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Abstract
The Logan fault is one of many dextral faults that strike generally parallel to the northwest trend of the Northern Canadian

Cordillera. Though widely documented, the timing and magnitude of displacement on many of these orogen-parallel faults
are not well-constrained. Here, we present new low-temperature thermochronology data and thermal history models from the
Upper Hyland River Valley area in the Logan Mountains in southeastern Yukon that document accelerated cooling between ca.
60–50 Ma in localized regions adjacent to faults that strike obliquely to and likely connect with the Logan fault. We propose that
this phase of localized cooling was driven by the activation of a network of faults in the Upper Hyland River Valley, resulting
in ∼4–5.5 km of local exhumation. We suggest that faulting in the Upper Hyland River Valley was synthetic with dextral slip
on the Tintina fault, a lithospheric-scale structure thought to have accommodated ∼430 km of dextral strike-slip.
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1. Introduction
Decades of field mapping has led to the recognition of a

broad network of orogen-parallel, northwest-trending, dex-
tral strike-slip faults across the Northern Canadian Cordillera
(Fig. 1) (see reviews in Gabrielse et al. 2006 and Monger
and Gibson 2019). These include lithospheric-scale structures
such as the Tintina and Denali faults and several regional
faults such as the Cassiar and Teslin faults (Figs. 1 and 2).
Understanding when these structures formed, their shear
sense, the amount of displacement they accommodated, and
times of activation is crucial for interpreting the local ge-
ology and also the response of orogenic interiors to chang-
ing plate boundary conditions along active plate margins.
Constraining the timing of fault formation and reactivation
in the Northern Canadian Cordillera is challenged by the
limited exposures of these faults, and hence, few direct age
constraints exist for these fault systems (e.g., Mottram et al.
2020).

Field mapping in the Upper Hyland River Valley in the Lo-
gan Mountains in southeastern Yukon has led to the recogni-
tion of the northwest–southeast-trending Logan fault located
∼100 km east of the Tintina fault (Fig. 2; Moynihan 2016,
2017; Yukon Geological Survey 2022). Dextral displacement
is suggested by offset of mid-Cretaceous granitoids that in-
truded Precambrian–Paleozoic sedimentary rocks of the Sel-
wyn fold-thrust belt (Fig. 3A). However, there are few con-
straints on the timing, style, and magnitude of displacement
and the role of adjacent faults.

Low-temperature thermochronology data reveal the cool-
ing and exhumation histories of rocks and can therefore be
used to constrain the timing, kinematics, and magnitudes of
rock exhumation through faulting by comparing the cooling
histories on opposing walls of a fault system (e.g., Fraser et
al. 2021; Damant et al. 2023). Here, we use multi-method low-
temperature thermochronology to reveal the thermal histo-
ries of rocks in different structural positions in the Upper Hy-
land River Valley area (Fig. 3). We present new apatite and zir-
con (U-Th)/He (AHe and ZHe) and apatite fission-track (AFT)
ages from 30 samples across the Logan Mountains. We use
these data and thermal history modeling to infer the timing
and style of slip on faults in the area. Our results highlight
how fault stepovers and restraining bends associated with re-
gional strike-slip faults can drive localized exhumation in the
Northern Canadian Cordillera.

2. Background

2.1. Northern Canadian Cordillera
The Northern Canadian Cordillera has formed and evolved

over >750 Myr through phases of rifting, passive mar-
gin development, and terrane accretion (e.g., Nelson et al.
2013; Monger and Gibson 2019). Siliciclastic and carbonate
strata were deposited along the western passive margin of
Laurentia during the Neoproterozoic to Devonian, forming
the Selwyn basin (Figs. 1 and 2; Abbott et al. 1986; Gordey and
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Fig. 1. Tectonic overview map of the Northern Cordillera. Map highlights the main faults, sedimentary basins, and terranes.
Main Cretaceous plutonic suites in Yukon and Alaska from Hart et al. (2004). The apparent offset of McQuesten Suite plu-
tons by ∼430 km is shown by the dashed line with arrowheads. The white box shows the location of Fig. 2. AB——Alberta,
AK——Alaska, Bb——Bowser basin, BC——British Columbia, BCF——Big Creek Fault, DF——Denali fault, FTB——Fold-Thrust Belt, IT——
Inconnu thrust, KVC——Kaltag–Victoria Creek fault, LF——Logan fault, MPS——McQuesten Plutonic Suite, NWT——Northwest Ter-
ritories, QCF——Queen Charlotte-Fairweather fault, TTK——Teslin-Thibert-Kutcho fault, WhT——Whitehorse Trough, Yk——Yakutat
plate, YT——Yukon Territory. Modified after Colpron et al. (2015).

Anderson 1993). Eastward subduction and back-arc rifting
from the Devonian–Mississippian removed a fragment of the
continental margin from Laurentia. A series of Mississippian–
Permian magmatic arcs formed upon this rifted fragment
(Yukon-Tanana terrane), which was separated from ancestral
North America by the Slide Mountain Ocean (Nelson et al.
2006). Closure of the Slide Mountain ocean during the Per-
mian was followed by arc magmatism in the Stikine and
Quesnel terranes, and by final accretion of the Intermon-
tane terranes to the North American margin by the Juras-

sic (Gabrielse 1991; Evenchick et al. 2007; Nelson and Col-
pron 2007; Beranek and Mortensen 2011; Monger and Gib-
son 2019; Colpron et al. 2022; Nelson et al. 2022). Terrane
accretion resulted in thrust faulting and crustal thickening
during the Jurassic and Cretaceous throughout large parts
of the Northern Canadian Cordillera (e.g., Mair et al. 2006;
Staples et al. 2016; Clark 2017; Gaidies et al. 2020). For exam-
ple, the Jurassic Inconnu thrust places rocks of Yukon-Tanana
and Slide Mountain affinities over autochthonous continen-
tal margin rocks (Fig. 2; Murphy et al. 2006). The Macken-
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Fig. 2. Simplified geologic map of southeastern Yukon. The white box shows the location of the Upper Hyland Valley area in
the Logan Mountains. Geology from the Yukon Geological Survey Bedrock Geology Dataset. Faults from the Yukon Geological
Survey, Northwest Territories Geological Survey, and the British Columbia Geological Survey. FTB——fold-thrust Belt, HVF——
Hyland Valley fault. The map projection is NAD 83 UTM Zone 9N.

zie Mountain fold-thrust belt formed in the foreland region
from the Cretaceous to early Paleocene (e.g., Powell et al.
2016).

The Cretaceous was also a time of widespread felsic–
intermediate plutonism, with intrusion ages generally de-
creasing from southwest to northeast (Fig. 1; e.g., Hart et al.
2004; Mair et al. 2006; Rasmussen 2013). Early Cretaceous
arc magmatism formed the Whitehorse and Dawson Range
suites (ca. 115–102 Ma; Fig. 1; Mortensen et al. 2000). Plutons
of the Anvil and Hyland suites are slightly younger and are in-
ferred to have formed in a back-arc setting (ca. 109–105 Ma;
Fig. 1; e.g., Hart et al. 2004; Rasmussen 2013). Inboard parts of
the mid-Cretaceous magmatic belt include calc-alkaline rocks
of the Tay River (102–98 Ma), Tungsten (98–95 Ma), Mayo (98–
93 Ma), and Tombstone (94–90 Ma) plutonic suites (Fig. 1; Hart
et al. 2004; Rasmussen 2013). The petrogenesis and emplace-
ment of these plutons is debated but suggested to have in-
volved the melting of thickened crust (e.g., Driver et al. 2000;
Mair et al. 2006; Rasmussen 2013) and strike-slip faulting
(Murphy et al. 1995; Gabrielse et al. 2006).

