thicker foreland basins where the
AFT cobble thermochronology method works well (Beamud et al., 2011; Fitzgerald et al., 2019), we suggest
that application of this method to constrain the timing of basin inversion in smaller relatively short-lived
basins formed along strike-slip faults is unlikely to work in many cases due to insufficient burial (˜3-5 kms)
to fully or partially reset the AFT system.

5.6 Tectonic Significance

5.6.1 Mid-Cretaceous to Late Miocene

The two mid-Cretaceous gabbroic samples from east of the Totschunda fault preserve Late Cretaceous cooling
which may be related to Mesozoic slip along the Totschunda fault. The thermal history after ca. 85 Ma for
our gabbroic rocks on the east side of the Totschunda fault shows prolonged slow cooling until the Late
Miocene.

While we observe no pulses of Oligocene rapid cooling in any of our samples, available geologic evidence
suggests the Totschunda fault has been continuously active since the Oligocene. The available geologic
evidence is as follows: 1) Oligocene-Miocene thrust-top basins along the Totschunda fault after palinspastic
reconstruction (Allen et al., 2018); 2) Rapid Oligocene cooling in Cretaceous aged intrusive rocks along the
central segments of the Totschunda fault (Milde, 2014); 3) Diking into the central Totschunda fault zone from
ca. 29 Ma to 23 Ma linked with fault zone fluid flow and transtension (Brueseke et al., 2019); 4) Magmatism
in the Sonya Creek Volcanic field ca. 23 to 19 Ma associated with transtension along the Totschunda fault
(Berkelhammer et al., 2019); and 5) Oligocene-early Miocene Wrangell Arc magmatism along the Totschunda
fault (Trop et al., 2022, this study).

Therefore, we conclude that the Totschunda fault experienced strike-slip motion ca. 25 to ca. 6 Ma, though
at much reduced rates (˜2 mm/yr) compared to ca. 6 Ma to modern rates (˜14 mm/yr; Marechal et al., 2018;
Allen et al., 2022). This slip-rate calculation of ˜2 mm/yr is based on 1) ˜125 km allowable Totschunda fault
slip since 52 Ma (Clearwater-Talkeetna fault to Nutzotin-Totschunda fault offset), and 2) the estimated ˜85
km of Totschunda fault slip since 6 Ma (Berkelhammer et al., 2019; Waldien et al., 2021; Allen et al., 2022)
(Figures 1, 7). This leaves 40 km of required slip over ˜20 million years equating to 2 mm/yr.
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5.6.2 Late Miocene - Present: Eastern Denali-Totschunda Fault Reorganization

In the past 20 million years, the most significant plate boundary events along the Alaska southern margin
are the following:

The ca. 6 Ma Pacific-Yakutat plate vector change and associated 37% net increase in convergence rate
between the Pacific and North American plates (e.g., Engebretsen, 1985; Doubrovine and Tarduno, 2008;
Austerman et al., 2011) and

Following 29 million years of the Yakutat flat slab subduction, final collision of the eastern Yakutat ˜30 km
thick oceanic plateau segment at ca. 1 Ma (e.g., Richter et al., 1990; Gulick et al., 2013; Brueseke et al.,
2023).

These tectonic events have reshaped the Alaska plate boundary and the faults which accommodate stresses
transferred inboard from this convergent margin.

Numerous authors have referred to the ‘collision’ of the Yakutat oceanic plateau starting as early as the
Oligocene and Mio-Pliocene (Chapman et al., 2008; Enkelmann et al., 2010; Lease et al., 2016) and as
late as 1 Ma (e.g., Reece et al., 2013; Brueseke et al., 2023). Here, we define collision as the cessation of
Wrangell arc magmatism and the abandonment of the subduction zone trench (e.g., McGeary et al., 1985).
Evidence against a 6 Ma Yakutat ‘collision’ event are the following: 1) Based on migrating patterns of
arc magmatism, the subducting Yakutat slab apparently accelerated in subduction rate (or flattened, but
continued subducting) between 6 Ma and 1 Ma (Richter et al., 1990; Trop et al., 2022); 2) The Wrangell arc
was still robustly active between 6 Ma and 1 Ma (Richter et al., 1990; Trop et al., 2022); and 3) The now
colliding 30 km thick segment of the Yakutat terrane (Worthington et al., 2012) would have been roughly
300 km outboard of the North American margin ˜ 6 million years ago based on modern Pacific-Yakutat
plate/North America ˜50 km/Ma convergence rates (Elliot et al., 2010).

