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Abstract New low-temperature thermochronology data from clastic sedimentary rocks in the
northern Richardson Mountains, Canada, indicate significant exhumational cooling during late Eocene-
early Oligocene time. Apatite (U-Th-Sm)/He (AHe) data were collected from 19 Proterozoic-Paleocene
rocks across a 115 km transect. Eighty-eight single-grain AHe dates range from 16-300 Ma and are
generally younger than stratigraphic ages, indicative of thermal resetting by burial. Additionally, zircon
(U-Th)/He (ZHe) dates from two Proterozoic-Cambrian rocks range from 49-123 Ma and suggest burial
to >160°C. In contrast, ZHe dates from Jurassic sandstones are older than the stratigraphic age, which
limits maximum burial to <160°C. Thermal history modeling reveals three phases of cooling, during the
Paleocene-early Eocene (>65-50 Ma), late Eocene-early Oligocene (40-30 Ma), and late Oligocene—early
Miocene (30-15 Ma). Most samples cooled during the first and second phases, whereas the third phase

is less well constrained. In general, most rocks were below the sensitivity of AHe analysis since the
early-middle Miocene. The results suggest a previously unrecognized phase of inferred deformation in
the northern Richardson Mountains between 40-30 Ma. Our findings contribute to previous work that
recognizes Late Cenozoic deformation along the eastern margin of the Northern Cordillera. We further
investigated the potential mechanisms of this widespread deformation and suggest exhumation may relate
to kinematic changes of the North American plate relative to structural trends along the margin of the
Northern Cordillera.

Plain Language Summary We are interested in learning when and why the Richardson
Mountains formed. To do this, we use a method called thermochronology, which analyzes isotopes of a
mineral to determine its temperature history. During mountain building, rocks that were buried at depth
are brought closer to the surface due to deformation, uplift, and erosion. Thermochronology can tell us
how far in the past this process occurred. We measured 19 rock samples and used a computer program
to model thermal histories based on the thermochronology dates. We found three stages of accelerated
cooling in the thermal history. The oldest stage was already known: the rocks were buried until about 65
million years ago (Ma), and then started to cool due to mountain-building processes. The next younger
stage of cooling occurred between 40 and 30 Ma. The youngest stage shows that some cooling occurred
as late as 15 Ma. We found that the timing of deformation is similar to nearby mountain belts, which
supports a widespread driving mechanism for deformation that affected a large area. We suggest that
this driving mechanism could be the motion of the North American craton and its changes in pace and
direction over time.

1. Introduction

The Richardson Mountains are a Late Cretaceous—Cenozoic fold-and-thrust belt located north of the Mac-
kenzie Mountains, which together form the eastern margin of the Northern Canadian Cordillera (Figure 1).
Unlike their southern counterpart, the Canadian Rocky Mountains, these mountain ranges are tectonically
active today, attracting geophysical and geological investigations that aim to quantify Cenozoic to recent
deformation (e.g., Enkelmann et al., 2019; Hyndman, Cassidy, et al., 2005; Hyndman, Fliick, et al., 2005;
Lane, 1998; Leonard et al., 2008; Mazzotti & Hyndman, 2002; Powell et al., 2019). The main unresolved
questions are: what is the spatial and temporal pattern of Cenozoic to modern deformation, and what are
the driving forces?
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Figure 1. (a) Topographic map of northwestern North America with main geographic and tectonics features. Regions of previous thermal-history studies are
shown as white boxes. References: (1) Ceraddock et al. (2018); (2) Moore et al. (2004); (3) Cole et al. (1997); (4) Blythe et al. (1997); (5) Murphy et al. (1994);
(6) O'Sullivan (1996); (7) Blythe et al. (1996); (8) O'Sullivan et al. (1997); (9) O'Sullivan, Moore, et al. (1998); (10) O'Sullivan, Wallace, et al. (1998); (11)

Parris et al. (2003); (12) Potter et al. (2004); (13) O'Sullivan and Wallace (2002); (14) O'Sullivan et al, (1995); (15) Peapples et al. (1997); (16) O'Sullivan and
Decker (1990); (17) O'Sullivan et al. (1993); (18) Bigot-Buschendorf et al. (2019); (19) Bigot-Buschendorf (2015); (20) Lane and Issler (2011); (21) O'Sullivan
and Lane (1997); (22) Issler and Lane (2016); (23) Issler et al. (2012); (24) Enkelmann et al. (2019); (25) Powell et al. (2016); (26) Powell et al. (2018); (27) Issler
et al. (2005); (28) Powell et al. (2019). (b) Seismicity and current tectonics of the Canadian Cordillera and eastern Alaska showing earthquakes of magnitudes
>3 (USGS-ANSS Catalogue, 1985-2019). Red arrows show general deformation regimes along the eastern margin of the Cordillera after Hyndman, Fliick,

et al. (2005). Inset topographic map shows seismicity of the northern Richardson Mountains. BF, Beaufort Foldbelt; BM, British Mountains; BnM, Barn
Mountains; BR, Brooks Range; DF, Denali Fault; KF, Kaltag Fault; MM, Mackenzie Mountains; NEB, Northeastern Brooks Range; NEB, Northeastern Brooks
Range; OM, Ogilvie Mountains; PSMF, Phillip Smith Mountain Front; QCF, Queen Charlotte Fault; RM, Richardson Mountains; SEM, Saint Elias Mountains;
TF, Tintina Fault; YK, Yakutat Microplate.