The Paleocene–Eocene was a transition period from pre-
dominately northeastward-directed compression to trans-
pression. Dextral displacement of terranes within the North-
ern Canadian Cordillera occurred along a widely distributed
network of northwest–southeast-striking faults (see reviews
in Gabrielse et al. 2006; Monger and Gibson 2019). The Tintina
fault, a lithospheric-scale structure, accommodated ∼430 km

of dextral displacement during this time, based on the offset
of geological markers, including the ca. 67 Ma McQuesten
suite plutons (MPS in Fig. 1; Murphy et al. 1995; Murphy
1997; Murphy and Mortensen 2003; Gabrielse et al. 2006;
Monger and Gibson 2019; Estève et al. 2020; Busby et al. 2023).
Shearing along the western part of the ca. 100 Ma Cassiar
batholith suggests that the Cassiar fault, and other strike-slip
faults in the Cassiar Mountains, were active during the mid-
Cretaceous, accommodating up to 100 km of dextral offset
(Gabrielse 1985; Driver et al. 2000). The Teslin-Thibert-Kutcho
fault system extends over ∼1000 km from the Yukon into cen-
tral British Columbia (Fig. 1). Estimates for this fault system
suggest 130–175 km of combined displacement prior to the
Late Cretaceous (Gabrielse 1985; Gabrielse et al. 2006). The
Big Creek fault extends ∼150 km and experienced multiple
phases of slip, including during the Cretaceous and the late
Paleocene–Eocene (Mottram et al. 2020, 2024). During this
time, thrusting continued in the Bowser basin (Evenchick et
al. 2007), reflecting the distributed nature of transpressional
deformation. Farther west and outboard of the Intermontane
terranes, accretion of the Insular terranes, which likely be-
gan during the Middle to Late Jurassic, continued through
the Cretaceous (e.g., Vice et al. 2020). Flat-slab subduction of
the Yakutat terrane underneath southern Alaska began ca. 36
Ma (Finzel et al. 2011), and oblique collision continues to the
present day in southwest Yukon and southeast Alaska (e.g.,
Hyndman et al. 2005).
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Fig. 3. (A) Simplified geologic map of the Upper Hyland Valley area in the Logan Mountains. The locations of swath profiles are
shown in dashed white lines. The dashed brown line shows the ∼50–55 km of offset of Tay River suite plutons by the Logan
fault. Geology from Yukon Geological Survey Bedrock Geology Dataset, Moynihan (2016), Moynihan (2017), and field mapping
by DPM. (B) Topographic map with major faults showing samples ages or age ranges in Ma. The black and yellow dashed line
shows the continuation of faults we infer based on our thermochronology data. The location of (A) and (B) is shown in the
white box in Fig. 2. HVF——Hyland Valley fault, LF——Logan fault, CF––Connector fault, and ShF——Shannon fault. AB––Anderson
batholith, CP––Caesar pluton, ShP––Shannon pluton. The map projection (A) and (B) is NAD 83 UTM Zone 9N.

2.2. The Upper Hyland River Valley area
The Upper Hyland River drains the eastern part of

the Logan Mountains. The area is mostly underlain by
Neoproterozoic–Cambrian clastic and lesser carbonate
metasedimentary rocks of the Hyland Group (Fig. 2; Gordey
and Anderson 1993; Moynihan 2016). Mesozoic penetrative
deformation produced southwest-vergent recumbent folds
that can be traced for tens of kilometers, have amplitudes
of kilometers, and account for multiple tight–isoclinal
repetitions of Hyland Group stratigraphy. Intersection and
stretching lineations that formed during the dominant
phase of Mesozoic deformation typically plunge at shallow
angles to the northwest or southeast. Rocks in the area were
affected by greenschist to upper amphibolite facies regional

metamorphism (e.g., Roots et al. 1966; Moynihan 2013).
The highest grade rocks are located in an elliptical region
(>80 km by 30 km), centered on the northern end of the
Tyers batholith (Roots et al. 1966).

Three Cretaceous magmatic suites are represented in the
study area (Hart et al. 2004; Heffernan 2004; Rasmussen
2013). The Hyland River suite forms large batholiths and nu-
merous sills and dikes in regions of high metamorphic grade.
It mostly comprises weakly to undeformed, equigranular to
mildly porphyritic biotite granite and granodiorite, but also
includes minor biotite–hornblende diorite. Zircon U-Pb dates
from the suite are in the range 106–101 Ma (Heffernan 2004).
The Tay River suite includes the Shannon pluton (Figs. 3A
and 4) and other smaller plutons, as well as abundant sills
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and dikes (centimeter–meter wide; Rasmussen 2013). Most
intrusions range from granodiorite to gabbroic diorite, but
the eastern (deformed) part of the Shannon pluton includes
biotite granite (Moynihan 2016). Narrow (centimeter–meter
scale) dikes are porphyritic–equigranular, dacite–andesite,
and typically contain hornblende and biotite. Zircon U–Pb
dates from the Tay River suite range 99–95 Ma (Heffernan
2004; Rasmussen 2013). The Tungsten suite (97–94 Ma; Hart
et al. 2004) is represented by small plutons in the eastern
part of the area. It includes leucocratic biotite granite, mon-
zogranite, and quartz monzonite. Cordierite- and andalusite-
bearing contact metamorphic aureoles (tens to hundreds of
meters wide) around intrusions of the Hyland, Tay River, and
Tungsten suites suggest that plutons were emplaced at 3–
3.5 kbar, equivalent to a depth of ∼9–12 km (e.g., Gordey
and Anderson 1993; Pattison and Vogl 2005; Moynihan
2013).

Fold structures and metamorphic isograds are truncated by
batholiths of the Hyland River suite. The only mid-Cretaceous
intrusions that have undergone significant penetrative defor-
mation are early phases of the Hyland River suite and the
eastern part of the Shannon pluton (Tay River suite).

The study area is transected by a regional dextral strike-slip
fault system, which includes the Logan, Shannon, and Con-
nector faults (Fig. 3A). The north–northwest-striking Logan
fault can be traced across the area with a mapped (minimum)
strike length of ∼120 km (Fig. 3; Moynihan 2016, 2017). The
Shannon fault, which is oriented slightly counterclockwise of
the Logan fault, intersects the Logan fault in the Hyland River
valley. This fault has a mapped strike length of ∼40 km. The
Connector fault extends north from the Logan fault (Fig. 3A).

The cumulative offset across the faults is poorly con-
strained, but large displacement is suggested by the ab-
sence of Tay River intrusions east of the Shannon fault. The
Shannon pluton forms part of an approximately east–west-
trending linear belt of Tay River suite intrusions north of the
Anderson batholith (Fig. 3A). This trend ends abruptly at the
Shannon fault, as intrusions of this suite are absent from east
of the Shannon and Logan faults at this latitude. The clos-
est pluton from the Tay River suite east of the Logan fault is
the Caesar pluton, which is compositionally and mineralog-
ically similar to parts of the Shannon pluton but is located
∼65 km to the south–southeast (Fig. 3A). The Caesar pluton
is interpreted to have formed along the same trend as the
Shannon pluton, and their separation is attributed to dextral
strike-slip faulting. This relationship suggests cumulative off-
set of 50–55 km of the Tay River suite plutons along the Lo-
gan and Shannon faults since their emplacement in the mid-
Cretaceous (Fig. 3A).

The Shannon pluton is truncated on its east side by the
Shannon fault. A narrow tail extends parallel to the fault
and a penetrative foliation is developed within ∼5 km of the
Shannon fault (Fig. 4). The intensity of this foliation increases
towards the fault, and there is an increasing prevalence of
dextral kinematic indicators such as shear bands and S–C
fabrics (Figs. 4C and 4D). The foliation in this penetratively
deformed zone generally dips steeply (70◦–90◦) towards the
southwest, whereas slip and elongation lineations are gen-
tly plunging. The Shannon fault plane dips steeply towards

the northeast; it is locally marked by several meters of heav-
ily fractured, white weathering quartz-rich mylonite (Fig. 4B).
Moynihan (2016, 2017) and Tollefson et al. (2023) interpreted
temporal overlap between emplacement of the easternmost
parts of the Shannon pluton and initial displacement along
the Shannon fault.

3. Methods
To constrain the timing and magnitude of rock cooling

through the upper crust, we obtained AHe, AFT, and ZHe
data. (U-Th)/He thermochronology is based on the produc-
tion of 4He via alpha decay of 238U, 235U, 232Th, and 147Sm,
and its temperature-dependent retention in mineral grains
(e.g., Harrison and Zeitler 2005). The temperature sensitivity
window for AHe and ZHe is ∼70–40 ◦C and ∼200–140 ◦C, re-
spectively (e.g., Zeitler et al. 1987; Reiners et al. 2004), though
in geological situations involving long residence time in the
upper crust and (or) high parent nuclide content, together
producing significant damage to the crystal lattice, 4He may
be lost at much lower temperatures (e.g., Guenthner 2021;
Whipp et al. 2022). Fission track thermochronology is based
on the temperature-sensitive retention of fission tracks, lin-
ear damage zones produced by the spontaneous fission of
238U atoms, within a mineral’s crystal lattice (e.g., Price and
Walker 1963). The temperature sensitivity window for fission
tracks to accumulate and partially anneal in apatite is ∼120–
60 ◦C (e.g., Laslett et al. 1987). Hence, our data together trace
the thermal history of a rock through ∼200–40 ◦C, represent-
ing ∼8–1.5 km crustal depths, depending on the geothermal
gradient.