Figure 7: Schematic palinspastic reconstructions of strike-slip translation and basin formation in eastern
Alaska and the Yukon from 25 Ma to present. Pacific- Yakutat microplate vectors through time (Doubrovine
and Tarduno, 2008; Elliot et al., 2010;Elliott and Freymuller 2020) and strike of Eastern Denali fault and
Totschunda fault shown in upper right corner of figures when applicable. Major faults and geologic units
are labeled in each figure. Blue pin is arbitrary and fixed relative to the red and black pins. Blue-red pins
demonstrate 130 km of right-lateral slip on the Eastern Denali fault from 25 Ma to 6 Ma using long term
slip rates of ˜7mm/yr. (Waldien et al., 2018) for the given time period. Black-red pins demonstrate ˜40 km
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of allowable right-lateral slip on the Totschunda fault from 25 Ma to 6 Ma (˜2 mm/yr) and an additional 85
km of right-lateral slip on the Totschunda fault from 6 Ma to present (14mm/yr) using long term slip rates
and total separation between the correlative Nutzotin basin sediments (Red Pin) and Clearwater sediments
(Black Pin) (Waldien et al., 2018; Berkelhammer et al., 2019; Allen et al., 2022). Strike-slip motion is
minimal if at all along the northern Eastern Denali fault after ca. 6 Ma (e.g., Marechal et al., 2018; Choi et
al., 2021). WR - Wrangellia; ARSZ - Alaska Range Suture Zone; CG-Chugach Terrane; INT-Intermontane
Terrane / North America; Ol Sds-Oligocene Sediments; Mio Sds-Miocene Sediments; Pleis Sds-Pleistocene
Sediments.

Our new thermochronology data documents an increase in cooling, inferred exhumation, and slip rates at 6
Ma along the Totschunda fault. We conclude the ca. 6 Ma Pacific-Yakutat plate vector change (Engebretson
et al., 1985) was responsible for transferring slip away from the northern Eastern Denali fault and onto the
Totschunda fault at this time. The ca. 1 Ma collision of the ˜30 km thick Yakutat segment and subsequent
jamming of the Wrangell arc trench (Richter et al., 1990; Christenson et al., 2012; Gulick et al., 2013; Reece
et al., 2013; Trop et al., 2022; Brueseke et al., 2023) may have further accelerated stress transfer from the
plate boundary along the Fairweather transform to the Totschunda fault via the inferred Connector fault
(e.g., Richter et al., 1971; Lahr and Plafker, 1980; Spotila and Berger 2010; Doser, 2014).

The Late Miocene (ca. 6 Ma) southern Alaska tectonic event documented by numerous previous ther-
mochronology studies across and along the Denali fault system (e.g., Fitzgerald et al., 1993, 1995; Waldien
et al., 2018; Benowitz et al., 2022a, b) has been linked to the Pacific-Yakutat plate vector change at ca. 6
Ma. This event led to a profound change in slip distribution on faults across southern Alaska. Rocks along
other fault systems such as the Fairweather fault corridor (McAleer et al., 2009), Queen Charlotte fault
zone (Cromwell, 2021), St. Elias Range (Enkelmann et al., 2017); western Chugach mountains (Arkle et al.,
2013); as well as the Tordrillo Mountains (Haeussler et al., 2008) all experienced a pronounced increase in
exhumation at ca. 6 Ma. Additional studies document increases in the progression of magmatism in the
Wrangell volcanic field ca. 6 Ma (Richter et al., 1990; Trop et al., 2022), initiation of the magmatism on the
Seward Peninsula (Mukasa et al., 2007), rejuvenation of the Aleutian island arc (Jicha et al., 2006), extension
in the Bering Sea (Marincovich et al., 1999), formation of the Mount McKinley restraining bend (Benowitz
et al., 2022b) and coarse clastic sedimentation rates along the Denali fault and Cook Inlet increasing in the
Late Miocene (Wahraftig, 1975; Ridgway et al., 2007; Finzel et al., 2015; Allen et al., 2022) (Figure 8).

Furthermore, the increase in deformation along the west side of the Fairweather fault related to the ca. 6 Ma
Pacific-Yakutat plate vector change (McAleer et al., 2009) resulted in a “double-trouble” tectonic scenario
along the St. Elias syntax. The continued flat slab-subduction of the Yakutat oceanic plateau combined
with convergence of the crustal welt along the western Fairweather fault led to increased deformation along
the St. Elias coastal mountains (Enkelmann et al., 2010). However, there is no evidence the indention of
the Fairweather Fault sliver led to increased slip rates on the Totschunda fault since 6 Ma.

