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Abstract

It has long been speculated that isolated Paleoproterozoic basins of northern Laurentia
are remnants of a once contiguous sedimentary cover due to similarities in stratigraphy,
paleocurrent directions, sediment provenance, and geochronological data. However, corrob-
orating evidence for this ‘superbasin hypothesis’ has been lacking outside the footprints
of the preserved basins. We present new zircon and apatite (U-Th)/He and fission-track
thermochronology data and time-temperature inversions from metamorphic basement that
support the previous existence of sedimentary cover over currently exposed shield regions,
bridging the gap between preserved basin strata across a large expanse of northern Canada.
Inversions also reveal a notably synchronous and relatively rapid cooling event consistent
with deep erosional exhumation during supercontinent breakup and Snowball Earth glacia-
tions. Our study provides a comprehensive dataset from the exposed craton in northern
Canada that supports an originally more widespread Proterozoic basin and offers additional
evidence of ~4.3 + 1.1 km of Neoproterozoic erosional exhumation that played a role in the

formation of the Great Unconformity surface across North America.

1 Plain Language Summary

This study offers new insights into the idea that ancient sedimentary basins in northern
Canada were once connected. The research shows that much of northern Laurentia was
once covered by several kilometers of sedimentary rock, which was mostly eroded millions
of years ago during a time of global ice ages and the breakup of a supercontinent. This
erosion helped form the Great Unconformity, an important geological boundary found across
North America. The findings support large-scale sediment deposition and erosion across the
continent and provide a better understanding of how Earth’s surface evolved during a critical

period in its history.

2 Introduction

Laurentian North America contains some of Earth’s most ancient rocks and is regarded
as a model of long-term tectonic stability. The preservation of widely separated Paleopro-
terozoic sedimentary basins in northern Canada attests to this stability, suggesting minimal
denudation over billions of years (Fig. 1). The geologic history relevant to this study be-
gins in the Paleoproterozoic (2500-1600 Ma) with the growth of Laurentia during the ca.

2000-1800 Ma Taltson-Thelon and Hudsonian orogenies and associated post-orogenic mag-



matism (Hoffman, 1988). Our study area encompasses the Churchill Province (Fig. 1),
which includes the Rae and Hearne cratons (Pehrsson et al., 2013). Churchill Province
structural domains cooled below 300 °C during episodic exhumation from lower-to-middle
crustal depths between ca. 1900 Ma to < 1750 Ma (Flowers et al., 2008; Kellett et al.,
2020; Regis et al., 2021). Deep crustal exhumation was followed by widespread basement
exposure—reflected by a prominent weathering surface and lateritic paleoregolith that is
preserved near and beneath many of the intracratonic basins (Gall, 1992; Gall & Donald-
son, 2006). The causes, timing, and tempo of cratonic surface evolution between deposition

of these sediments and the Cambrian is poorly understood.

We focus on the areas between the Athabasca, Thelon, Hornby Bay, and Elu basins
(Fig. 1). These basins share similar stratigraphic ages and depositional facies (Fig. 2) and
have been considered part of a putative superbasin (e.g., Fraser et al., 1970; Young, 1979;
Gall & Donaldson, 2006; Rainbird et al., 2007; Hahn et al., 2013; Furlanetto et al., 2016;
Rainbird & Davis, 2022). The ‘superbasin hypothesis’ proposes that a massive, long-lived
basin accumulated extensive sedimentary deposits over hundreds of millions of years. In this
hypothesis, the current intracratonic basin footprints across northern Laurentia represent
the erosional remnants of this once larger basin. What the superbasin hypothesis does not

address is when erosion occurred to separate the remnant basins.

The prevailing idea is that intracratonic basin formation began with failed rifting and
subsidence, followed by burial under detritus shed from the Trans-Hudson Orogen (Fraser
et al., 1970; Hahn et al., 2013; Rainbird & Davis, 2022). The remnant basins (Fig. 1)
may have been initially contiguous, part of an expansive arenite sand sheet deposited over a
broad region with locally thicker depocenters that formed in response to thermal subsidence
following Laurentia’s consolidation (Ramaekers et al., 2007; Rainbird et al., 2003; Rainbird &
Davis, 2007). The basins have generally been viewed as isolated “lakes of gravel and sand”
separated by vast areas of limited accommodation space (Ramaekers et al., 2007). The
sedimentary cover was originally thicker and more widespread than what remains today,
but it was still less than foreland or continental margin basins (Jefferson et al., 2007).
Sediment accumulation within the intracratonic sag basins probably reached ~3—6 km at
most, depending on burial model and depocenter location (Rainbird et al., 2003; Chi et al.,

2018).