We analyzed samples collected from Cretaceous igneous
intrusions to maximize apatite and zircon yields and qual-
ity (Fig. 3 and Table S1). Mineral separation was undertaken
at the University of Calgary and Boise State University fol-
lowing standard separation procedures. This included crush-
ing and sieving, followed by density and magnetic separation
techniques. All dating was conducted at the Calgary Geo- and
Thermochronology Lab at the University of Calgary.

For (U-Th)/He dating, we aimed to analyze five apatite and
three zircon grains per sample (Tables 1 and 2). Between 3–
8 clear, inclusion-free, euhedral grains >∼60 μm in diame-
ter were selected for dating using a Zeiss stereomicroscope.
Single-grain aliquots were prepared by packing individual
crystals in niobium tubes for analysis following the proce-
dure described in McKay et al. (2021).

For AFT dating, we used the external detector method with
zeta-calibration (Hurford and Green 1983) and followed the
analytical procedure described in Fraser et al. (2021). Sam-
ple mounts were irradiated with thermalized neutrons at the
BR1 reactor in Mol, Belgium. Fission-track analysis was done
using a Zeiss AxioImager.M2m microscope with an Autoscan
System stage. The zeta factor of 263.9 ± 22.6 year cm2 (JP)
was determined by analyzing 13 age standards (Durango and
Fish Canyon Tuff) between two irradiations. We aimed to
count 25–30 grains per sample and measured the diameter
of four c-axis-parallel etch pits (Dpar) per grain as a proxy for
apatite chemical composition (Donelick et al. 1999). We also
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Fig. 4. (A) The narrow tail of the Shannon pluton viewed towards the southeast along the trend of the Hyland River valley. The
Shannon fault marks the northeastern boundary of the pluton where it juxtaposed biotite granite against low-grade rocks of
the Hyland Group. Relief between the lowest point visible along the fault trace and high point in the top right hand corner
is approximately 800 m. A white-weathering band along the fault is composed of heavily fractured quartz-rich mylonite. (B)
Fractured rocks exposed along the narrow tail of the Shannon pluton. (C) Field photograph and (D) cut slab showing asymmetric
shear band fabric developed in biotite granite in the eastern part of the Shannon pluton. The white arrow in (C) and (D) shows
the interpreted sense of shear. The width of (D) is approximately 7 cm. Photos taken by DPM.

measured confined track lengths and crystal c-axis orienta-
tions for our samples using TrackWorks software.

4. Results

4.1. Apatite and zircon (U-Th)/He results
We present 121 new single-grain AHe dates from 28 sam-

ples that range 110–24 Ma (Table 1). In general, our single-
grain dates reproduce well in each sample. Mean ages were
calculated for samples with single-grain date standard devi-
ations <20%. Using this threshold, 22 mean AHe ages range
from 102 ± 8 to 42 ± 2 Ma (Fig. 3B; Table 1). Six samples show
dispersion, and so we report the range of single-grain dates
for these samples (Fig. 3B; Table 1).

We present 60 new single-grain ZHe dates from 20 sam-
ples that range 102–38 Ma and report 18 mean ZHe ages that
range from 98 ± 1 to 55 ± 1 Ma (Fig. 3B; Table 2). Two samples
showed dispersion, and so we report the range of single-grain
dates for these samples (Fig. 3B; Table 2).

Dispersion in (U-Th)/He single-grain data can be caused by a
multitude of factors, including variable amounts of radiation
damage, variations in grain size, parent nuclide zonation,
grain fragmentation and abrasion, helium implantation, and

the presence of uranium-rich inclusions (e.g., Flowers et al.
2022a, 2022b). We plotted our single-grain dates against ef-
fective spherical radius to investigate the influence of grain
size (Figs. S1 and S2). In general, our samples do not show
clear trends between date and grain size, except single-grain
AHe dates for samples Y4 and Y35, which exhibit negative
trends with grain size. We plotted daughter versus parent iso-
topes (D–P plots; Figs. S3 and S4; Härtel et al. 2022; Härtel
and Enkelmann 2024) to identify any outliers or multiple age
components. Due to the small number of single-grain dates
per sample (usually ≤5), we follow the recommendation of
Härtel and Enkelmann (2024) and refrain from identifying
trends based on a linear regression of these data. However,
we do note that apparent outliers for AHe samples Y5, Y7, and
Y41 show elevated amounts of daughter (i.e., alpha-corrected
helium; Fig. S3). Complete single-grain AHe and ZHe datasets
are available in Tables S2 and S3.

4.2. Apatite fission-track results
We present 15 new AFT ages (Fig. 3B; Table 3). We ap-

plied the χ2 test to assess the likelihood that single-grain
dates represent a single-age population. All samples passed
the χ2 test (χ2 >5%) and pooled ages range from 87 ± 9 to
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Table 1. Summary of single-grain apatite (U-Th)/He results from the Upper Hyland River Valley, Yukon.

Sample ID 4He (fmol/μg) U (ppm) Th (ppm) eU (ppm) Rs (μm) Uncorrected date (Ma) Ft Corrected date (Ma) 2σ

Y2-1 8.44 24.67 37.54 36.61 49.2 46.12 0.707 65.2 1.2

Y2-2 8.27 21.95 42.53 35.13 58.0 47.30 0.755 62.6 1.2

Y2-3 7.95 19.26 42.61 32.37 59.7 49.51 0.757 65.4 1.3

Y2-4 7.05 20.12 30.36 29.71 55.0 47.37 0.738 64.2 1.2

Mean age 64.4 0.6

Y4-1 4.44 7.43 28.60 14.40 55.4 57.16 0.743 76.9 2.1

Y4-2 13.66 24.17 75.82 42.68 37.1 59.26 0.629 94.2 2.4

Y4-4 4.48 8.63 26.62 15.12 69.0 54.81 0.791 69.3 2.3

Mean age 80.2 7.3

Y5-1 14.69 53.75 30.58 65.82 37.5 44.31 0.643 68.9 1.4

Y5-2 11.54 40.03 29.89 51.59 46.4 44.94 0.706 63.7 1.4

Y5-3 10.17 32.01 28.57 43.22 47.1 47.96 0.728 65.9 1.5

Y5-4 13.93 27.53 31.94 40.43 43.5 72.00 0.727 99.0 2.8

Y5-5 11.22 39.75 40.65 54.03 55.1 41.70 0.747 55.8 1.1

Mean age 63.6 2.8

Y7-1 3.74 11.83 24.02 18.51 39.2 39.37 0.629 62.6 1.2

Y7-2 50.05 117.20 95.73 142.00 36.9 66.30 0.623 106.4 2.0

Y7-3 0.52 2.56 0.29 2.68 35.9 36.61 0.611 59.9 3.6

Y7-4 5.99 17.73 43.74 29.70 41.5 39.27 0.647 60.7 1.5

Y7-5 7.62 27.24 31.59 36.07 35.5 40.61 0.614 66.1 2.0

Mean age 62.3 1.4

Y10-1 0.78 3.01 2.96 5.08 44.1 37.02 0.675 54.8 5.0

Y10-2 2.85 11.55 0.97 13.72 46.6 43.89 0.701 62.6 2.7

Y10-3 1.59 7.39 0.25 8.48 48.5 38.99 0.711 54.8 2.6

Y10-4 3.19 12.46 5.64 15.96 60.1 42.09 0.786 53.5 1.2

Y10-5 1.76 5.89 9.34 10.30 56.8 38.79 0.745 52.1 1.9

Mean age 53.8 0.7

Y11-1 0.65 0.81 22.66 6.44 71.2 18.81 0.784 24.0 0.9

Y11-2 0.30 0.47 5.15 1.90 94.3 29.06 0.837 34.7 1.1

Y11-3 2.73 4.93 25.52 11.46 63.8 44.15 0.770 57.3 1.7

Age range 24.0–57.3

Y12-1 3.85 7.01 30.68 15.11 35.0 49.61 0.573 86.6 2.5

Y12-2 4.19 7.06 29.68 15.21 42.6 54.57 0.684 79.8 1.9

Y12-3 3.26 7.59 30.63 15.73 38.9 40.43 0.623 64.9 1.1

Y12-4 4.25 8.01 36.77 17.68 37.6 46.74 0.600 77.9 2.1

Y12-5 4.31 10.15 41.54 21.18 35.2 39.68 0.578 68.6 1.5

Mean age 75.6 3.9

Y14-1 5.27 18.20 38.53 30.49 50.7 35.24 0.726 48.5 1.1

Y14-2 4.61 18.10 35.26 29.52 40.5 31.87 0.677 47.1 1.5

Y14-3 4.84 20.07 41.98 33.22 40.2 29.54 0.669 44.2 1.1

Y14-4 3.99 18.42 33.62 29.90 40.4 27.58 0.698 39.5 1.0

Y14-5 5.50 26.03 49.33 41.67 39.0 26.71 0.676 39.5 0.9

Mean age 43.8 1.9

Y15-1 2.43 7.36 25.61 14.71 49.5 33.09 0.713 46.4 1.2

Y15-2 2.18 9.19 26.43 16.71 50.6 25.86 0.723 35.8 0.9

Y15-3 2.20 8.53 30.35 17.35 42.9 25.62 0.668 38.4 0.7

Y15-4 2.77 9.62 32.16 18.96 44.7 29.44 0.678 43.4 1.2

Y15-5 3.00 9.35 38.81 20.36 40.0 29.61 0.649 45.6 1.5

Mean age 41.9 2.1

Y16-1 17.86 56.17 9.59 60.65 35.2 56.51 0.602 93.9 2.5

Y16-2 10.98 35.84 2.40 38.03 51.3 55.74 0.726 76.8 1.8

Y16-3 13.14 30.83 18.31 36.70 43.0 68.94 0.677 101.8 2.3
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Table 1. (continued).