Figure 8: a)Compilation of the location tectonic and magmatic events across southern Alaska that occurred
in response to the ca. 6 Ma Pacific plate motion change. Yakutat slab position at ca. 6 Ma is inferred
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based on restored modern ˜50 mm/yr slab slip rates and does not include ˜1000 km of likely eclogitized slab
by that time (Rossi et al., 2006). References: fault modification:1Benowitz et al. (2022a); 2Benowitz et
al. (2022b); 3Waldien et al. (2018);4this study, 5Choi et al. (2021);6McAleer et al. (2009); 7Hyndman
(2015). Orogenesis increase: 8Fitzgerald et al. (1993, 1995); 2Benowitz et al. (2022b);9Haeussler et al.
(2008); 10Arkle et al. (2013); 11Enkelmann et al. (2017). Basin evolution: 12Marincovich and Gladenkov
(1999);13Finzel et al. (2015); 14Ridgway et al. (2007); 15Allen et al. (2022). Magmatism change:16Mukasa
et al. (2007); 17Richter et al. (1990). Also see text for additional references for these ca. 6 Ma southern
Alaska tectono-magmatic events. Base layer from Lim et al. (2011). b) and c) Schematic of pre and post ca.
6 Ma slip distribution and block motion along the Totschunda and eastern Denali faults. Before ca. 6 Ma
the Totschunda and Duke River faults were translated along the curve of the Denali fault leading to variable
orientations in relation to relative Pacific plate convergence direction. Modified from Marechal et al. (2018).

Lastly, the Totschunda fault strikes 326°, the northern Eastern Denali fault has a general strike of 308°, while
the incoming Yakutat microplate is converging at 337° relative to southeastern Alaska (Elliott et al., 2010).
The strike of these faults and when they are active is correlative with the relative convergence direction of the
subducting plate. The change in relative plate motion and ˜37% increase in net convergence rate in the Late
Miocene (ca. 6 Ma) to a more northerly orientation is better aligned with the strike of the Totschunda fault
versus the strike of the Eastern Denali fault. This Late Miocene event correlates with the inferred change
in slip distribution from 7 mm/yr of horizontal motion on the Eastern Denali fault and <2 mm/yr on the
Totschunda fault to <1mm/yr on the Eastern Denali fault and 14 mm/yr on the Totschunda fault (Figure
7). We suggest that the strike of the Totschunda fault was more favorably aligned than the Eastern Denali
Fault to accommodate slip following the Late Miocene relative plate motion change since the Totschunda
fault is nearly parallel to the plate vector of the Pacific-Yakutat plate. Conversely, prior to the Late Miocene
the Eastern Denali fault was nearly parallel to the plate motion vector of the then slower moving Pacific-
Yakutat plate. Thus, the fault system has changed from the Central Denali fault receiving slip from the
Eastern Denali fault to the Central Denali fault receiving slip from the Totschunda fault (Figure 7).

In summary the newly presented thermochronologic constraints from the Totschunda fault in conjunction
with: 1) The general absence of younger-than-Late Miocene rapid exhumation on the northern Eastern
Denali fault (e.g., McDermott et al., 2019) (Figure 2a); 2) The Eastern Denali fault acting as a backstop
with little to no dextral slip component since the Late Miocene (e.g., Enkelmann et al., 2022), 3) Limited to
no Holocene strike-slip motion on the modern Eastern Denali fault (Marechal et al., 2018), and 4) Seismic
analysis indicating the Eastern Denali fault is not presently an active strike-slip fault due to unfavorable
perpendicular principal stresses (Choi et al., 2021) supports that the ca. 6 Ma Pacific-Yakutat plate vector
change redistributed almost all horizontal slip from the Eastern Denali fault onto the Totschunda fault.
Hence, we concur with numerous other studies that suggest a less active (“sleepy”) northern Eastern Denali
fault after ca. 6 Ma (Waldien et al., 2018; Choi et al., 2021; Trop et al., 2022; Allen et al., 2022). An
increase in exhumation rates in the central Alaska Range (Fitzgerald et al., 1993, 1995), the development
of the Mount McKinley restraining bend (Benowitz et al., 2022b), expansion of the Alaska Range Northern
foothills fold and thrust belt and Hayes Range deformation front (Bemis et al., 2015, Benowitz et al., 2022a);
and exhumation in the Tordrillo Mountains (Haeussler et al., 2008) are all in part a deformational response
to this Late Miocene plate boundary modification.