The Thelon and Athabasca basins (~1-2 km preserved thickness) are the best studied
examples due to their association with unconformity-hosted uranium deposits (Jefferson et
al., 2007; Alexandre et al., 2009). The Hornby Bay (Rainbird & Davis, 2022) and Elu basins
(Ielpi & Rainbird, 2015), as well as the more distal ~14 km-thick Wernecke (Furlanetto et
al., 2016) and ~6 km-thick Muskwa basin (Ross et al., 2001) near the modern, western
cratonic margin (Fig. 1B) are interpreted to preserve the medial and distal (respectively)
parts of a westerly flowing, pan-Laurentian drainage system. It was proposed that clastic
sediment input from the east dwindled over time, followed by marine transgression from the
west and flooding of the craton by an epicontinental sea, leading to shallow-water carbonate
deposition (Hahn et al., 2013). Geochronology and regional stratigraphic similarities (Figs.
1 and 2) indicate deposition occurred across the cratonic interior from ca. 1700 Ma to <
1540 Ma (< 1440 Ma Hornby Bay and Elu basins), possibly extending to ca. 1270 Ma
at the time of Mackenzie Large Igneous Province (LIP) emplacement (Hahn et al., 2013;
Furlanetto et al., 2016; Rainbird & Davis, 2022; Pehrsson et al., 2023). During the main
phase of the Grenvillian orogeny ca. 1100-1000 Ma, craton-wide sediment transport and
deposition are theorized (Young, 1979; Rainbird et al., 1992, 2012, 2017), although strata
of Grenvillian age are not presently preserved within Laurentia’s interior (Rainbird et al.,
2012, 2017). Neoproterozoic basins, including Amundsen, Bylot, Fury and Hecla (Fig. 1) are
found along the northern continental margin in Canada (Rainbird et al., 1996; Greenman et
al., 2021). We use the terms ‘cratonic interior’ or ‘shield’ to refer to the oldest central region
of Laurentia characterized by the thickest continental lithosphere > 225 km (Steinberger
& Becker, 2018) and fast seismic velocity, whereas ‘cratonic margin’ is primarily used to
denote the far western and northern areas of thinner, transitional lithosphere (< 225 km)

along the modern coastline extending into the Canadian Arctic Archipelago.

The Proterozoic sedimentary rocks across northern Canada comprise three unconformity-
bounded sequences: Sequence A (> 1700-1070 Ma), Sequence B (1070-720 Ma), and Se-
quence C (720-540 Ma) (Young, 1979; Rainbird et al., 1996, 2017, 2020). Sequence A is
the only sedimentary package located on the interior of the shield (partially preserved),
whereas Meso- to Neoproterozoic Sequences B and C are preserved closer to the continental
margin (Fig 1). Sequence C includes Cryogenian (720-635 Ma) diamictites that support the
Snowball Earth hypothesis (Hoffman et al., 2017). The best studied stratigraphic sections
with radiometric age control are located in the Hornby Bay and Amundsen basins along the

margin (Figs. 1C and 2). For example, Figure 1C shows Great Bear Supergroup (informal
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Figure 1. Location map of the northern Canadian Shield with simplified geology. Cratonic
areas in gray are undifferentiated Precambrian basement, whereas areas in white are Phanerozoic
(mostly Paleozoic) strata. Thin lines are regional faults. (A) Thermochronologic sample locations
with respect to Paleoproterozoic basins. [1] 97-10-481; [2] 97-10-499; [3] 02-123A; [4] 00-196B/C;
[5] 16EM1207A; [6] CL134; [7] 14NK-M044A04; [8] 12NK-L015; [9] 16BLB-R118A; [10] 97-10-
365. Dark gray sample location points are previously published. Note that the age ranges for
Sequences A—C are generalized and not necessarily representative of the preserved rocks in each
basin. (B) Inset of Canada showing Paleoproterozoic basin remnants believed to be part of an
inferred superbasin. Abbreviations: A—Athabasca; T—Thelon; E-Elu; H-Hornby Bay; W—Wernecke
Supergroup; M-Muskwa Assemblage. (C) Stratigraphic column modified from Rainbird et al.
(2020) showing well preserved sections from the Hornby Bay and Amundsen basins with radiometric
age control. Note: Uppermost Re-Os date reported date of 761 £ 41 Ma from Rainbird et al. (2020)
revised to 799.6 £+ 4.5 Ma (Shipman et al., 2024). Rock types are color-coded (sandstone = yellow;
basalt = green; felsic volcanic = red; gabbro = purple; carbonate = blue; shale = gray; evaporite