The main purpose of this study is to quantify timing and amount of exhumation in the northern Richard-
son Mountains using low-temperature thermochronological methods. We present new apatite and zircon
(U-Th-Sm)/He (AHe, ZHe) data from 19 samples collected from the northern Richardson Mountains that
reveal the timing and magnitude of rock exhumation during the Cenozoic. Our data set expands the spa-
tial range from previous studies and uses methods sensitive to both higher and lower temperatures than
previously investigated. We use thermal history modeling to determine the possible time-temperature (t-T)
histories that are supported by our data. We also conducted numerical modeling to investigate the poten-
tial influence of individual grain parameters, such as the predepositional thermal histories of the grains.
Our results provide clear evidence of Paleocene-early Eocene and late Eocene-early Oligocene cooling
phases and a less prominent late Oligocene-early Miocene cooling phase. We compare our results from
the northern Richardson Mountains with those reported from the Cordilleran margin to the west (Brooks
Range) and the south (Mackenzie Mountains). We investigate the possibility of the North American plate
motion as a possible driver for deformation by comparing the temporal changes of plate motion veloci-
ties and obliquity to the existing structural trends with phases of cooling along the eastern margin of the
Northern Cordillera.
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Figure 2. (a) Stratigraphic column of the northern Richardson Mountains showing generalized tectonic phases and local faulting events. Stratigraphy
compiled from Dixon (1996b) and Dyke (1996). Red stars indicate approximate stratigraphic positions of samples. (b) Map of the Richardson Mountains and
surrounding area showing paleogeographic features. Dashed red lines delimit the lower Paleozoic Richardson Trough and carbonate platforms. Dashed purple
lines show limits of known deformation from the Devonian Romanzof Orogeny and Devonian-Carboniferous Ellesmerian Orogeny, from Lane (2007). The
dark gray shaded area shows the location of latest Carboniferous—early Permian Ancestral Aklavik Arch of Jeletzky (1963).

2. Background

The northern Richardson Mountains resulted from thin-skinned deformation of Proterozoic-Paleocene
clastic rocks against the west-dipping cratonic margin of ancestral North America (Lane, 1996, 1998). The
dominantly NNE structural grain roughly parallels the underlying cratonic margin and was additionally
inherited from a complex geological and structural history that preceded Cordilleran contraction (Figure 2;
Cook et al., 1987; Lane, 1998; Lane & Dietrich, 1995; Norris, 1996). Pre-Cambrian and lower Paleozoic rocks
are only exposed along the western flank of a tilted fault block known as White Uplift (Figures 2 and 3;
Dyke, 1996). White Uplift originated as an isolated Cambrian-Devonian carbonate platform that developed
within the Richardson Trough, a northward-broadening failed rift graben flanked by shallow-water car-
bonates (Figure 2; Morrow, 1999; Rohr et al., 2011).

Two major phases of orogenesis affected the Canadian Arctic margin during the mid-Paleozoic (Lane, 2007).
These are the late Early Devonian to earliest Middle Devonian Romanzof Orogeny and the latest Devonian
to Early Carboniferous Ellesmerian Orogeny (Figure 2; Dyke, 1996; Lane, 2007; Lane & Mortensen, 2019).
The Jurassic and Early Cretaceous were characterized by extension and rifting that culminated in the open-
ing of the Canada Basin (Figure 1). Regional extension and thinning of continental lithosphere occurred as
early as 195 Ma (Grantz et al., 2011; Pease et al., 2014) with rifting and sea floor spreading during the Early
Cretaceous (134-117 Ma; Grantz et al., 2011; Helwig et al., 2011). In the Richardson Mountains, Jurassic

MCKAY ET AL.

30of 18



A2 |
ra\“1%
ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2020TC006582

RMss
By
i E m} '

sample ID
o AHepZHe

\
<= AHe BigotBuschendorf, 2015
o AFT O'Sullivan and La?re,1997

This study

. S
~ 305-425_ S
gy O gt
81-13 v

N0
N

10

15

20

» e . €
25km aﬁzﬁg )
"‘ f%&” 5

Figure 3. Topographic map of the northern Richardson Mountains showing new and published apatite and zircon (U-Th-Sm)/He data (AHe and ZHe; mean
ages and standard deviation, or age range) and apatite fission track ages (AFT). The locations of paleogeographic features are outlined in black dashed line. The
profile lines (A-A’, B-B’, and C-C’) show the extent of swath profiles in Figure S9.

and Lower Cretaceous rocks formed by epicontinental sedimentation (Dixon, 2004; Young, 1973) and gen-
erally represent nearshore and shelf facies deposits. Rift-associated Late Jurassic-Early Cretaceous exten-
sion resulted in regional unconformities and normal faulting (Dixon, 1992, 1993). Blow Trough developed
as a graben and was flanked by Barn Uplift to the west and by Cache Creek Uplift and White Uplift to the
east (Figure 3; Dixon, 1996a, 2004; Poulton, 1996; Poulton et al., 1982).

During the latest Early Cretaceous (~113-100 Ma), the primary sediment source regions shifted to west
and southwest (Dixon, 1996a, 2004). This change in provenance from earlier cratonic and Devonian clastic
wedge rocks is due to the encroachment of the Cordilleran thrust front to the central Brooks Range and to
the southwestern Mackenzie Mountains (Blythe et al., 1996; Powell et al., 2016). Over 4 km of Albian flysch
strata are preserved in Blow Trough, representing distal Cordilleran foreland deposits (Blythe et al., 1996;
Dixon, 1996b; Young, 1977). A regional unconformity divides the Albian succession from overlying Late
Cretaceous and Paleocene deposits (Figure 2a; Dixon, 1993). Regional east- and northeast-directed Cor-
dilleran contraction initiated in the latest Cretaceous. Deformed strata onshore constrain the timing of
contraction to Paleocene and younger. Additionally, offshore seismic reflection data record deformation of
the Beaufort Foldbelt during the early, middle, and late Eocene, late Oligocene and late Miocene (Dixon
et al., 1992; Lane & Dietrich, 1995). Onshore age controls for late Cenozoic deformation are limited, and
there is no clear record of deformation since the early Eocene. Today, earthquakes of magnitudes up to 6.6
have been recorded in the Richardson Mountains (Figure 1b; Earthquakes Canada, 2019) and the maximum
magnitude is calculated to be ~7.5 based on fault characteristics (Hyndman, Cassidy, et al., 2005; Hyndman,
Fliick, et al., 2005). Earthquake focal mechanisms are predominantly strike-slip in the Richardson Moun-
tains (Hyndman, Cassidy, et al., 2005; Hyndman, Fliick, et al., 2005). Thrust faults in this region show stri-
ations that indicate north—northeast-directed oblique or strike-slip displacement (Lane & Dietrich, 1995).
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3. Methods