5.7 Global Context

Around the Pacific plate, convergence was either redistributed along preferentially aligned pre-existing faults
or fault systems were modified to accommodate a change in incoming strain direction following the ca. 6 Ma
Pacific plate motion change. This is observed on the Denali fault: (Fitzgerald et al., 1993, 1995; Benowitz
et al., 2022a, b); the Totschunda fault (this study), the Queen Charlotte fault (Hyndman, 2015); the San
Andreas fault (Kellogg and Minor, 2005; Townsend et al., 2021), the La Cruz fault (Bennett et al., 2016), and
the Alpine fault system of New Zealand (Walcott 1998; Batt et al., 2004; Collett et al., 2019; Duvall et al.,
2020). This change in relative plate motion in the Late Miocene (ca. 6 Ma) resulted in geodynamic responses
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that were near geologically instantaneous. Hence, these slip redistribution events support the theorem that
deformation seeks the path of least resistance or work minimalization, such that the “Earth is lazy” (Cooke
and Madden, 2014) and fault systems evolve towards mechanical efficiency both through time and space
to accommodate new stress regimes. As fault intersections are common along strike-slip fault systems (e.g.,
San Jacinto-San Andreas faults), fault strike obliquity relative to incoming plate vectors can be used, with
caution for seismic hazard prediction (Schwartz et al., 2012; Lozos, 2016) and to evaluate which fault is the
strand of principal slip (Christie-Blick and Biddle,1985; Passchier and Platt, 2017).

6. Conclusions

By integrating our new geochronology and thermochronology data from the southern part of the Totschunda
fault with a compilation of geologic data from across southern Alaska we increased our understanding of the
Totschunda-Denali fault system and southern Alaska tectonics. The key findings are:

1. Inverse thermal models (HeFTy) of apatite Fission track, (U-Th)/He, and U-Pb indicate a rapid
exhumation event (˜13°C/Ma) initiated on the southern segment of the Totschunda fault at ca. 6 Ma.

2. We suggest slip rates of ˜2 mm/yr on the Totschunda fault from ca. 25 Ma to 6 Ma to accommodate
˜40 km of dextral displacement.

3. Starting in the Late Miocene (˜6 Ma) slip rates on the Totschunda fault accelerated from ˜2mm/yr
to ˜14 mm/yr as strain from the southern Alaska margin was accommodated by the Totschunda fault
while the northern Eastern Denali fault was effectively abandoned. This change is a result of a relative
plate motion change between the Pacific-Yakutat plates and North America.

4. We suggest that circum-Pacific Plate fault reorganizations were compelled by the ca. 6 Ma Pacific plate
motion change with the nature for slip along fault systems to be redistribution towards mechanical
efficiency (Cooke and Madden, 2014; McBeck et al., 2017).

Ancillary findings from the study area include 1) Cretaceous rapid cooling from ˜95 Ma to ˜85 Ma (˜10°/Ma)
is documented on a small Cretaceous gabbro unit, 2) U-Pb zircon ages document Oligocene Wrangell Arc
volcanism along the Totschunda fault and refine a previously mapped “Triassic gabbro” as Cretaceous in age
and 3) we suggest many basins formed along strike-slip faults are likely to be poor targets to apply cobble
thermochronology in order to constrain the timing of basin inversion because of their relatively short-lived
nature and small size.
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Table 1: U-Pb Zircon Data

Uranium Lead Data

Sample Type Latitude Latitude Longitude Age Αναλψτιςαλ Υνςερταιντψ (1σ) Αναλψτιςαλ Υνςερταιντψ (1σ) Systematic Uncertainties (2%) Τοταλ Υνςερταιντψ (1σ) N MSWDc MSWDe X2c X2e Na
19SOLO01 Bedrock 61.763 -141.832 -141.832 99.66 1.12 1.99 1.99 2.29 6 0.18 3.50 0.68 0.00 20

19SOLO02 Bedrock 61.762 -141.834 -141.834 - - - - - - - - - - -
19SOLO03A Clast 61.783 -141.829 -141.829 9.43 0.18 0.19 0.19 0.26 6 0.93 3.70 0.33 0.00 20

19SOLO03B Clast 61.783 -141.829 -141.829 - - - - - - - - - - -
19SOLO03C Clast 61.783 -141.829 -141.829 9.12 0.15 0.18 0.18 0.24 15 0.03 0.39 0.87 0.10 20

19SOLO06 Bedrock 61.831 -142.032 -142.032 27.42 0.25 0.55 0.55 0.60 16 0.13 0.66 0.72 0.92 20
19SOLO07 Bedrock 61.820 -141.996 -141.996 - - - - - - - - - - -

19SOLO10 Bedrock 61.784 -141.899 -141.899 25.25 0.14 0.51 0.51 0.52 47 0.52 1.70 0.94 0.00 50
19SOLO11 Bedrock 61.766 -141.862 -141.862 27.49 0.21 0.55 0.55 0.59 19 0.15 1.10 0.70 0.38 20

19SOLO12A Clast 61.778 -141.830 -141.830 8.87 0.12 0.18 0.18 0.21 19 0.15 1.10 0.70 0.38 20
19SOLO12B Clast 61.778 -141.830 -141.830 9.71 0.11 0.19 0.19 0.22 16 0.38 1.10 0.54 0.35 20