= pink).



name) sedimentation occurred from > 1650 Ma through < 1270 + 4 Ma (Sequence A), fol-
lowed by unconformity formation at < 1270 Ma to > 1080 Ma (Rainbird et al., 2017, 2020),
representing a hiatus of approximately 200 Myr above which Shaler Supergroup (Sequence
B) deposition ensued from 1067 + 14 Ma to ca. 720 Ma in Amundsen Basin (Rainbird et
al., 2020) (Fig. 1). The Franklin LIP volcanism occurred around 720-718 Ma, heralding
the breakup of supercontinent Rodinia and the rapid onset of an icehouse climate by 717

Ma (Pu et al., 2022).

Other than regionally localized Cryogenian-Ediacaran rocks (e.g., Yukon to the west
of our area; Macdonald et al., 2023), the sedimentary record is mostly missing between
ca. 720-515 Ma (Fig. 1A)—the only Paleozoic rocks identified on the craton in our study
area are in the Hornby Bay (Rainbird & Davis, 2022) and Elu basins (Ielpi & Rainbird,
2015) and isolated Ordovician outliers near Thelon Basin (Bolton & Nowlan, 1979). The
Hudson Platform hosts mostly Ordovician through Devonian strata (minor Mesozoic) (Sloss,
1963, 1988; Allen & Armitage, 2011; Lavoie et al., 2019; McDannell, Pinet, & Issler, 2022),
whereas Paleozoic-Mesozoic rocks of the Western Canada Basin adjoin the Athabasca Basin

further to the southwest (Fig. 1A).

Direct physical evidence to support the superbasin hypothesis is lacking over the shield
areas exposed between the remnant inliers. Presently, the hypothesis draws support from
various datasets, including geochronological, paleogeographic, and sedimentological data.
However, the subsequent late Meso- to Neoproterozoic rock record is conspicuously absent
within interior Laurentia, necessitating more speculative interpretation. Rainbird and Davis
(2022) suggested that slow uplift and erosion removed the thinner deposits found between
depocenters, where subsidence was more pronounced, effectively isolating the basins from
each other. This hypothesis assumes a gradual erosion process resulting from the craton’s
long-term uplift. However, the timing, scale, and extent of burial and erosion across Lauren-
tia during the Proterozoic eon are still not fully understood, making this argument difficult
to assess. This study explores hypotheses about the connectivity of the Proterozoic basins
and investigates the potential timing and cause of the presumed superbasin’s erosional seg-

mentation by leveraging thermochronological proxies for burial and erosion.
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3 Methodology

Thermochronology is used to determine the timing of thermal events in a rock’s history
by measuring the temperature-dependent accumulation or loss of radiogenic isotopes (or
their products) in minerals. The zircon and apatite (U-Th)/He methods (ZHe and AHe)
measure the accumulation of helium produced by the radioactive decay of uranium, thorium,
and samarium at temperatures spanning ~180-30 °C for both methods (Reiners et al.,
2017, for summary). Radiation damage modulates helium diffusivity in apatite and zircon
depending on the accumulated lattice damage over time, which is a function of a sample’s U
and Th content and time-temperature (¢t-7') history (e.g., Flowers et al., 2009; Guenthner
et al., 2013). Similarly, the apatite fission track (AFT) method takes advantage of damage
trails formed by the spontaneous fission of uranium that are sensitive to thermal annealing
between temperatures of ~120-60 °C (e.g., Green et al., 1985; Ketcham et al., 1999). These
fission tracks are etched and counted across a polished grain area to determine the time
over which tracks have accumulated. Fission-track lengths are highly sensitive to the style
of thermal history because their formation and retention are influenced by both the peak
temperature and the rate of cooling or heating. Together, these techniques reveal the timing
and rates of thermal evolution in the Earth’s upper crust, which can be linked to processes

such as burial, erosion, and magmatism.