Sample ID 4He (fmol/μg) U (ppm) Th (ppm) eU (ppm) Rs (μm) Uncorrected date (Ma) Ft Corrected date (Ma) 2σ

Y16-4 16.42 60.58 8.14 64.20 53.9 48.71 0.739 65.9 1.0

Mean age 84.6 8.1

Y18-1 4.62 22.32 18.59 28.23 37.1 31.89 0.673 47.4 1.8

Y18-2 2.51 8.20 13.61 12.70 40.3 40.19 0.704 57.1 2.0

Y18-3 1.60 4.58 9.66 7.87 44.7 42.46 0.757 56.1 2.2

Y18-4 3.06 8.89 8.24 11.94 50.2 51.60 0.761 67.8 2.1

Y18-5 2.47 7.39 10.37 10.77 67.6 46.00 0.825 55.8 1.1

Mean age 56.8 3.3

Y19-1 20.01 36.31 45.93 51.84 73.8 44.05 0.751 58.7 1.3

Y19-2 11.54 48.64 34.41 61.97 50.0 43.11 0.741 58.2 1.2

Y19-3 10.90 38.87 27.58 49.62 55.4 48.36 0.768 63.0 1.7

Y19-4 6.49 22.84 19.70 30.80 52.5 77.50 0.807 96.0 1.5

Y19-5 7.77 24.41 21.07 32.57 59.2 37.33 0.725 51.5 1.1

Mean age 57.8 2.4

Y21-2 6.99 27.30 12.17 32.73 38.1 42.56 0.657 64.8 1.4

Y21-3 9.78 30.12 8.43 34.21 38.1 56.09 0.659 85.1 1.9

Y21-5 13.33 56.76 11.27 62.44 43.4 41.46 0.694 59.7 1.0

Mean age 69.9 7.8

Y23-1 5.92 20.76 26.14 27.18 68.5 40.31 0.832 48.5 1.3

Y23-2 8.53 28.77 28.65 35.85 55.0 44.04 0.751 58.6 1.8

Y23-3 5.09 18.75 22.33 24.29 73.8 38.82 0.846 45.9 1.8

Y23-4 8.34 17.90 29.09 24.99 75.5 61.70 0.847 72.8 1.8

Y23-5 2.36 9.31 6.41 10.93 69.6 39.88 0.839 47.5 1.7

Mean age 50.1 2.9

Y25-1 21.63 60.32 217.76 113.45 32.1 35.36 0.575 61.5 2.7

Y25-2 32.79 78.16 279.95 146.53 37.4 41.47 0.628 66.0 2.1

Y25-3 36.94 72.15 272.67 138.58 44.3 49.38 0.680 72.6 1.7

Y25-4 7.05 17.23 63.84 32.77 49.6 39.87 0.710 56.2 1.5

Y25-5 29.60 96.77 264.63 161.48 32.2 33.98 0.580 58.6 1.5

Mean age 63.0 2.9

Y28-2 0.11 0.95 0.07 1.03 46.4 21.54 0.708 30.4 1.7

Y28-3 6.04 20.71 23.62 27.88 52.2 42.36 0.737 57.5 1.7

Y28-4 9.17 77.07 49.41 91.87 42.2 19.15 0.682 28.1 0.6

Y28-5 5.81 24.11 14.46 29.19 46.5 38.94 0.710 54.8 1.3

Y28-7 14.73 22.32 54.05 35.45 47.9 76.79 0.709 108.3 3.4

Age range 28.1–108.3

Y30-1 7.77 20.28 4.72 21.57 63.0 66.48 0.806 82.5 3.1

Y30-2 5.30 18.30 0.12 18.49 43.5 52.96 0.698 75.9 3.3

Y30-3 2.75 6.46 -0.04 6.57 44.8 77.07 0.736 104.7 5.9

Y30-4 10.54 34.10 15.24 37.90 58.5 51.38 0.787 65.3 2.2

Mean age 74.5 5.0

Y33-1 2.26 3.46 17.62 7.75 56.9 54.01 0.744 72.6 1.8

Y33-2 3.37 13.60 22.69 19.20 68.8 32.52 0.794 41.0 0.9

Y33-3 8.14 12.05 40.05 21.85 71.9 68.94 0.798 86.4 1.8

Y33-4 2.80 3.97 15.56 7.79 57.5 66.62 0.748 89.1 2.8

Y33-5 4.82 6.28 88.62 27.51 66.8 32.52 0.770 42.2 0.9

Age range 41.0–89.1

Y35-1 1.47 8.29 4.02 9.31 66.2 29.18 0.791 36.9 1.3

Y35-2 1.71 2.28 7.34 4.07 49.6 77.90 0.715 109.0 4.8

Y35-3 0.10 0.34 0.05 0.36 131.2 53.33 0.891 59.9 4.1

Y35-4 5.66 15.33 0.44 15.56 90.0 67.15 0.848 79.2 2.5

Age range 36.9–109.0

Y36-1 5.59 14.70 73.77 32.64 47.3 31.78 0.690 46.1 1.2

Y36-2 4.50 14.36 64.27 30.10 57.9 27.76 0.744 37.3 0.8
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Table 1. (concluded).

Sample ID 4He (fmol/μg) U (ppm) Th (ppm) eU (ppm) Rs (μm) Uncorrected date (Ma) Ft Corrected date (Ma) 2σ