19SOLO18A Clast 61.763 -141.834 -141.834 26.7 0.24 0.53 0.53 0.59 17 0.05 0.99 0.82 0.48 20
19SOLO18B Clast 61.763 -141.834 -141.834 27.4 0.45 0.55 0.55 0.71 12 0.03 0.39 0.85 0.99 20

19SOLO18C Clast 61.763 -141.834 -141.834 28.2 0.29 0.56 0.56 0.63 16 0.13 1.30 0.20 0.14 20
WGS 84

a – analytical uncertainty from the concordia age Ludwig (1998); b – systematic uncertainty of 2% (see text for discussion) (Spencer et al., 2016); c – combined analytical and systematic uncertainty ([analytical uncertainty squared + systematic uncertainty squared]1/2) (Spencer et al., 2016); d – mean square of the weighted deviates for concordance; e – the mean square of the weighted deviates for equivalence; f – chi squared p- value for concordance; g – chi squared p- value for equivalence; h – number of attempted analyses a – analytical uncertainty from the concordia age Ludwig (1998); b – systematic uncertainty of 2% (see text for discussion) (Spencer et al., 2016); c – combined analytical and systematic uncertainty ([analytical uncertainty squared + systematic uncertainty squared]1/2) (Spencer et al., 2016); d – mean square of the weighted deviates for concordance; e – the mean square of the weighted deviates for equivalence; f – chi squared p- value for concordance; g – chi squared p- value for equivalence; h – number of attempted analyses a – analytical uncertainty from the concordia age Ludwig (1998); b – systematic uncertainty of 2% (see text for discussion) (Spencer et al., 2016); c – combined analytical and systematic uncertainty ([analytical uncertainty squared + systematic uncertainty squared]1/2) (Spencer et al., 2016); d – mean square of the weighted deviates for concordance; e – the mean square of the weighted deviates for equivalence; f – chi squared p- value for concordance; g – chi squared p- value for equivalence; h – number of attempted analyses a – analytical uncertainty from the concordia age Ludwig (1998); b – systematic uncertainty of 2% (see text for discussion) (Spencer et al., 2016); c – combined analytical and systematic uncertainty ([analytical uncertainty squared + systematic uncertainty squared]1/2) (Spencer et al., 2016); d – mean square of the weighted deviates for concordance; e – the mean square of the weighted deviates for equivalence; f – chi squared p- value for concordance; g – chi squared p- value for equivalence; h – number of attempted analyses a – analytical uncertainty from the concordia age Ludwig (1998); b – systematic uncertainty of 2% (see text for discussion) (Spencer et al., 2016); c – combined analytical and systematic uncertainty ([analytical uncertainty squared + systematic uncertainty squared]1/2) (Spencer et al., 2016); d – mean square of the weighted deviates for concordance; e – the mean square of the weighted deviates for equivalence; f – chi squared p- value for concordance; g – chi squared p- value for equivalence; h – number of attempted analyses a – analytical uncertainty from the concordia age Ludwig (1998); b – systematic uncertainty of 2% (see text for discussion) (Spencer et al., 2016); c – combined analytical and systematic uncertainty ([analytical uncertainty squared + systematic uncertainty squared]1/2) (Spencer et al., 2016); d – mean square of the weighted deviates for concordance; e – the mean square of the weighted deviates for equivalence; f – chi squared p- value for concordance; g – chi squared p- value for equivalence; h – number of attempted analyses a – analytical uncertainty from the concordia age Ludwig (1998); b – systematic uncertainty of 2% (see text for discussion) (Spencer et al., 2016); c – combined analytical and systematic uncertainty ([analytical uncertainty squared + systematic uncertainty squared]1/2) (Spencer et al., 2016); d – mean square of the weighted deviates for concordance; e – the mean square of the weighted deviates for equivalence; f – chi squared p- value for concordance; g – chi squared p- value for equivalence; h – number of attempted analyses a – analytical uncertainty from the concordia age Ludwig (1998); b – systematic uncertainty of 2% (see text for discussion) (Spencer et al., 2016); c – combined analytical and systematic uncertainty ([analytical uncertainty squared + systematic uncertainty squared]1/2) (Spencer et al., 2016); d – mean square of the weighted deviates for concordance; e – the mean square of the weighted