3.1 (U-Th)/He Dating

Zircon and apatite underwent contracted (U-Th)/He analysis at the University of Col-
orado and the University of Calgary. The analytical protocol for (U-Th)/He data generated
at the University of Colorado (apatite) are described in full in the Supplemental Information
(SI). The University of Calgary (U-Th)/He analytical procedures (zircon) are similar and
thoroughly described in McKay et al. (2021). The a-ejection-corrected (U-Th)/He data are
plotted and discussed in the text for more intuitive visual comparison to thermal histories

(see below).

3.2 Apatite Fission-Track Dating

Double dating by GeoSep Services was carried out using the laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) U-Pb and modified-¢ apatite fission track

methods (Cogné et al., 2020) with the same analytical procedures discussed in McDannell,



Pinet, and Issler (2022). Fission-track ages were determined using the laser ablation in-
ductively coupled plasma-mass spectroscopy (LA-ICP-MS) method using the Washington
State University (WSU) Finnigan Element II Magnetic Sector ICP-MS. The U-Pb apatite
data are mainly characterized by Paleoproterozoic dates related to metamorphism and are
thus decoupled from the low-temperature thermochronometers and are not discussed fur-
ther. Detailed electron microprobe elemental data were obtained for the analysed grains to
calculate the AFT kinetic parameter r,,,o to aid in interpretation and modeling. The r,,.q
parameter describes the relative reduction in fission-track length due to differential thermal
annealing in different apatite compositions (Carlson et al., 1999). More detailed methods

are in the SI.

4 Results
4.1 Deep-Time Thermochronology of the Northern Canadian Shield

To quantitatively examine the erosion and burial record across the craton, rock samples
from exposed Churchill Province basement (Fig. 1) were dated by multiple thermochrono-
logical methods, which is critical for elucidating deep geologic time (McDannell & Flowers,
2020). We also compiled data from previously published examples (Fig. 1). We describe
all previously published data and our new analytical results for each sample (Fig. 3). Ounly
combined data for locations 1-2 and 3—4 are previously published (Flowers, 2009; McDan-
nell & Keller, 2022), whereas samples 5-10 are new data presented here (Figs. 1 and 3).
The analytical data tables are provided in the SI Appendix (Data S1) along with detailed

analytical methodology.

4.1.1 Samples 1-2: 97-10-481, 97-10-499 — ZHe, AFT, and AHe

Samples 97-10-481 and 97-10-499 were collected from Archean basement rocks, a horn-
blende granite and foliated granodiorite, respectively, in the Seal River region of the Hearne
craton near the southwest Hudson Bay margin (Fig. 1). The ZHe, AFT, and AHe data
for these samples were published in McDannell and Keller (2022). The samples are <
10 km from one another and a few kilometers from the nonconformable basement con-
tact with Ordovician carbonate rocks that are ca. 470-450 Ma in age across the Hud-
son Platform. The zircon grains exhibit a negative date-effective uranium trend (eU =

U+0.238xTh+0.0012xSm), and a-ejection corrected dates span ca. 700 Ma to 1 Ma (n =
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12) and eU values of ~100-1765 ppm. Apatite (U-Th)/He dates for 97-10-481 range from
ca. 400-265 Ma (n = 5) and eU values of ~15-110 ppm. The AFT data from both samples
were merged since they are statistically indistinguishable with similar fission-track anneal-
ing kinetics typical of near-endmember fluorapatite (r,,,0 ~0.86-0.82; mean = 0.84). The
combined AFT data produced a central age of 563 £ 21 Ma (n = 47) and a conventional
mean track length (MTL) of 12.34 £+ 1.7 ym (n = 269).

4.1.2 Sample 3: 02-1283A — 40Ar/39Ar, ZHe, AFT, € AHe

This thermochronologic sample suite comes from a vein in felsic gneiss basement of the
Chipman tectonic domain in the Athabasca Basin near the Snowbird Tectonic Zone. The
integrated datasets were discussed in previous publications (e.g., McDannell & Flowers,
2020; McDannell, Keller, et al., 2022b) and include a high-temperature constraint in the
form of a K-feldspar multi-diffusion domain “°Ar/3?Ar spectrum with step ages spanning
ca. 1765-1670 Ma, with a pattern of 37 Ar release indicative of rapid cooling from > 300 °C
(McDannell, Zeitler, & Schneider, 2018). The AFT and AHe data for sample 02-123A were
published by Flowers (2009). Two corrected, low eU (< 20 ppm) ZHe dates are ca. 1300 Ma
and 1400 Ma from nearby sample 00-196C and AHe dates for 00-123A range from 650-450
Ma (n = 7) across 37-53 ppm eU. The AFT central age is 660 + 45 Ma (n = 25) with
an unprojected MTL of 12.94 4+ 1.65 um (n = 116) characterized by fluorapatite annealing
kinetics (mean ry,,o value of 0.83 and D,q, of 1.81 ym). The {—T model shown below is the

same model from McDannell, Keller, et al. (2022b).