We used AHe and ZHe analyses to constrain the timing and amount of rock cooling that can be related
to exhumation and erosion. The (U-Th-Sm)/He method relies on the alpha decay of radioactive isotopes
of uranium (***U, ***U), thorium (**Th), and samarium (**’Sm) that produced helium (e.g., Harrison &
Zeitler, 2005). Helium diffuses out of the mineral at high temperatures but starts to be increasingly retained
during cooling through a temperature window known as the Partial Retention Zone (PRZ). The PRZ ranges
~85°C-40°C for apatite (Flowers et al., 2009; Shuster et al., 2006; Wolf et al., 1998) and ~200°C-50°C for
zircon (e.g., Guenthner et al., 2013) and differs for individual grains depending on grain size, radiation dam-
age, and thermal history (Flowers et al., 2009; Guenthner et al., 2013). In sedimentary rocks, single-grain
dates may also vary due to inheritance of helium and radiation damage from their pre-depositional (i.e.,
source rock) histories (e.g., Guenthner et al., 2015) or due to compositional variations (Armstrong, 2005).

We collected samples that are located primarily along a 115 km-long northwest-southeast transect through
the Richardson Mountains (Figure 3). We aimed to collect coarser-grained sandstones, however, rock expo-
sures are rare and the dominant lithologies are fine-grained clastic sedimentary rocks (see sample location
on geologic map in Figure S1). We conducted apatite and zircon mineral separation on 54 rock samples us-
ing standard techniques of crushing, sieving, and magnetic and heavy liquid separation. Of these samples,
only 19 yielded apatite and zircon suitable for analysis. Two to six crystals from each sample were selected
using a Zeiss stereomicroscope, measured and packaged into individual Nb tubes. The selected grains are
ideally euhedral, unbroken, inclusion-free, and >70 um in width. The grain dimensions and morphology
are used to calculate a geometric correction factor (Fr) that accounts for the ejection of alpha particles from
the grain (Farley et al., 1996). The (U-Th-Sm)/He analyses were conducted at the Geo- and Thermochro-
nology Lab at the University of Calgary. A full description of the measurement method can be found in the
supporting information (Text S1). Helium was extracted in an Applied Spectra Alphachron helium line and
quantified by external calibration to a known volume of introduced *He. Parent nuclides were determined
by isotope dilution (U and Th) or external calibration (Sm) using methods modified after those of Evans
et al. (2005). Final ages were calculated using a Taylor expansion of the He ingrowth equation and corrected
for alpha-ejection using an in-house spreadsheet.

4. Results

We present 88 new AHe dates from 19 samples (Table S1), and 20 new ZHe dates from four samples (Ta-
ble S2). The AHe dates range between 16-300 Ma and show significant intrasample dispersion. Generally,
the AHe dates are younger than the stratigraphic ages of the rocks, indicative of thermal resetting by burial
(Figure 4). Mean sample ages and their standard deviation were calculated for nine samples, ranging from
26.8 + 3.6 Ma to 63.9 + 10.8 Ma (Table S1, Figure 3). AHe dates from the remaining 10 samples (45 grains)
yielded standard deviations >30% and were not used to calculate mean sample ages. Thus, in Figure 3, we
show the range of AHe dates for these samples. Overall, the majority (65%) of all AHe dates range between
24 Ma and 56 Ma (Table S1, Figure S2).

Dispersion in AHe dates is commonly attributed to individual grain parameters such as grain size and
radiation damage, which affect helium retention (Farley, 2000; Flowers et al., 2009). In order to investi-
gate these dependencies, we plotted single-grain AHe dates against the equivalent spherical radius (Ry),
which is the radius of a sphere with the same surface area-to-volume ratio as the measured grain (Fig-
ure S3; Wolf et al., 1996). Additionally, we plotted AHe dates against the effective uranium concentra-
tion (eU = [U] + 0.235 x [Th]), which is a proxy for radiation damage (Figure S3; Shuster et al., 2006).
In general, there are no obvious correlations between R and the AHe dates, but some older single-grain
dates can be explained by their comparatively large grain sizes (e.g., samples RM-45, RM-50, and 81-13 in
Figures S3a and S3b). Similarly, there is no apparent correlation between AHe date and eU that explains
the data dispersion (Figures S3c and S3d). However, in clastic sedimentary rocks, eU is likely an imperfect
proxy of radiation damage because the grains have experienced variable pre-depositional thermal histories.
Radiation damage accumulates in grains that have spent prolonged periods at temperatures below their an-
nealing thresholds, in addition to grains with higher eU (Shuster & Farley, 2009). Thus, a given low-eU grain
with a protracted predepositional history can accumulate significant radiation damage that impedes helium
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diffusion. We explored the influence of pre-depositional histories on the AHe dates using forward thermal
history modeling. The effect of radiation damage and grain size are also considered for inverse thermal
history modeling, which we used for the interpretation of our data (see below). Other potential sources of
dispersion are more difficult to quantify, such as the effects of undetected inclusions, U-Th zonation, broken
grains, and ‘He implantation from external phases (e.g., Farley et al., 2011; Gautheron et al., 2012). Due to
the low apatite yield of our samples and the sedimentary lithologies, we dated a number of imperfect grains
(i.e., broken ends, highly rounded, rough surfaces) and thus grain quality is another source of the observed
data dispersion.