deviates for equivalence; f – chi squared p- value for concordance; g – chi squared p- value for equivalence; h – number of attempted analyses a – analytical uncertainty from the concordia age Ludwig (1998); b – systematic uncertainty of 2% (see text for discussion) (Spencer et al., 2016); c – combined analytical and systematic uncertainty ([analytical uncertainty squared + systematic uncertainty squared]1/2) (Spencer et al., 2016); d – mean square of the weighted deviates for concordance; e – the mean square of the weighted deviates for equivalence; f – chi squared p- value for concordance; g – chi squared p- value for equivalence; h – number of attempted analyses a – analytical uncertainty from the concordia age Ludwig (1998); b – systematic uncertainty of 2% (see text for discussion) (Spencer et al., 2016); c – combined analytical and systematic uncertainty ([analytical uncertainty squared + systematic uncertainty squared]1/2) (Spencer et al., 2016); d – mean square of the weighted deviates for concordance; e – the mean square of the weighted deviates for equivalence; f – chi squared p- value for concordance; g – chi squared p- value for equivalence; h – number of attempted analyses a – analytical uncertainty from the concordia age Ludwig (1998); b – systematic uncertainty of 2% (see text for discussion) (Spencer et al., 2016); c – combined analytical and systematic uncertainty ([analytical uncertainty squared + systematic uncertainty squared]1/2) (Spencer et al., 2016); d – mean square of the weighted deviates for concordance; e – the mean square of the weighted deviates for equivalence; f – chi squared p- value for concordance; g – chi squared p- value for equivalence; h – number of attempted analyses a – analytical uncertainty from the concordia age Ludwig (1998); b – systematic uncertainty of 2% (see text for discussion) (Spencer et al., 2016); c – combined analytical and systematic uncertainty ([analytical uncertainty squared + systematic uncertainty squared]1/2) (Spencer et al., 2016); d – mean square of the weighted deviates for concordance; e – the mean square of the weighted deviates for equivalence; f – chi squared p- value for concordance; g – chi squared p- value for equivalence; h – number of attempted analyses a – analytical uncertainty from the concordia age Ludwig (1998); b – systematic uncertainty of 2% (see text for discussion) (Spencer et al., 2016); c – combined analytical and systematic uncertainty ([analytical uncertainty squared + systematic uncertainty squared]1/2) (Spencer et al., 2016); d – mean square of the weighted deviates for concordance; e – the mean square of the weighted deviates for equivalence; f – chi squared p- value for concordance; g – chi squared p- value for equivalence; h – number of attempted analyses a – analytical uncertainty from the concordia age Ludwig (1998); b – systematic uncertainty of 2% (see text for discussion) (Spencer et al., 2016); c – combined analytical and systematic uncertainty ([analytical uncertainty squared + systematic uncertainty squared]1/2) (Spencer et al., 2016); d – mean square of the weighted deviates for concordance; e – the mean square of the weighted deviates for equivalence; f – chi squared p- value for concordance; g – chi squared p- value for equivalence; h – number of attempted analyses a – analytical uncertainty from the concordia age Ludwig (1998); b – systematic uncertainty of 2% (see text for discussion) (Spencer et al., 2016); c – combined analytical and systematic uncertainty ([analytical uncertainty squared + systematic uncertainty squared]1/2) (Spencer et al., 2016); d – mean square of the weighted deviates for concordance; e – the mean square of the weighted deviates for equivalence; f – chi squared p- value for concordance; g – chi squared p- value for equivalence; h – number of attempted analyses a – analytical uncertainty from the concordia age Ludwig (1998); b – systematic uncertainty of 2% (see text for discussion) (Spencer et al., 2016); c – combined analytical and systematic uncertainty ([analytical uncertainty squared + systematic uncertainty squared]1/2) (Spencer et al., 2016); d – mean square of the weighted deviates for concordance; e – the mean square of the weighted deviates for equivalence; f – chi squared p- value for concordance; g – chi squared p- value for equivalence; h – number of attempted analyses