4.1.3 Sample 4: 00-196B € 00-196C — ZHe, Multikinetic AFT, € AHe

Thermochronometric data for samples 00-196B and 00-196C were reported by Flowers
et al. (2006) from the southwestern Chipman domain near Athabasca Basin. Each sample is
from the same location and 00-196B is a tonalitic gneiss that hosts a cross-cutting migmatitic
mafic dyke that 00-196C was collected from in exposed outcrop. A robust collection of ZHe,
multikinetic AFT (e.g., Issler et al., 2022), and AHe data exist for this location but have
never been fully integrated prior to this contribution. The uncorrected ZHe dates from
the Chipman domain range from 1700-1300 Ma (n = 8) and are all low eU with values
between ~10 to < 100 ppm, whereas the nine corrected AHe dates are low eU, between ca.
950-550 Ma. Each AHe date was modeled individually and the r,,,q value was allowed to

vary around 0.83 + 0.02 (e.g., McDannell & Issler, 2021; McDannell & Keller, 2022). The

—11-



multikinetic AFT data are the most intriguing since the contrasting lithologies, which result
in contrasting apatite compositions, yield pronounced differences in fission-track annealing
behavior (refer to Issler et al., 2022 for multikinetic AFT interpretation scheme). Kinetic
population one (i.e., 00196-pl in Fig. 3) is mostly from the gneiss sample 00-196B and has
an AFT central age of 645 4+ 19 Ma (n = 31; p(x?) = 0.27), whereas the mafic dyke sample
00-196C has a central age of 1217 + 80 Ma (n = 17; p(x?) = 0.93) calculated in IsoplotR
(Vermeesch, 2018). The unprojected mean track lengths for each kinetic population are
12.71 £ 1.72 pm (n = 137) and 13.26 £+ 1.52 um (n = 51), respectively, and their mean
I'mro values are 0.824 (Dpqr = 1.99 pm) and 0.798 (Dpe = 2.32 pm); with the lower rp,qo
signifying higher track retentivity in the latter population due to elevated Cl and OH in the

apatite anion site.

4.1.4 Sample 5: 16EM1207A — Multikinetic AFT

Sample 16EM1207A was collected from a psammitic arenite in the Firedrake domain of
the southern Rae craton (also named sample z11850). Regis et al. (2021) dated the sample by
zircon and in situ monazite U-Pb methods yielding metamorphic ages of 1852 4+ 16 Ma and
1836.2 + 2.7 Ma (20). 16EM1207A was dated here for AFT and it is multikinetic with three
age populations related to differential annealing response between apatite compositional
groups. The overall sample AFT central age is 514 + 29 Ma (n = 29), excluding a single
precise outlier grain age of 135 + 20 Ma that was retained for completeness during modeling
but left out of the statistical reporting since it distorts the mixture modeling. Mixture
modeling yields three peak ages for the sample of 321 + 11 Ma (grain proportion = 17%),
478 + 16 Ma (38%), and 666 + 37 Ma (44%). The interpreted kinetic population one AFT
central age is 320 4+ 11 Ma (n = 5/6; p(x?) = 0.87); population two is 486 + 14 Ma (n
= 11; p(x?) = 0.49); and population three is 635 4+ 34 Ma (n = 13; p(x?) = 0.09), in
general agreement with the mixture model peaks. The first population does not include
track lengths, whereas population two contains 56 lengths with an unprojected MTL of
12.85 + 1.44 pum and population three contains 49 lengths with a MTL of 12.68 4+ 1.71 pm.
The population grain-age kinetics yield average r,,,o and D,q, values of 0.846 and 1.64 pm

(pop 1); 0.835 and 1.77 pum (pop 2); 0.819 and 1.82 um (pop 3).
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4.1.5 Sample 6: CL13, — AFT