We also report 20 new single-grain ZHe ages from samples RM-70 and RM-71 of Proterozoic and Cambrian
strata, and from samples 81-8 and 81-9 of the upper Jurassic Husky Formation (Figures 3 and 4; Table S2).
The ZHe ages in the Proterozoic and Cambrian samples are younger than the stratigraphic age and indicate
thermal resetting, whereas in the Jurassic samples the ZHe ages are older and not reset (Figure 4). The reset
ZHe ages range 51-123 Ma for sample RM-70 and 49-56 Ma for RM-71 (mean age 53.4 + 2.5 Ma). The un-
reset ZHe ages range between 291-831 Ma for sample RM 81-8, and between 305-425 Ma for 81-9.

5. Thermal History Modeling
5.1. Inverse Thermal History Modeling

We investigated the range of possible thermal histories that are consistent with the measured AHe data us-
ing the inverse mode of HeFTy (v1.9.3; Ketcham, 2005) and the radiation damage accumulation and anneal-
ing models for helium diffusion kinetics in apatite (Flowers et al., 2009) and zircon (Guenthner et al., 2013).
For each sample, a Monte Carlo approach is used to generate thousands of independent time-temperature
(+-T) paths that are then evaluated using a goodness-of-fit between the modeled and the measured sin-
gle-grain data. The model output is an envelope of T paths that illustrates the range of viable thermal his-
tories that can satisfy the measured data. Information on our modeling procedure and results are presented
in the supplement information (Text S2).

The results of the inverse ¢-T path modeling are summarized in Figure 5 and individual results for each sam-
ple are shown in Figure S4 and S5. Overall, we identified three phases of cooling within our data: cooling
that initiated in the Paleocene—-early Eocene at >65-50 Ma (Figure 5b; Group 1); cooling in the late Eocene—
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Figure 5. (a) Topographic map of the northern Richardson Mountains showing sample location from this study and from Bigot-Buschendorf (2015), with
sample ID labels colored according to interpreted cooling phases. (b—d) Inverse thermal history models from HeFTy (Ketcham, 2005) compiled based on similar
thermal histories. Envelopes show the range of possible time-temperature path solutions that fit the measured data. Pale rectangles indicate interpreted phases
of exhumational cooling. Individual HeFTy models are presented in Figures S4 (this study) and S8 (Bigot-Buschendorf, 2015).

Oligocene between 40 and 30 Ma (Figure 5c¢; Group 2); and Oligocene—early Miocene cooling between 30
and 15 Ma (Figure 5d; Group 3). The amount of recorded cooling varies widely and some samples indicate
multiple phases of cooling. For example, samples RM-69 and RM 81-10 indicate rapid cooling to below 40°C
by 65-50 Ma, whereas samples RM-6, RM-45, and RM-58 allow for a more protracted thermal history after
the initial cooling phase (Figure 5b; Group 1). Most samples show overlapping modeled ¢T solutions that
together suggest accelerated cooling during the late Eocene-Oligocene (Figure 5c¢; Group 2). The models
of the four samples that record the latest cooling phase show significant variation in cooling time and rate
(Figure 5d; Group 3), indicating that some individual grains record earlier cooling phases whereas others
record the latest cooling. This includes the ¢-T histories of samples RM-71 and RM-70 that include ZHe data
and clearly show two stages of cooling in the Paleocene-early Eocene and the late Oligocene (Figure 5d and
Figure S4). Overall, most samples were near surface and below the sensitivity of AHe analysis by 30 Ma.

5.2. Forward Thermal History Modeling

The inverse modeling approach implicitly assumes that each of the grains share a single predepositional
thermal history. However, our ZHe results and former provenance studies indicate that the sediments were
derived from multiple source rocks and grains were recycled extensively (Beranek et al., 2010; Colpron
et al., 2018; Hadlari et al., 2012, 2015). Helium and radiation damage are inherited from source rock thermal
histories, resulting in a non-zero date at the time of deposition and increased closure temperature of the
AHe system (e.g., Fox et al., 2019; Guenthner et al., 2015; Shuster et al., 2006). Accordingly, AHe date-eU
relationships within a sample will not necessarily adhere to the positive trend predicted by helium diffusion
models (e.g., Flowers et al., 2009), particularly if some grains were at low temperatures (below the diffu-
sion threshold) for a prolonged period prior to deposition. To explore the influence of the predepositional
thermal history of a grain on the resulting AHe dates derived from sedimentary rocks, we modeled variable
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Figure 6. Results of modled apatite (U-Th-Sm)/He (AHe) date-eU envelope derived from forward thermal history
modeling using HeFTy (Ketcham, 2005). Measured AHe data set shown as colored symbols. The models show the
expected date-eU relationship for accelerated post-depositional cooling during (a) late Paleocene-early Eocene and

(b) late Eocene-Oligocene. The models show the influence of pre-depositional (source rock) cooling rates of (c and d)
10 °C/Myr, (e and f) 1 °C/Myr, and (g and h) 0.1 °C/Myr and postdepositional burial temperatures T = 70°C-110°C in
increments of 10°C. The colored envelopes show the expected range of data for R, = 30-60 um and ry,o = 0.75 using the
tested parameters. The dashed red line denotes the measured data that are not accommodated by the modeled thermal
history of panel (a).

source rock cooling rates using the forward mode of HeFTy (Ketcham, 2005). More information on our for-
ward model procedures and results can be found in the supporting information (Text S2).

Our results indicate that for a given eU value and maximum burial temperature, a slowly cooled sediment
source rock will generate older AHe dates than a rapidly cooled source rock (Figure 6). The models demon-
strate that burial temperatures well above the AHe PRZ (>100°C) will not necessarily induce complete
thermal resetting. We tested two T histories and found that a Late Paleocene-early Eocene cooling (Fig-
ure 6a) cannot account for the many young AHe dates in our sample set (red dashed circle in Figures 6c, 6e,
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and 6g). A late Eocene-Oligocene cooling phase (Figure 6b), can reproduce the full array of AHe dates and
associated eU values if variable pre-depositional grain histories are considered (Figures 6d, 6f, and 6h). The
inheritance envelopes generally predict that older AHe dates correspond to lower burial temperatures (Fig-
ure 6). We estimated maximum burial temperatures for our samples by comparing the AHe date-eU data
of individual samples to the inheritance envelopes generated for specific burial temperatures (Figure S7).
Overall, our results from forward modeling suggest that; (1) the thermal history of the sediment source
rocks is the most likely cause of AHe date dispersion in our study; (2) a major cooling phase subsequent
to late Paleocene—-early Eocene cooling is required to describe our data; and (3) maximum burial tempera-
tures were approximately 70°C-90°C for most samples in our study area, with the highest temperatures of
90°C-110°C (RM-34).