Table 1: Summary of U-Pb Zircon data

Table 2: Apatite Fission Track Data

Fission Track Data

Fission
Track
Den-
sity

Fission
Track
Den-
sity

Fission
Track
Den-
sity

Fission
Track
Den-
sity

Fission
Track
Den-
sity

Fission
Track
Den-
sity

Track
Length
Data

Track
Length
Data

Track
Length
Data

Track
Length
Data

Sample Type Latitude
(°N)

Longitude
(°E)

Elev.
(m)

No.
of
Grains

Rho-
D (x
106

cm-2)

Rho-
S (x
106

cm-2)

Rho-
I (x
106

cm-2)

Ns Ni Π(χ
2
) U

(ppm)
Age
(Ma)

Uncertainty
(±
1)

Dispersion
(%)

Mean
Track
Length

SD Δπαρ

(μμ)

n

19SOLO01Bedrock61.763 -
141.832

1330 25 0.974 0.343 0.719 265 556 1.0 9.1 84.1 8.1 0 12.44 2.16 2.69 81

19SOLO02Bedrock61.762 -
141.834

1341 25 0.994 0.318 0.644 302 611 1.0 8.1 87.3 8.1 0 12.35 1.97 2.94 96

19SOLO03AClast 61.783 -
141.829

1752 26 1.004 0.039 0.458 17 199 0.4 5.7 11.7 4.4 65 - - 2.41 -

19SOLO03BClast 61.783 -
141.829

1752 30 1.014 0.039 0.475 30 366 0.9 5.9 12.6 3 0 - - 2.53 -

19SOLO03CClast 61.783 -
141.829

1752 24 1.033 0.023 0.538 7 162 0.4 6.7 8.1 3.3 49 - - 2.14 -

19SOLO06Bedrock61.831 -
142.032

1981 30 1.053 0.056 0.512 78 714 1.0 6.2 20.4 2.7 0 10.73 2.62 2.99 69

19SOLO07Bedrock61.820 -
141.996

1798 25 1.083 0.038 0.313 28 229 1.0 3.6 23.7 4.9 0 11.78 2.76 3.79 61
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19SOLO10Bedrock61.784 -
141.899

1402 25 1.276 0.030 0.250 37 306 1.0 2.1 27.5 5 0 10.53 2.63 2.72 81

19SOLO11Bedrock61.766 -
141.862

1325 25 1.136 0.028 0.270 18 175 1.0 3.0 20.7 5.3 0 10.34 2.62 2.47 60

19SOLO12AClast 61.778 -
141.830

1600 30 1.159 0.031 0.492 23 367 0.7 5.4 9.8 2.9 0 - - 2.59 -

19SOLO12BClast 61.778 -
141.830

1600 29 1.171 0.026 0.439 11 183 0.6 4.7 10.7 4.1 46 - - 3.33 -

19SOLO18AClast 61.763 -
141.834

1333 37 1.240 0.090 0.674 84 627 1.0 6.8 29.5 3.8 0 - - 2.95 -

19SOLO18BClast 61.763 -
141.834

1333 35 1.251 0.120 0.763 121 771 1.0 7.8 33.6 3.9 0 10.75 2.91 3.87 12

19SOLO18CClast 61.763 -
141.834

1333 26 1.275 0.109 0.679 59 368 1.0 6.7 35.3 5.5 0 14.64 1.66 3.46 15

WGS
84
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Table 2: Summary of Apatite Fission track data (see supplementary data for details).

Table 3: (U-Th)/He Data

(U - Th)/ He Data

Sample Name and aliquota Ρς (μμ)
β

Ρς (μμ)
β 4He (nmol/g)c 4He (nmol/g)c ±d U (ppm)c ±d Th (ppm)c ±d Sm (ppm)c ±d eUe ±f Uncorr Date (Ma)g ±h FT combi Date (Ma)j ±k

19SOLO02A01 63 1.854 1.854 0.016 0.016 5.2 0.3 11.4 0.5 217 3.9 8.2 1.2 41.8 1.8 0.76 54.3 4.8
19SOLO02A02 42 0.173 0.173 0.015 0.015 4 0.4 5.1 0.3 131.8 6.3 5.4 0.8 5.9 0.6 0.66 9 1.9
19SOLO02A03 47 0.204 0.204 0.007 0.007 2.4 0.3 3.8 0 107.7 3.7 3.5 0.5 10.9 1 0.69 15.6 2.9
19SOLO02A04 44 0.900 0.900 0.008 0.008 5 0.3 10.7 0.5 232.6 4.6 7.9 1.2 21.2 0.9 0.67 31.4 2.8
19SOLO02A05 50 1.058 1.058 0.015 0.015 6.2 0.3 12.8 0.3 259.3 4.1 9.6 1.4 20.4 0.7 0.71 28.7 1.9
19SOLO02A06 45 0.683 0.683 0.010 0.010 5.1 0.4 10.1 0.4 203.1 6.7 7.7 1.2 16.5 1 0.68 24 2.9

MW Avg 27.9 14.3
19SOLO06A01 75 0.040 0.040 0.002 0.002 2.5 0.1 3.8 0.1 35 1.2 3.4 0.5 2.2 0.1 0.8 2.7 0.3
\sout19SOLO06A02 \sout41 \sout0.002 \sout0.002 \sout0.007 \sout0.007 \sout0.5 \sout0.3 \sout2.6 \sout1.6 \sout1.4 \sout5.2 \sout1.2 \sout0.2 \sout0.3 \sout1.2 \sout0.63 \sout0.4 \sout3.7
19SOLO06A03 78 0.028 0.028 0.001 0.001 1.5 0.1 2.5 0.1 45.9 0.7 2.1 0.3 2.4 0.2 0.81 2.9 0.4
19SOLO06A04 71 0.034 0.034 0.002 0.002 1.9 0.1 3.9 0 62.6 1.2 2.9 0.4 2.2 0.1 0.79 2.8 0.4
19SOLO06A05 69 0.031 0.031 0.003 0.003 1.7 0.2 3 0.6 60.1 1.4 2.5 0.4 2.3 0.3 0.79 2.9 0.7
19SOLO06A06 71 0.041 0.041 0.002 0.002 2.2 0.2 4.1 0.1 71 1.5 3.3 0.5 2.3 0.2 0.79 2.9 0.4