Y36-3 10.38 27.53 67.60 44.09 58.4 43.59 0.786 55.5 1.1

Y36-4 3.92 6.64 27.02 13.24 55.4 54.79 0.740 74.0 2.4

Y36-5 6.24 10.75 59.89 25.30 47.5 45.69 0.723 63.2 2.0

Age range 37.3–74.0

Y38-1 4.30 8.90 29.87 18.32 53.4 48.87 0.732 66.8 0.0

Y38-2 2.97 7.58 26.39 15.76 56.0 39.01 0.738 52.9 0.0

Y38-3 3.75 9.57 30.80 19.37 57.8 40.37 0.751 53.8 0.0

Y38-5 3.42 8.69 28.44 17.22 69.4 40.43 0.790 51.2 0.0

Mean age 56.1 3.6

Y39-1 7.12 18.60 2.08 19.36 62.1 67.87 0.783 86.7 2.0

Y39-3 6.93 20.65 1.70 21.29 56.9 60.12 0.764 78.7 3.7

Y39-4 7.98 22.31 1.37 22.87 63.1 64.42 0.786 82.0 2.2

Y39-5 5.29 13.18 33.38 21.52 86.6 45.50 0.832 54.7 1.1

Mean age 75.5 7.1

Y41-1 4.26 8.12 21.52 13.50 66.9 58.32 0.786 74.2 1.7

Y41-2 3.89 7.39 20.73 12.59 67.7 57.16 0.787 72.6 1.7

Y41-3 9.60 13.48 42.33 23.93 61.2 74.17 0.765 97.0 2.6

Y41-4 4.92 9.13 23.41 15.01 89.2 60.59 0.837 72.4 1.7

Y41-5 5.36 12.62 28.29 19.74 55.7 50.24 0.747 67.3 1.8

Mean age 71.6 1.5

Y42-1 6.81 21.15 65.67 37.17 33.5 33.94 0.580 58.5 2.5

Y42-2 7.77 18.30 58.59 32.54 43.8 44.24 0.672 65.8 3.0

Y42-3 7.52 19.77 60.09 34.42 43.2 40.49 0.671 60.3 2.2

Y42-4 5.66 17.00 50.07 29.24 40.1 35.89 0.650 55.2 2.2

Y42-5 5.78 18.64 49.32 30.70 38.5 34.89 0.633 55.1 2.9

Mean age 59.0 2.0

Y43-1 5.92 15.40 36.97 24.58 46.7 44.59 0.693 64.3 2.8

Y43-2 15.56 22.41 67.95 39.13 43.8 73.52 0.676 108.8 4.0

Y43-3 7.03 13.96 35.55 22.80 50.6 57.07 0.738 77.3 3.2

Y43-4 11.49 19.15 44.47 30.14 55.0 70.50 0.740 95.3 3.5

Age range 64.3–108.8

Y44-1 8.81 25.07 4.64 26.42 36.9 61.60 0.664 92.8 4.5

Y44-2 12.57 37.33 8.00 39.56 39.8 58.67 0.670 87.6 4.2

Y44-4 15.09 35.88 7.09 37.81 44.1 73.62 0.701 105.0 5.5

Mean age 95.1 4.5

Y45-1 13.62 35.38 9.34 37.89 46.9 66.36 0.731 90.8 4.3

Y45-2 14.06 37.11 8.66 39.44 47.5 65.78 0.718 91.6 4.4

Y45-3 16.55 34.12 16.59 38.41 55.2 79.47 0.749 106.1 4.5

Mean age 96.2 5.0

Y46-1 11.30 20.98 14.95 24.81 51.9 84.01 0.764 110.0 4.9

Y46-3 13.36 37.15 10.34 39.84 38.5 61.93 0.656 94.4 4.3

Mean age 102.2 7.7

Note: Single-grain data in italics were excluded from mean age calculation.
Ft——alpha-ejection correction calculated following the method of Farley (2002).
Rs——spherical radius, eU——effective uranium.

45 ± 6 Ma (Fig. 3B; Table 3). We measured confined track
lengths in each of our 15 samples (Table 3) and present the
projected lengths to the crystallographic c-axis to account
for anisotropic fission-track annealing (Fig. S4; Donelick et
al. 1999). Mean projected confined track lengths range from
11.97 ± 0.58 to 14.41 ± 1.22 μm (Table 3). Mean Dpar values
range from 1.73 ± 0.73 to 3.06 ± 0.40 μm (Table 3). Single-

grain data and individual track length measurements are
available in the supplementary material (Tables S4 and S5).
C-axis projected confined track length distributions are pre-
sented in Fig. S5. D–P plots for all samples show positive lin-
ear trends indicating a single age component (Fig. S6). Radial
plots are presented in Fig. S7. Complete single-grain AFT data
are available in Table S4.
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Table 2. Summary of single-grain zircon (U-Th)/He results from the Upper Hyland River Valley, Yukon.

Sample ID 4He (fmol/μg) U (ppm) Th (ppm) eU (ppm) Rs (μm) Uncorrected date (Ma) Ft Corrected date (Ma) 2σ

Y2-1 231.4 533.9 302.0 605.8 60.4 70.9 0.809 87.7 2.3

Y2-2 573.9 1692.5 549.4 1823.3 43 58.5 0.740 79.1 2.4

Y2-3 211.2 537.6 307.8 610.9 51.2 64.2 0.777 82.7 1.9

Mean age 83.2 2.5

Y4-1 164.3 321.0 212.8 371.6 72.3 81.6 0.839 97.2 2.3

Y4-2 193.9 386.8 234.7 442.7 62.5 80.8 0.814 99.2 2.8

Y4-3 177.2 350.8 203.1 399.2 79.3 81.8 0.852 96.1 2.6

Mean age 97.5 0.9

Y5-1 218.5 755.0 274.6 820.4 51.3 49.6 0.779 63.6 1.4

Y5-2 544.4 2532.1 367.1 2619.4 41.7 38.7 0.735 52.7 1.0

Y5-3 526.4 3490.9 194.2 3537.1 40.5 27.8 0.727 38.2 1.1

Age range 38.2–63.6

Y6-1 183.4 452.2 351.7 535.9 60.5 63.6 0.808 78.7 1.8

Y6-2 156.2 537.4 976.7 769.9 49 37.8 0.782 48.3 1.0

Y6-3 295.8 1151.3 1220.0 1441.7 38.7 38.2 0.707 54.0 1.3

Age range 48.3–78.7

Y7-1 492.7 1223.9 657.5 1380.4 54.2 66.3 0.789 84.1 1.9

Y7-2 685.7 1945.6 999.1 2183.4 47.2 58.4 0.778 75.1 1.4

Y7-3 476.7 1527.7 847.2 1729.4 46 51.3 0.772 66.4 1.3

Mean age 75.2 5.1

Y10-1 197.4 827.0 129.9 857.9 45.2 42.9 0.752 57.0 1.1

Y10-2 300.0 1302.4 149.7 1338.1 43.5 41.8 0.780 53.5 1.3

Y10-3 267.7 1221.9 144.3 1256.2 38.7 39.7 0.738 53.8 1.4

Mean age 54.8 1.1

Y14-1 127.8 478.2 259.4 540.0 62.5 44.1 0.815 54.1 1.5

Y14-2 258.7 1042.1 675.0 1202.8 47.6 40.1 0.760 52.7 0.9

Y14-3 137.3 455.8 244.6 514.0 64.8 49.7 0.815 61.0 2.2

Mean age 55.9 2.6

Y15-1 86.5 303.7 171.8 344.6 45.7 46.7 0.752 62.1 1.4

Y15-2 89.5 324.8 234.5 380.6 45.3 43.8 0.749 58.4 1.3

Y15-3 120.6 371.6 245.1 429.9 53.8 52.2 0.777 67.2 1.9

Mean age 62.6 2.5

Y16-1 74.1 313.9 53.3 326.5 44.3 42.3 0.735 57.5 1.1

Y16-2 133.5 417.2 107.5 442.7 43 56.1 0.740 75.8 1.4

Y16-3 179.5 840.9 90.6 862.5 41.5 38.8 0.732 53.0 1.2

Mean age 62.1 7.0

Y18-1 165.7 407.7 370.7 495.9 102.7 62.1 0.902 68.8 1.1

Y18-2 109.0 255.3 207.0 304.6 91.9 66.5 0.884 75.2 1.4

Y18-3 130.5 321.6 337.6 402.0 101.4 60.3 0.892 67.7 1.2

Mean age 70.6 2.4

Y23-1 1310.8 2556.8 2579.4 3170.7 81.3 76.3 0.855 89.3 5.5

Y23-2 1199.0 2406.8 2579.1 3020.7 79.4 73.3 0.852 86.0 3.6

Y23-3 1237.8 2509.1 2708.2 3153.6 64 72.5 0.818 88.6 3.4

Mean age 88.0 1.0

Y25-1 184.8 521.9 298.1 592.9 50.2 57.6 0.772 74.6 3.2

Y25-2 293.5 748.6 519.1 872.1 57.3 62.2 0.798 77.9 1.6

Y25-3 201.5 488.9 470.6 600.9 51.1 62.0 0.773 80.2 2.0

Mean age 77.6 1.6

Y33-1 301.5 632.9 338.7 713.5 60.2 78.0 0.808 96.5 2.5

Y33-2 497.6 1215.6 727.7 1388.8 55.4 66.2 0.793 83.4 2.7

Y33-3 190.4 408.8 238.5 465.6 74.7 75.4 0.843 89.5 2.6

Mean age 89.8 3.8

Y36-1 116.7 243.5 151.0 279.4 52.6 77.1 0.783 98.4 2.3

Y36-2 155.1 440.6 189.1 485.6 51.1 59.0 0.779 75.7 3.0
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Table 2. (concluded).