6. Discussion
6.1. Stratigraphic and Spatial Patterns of Sediment Burial

Thermochronology data are sensitive to temperature changes and can be used to quantify the burial of
sediment. The AHe dates of our samples from the northern Richardson Mountains are generally younger
than the stratigraphic ages, which is a first-order indication of burial to above the AHe PRZ (>75°C-80°C;
Figure 4). However, six of our samples exhibit highly dispersed data and have single-grain dates that predate
Cordilleran orogenesis (greater than ~100 Ma). In general, AHe data from Proterozoic-Cambrian strata
show less AHe date dispersion than Permian-Lower Cretaceous strata (Figure 4). The amount of dispersion
decreases significantly for Upper Cretaceous strata and is the lowest for Paleocene strata. These findings
suggest elevated burial temperatures during Cretaceous—Paleogene time to thermally reset the stratigraph-
ically young samples. However, this burial phase apparently did not cause total helium diffusion in grains
from the older (Permian-Lower Cretaceous) samples, or else the AHe dates would at least be as young as
~100 Ma. We generally anticipated that our AHe dates would be fully reset by this Cretaceous—Paleogene
burial based on maximum burial temperatures inferred by AFT data to be >80°C-110°C near Big Fish River
and >110°C in Blow Trough and the Barn Mountains (Figure 3a; O'Sullivan & Lane, 1997). To investigate
spatial dependencies, we plotted our new AHe results together with previous thermochronology data (Fig-
ure 3; Bigot-Buschendorf, 2015; O'Sullivan & Lane, 1997) and on three west—east swath profiles (Figure S9),
but could not find any clear correlations.

The AHe date dispersion likely relates to the source rock thermal histories of the individual grains, a con-
cept that we explored using forward modeling (Figure 6). This interpretation is supported by provenance
studies that suggest the strata are comprised of recycled grains from the Laurentian craton, the Ellesmerian
clastic wedge, and from local strata, with relatively minor contributions from Cordilleran arc sources in
younger rocks (e.g., Beranek et al., 2010; Colpron et al., 2018; Hadlari et al., 2015, 2012). These recycled
grains with protracted thermal histories have the potential to accumulate significant amounts of radiation
damage that affected later helium retentivity. Stratigraphic studies indicate that Lower Cretaceous and old-
er strata of the Richardson Mountains comprise east- and southeast-derived sediment that was deposited
on the continental margin of ancestral North America (Figures 7a-7d), whereas Upper Cretaceous—Pale-
ocene rocks comprise west- and southwest-derived sediment deposited in the Cordilleran foreland basin
(Figures 7e and 7f; Dixon, 1996a, 2004; Young, 1973). We infer that recycled grains derived from eastern
(cratonic and clastic wedge) source rocks cooled relatively slowly and were generally at low temperatures
for significant durations before deposition. Conversely, western (Cordilleran) source rocks are more likely to
have experienced rapid exhumation through the PRZ before erosion and deposition and therefore have less
radiation damage and less dispersion in general. In summary, cratonic grains found in Lower Cretaceous
and older strata are more likely to have older apparent cooling ages than the presumably less-damaged Cor-
dilleran grains found in the Upper Cretaceous—Paleocene samples.

The Proterozoic—Cambrian samples yielded well-behaved AHe dates (Figure 4) and thermally reset ZHe
dates that suggests burial to >160°C. It is unclear whether Cretaceous-Paleogene burial caused thermal
resetting of these samples, or whether these older strata were already buried to temperatures above the
AHe PRZ before that time. A Carboniferous-Triassic thermal maximum is well documented across the
region and may relate to Ellesmerian foredeep deposition (Lane et al., 2015). AFT data from Devonian
rocks in the southern Richardson Mountains (Issler & Lane, 2016; Lane et al., 2015), the Mackenzie Plain
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(Issler et al., 2005; Powell et al., 2019), and the plain east of the Mackenzie Delta (Issler et al., 2012) suggest
maximum heating to between 90°C-190°C that occurred at least prior to the Middle-Late Triassic. Similar
results were obtained from ZHe data of Neoproterozoic strata in the central Mackenzie Mountains (Powell
et al., 2016). In the British Mountains, the thermal maximum likely occurred during or before the Early
Carboniferous, based on the youngest ZFT age population of partially reset Neoproterozoic rocks (Big-
ot-Buschendorf et al., 2019). Additionally, thermal maturity data from wells northeast of the Richardson
Mountains (Figure 1a) indicate that Permian strata are significantly more mature than overlying Jurassic
rocks, reflecting deposition and erosion of ~4 km of strata prior to Jurassic deposition (Issler et al., 2012).
Based on these regional trends, we infer that the Proterozoic-Cambrian rocks likely experienced a major
burial phase prior to the period of Cretaceous—Paleogene burial.