Sample CL134 was collected from a medium/coarse-grained gabbroic dyke in the Rankin
Inlet greenstone belt of the Churchill-Hearne Province in the Meliadine Gold District (Lawley
et al. (2016) sample 13LVA-04). The dyke is located at the Discovery Outcrop along Pyke
Break where it cuts turbiditic host rocks, including a banded iron formation and the Sam
Formation, and has a hydrothermal/metamorphic age of 1807 + 18 Ma (Lawley et al.,
2016). CL134 is the only single thermochronometer sample presented herein but has abun-
dant fission-track length data for better constraining thermal history style. The AFT central
age is 561 £+ 67 Ma (n = 40), and if a single precise 299 + 80 grain age is excluded, it passes
the x? test (p = 0.067; central age is then 580 4+ 61 Ma). We nonetheless retained all the
analytical data for inverse modeling. The unprojected MTL for CL134 is 12.60 4+ 1.83 pum
(n = 273) and the apatites are characterized by elevated OH and Fe with a mean grain-age
I'mro value of 0.803 (lengths Dy, = 2.24 ym), implying enhanced track retentivity compared

to common fluorapatite (r,,-o = 0.83).

4.1.6 Sample 7: 14JNK-M044A0, — ZHe and AFT

Sample 14NK-M044A04 was collected from a ca. 2500 Ma intermediate quartz diorite
(5-20% quartz) in the Queen Maud block of the northwestern Churchill-Rae craton near
the boundary with the Thelon Tectonic Zone (GSC lab # 2z11408). Alpha-corrected ZHe
dates span ca. 1415-60 Ma (n = 6) and eU concentrations of 270-530 ppm. The AFT
central age is 620 £+ 24 Ma (n = 20) by IsoplotR analysis. Three precise outlier single-grain
ages cause modest overdispersion (15%), but exclusion of those data does not meaningfully
change the central age. The unprojected MTL is 12.40 &+ 1.76 pum (n = 132) and the mean

I'mro annealing kinetic parameter is 0.816 (Dpq,r = 2.00 pm).

4.1.7 Sample 8: 12NK-L015 — ZHe, AFT, and AHe

Sample 12NK-L015 was collected from an exposed well foliated, clinopyroxene-hornblende
quartz diorite gneiss that crystallized at 2513.6 £ 3.2 Ma in the Queen Maud block of the
northern Churchill-Rae craton (Davis et al., 2014). The corrected ZHe dates are ca. 1170-90
Ma (n = 5) with eU values spanning 260-980 ppm. The AFT central age is 551 + 17 Ma
(n = 16, 10% dispersion). The unprojected MTL is 12.78 + 1.96 pm (n = 139) and the

mean I, annealing kinetic parameter is 0.832 (Dpq, = 1.90 um). Apatite He dates span
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ca. 40-163 ppm eU and range in age from approximately 325-700 Ma. Each AHe date was

modeled individually and the ry,,o value was allowed to vary (0.83 + 0.01; see below).

4.1.8 Sample 9: 16BLB-R118A — AFT and AHe

Sample 16BLB-R118A is a foliated hornblende-biotite quartz diorite from the Overby
Lake domain at the Slave craton boundary with the 1.9 Ga Thelon Tectonic Zone. Horn-
blende and biotite “°Ar/3? Ar data for this sample are reported in Camacho et al. (Camacho
et al., 2020). The hornblende “°Ar/3°Ar date is 1896 + 18 Ma (low confidence) and the
biotite age spectrum is discordant but yields a similar ca. 1900 Ma date. Both systems
were presumably disturbed by metamorphic overprinting. The AFT central age is 596 +
53 Ma (n = 20) and the conventional MTL is 12.23 + 1.81 um (n = 101). 16BLB-R118A
is typified by a mean rp,,o of 0.812 and mean D,,, = 2.37 pum. Corrected AHe dates fall
in a narrow range between ca. 320-465 Ma (n = 5; 47-183 ppm eU). Each AHe date was

modeled individually and the r,,,.0 value was allowed to vary (0.83 4 0.01).

4.1.9 Sample 10: 97-10-365 — ZHe

Sample 97-10-365 is a foliated Archean granodiorite in the Hearne domain near the
southwest Hudson Bay margin, only 40 km north of Samples 1-2 from the mouth of the
Seal River. This samples includes only ZHe data with a-corrected dates ranging from ca. 725
Ma to 125 Ma across ~330-930 ppm eU. We note that there does not appear to be any direct
spatial association of these samples (i.e., 1, 2, and 10) with regional, possibly reactivated
fault structures, nor coincidence with younger dykes, with the only known regional dykes

being the 1267 Ma Mackenzie dike swarm.