Sample ID 4He (fmol/μg) U (ppm) Th (ppm) eU (ppm) Rs (μm) Uncorrected date (Ma) Ft Corrected date (Ma) 2σ

Y36-3 144.4 325.7 143.4 359.8 56.7 74.0 0.799 92.7 2.5

Mean age 88.9 6.8

Y41-1 432.5 941.9 425.4 1043.1 68.7 76.5 0.832 91.9 3.2

Y41-2 279.8 615.4 303.3 687.6 77.5 75.1 0.849 88.4 3.4

Y41-3 278.7 566.2 301.7 638.0 72.3 80.5 0.839 96.0 2.9

Mean age 92.1 2.2

Y42-1 298.4 736.6 606.7 881.0 41.4 62.6 0.727 86.1 2.3

Y42-2 240.0 489.1 278.5 555.4 52.3 79.7 0.782 101.9 2.6

Y42-3 415.5 904.9 840.7 1105.0 47.5 69.4 0.759 91.5 2.3

Mean age 93.2 4.7

Y43-1 542.7 1492.9 1017.4 1735.1 53.2 57.8 0.784 73.7 2.3

Y43-2 271.5 527.2 242.9 585.0 69.5 85.5 0.834 102.6 2.9

Y43-3 311.3 657.3 459.5 766.6 73.4 74.9 0.841 89.1 4.2

Mean age 88.5 8.3

Y44-1 360.2 1011.0 112.7 1037.8 44.2 64.1 0.748 85.6 2.0

Y44-2 185.7 460.9 71.7 478.0 58.4 71.7 0.805 89.0 2.4

Y44-4 334.7 878.8 143.2 912.9 60.6 67.7 0.812 83.3 3.8

Mean age 86.0 1.7

Y45-4 341.9 1036.6 111.3 1063.1 45.5 59.4 0.754 78.8 3.5

Y45-5 206.0 565.7 143.5 599.9 59.1 63.4 0.807 78.6 3.0

Y45-6 244.9 747.5 108.9 773.4 45.3 58.5 0.753 77.6 3.1

Mean age 78.3 0.3

Y46-4 177.8 567.7 65.8 583.3 53 56.3 0.789 71.4 3.5

Y46-5 301.4 912.4 82.1 931.9 43.3 59.7 0.743 80.4 3.3

Y46-6 191.8 492.7 116.1 520.3 43.4 68.0 0.743 91.5 3.0

Mean age 81.1 5.8

Note: Ft——alpha-ejection correction calculated following the method of Farley (2002).
Rs——spherical radius, eU——effective uranium.

Table 3. Summary of apatite fission-track results from the Upper Hyland River Valley, Yukon.

Sample N Ns Ni ρs (cm−2) ρi (cm−2) ρd (cm−2) U (ppm) χ2 (%)
Age ± 1σ

(Ma)
Dpar ± 1σ

(μm)
Mean track length

± 1σ (μm) (n)

Y2 29 335 714 8.07E+05 1.67E+06 1.03E+06 24.4 ± 2.1 93.6 67.0 ± 7.3 2.36 ± 0.25 14.41 ± 1.22 (50)

Y5 30 357 794 1.11E+06 2.27E+06 1.02E+06 33.3 ± 2.1 6.2 60.5 ± 6.6 2.45 ± 0.24 14.18 ± 1.24 (11)

Y7 23 108 273 4.63E+05 2.03E+06 1.02E+06 29.8 ± 2.1 86.6 53.0 ± 7.6 2.15 ± 0.44 12.23 ± 0.29 (2)

Y10 30 335 809 6.56E+05 1.41E+06 1.02E+06 20.8 ± 1.8 54.6 55.3 ± 6.1 2.05 ± 0.23 13.58 ± 1.59 (51)

Y15 29 155 455 3.44E+05 8.51E+05 1.01E+06 12.6 ± 0.6 54.8 45.4 ± 5.8 2.48 ± 0.37 13.99 ± 1.34 (23)

Y18 14 88 193 5.48E+05 1.25E+06 1.01E+06 18.6 ± 4.2 92.4 60.5 ± 9.4 2.20 ± 0.40 11.97 ± 0.58 (3)

Y28 25 206 458 9.23E+05 1.84E+06 1.01E+06 27.4 ± 2.3 77.2 59.5 ± 7.2 2.24 ± 0.23 13.68 ± 1.61 (32)

Y37 7 19 39 9.19E+04 1.99E+05 1.01E+06 3.0 ± 0.6 43.0 64.3 ± 18.9 1.99 ± 0.23 13.48 ± 2.11 (2)

Y38 25 225 616 2.61E+05 7.23E+05 1.00E+06 10.8 ± 0.7 70.8 48.1 ± 5.7 3.06 ± 0.40 14.61 ± 1.1 (35)

Y41 27 370 772 4.86E+05 9.60E+05 1.00E+06 14.4 ± 0.9 87.5 63.0 ± 6.8 2.05 ± 0.25 14.08 ± 1.35 (51)

Y42 28 252 415 6.33E+05 9.43E+05 1.00E+06 14.2 ± 1.1 74.8 79.6 ± 9.5 2.27 ± 0.14 14.26 ± 1.16 (53)

Y43 25 247 399 6.63E+05 1.06E+06 9.94E+05 16.0 ± 1.5 55.1 80.7 ± 9.7 2.13 ± 0.20 13.89 ± 1.07 (40)

Y44 25 546 816 1.41E+06 2.18E+06 9.90E+05 33.0 ± 1.8 34.6 86.9 ± 9.1 2.00 ± 0.24 14.04 ± 1.05 (99)

Y45 25 609 1096 1.65E+06 2.86E+06 9.87E+05 43.5 ± 1.8 11.2 72.0 ± 7.3 1.73 ± 0.13 13.76 ± 1.2 (75)

Y46 16 266 474 1.11E+06 1.92E+06 9.81E+05 29.4 ± 3.0 38.7 72.2 ± 8.4 1.90 ± 0.53 13.15 ± 1.81 (11)

Note: N——number of grains, Ns——spontaneous track count, Ni——induced track count,
ρs——spontaneous track density, ρi——induced track density, ρd——dosimeter track density,
U——mean sample uranium concentration, χ2——chi-squared test probability (>5% passes; <5% fails),
Dpar——fission-track etch pit dimater measured parallel to the c-axis.
Mean track length is c-axis projected.
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5. Thermal history modeling

5.1. Modeling approach
Inverse thermal history modeling was conducted using

HeFTy v2.1.4 software (Ketcham 2005, 2024) to explore pos-
sible time-temperature (t-T) histories that are consistent with
our measured thermochronology data and other available ge-
ologic constraints, such as crystallization ages. HeFTy uses a
Monte Carlo search algorithm to identify t-T histories and as-
signs them a goodness-of-fit based on how well each thermal
history reproduces the measured single-grain data and (or)
fission-track confined track length distribution.

Single-grain AHe and ZHe data, fission-track single-grain
data, and confined track lengths, when available, were in-
corporated into our thermal history models. Complete doc-
umentation of the inputs for each model is provided in the
supplemental material (Table S6) following the reporting pro-
tocol of Farley (2002); Flowers et al. (2022b). We used the dif-
fusion models of Flowers et al. (2009) and Guenthner et al.
(2013) for AHe and ZHe data, respectively, and the AFT anneal-
ing model of Ketcham et al. (2007). We started with an uncer-
tainty of 10% on single-grain (U-Th)/He dates and increased it
by 10% as needed to find acceptable thermal histories (e.g.,
Wildman et al. 2016; Damant et al. 2023). Each model was
set to generate and test 50,000 possible t-T paths. In HeFTy,
t-T paths are assigned a “good” or “acceptable” fit using a
goodness-of-fit value; values between 0.05 and 0.5 indicate
an acceptable fit of the modeled data for a tested t-T path
to the measured data, and greater than 0.5 represents a good
fit. Paths that yielded goodness-of-fit values less than 0.05 are
automatically discarded by HeFTy. We set up our modeling
window to search for thermal histories beginning at 110 Ma,
slightly older than the suggested emplacement age of the old-
est plutons in our study area. The end of each thermal history
was a final constraint of 5 ± 5 ◦C at 0 Ma to reflect the present-
day surface conditions.

We included t-T constraint boxes to aid the program in
finding thermal histories that fit with the data and avail-
able geological constraints. An initial constraint box was in-
cluded to represent the intrusion ages of the sampled plu-
tons (Hart et al. 2004). Additional constraint boxes were set
based on our thermochronology data. For samples with (U-
Th)/He data, a constraint box that spanned the range of single-
grain dates ±15 Myr (i.e., 15 Myr older than the oldest single-
grain date and 15 Myr younger than the youngest single-grain
date) was included. The height of these boxes was dictated
by the temperature sensitivity window of the AHe (70–40
◦C) and ZHe (200–140 ◦C) thermochronometers. When AFT
data were included in the model, we set an additional con-
straint that spanned the sample age ±15 Myr from 140–60
◦C (e.g., Fraser et al. 2021). Constraint boxes were combined
when multiple thermochronometers overlap in age. The fi-
nal outputs from HeFTy are the good and acceptable fit t–
T paths (Fig. S9) along with the weighted mean t–T path
(Fig. 5).

To visualize the HeFTy results, we use nodal density plots
that highlight regions in t-T space where thermal history
paths overlap (Fig. S8). We overlay these density plots with the
weighted mean path to highlight first-order cooling trends.