6.2. Timing and Spatial Pattern of Rock Exhumation

Our new data and previously published data by O'Sullivan and Lane (1997) and Bigot-Buschendorf (2015)
suggest that multiple phases of cooling and inferred exhumation due to deformation and erosion affected
the northern Richardson Mountains during the Cenozoic (Figure 5). Exhumation initiated in the Pale-
ocene-early Eocene (>65-50 Ma) (Figure 5b; Group 1); followed by a phase of rapid exhumation during
late Eocene-early Oligocene time (Figure 5c; Group 2); and exhumation that continued until as late as the
early Miocene (Figure 5d; Group 3). The Paleocene-early Eocene cooling and inferred deformation phase
corroborates regional structural studies (Lane, 1998; Lane & Dietrich, 1995) and previous findings from
AFT data (O'Sullivan & Lane, 1997) that indicate Cordilleran orogenesis affected the northern Richardson
Mountains. The AFT data suggest rapid cooling at ~57-53 Ma due to erosion of 2.7-3.8 km of strata (O'Sul-
livan & Lane, 1997). The late Eocene—early Oligocene deformation phase is supported by some AFT grain
dates that are 50-35 Ma, with relatively long (14 um) confined fission tracks (O'Sullivan & Lane, 1997). Our
findings are also supported by AHe results from eight clastic sedimentary rocks in the northwestern part
of our study area with ages ranging 42-30 Ma (Figure 3; Bigot-Buschendorf, 2015). This late Eocene-early
Oligocene cooling phase was previously not well constrained due to the paucity of data and lack of thermal
history modeling in the region. Our modeling results clearly show that deformation and associated cooling
occurred regionally during late Eocene-early Oligocene time, after the well-documented initial phase of
Paleocene—early Eocene Cordilleran orogenesis. These thermal models show rapid cooling from 70°C-90°C
to below 40°C from 40-30 Ma. This cooling suggests at least 0.9-2 km of exhumation, assuming a geother-
mal gradient of 25°C/km-35°C/km (Dixon, 1996b; O'Sullivan & Lane, 1997). In the northernmost part of
our study area, >1.4-3.2 km of rock exhumation occurred during this time to bring sample RM-34 from
temperatures of 90°C-110°C to below 40°C (Figure 3). These findings indicate erosion rates of 90-320 m/
Myr in the northern Richardson Mountains during late Eocene-Oligocene time. Exhumation that occurred
after ~30 Ma is generally not detected by our samples, indicating <1-2 km of exhumation with a maximum
erosion rate of 70 m/Myr to bring these rocks to surface today. However, four samples record sensitivity to
even later cooling during the late Oligocene—-early Miocene (30-15 Ma). These samples may record renewed
contraction and reactivation of structures or possibly local continuation of the earlier exhumation.

There is no obvious spatial pattern in the timing of exhumation (Figures 3 and 5 and Figure S9). However,
some pre-existing structures such as White Uplift show a clear influence (Figure 3 and Figure S9). The two
thrust faults that bound White Uplift (Figure S9d) are assumed to have formed along an important Paleo-
zoic facies change between carbonates of White Uplift and shales of the surrounding Richardson Trough
(Figure 7c; Dyke, 1996). The difference in date dispersion and the stratigraphic separation between the sam-
ples collected across the thrusts suggest that the Proterozoic-Cambrian rocks (hanging wall) were buried
to temperatures above the ZHe PRZ before being rapidly cooled by thrusting and erosion. In comparison,
the adjacent Permian-Jurassic rocks (footwall) were within PRZ temperatures before experiencing this final
exhumation. We infer from our inverse models (Figure 5) that exhumation of these samples began during

Figure 7. Schematic overview of the geologic history of the study area. (a) Deposition of lower Paleozoic deep-water shales of the Richardson Trough and
carbonate platforms, including White Uplift. (b) Deposition of Lower Jurassic nearshore and shelf deposits. (c) Initial faulting at White Uplift at ~170 Ma,
causing local erosion of lower Bug Creek Group strata and thinning of the upper Bug Creek Group succession. (d) Late Jurassic-Early Cretaceous block faulting
to form Cache Creek Uplift and White Uplift. (e) Deposition of Early Cretaceous Cordilleran foreland strata. (f) Late Cretaceous—Oligocene deformation and
associated exhumation of northern Richardson Mountains strata.
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the Paleocene-early Eocene to induce cooling through the ZHe PRZ, and was likely renewed during late Eo-
cene-Oligocene. The ZHe data from Proterozoic-Cambrian rocks suggest >4.5-6.4 km of exhumation that
occurred during thrust faulting in the Paleocene-early Eocene and late Eocene-Oligocene. Our findings
from White Uplift are generally consistent with regional studies that suggest a significant role of inherited
structures during Cenozoic deformation (Cook et al., 1987; Hanks, 1993; Lane & Dietrich, 1995).

6.3. Cenozoic Deformation Along the Margin of the Northern Cordillera

The seismically active foreland fold-and-thrust belt along the eastern and northern margin of the Northern
Cordillera comprises the northeastern Brooks Range, Richardson Mountains, and Mackenzie Mountains
and stretches more than 1,600 km (Figure 1). Previous thermochronology studies along this margin docu-
ment overall similar timing of deformation during the Late Cretaceous and Cenozoic. Exhumational cool-
ing initiated by ~100 Ma, which is recorded in the Mackenzie Mountains (Enkelmann et al., 2019; Powell
et al., 2016), and in the central Brooks Range (Cole et al., 1997; Murphy et al., 1994; O'Sullivan et al., 1997).
In the British Mountains, northwest of the Richardson Mountains, deformation initiated slightly later,
at ~80 Ma (Bigot-Buschendorf et al., 2019). Migration of the foredeep and propagation of the fold-thrust
belt caused an intense phase of deformation at 60-50 Ma, which is indicated in the northern Richardson
Mountains by our data and by work by O'Sullivan and Lane (1997). Rapid exhumation at ~60 Ma is also
documented across the entire Brooks Range and adjacent foreland basin (e.g., Cole et al., 1997; Craddock
et al., 2018; O'Sullivan et al., 1997, 1993; Parris et al., 2003; Potter et al., 2004). Similar results are record-
ed south of the Richardson Mountains with Paleocene exhumation in the Mackenzie Mountains (Powell
et al., 2016) that coincides with maximum burial and heating of Cretaceous strata in the adjacent Macken-
zie Plain (Enkelmann et al., 2019; Issler et al., 2005).