5 Thermal History Modeling Approach

Understanding the nuances of deep-time thermal history modeling is essential for ac-
curately constraining geological processes, as these models provide the foundational frame-
work for interpretation. We go over some of these topics before discussing our results. The
main priorities to consider for modeling are the thermochronometer dates, sources of uncer-
tainty, and the incorporation of reliable geologic information. Deep-time thermal histories
in particular require large datasets to increase t—T resolution and reduce nonuniqueness

(McDannell & Flowers, 2020); uncertainties in diffusion/annealing kinetic models, limited
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resolving power across deep time, and prior model assumptions may all contribute to vari-

ability in thermal history predictions with respect to measured data.

5.1 Kinetic Model Uncertainties

The relative kinetic compatibility between high and low-temperature thermochrono-
metric systems (*°Ar/3°Ar, ZHe, AFT, AHe) may lead to particularly intractable problems
for thermal history modeling that are not easily dealt with (i.e., misfit between predicted and
observed data). An important point is that due to uncertainty, deep-time modeling using
only a single thermochronometer is perilous—with ¢-7 results increasingly becoming more
reliant on assumptions than constrained by data over longer timescales. This limitation
arises not from inherent flaws in the techniques but rather from a lack of available data or
complementary information, such as independent constraints on diffusion/annealing kinet-
ics, geological context, or additional thermochronometric systems that could help constrain

the thermal history.

Our discussion focuses primarily on the (U-Th)/He systems, which are not as well cali-
brated empirically compared to the fission-track method, and utilize fission-track annealing
kinetics as a general proxy for a-radiation damage annealing (e.g., Flowers et al., 2009;
Guenthner et al., 2013). We use the ZHe chronometer as an example to explore sources
of methodological uncertainty with respect to t—T modeling. The zircon radiation damage
accumulation and annealing model (ZRDAAM) suggests that He retentivity varies with
radiation dose, initially increasing with a-recoil damage to reach a closure temperature of
approximately 180 °C, before decreasing sharply at higher doses, likely due to enhanced
connectivity between damage zones (Guenthner et al., 2013). The high-damage end of the
ZRDAAM model where ‘rollover’ to higher diffusivity occurs—and where measured and pre-
dicted age discrepancies usually arise—is less well constrained due to a lack of experimental
data (e.g., Anderson et al., 2017). Studies suggest this change in diffusivity probably tran-
spires at a lower damage threshold than is implemented in the current model (Powell et al.,

2016; Gautheron et al., 2020; Guenthner, 2021).

An apparent issue relevant for deep-time applications is that kinetic models (such as
the ZRDAAM) do not allow uncertainties in the damage annealing function to be accounted
for during modeling (cf. J. Stephenson et al., 2006). This is not unique to the ZHe method

and is a result of the fact that experimentally derived kinetic variability is poorly known
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(i.e., is radiation damage in zircon best described by fission track or a-recoil annealing; see
Guenthner, 2021). This can be crudely accounted for in the AHe damage model of Flowers
et al. (2009) by changing the r,,,0 value controlling fission-track annealing resistance—but
this assumes that: [i] .0 is independently known from elemental analysis; [ii] apatite
chemistry appreciably affects He diffusion (e.g., Gautheron et al., 2013); and [iii] the physics
governing fission-track annealing adequately describe a-damage annealing (Flowers et al.,
2009). However, elemental data are rarely collected or published, and the details of He
diffusion systematics in slowly cooled apatite are possibly less understood than in zircon

(McDannell, Zeitler, Janes, et al., 2018; Guo et al., 2024).