We describe the timing and rate of cooling through the tem-
perature sensitivity windows that are directly constrained by
the input data in our models. Sample Y11 is located less than
1 km from the Shannon fault, so we interpret young and dis-
persed single-grain dates in this sample to be caused by par-
tial daughter loss during fault-related reheating (e.g., fluid
flow). We therefore elected not to conduct thermal history
modeling for this sample.

5.2. Modeling results
We use the weighted mean path as a representation of the

thermal history revealed in each model herein (Fig. 5) and
provide density plots (Fig. S8) and the HeFTy results (Fig. S9)
for each individual sample model in the supplementary mate-
rial. Examination of these plots revealed three distinct groups
of thermal histories based on the timing and rate of cooling
(Fig. 5A–5C). Group 1 thermal histories are characterized by
slow cooling (<2 ◦C/Myr) from ∼100 ◦C to surface tempera-
tures since ca. 65 Ma (Fig. 5A). Group 2 thermal histories are
characterized by accelerated cooling (>5 ◦C/Myr) between ca.
80 and 65 Ma (Fig. 5B). By ca. 55 Ma, all models in this group
show slow cooling (<2 ◦C/Myr) from >80 ◦C to <40 ◦C. Group
3 thermal histories are characterized by accelerated cooling
between ca. 60 and 50 Ma (Fig. 5C). Samples Y10, Y14, and
Y38 all show rapid cooling (>10 ◦C/Myr) during this time. All
samples in this group show a noticeable decrease in cooling
rate to <2 ◦C/Myr by ca. 45 Ma.

6. Discussion

6.1. Spatial distribution of rock cooling
We show the spatial distribution of the three different ther-

mal history groups by color coding the sample locations on
the regional map (Fig. 5D). To further investigate the spa-
tial pattern of rock cooling, we plot our thermochronometric
data along swaths profiles that cross the faults in the Upper
Hyland River Valley (Fig. 6) and a swath profile that paral-
lels the faults to the west (Fig. 7). Thermal history group 1
comprises most samples in our study (Fig. 5D). Samples in
this group are located throughout the entire study area but
are most prevalent in the central and southern part and on
both sides of the Logan and Hyland Valley faults (blue dots
in Fig. 5D). For samples that have ZHe dates, many of these
dates overlap, or slightly postdate, the intrusion ages of the
Hyland, Tay River, and Tungsten plutonic suites (e.g., Y4, Y33,
Y41, Y42, and Y43; Figs. 3, 5, and 6). This mid-Cretaceous cool-
ing signal recorded in the ZHe data is gradually lost towards
the north, where ZHe ages get progressively younger (Fig. 7).
These data and thermal history models reflect emplacement
and post-emplacement protracted cooling of plutons in the
area. This is consistent with emplacement depths from plu-
tons in the Upper Hyland River Valley of ∼9–12 km as sug-
gested by previous studies (e.g., Moynihan 2013). Due to the
lack of ZHe data for some of our samples, the higher tem-
perature cooling that results from shallow pluton emplace-
ment has not been captured in all cases. However, AHe and
AFT data from other samples (e.g., Y23, Y28, Y35, and Y37)
constrain the low temperature portion of the cooling his-
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Fig. 5. Summary of thermal history modeling results using the weighted mean t-T path for each individual thermal history
model. (A) Thermal history group 1 characterized by protracted Cenozoic cooling. (B) Thermal history group 2 characterized
by a cooling phase ca. 80–65 Ma. (C) Thermal history group 3 characterized by a cooling phase ca. 60–50 Ma. (D) Map of samples
color-coded by thermal history group and major faults. The location of the map area is shown in Fig. 2. Samples with a white
dot have only one (U-Th)/He thermochronometer. The black and yellow dashed line shows the continuation of faults we infer
based on our thermochronology data. The fault motion symbols show the kinematics of the faults we suggest were active ca.
60–50 Ma; see discussion in text. HVF——Hyland Valley fault, LF——Logan fault, and ShF——Shannon fault. The map projection in
(D) is NAD 83 UTM Zone 9N.

tory, characterized by protracted Cenozoic cooling (group 1;
Fig. 5A).

Samples characterized by rapid cooling ca. 80–65 Ma (group
2; Fig. 5B) are primarily located in the north of the study area
(green dots in Fig. 5D). Samples in this group are found on
both sides of the Logan fault and at distances greater than
30 km west of the Shannon fault.

Samples characterized by rapid cooling ca. 60–50 Ma (group
3; Fig. 5C) are located within 20 km west of the Shannon and
Hyland Valley faults (yellow dots in Fig. 5D). Samples near the
Shannon fault (Y6, Y10, Y14, Y15) have relatively young (lat-
est Paleocene–Eocene) cooling ages, and AHe ages noticeably
increase (Late Cretaceous–early Paleocene) east of the fault

(Figs. 5B and 6A). The AHe age from sample Y12 (75.6 Ma) is
older than AHe, AFT, and ZHe ages from samples Y14 and
Y15 located ∼5 km west of the Shannon fault (Fig. 6A). In the
southern part of the study area, an additional sample (Y38)
belongs to thermal history group 3 and is located ∼4 km west
of the Logan fault (Fig. 5D). The swath profile (Fig. 6C) shows
that from west to east, AHe ages decrease across a suspected
fault located in the Hyland Valley and then increase slightly
across the Logan fault. The west–east decreasing ages across
the Hyland Valley is also seen in our AFT ages (Fig. 6C). This
observed age trend supports the existence of a fault located
between the northern end of the Hyland Valley fault and the
Logan fault (Fig. 5D).
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Fig. 6. Swath profiles across the (A) northern, (B) central, and (C) southern Upper Hyland Valley. Swaths are 5 km wide and
include samples located proximal to the main structures in the Upper Hyland River Valley. The location of each profile is
shown in Fig. 3A. Large circles are sample ages (when calculated) and small circle are single-grain dates. The red shaded bar
highlights the time of pluton emplacement in the Upper Hyland River Valley. LF——Logan fault and ShF——Shannon fault.

The juxtaposition between samples from different cooling
history groups and faults in our study area suggests fault-
controlled rock exhumation. The northern part of the Hyland
Valley fault juxtaposes samples from groups 1 (Y4, Y33, and
Y41) and 2 (Y39) to the west with group 3 (Y38) to the east
and contrasts Cretaceous–early Paleocene cooling ages to the
west with latest Paleocene–Eocene ages to the east (Figs. 3B,

5D, and 6C). Across the Hyland Valley fault, samples Y42, Y43,
Y44, Y45, and Y46 all exhibit cooling rates <2 ◦C/Myr since
ca. 70 Ma (group 1) and all but Y45 show accelerated cooling
prior to 90 Ma (Fig. 5). This indicates that dip-slip motion on
the Hyland Valley fault in the southern part of the study area
has not occurred since ∼110 Ma. We suggest that normal dis-
placement occurred along an inferred fault east of the Hyland
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Fig. 7. Swath profile along the western side of the Logan fault. Swath is 5 km wide. Large circles are sample ages (when
calculated) and small circle are single-grain dates. The location of the profile is shown in Fig. 3A. The red shaded bar indicates
the time of pluton emplacement in the Upper Hyland River Valley.

Valley fault that likely connects with the Logan fault further
north (yellow dashed line in Figs. 3 and 5D, block model in
Fig. 8C). More samples from the inferred footwall of this fault
(east side) are needed to further resolve the southern extent
of normal displacement.

Across the Shannon and Logan faults in the northern part
of the study, cooling ages increase from west to east (Fig. 6A)
and these faults separate samples in group 1 from samples
in the other two groups (Fig. 5D). In contrast, we do not ob-
serve evidence of differential cooling across the Logan fault.
Samples Y28 and Y37 have AFT ages that overlap within un-
certainty (Figs. 3 and 6B) and both belong to group 1 (Fig. 5).
This suggests that differential cooling has not occurred across
the Logan fault. We therefore suggest that the Shannon fault,
not the Logan fault, controls the differential cooling we docu-
ment in the northern part of our study area during the early
Cenozoic (Figs. 5 and 8C).

6.2. Early Cenozoic faulting in the Upper
Hyland River Valley

The spatial pattern suggests that cooling is the result of
dip-slip faulting along the Shannon fault and along the spec-
ulated fault east of the Hyland Valley fault that occurred ca.
60–50 Ma (Fig. 5D). We suggest that rock cooling in sample
Y38 is caused by tectonic exhumation of the footwall of this
unnamed fault, which we interpret as a normal fault. Based
on our new data and thermal history modeling, we suggest
that this fault continues north where it likely connects with
the Logan fault (Fig. 5D). Rock cooling in samples Y6, Y10,
Y14, and Y15 is caused by rock uplift and erosional exhuma-
tion adjacent to the Shannon fault. In our model, the Shan-
non fault is part of a restraining bend, driving localized uplift
and subsequent exhumation ca. 60–50 Ma. Assuming geother-
mal gradients between 25 and 35 ◦C/km (e.g., O’Sullivan and
Lane 1997; McKay et al. 2021), this equates to ∼4–5.5 km of
exhumation (Table S7).