Our AHe results indicate another exhumation phase occurred in the northern Richardson Mountains dur-
ing late Eocene—early Oligocene time (40-30 Ma). These findings are generally consistent with AFT and ZFT
data from the northeastern Brooks Range that indicate out-of-sequence deformation during discrete phases
at ~45, ~35, and ~25 Ma (Murphy et al., 1994; O'Sullivan, 1996; O'Sullivan & Wallace, 2002; O'Sullivan
et al., 1995, 1997; Peapples et al., 1997; Potter et al., 2004). Deformation at ~45 and ~25 Ma is evident across
much of the Brooks Range and North Slope (Craddock et al., 2018; Moore et al., 2004; O'Sullivan, 1996;
O'Sullivan & Wallace, 2002; O'Sullivan et al., 1997; O'Sullivan, Moore, et al., 1998), whereas deformation
at ~35 Ma is recognized only in the northeastern Brooks Range, primarily along the western and north-
western mountain fronts (O'Sullivan, 1992; O'Sullivan & Decker, 1990; O'Sullivan et al., 1993; O'Sullivan,
Wallace, et al., 1998). This ~35 Ma deformation phase may correlate with the late Eocene—early Oligocene
deformation identified in the Richardson Mountains. However, thermochronology studies between these
two disparate regions have not recognized exhumation during this period (e.g., Bigot-Buschendorf, 2015;
Bigot-Buschendorf et al., 2019; Lane & Issler, 2011; O'Sullivan et al., 1993).

At the eastern margin of the Mackenzie Mountains and Plain, AHe data from Neoproterozoic-Devonian
and Cretaceous rocks evidenced a phase of accelerated cooling during Oligocene—early Miocene time (33—
20 Ma) and imply a minimum of 1-3 km of exhumation (Enkelmann et al., 2019). Other authors have in-
terpreted an overall protracted Cenozoic history for strata in the Mackenzie Mountains and Plain based on
AFT and AHe data (Powell et al., 2018, 2019). However, these data also indicated a possible Neogene cooling
pulse that was not well resolved. A slower cooling history for the northwestern Mackenzie Mountains was
interpreted from a single 35 Ma AFT date and overall shortened fission track lengths (Lane & Issler, 2011).

Overall, these results from the Brooks Range, Richardson Mountains, and Mackenzie Mountains indicate
that late Eocene to early Miocene (40-20 Ma) cooling due to deformation occurred across the entire north-
ern and eastern margin of the Northern Cordillera. Thrusting and associated rock uplift and erosion caused
exhumation of 1-3 km. However, the exact timing of deformation along the margin appears to be asyn-
chronous. Multiple exhumation phases are detected by thermochronology data across the Brooks Range
and northern Richardson Mountains, whereas only one phase of deformation is detected in the Mackenzie
Mountains during this period. Additionally, there was a 5-10 Myr lag between the main phase of rapid
exhumation in the northern Richardson Mountains (40-30 Ma) compared to exhumation in the Mackenzie
Mountains (33-20 Ma) and northeastern Brooks Range (~25 Ma).
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Seismic and GPS data indicate that the entire margin of the Northern Cordillera is tectonically active and
mountain building and deformation is ongoing (Figure 2; Audet & Ma, 2018; Hyndman, Fliick, et al., 2005;
Leonard et al., 2008). Earthquake focal mechanisms in the Richardson Mountains are predominantly dex-
tral strike-slip (Figure 2; Hyndman, Fliick, et al., 2005), which is expected to result in little exhumation
compared to dip-slip faulting. However, exhumation elsewhere along the Northern Cordillera margin, char-
acterized by dominantly thrust faulting (Figure 2; Hyndman, Fliick, et al., 2005), has also not resulted in
exhumation of more than 1-2 km. Thus, the onset of the current deformation phase remains unresolved by
thermochronological data and must be recent (post Miocene).

6.4. What Drives Cenozoic Deformation at the Eastern Margin of the Northern Cordillera?

The widespread evidence of late Eocene to early Miocene (40-20 Ma) deformation along the eastern margin
of the Northern Cordillera raises questions about possible driving mechanisms. At this time, the Cordil-
leran compressional deformation is considered to have ended and the western margin of North America
was characterized by dextral strike-slip motion and regional transtension (e.g., Dusel-Bacon et al., 2016;
Monger & Gibson, 2019). Changes in the direction and velocity of the North American plate motion have
been suggested to explain the Oligocene-early Miocene deformation documented in the Mackenzie Moun-
tains (Enkelmann et al., 2019). They propose that the final opening of the North Atlantic may have caused
increased rates of NW directed plate motion of the North American craton, which was pushed beneath
the weak sedimentary cover strata at the eastern edge of the Northern Cordillera. Similarly, Monger and
Gibson (2019) suggested that motion of the North American craton had major influence on the Canadian
Cordilleran evolution from ~200 Ma to early Cenozoic. This study reviews the geologic record from mostly
the southern and central Canadian Cordillera and found that orogen-normal compression is documented
primarily during times of westward craton motion. Dextral and sinistral strike-slip displacement occurred
during southwestward and northwestward craton motion, respectively (Monger & Gibson, 2019). Thus,
the westward movement of the North American craton, tied to mantle coupling with the thick (>200 km)
cratonic lithosphere, is suggested to be the primary driver of the Cordilleran deformation (Monger & Gib-
son, 2019) and post-Cordilleran deformation along the eastern margin (Enkelmann et al., 2019).