MW Avg 2.9 0.9
19SOLO07A01 105 0.021 0.021 0.001 0.001 4.9 0.1 1.8 0 49.4 0.7 5.4 0.8 0.7 0 0.86 0.9 0.1
19SOLO07A02 59 0.019 0.019 0.003 0.003 6.4 0.4 10.2 0.5 103.8 2.6 9 1.3 0.4 0.1 0.75 0.5 0.2
19SOLO07A03 59 0.015 0.015 0.003 0.003 2.1 0.1 3.8 0.1 73.2 1.8 3.1 0.5 0.9 0.2 0.75 1.1 0.4
19SOLO07A04 71 0.012 0.012 0.002 0.002 1.8 0.1 3.3 0.1 64 1.5 2.7 0.4 0.8 0.2 0.79 1.1 0.4
19SOLO07A05 58 0.031 0.031 0.004 0.004 3 0.1 5.5 0.3 115.9 2.7 4.4 0.7 1.3 0.2 0.75 1.7 0.5
19SOLO07A06 43 0.037 0.037 0.008 0.008 5.7 0.5 10.4 0.3 238.1 5.8 8.5 1.3 0.8 0.2 0.66 1.2 0.6

MW Avg 1.1 0.4
19SOLO10A01 36 0.047 0.047 0.011 0.011 2.8 1.1 3.7 0.4 56.4 10.6 3.8 0.6 2.3 0.8 0.6 3.8 2.8
\sout19SOLO10A02 \sout54 \sout0.052 \sout0.052 \sout0.005 \sout0.005 \sout0.9 \sout0.1 \sout3.1 \sout0.2 \sout101.8 \sout2.7 \sout1.7 \sout0.3 \sout5.6 \sout0.6 \sout0.72 \sout7.5 \sout1.7
19SOLO10A03 54 0.022 0.022 0.005 0.005 2 0.1 2.5 0 60.3 2.6 2.6 0.4 1.5 0.4 0.73 2.1 1.1
19SOLO10A04 44 0.020 0.020 0.010 0.010 3.6 0.2 3.8 0.2 110.1 4.3 4.7 0.7 0.8 0.4 0.68 1.2 1.3
19SOLO10A05 74 0.012 0.012 0.002 0.002 2.4 0.2 2.6 0.1 62.9 1.1 3.1 0.5 0.7 0.1 0.8 0.9 0.3
19SOLO10A06 58 0.021 0.021 0.003 0.003 2.7 0.1 3 0.2 91.4 2.3 3.5 0.5 1.1 0.2 0.75 1.5 0.5

MW Avg 1.9 1.0
19SOLO11A01 69 0.041 0.041 0.002 0.002 1.6 0.1 5.5 0.2 125.3 2.7 3 0.5 2.5 0.1 0.78 3.2 0.4
19SOLO11A02 72 0.045 0.045 0.003 0.003 2.8 0.1 10.7 0.4 159.4 2.1 5.6 0.8 1.5 0.1 0.79 1.9 0.2
\sout19SOLO11A03 \sout63 \sout0.114 \sout0.114 \sout0.003 \sout0.003 \sout1.1 \sout0.1 \sout3.6 \sout0.2 \sout107.4 \sout1.6 \sout2.1 \sout0.3 \sout10 \sout0.6 \sout0.76 \sout13 \sout1.6
19SOLO11A04 58 0.092 0.092 0.003 0.003 2.8 0.1 10.6 0.2 195.7 2.5 5.5 0.8 3.1 0.1 0.74 4.1 0.3
19SOLO11A05 74 0.002 0.002 0.001 0.001 0.1 0 0.4 0 3.7 0.7 0.2 0 1.6 0.8 0.8 2.1 2.1
19SOLO11A06 72 0.037 0.037 0.002 0.002 1 0.1 3.4 0.1 70.6 1.3 1.9 0.3 3.7 0.3 0.79 4.7 0.7

MW Avg 3.2 1.1
19SOLO02Z01 75 8.649 8.649 0.074 0.074 206.6 2 110.2 1 0 0 232.9 46.6 6.9 0.1 0.84 8.2 0.2
19SOLO02Z02 76 3.912 3.912 0.038 0.038 92 1 40.7 1 0 0 101.7 20.3 7.1 0.1 0.84 8.4 0.2
19SOLO02Z03 62 10.161 10.161 0.044 0.044 278.2 5 149.6 2 0 0 313.78 62.76 6 0.8 0.79 7.4 0.2

MW Avg 8.2 0.4
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Table 3: Summary of Apatite and Zircon (U-Th)/He data
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