We suggest that the two faults, connected by the dex-
tral strike-slip along the Logan fault, resulted in northwest-
directed translation of the western block (Fig. 8). This
is supported by the south to north decrease in cooling
age and increase in topography observed in the swath
profile of this western block (Fig. 7). The similar ages
across the central portion of the Logan fault suggest that
displacement is mostly strike-slip (Fig. 6). Faults oblique
to the strike of the Logan fault were active as dip-slip
faults, resulting in contrasting thermal histories across these
structures.

We propose the following tectonic model for the mid-
Cretaceous–Eocene tectonic evolution of the Upper Hyland
River Valley (Fig. 8). In the Early Cretaceous, Hyland suite
plutons were emplaced east of the present-day trace of the
Logan fault (Fig. 8A). In the Late Cretaceous, Tungsten suite
and Tay River suite plutons were emplaced. This included the
ca. 100–98 Ma Shannon pluton and coeval ductile shearing
along the Shannon fault (Tollefson et al. 2023). In our model,
the Shannon fault extended southeast along the present-day
trace of the Logan fault (Fig. 8B). Initial dextral strike-slip
faulting took place ca. 98.5 Ma, during the emplacement of
the eastern part of the Shannon pluton. The magnitude of
displacement during this phase of activity is unknown. In the
late Paleocene–early Eocene, the fault system was active and
propagated to the north during further dextral strike-slip dis-
placement (Figs. 3 and 8C). The Shannon fault acted as a fault
stepover or a restraining bend that caused localized exhuma-
tion (Fig. 8C). Close to the surface, restraining bends tend
to widen into a network of multiple smaller structures (e.g.,
Cunningham and Mann 2007; Woodcock and Fischer 1986).
Other smaller faults have been mapped south of the Shan-
non pluton (Fig. 3A). Thus, the resulting contractional strike-
slip duplex or positive flower structure may have caused lo-
calized exhumation accommodated by the present-day Shan-
non fault (Figs. 3A). We therefore suggest a flower structure
as a possible model to explain the pattern of cooling we ob-
serve in our thermochronology data based on the locations
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Fig. 8. Schematic maps and block diagrams showing the mid-Cretaceous to Eocene tectonic evolution of the Upper Hyland
River Valley area in the Logan Mountains. The view for the block diagrams is to the northeast. The blue dashed box in each
map shows the areal extent shown in the corresponding block diagram. The red plane in the block diagram in panel (C) shows
the location of the schematic cross-section above the block diagram. Note: block diagrams are not to scale. CF——Connector
fault, HVF——Hyland Valley fault, LF——Logan fault, and ShF——Shannon fault.
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and orientations of faults in the area (Fig. 8C). However, a
high-density sampling approach across other faults north and
south of the Shannon pluton would be needed to confirm
this interpretation and map out the spatial extend of such a
contractional structure (Fig. 3A). In our model, the suggested
fault east of the Hyland Valley fault was active as a normal
fault during the late Paleocene–early Eocene and likely ac-
commodated <2 km of exhumation (Fig. 8C).

6.3. Tectonic implications
Our results build on previous studies documenting the role

of fault stepovers and restraining bends in driving localized
exhumation along strike–slip faults in the North American
Cordillera. For example, the San Bernardino Mountains in
southern California have been uplifted and exhumed as re-
straining bends along the San Andreas fault (Spotila et al.
1998, 2001, 2020; Niemi et al. 2013). Miocene–recent exhuma-
tion rates derived from thermochronology data range from
∼0.05 mm/year to as high as 7 mm/year (Blythe et al. 2000;
Spotila et al. 2001, 2007). These exhumation rates are in good
agreement with our calculated rates for rocks from the Shan-
non pluton, which range ∼0.4–0.5 mm/year (Table S7). Mount
Denali in central Alaska is another well-documented example
of building high topography and rapid rock exhumation in a
restraining bend (e.g., Benowitz et al. 2021). Located in a re-
straining bend along the Denali fault, Miocene-to-recent up-
lift rates at Mount Denali are suggested to be ∼1.5 mm/year
(Fitzgerald et al. 1995; Lease et al. 2016). These studies demon-
strate the role of localized transpression along continental-
scale strike-slip faults with >100 km of displacement in driv-
ing localized late Cenozoic exhumation in the North Ameri-
can Cordillera. Our results show similar processes occur on
the scale of regional faults (<100 km of displacement) and
that these faults should be investigated as kinematic drivers
for spatial variations in rock exhumation and landscape evo-
lution in the Northern Canadian Cordillera.

Fault-controlled exhumation in the Logan Mountains oc-
curred at the same time as the Tintina fault is suggested to
have been active (Fig. 8C; e.g., Gabrielse et al. 2006; Monger
and Gibson 2019). The Logan fault strikes roughly parallel to
the Tintina fault and would therefore be favorably oriented
to be activated under the same stress field. Our data suggest
that faulting in the Upper Hyland River Valley likely ceased
in the early Eocene, possibly due to strain localization along
the Tintina fault that accommodated ∼430 km of dextral slip
(Murphy et al. 1995; Murphy and Mortensen 2003; Gabrielse
et al. 2006; Busby et al. 2023).

While we cannot directly constrain the timing and magni-
tude of strike-slip displacement on the Logan fault, our pro-
posed kinematic model requires a phase of late-Paleocene–
early Eocene strike-slip to explain the observed localized cool-
ing pattern (Fig. 8C). Our data support Cenozoic reactivation
of the Shannon fault. Shear band fabrics (Figs. 4C and 4D)
and fractured mylonite (Fig. 4B) adjacent to the Shannon
fault indicate ductile and brittle phases of deformation; the
ductile phase accommodated dextral translation while the
kinematic significance of the brittle deformation is not con-
strained by field observations. The evidence provided here

for reactivation of the Shannon fault suggests that this brit-
tle deformation took place during the late Paleocene–early
Eocene and is consistent with previous studies that have doc-
umented Cenozoic reactivation of Cretaceous faults in the
Northern Canadian Cordillera. For example, three distinct
phases of slip have been documented on the Big Creek fault
using carbonate U-Pb and illite K-Ar dating of fault-generated
materials. The earliest slip (ca. 112–105 Ma) was coeval with
the emplacement of the Whitehorse plutonic suite (Fig. 1),
and later reactivation occurred at 79–72 and 50–45 Ma (Allan
et al. 2013; Friend et al. 2017; Mottram et al. 2020, 2024).
The Teslin fault is documented as a Cretaceous dextral fault
(Gabrielse 1985; Gabrielse et al. 2006) that was active again in
the Cenozoic. Paleogene AHe and AFT ages from the White-
horse Trough, which is bounded to the east by the Teslin
fault, have been interpreted to reflect fault-controlled block
uplift and rapid exhumation (Kellett et al. 2023). Paleogene
displacement on the Teslin fault has also been suggested due
to the presence of ductile fabrics in a ca. 57 Ma pluton near
the trace of the Teslin fault (Mihalynuk et al. 2006). White et
al. (2012) suggested the possibility of Jurassic movement on
this structure. The Llewellyn fault, part of the Llewellyn fault-
Tally Ho shear zone in northern British Columbia and south-
ern Yukon, is suggested to have been periodically active since
the late Triassic (Mihalynuk et al. 1999). Illite 40Ar-39Ar dating
from epithermal veins near this fault zone are interpreted to
reflect dextral reactivation of the Llewellyn fault ca. 50 Ma
(Millonig et al. 2017).

7. Conclusions
We present new low-temperature thermochronology data

from the Logan Mountains, southeastern Yukon, Canada.
Cooling ages and thermal history modeling suggest that the
most recent phase of cooling in the area occurred ca. 60–50
Ma. This cooling phase is documented to the west of the Shan-
non fault and in the footwall of an inferred fault in the Hy-
land River valley. Based on this spatial pattern, we propose a
kinematic model where dextral activation of the Logan fault
resulted in localized transpression along the obliquely strik-
ing Shannon fault (Fig. 8). We show ∼4–5.5 km of localized ex-
humation adjacent to the Shannon fault that is likely part of a
contractional flower structure. Cenozoic displacement on the
Logan fault was coeval with dextral motion along the Tintina
fault ca. 60 Ma, and faulting in the Upper Hyland River Valley
likely ceased in the early Eocene due to strain localization on
the Tintina fault.
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