To further explore the kinematic changes of the North American Plate and their possible effect at the east-
ern margin of the Northern Cordillera, we used GPlates (v2.2; Miiller et al., 2018) to track the direction
and magnitude of the absolute plate motion since 60 Ma (Figure 8). We used the rotation model of Miiller
et al. (2019) for our reconstructions and selected three locations along the eastern margin that coincide with
availability of thermochronology data at the northeastern Brooks Range, northern Richardson Mountains,
and Mackenzie Mountains (Figure 8). Overall, the extracted velocity pattern is similar at these locations at
any given time, and show consistently small offsets in magnitude (Figure 9a) and the azimuth (Figure 9b),
due to the relative distance from the Euler pole in the North Atlantic. Phases of high plate velocity occurred
at 56-48, 40-30, and 10-0 Ma (Figure 9a). Plate velocity was fastest during Paleocene-Eocene time, concur-
rent with significant Cordilleran deformation across the margin (Figure 9d). The second velocity increase
correlates with deformation in the northern Richardson Mountains and parts of the northeastern Brooks
Range during late Eocene-Oligocene time. However, the main phase of renewed deformation in the Brooks
Range and Mackenzie Mountains started later during the Oligocene when the velocity was starting to de-
cline (Figure 9d). We consider the first-order trend of structures relative to the plate motion vector at each
location to evaluate if deformation would be dominated by dip-slip or strike-slip motion. Thermochronol-
ogy is sensitive to rock exhumation that primarily occurs during dip-slip faulting, when stresses act with
a higher angle (>45°) to preexisting structures. Major structures in the northern Richardson Mountains
trend NNE and are thus nearly orthogonal to structures in the northeastern Brooks Range (trend E) and
Mackenzie Mountains (trend NW) (Figure 8a). We observe a correlation between the obliquity of the plate
motion to the main structural trends along the Cordilleran margin and the recorded phases of exhumation.
We propose that this difference in structural trend explains the earlier (late Eocene-early Oligocene) exhu-
mation in the Richardson Mountains when plate motion was more normal and resulted in higher dip-slip
motion (Figure 9c). The obliquity increases in the Richardson Mountains at 40-35 Ma, coincident with the
increase in plate velocity. In comparison, the obliquity decreases to <45° from 40-35 Ma in the northeastern
Brooks Range and Mackenzie Mountains, but then increases from 35-20 Ma while the plate velocity is still
elevated (Figure 9). This later increase in obliquity coincides with the main phases of recorded exhumation
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Figure 8. (a) Map of present-day North America showing isochron data related to spreading centers in the Canada
Basin and North Atlantic. (b-g) Velocity vectors of the North American Plate from 60 to 0 Ma at locations within the
northeastern Brooks Range (NEB), Richardson Mountains (RM), and Mackenzie Mountains (MM), modeled using
GPlates (v2.2; Miiller et al., 2018). Black arrows represent the velocity vectors at 5 Myr increments. Yellow arrows are
velocity vectors at 1 Myr increments.

in these regions. The late Oligocene-early Miocene cooling phase indicated by our thermal history mod-
els (Figure 5d) occurred during declining North American plate velocities and moderate obliquity (Fig-
ure 9). However, the obliquity to the structures in the Mackenzie Mountains increased and thus resulted in
a more distinct record of cooling and suggested initiation of thrusting in the Mackenzie Plain (Enkelmann
et al., 2019).
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Figure 9. (a-c) Plate kinematics of the eastern margin of the Northern
Cordillera since 60 Ma, modeled using GPlates (Miiller et al., 2018).
Colored arrows refer to kinematic changes referenced in the text. Locations
and plate motion vectors are shown in Figure 8. Obliquity refers to the
angle between the velocity azimuth and the strike of main structures.

(d) Timing of known exhumation phases and offshore unconformities
discussed in the text. NEB, northeastern Brooks Range.

We acknowledge that these are simplified structural considerations
where the Cordillera is considered the backstop, which is unlikely given
its accretion history. More sophisticated models are needed that consider
the motion of both, the North American plate and the Cordillera to fur-
ther investigate the Cenozoic deformation. A possible backstop for craton
convergence could be the Resurrection Plate, proposed to have bisected
the Kula and Farallon plates until it was fully subducted beneath North
America by ~40 Ma (Fuston et al., 2020; Heaussler et al., 2003; Madsen
et al., 2006). Tomographic imaging suggests that a remnant of the ther-
mally eroded Resurrection Plate currently underlies the Yukon at a depth
of 400-600 km (Fuston et al., 2020). Our GPlates model shows that the
last major velocity increase started 10 Ma and may be the onset of the
observed deformation pattern today. In summary, we hypothesize that
post-Cordilleran exhumation along the eastern margin of the Northern
Cordillera was related to the combined effects of westward North Amer-
ican Plate motion and the angle of structural trends relative to the plate
motion. Changes in velocity were consistent across the Cordilleran mar-
gin, but the obliquity was elevated in the Richardson Mountains approx-
imately 5-10 Myr before the northeastern Brooks Range and Mackenzie
Mountains, resulting in a delayed response in exhumation in these latter
locations.

7. Conclusions

Analysis of new apatite and zircon (U-Th-Sm)/He data provides insight
into the burial and exhumation history of the northern Richardson
Mountains (Figure 1). Thermal resetting of the AHe data from Proterozo-
ic-Paleocene rocks suggests burial to >75°C-80°C since deposition. Reset
ZHe data from Proterozoic-Cambrian rocks suggests burial to >160°C,
whereas unreset ZHe data from Jurassic rocks limits their burial to
<160°C. Our analysis of the AHe data yielded three stages of the region-
al cooling history. Accelerated cooling initiated in the Paleocene-early
Eocene (>65-50 Ma), consistent with previous thermochronology data
in the region. However, most of our samples underwent rapid cooling
during late Eocene—-early Oligocene time (40-30 Ma), and some samples
cooled during the Oligocene-early Miocene (30-15 Ma). We infer from
these cooling histories that the northern Richardson Mountains contin-
ued to deform after the Paleocene-early Eocene phase of Cordilleran
orogenesis. The cooling decelerated and rocks were close to surface tem-
peratures since the onset of the Miocene. Our data are consistent with
studies across the eastern margin of the Northern Cordillera (Figure 1).
We propose that this widespread Late Cenozoic exhumation was caused
by changes of the North American Plate motion. Measurable exhumation
occurred along the eastern margin of the Northern Cordillera during pe-
riods of increased plate velocity, particularly when plate motion was at
higher angle to preexisting structures.

Data Availability Statement

All new data presented in this manuscript are publicly available at
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