5.2 Apparent Age Uncertainties

Total (U-Th)/He date uncertainties exceed analytical error and are poorly constrained
(Flowers et al., 2023). Numerous sources of ‘geological’ age dispersion and uncertainties
in kinetic models impede a full accounting of the total uncertainties required for modeling;
thus necessitating different strategies for dealing with uncertainty. The best strategy is to
acknowledge uncertainty and address it in an unbiased manner, while being mindful that
at a certain point the misfit between the data and model may be unreasonably large—still
making critical evaluation of misfit difficult when we don’t know what the total uncertain-
ties should be. In spite of this, the expectation that integrated (high n) datasets across
multiple thermochronometric systems should be reproduced ‘perfectly’ within inversions is
unrealistic considering the imperfect kinetic calibrations that underpin predictive model ca-
pabilities (both within and between methods), as well as the geological complexity that is
potentially unaccounted for in deep time. Currently, the only available approach is to implic-
itly convolve uncertainties from analytical data (e.g., isotopic zonation, grain morphology,
a-ejection) with unquantified kinetic uncertainties into a single uncertainty associated with
the modeled date—which, within this scheme, assuredly results in an overall total uncer-
tainty that is underestimated. To address this issue, future advancements should aim to
directly incorporate laboratory experimental data that better constrain kinetic variability

and separate analytical date uncertainty from kinetic model uncertainty.

One procedure used here for handling date uncertainty is to treat thermochronometer
age errors or kinetic proxy variability (AFT and AHe only) as unknown parameters within a
Bayesian framework and allow them to be sampled iteratively within an inversion by rescal-

ing the data errors (e.g., 1-100x the input ZHe error; Gallagher, 2012) or resampling the
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kinetics assuming a normal distribution centered on the mean. This approach acknowledges
that while the measured date or kinetic proxy is known, the associated uncertainty is poorly
known. To provide additional context and illustrate age scatter we discuss ZHe dates from a
few of our samples. A ZHe date-eU trend can be very sensitive to, and indicative of, specific
t-T conditions (e.g., Ault et al., 2018). For example, our zircon dataset for Samples 1-2 is
limited, but it displays a relatively clear date—eU trend (Fig. 3). However, there are gaps
in the eU trend, specifically between ~600-800 ppm and 1100-1700 ppm, where no data
are available. The latter gap is less concerning as dates approach zero around 1000 ppm.
While the date—eU trend may appear straightforward, larger datasets containing 15-20 or
more grains often reveal age dispersion across the eU spectrum (e.g., McDannell, Keller, et
al., 2022b; Thurston et al., 2024). Small ZHe datasets with only a few grains isolated in
eU space typically lack sufficient -7 sensitivity for modeling—allowing nearly any thermal

history to explain the data (e.g., Peak et al., 2023).

With the inclusion of data from Sample 10 with Samples 1-2, the mean analytical
uncertainty associated with the uncorrected ZHe dates is ~2.5% (1o). On the other hand,
FEmpirical Bayesian estimation of the total uncertainty is derived from the scatter in the data
(e.g., McDannell, Keller, et al., 2022b), calculated by considering the standard deviation of
the ages and their associated uncertainties weighted by a Gaussian kernel in eU space (ceU
= 100 ppm). The underlying assumption is that grains with similar eU values should exhibit
similar ages within a given eU range. The total uncertainty was then estimated based on the
observed dispersion within each eU interval and was found to be on the order of ~20-30%,
or up to 60% or more for individual dates across both the uncorrected and a-corrected date-
eU trend. This level of uncertainty highlights the challenges of interpreting small datasets
and sources of error in deep-time studies, emphasizing the need for larger or complementary

thermochronometric data to constrain thermal histories more robustly.

5.3 Modeling Philosophy

Despite employing Bayesian inversion methods in this study (e.g., Gallagher, 2012,
2023), it is important to address the Frequentist modeling approach, which remains widely
used in thermochronology. In principle, both Bayesian and Frequentist statistics offer valid
approaches to thermochronology, however the latter methodology has fundamental draw-
backs that make it less suited for deep-time problems. Inverse modeling using the commonly

adopted HeFTy software (Ketcham, 2005) produces t—T results that are visually intuitive
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due to the use of formal goodness-of-fit (GOF) statistics (p values) to evaluate model predic-
tions against observational data. However, these statistical tests rely on the critical assump-
tion that the data uncertainties and the kinetic models governing diffusion and annealing
are accurately known and well estimated—an assumption that, as previously mentioned, is

widely recognized as flawed.

Thermal history resolution theoretically improves with the inclusion of more data in
Bayesian inversions, whereas the statistical framework of Frequentist-based modeling fails
when applied to large or highly precise datasets (Vermeesch & Tian, 2014)—an obvious
shortcoming for deep-time applications that crucially rely on the analysis of large datasets.
To circumvent these issues, ad hoc date averaging, a priori inflation of uncertainties, adjust-
ment of minimum GOF statistics, and data culling (e.g., removal of high-eU zircons) are
routinely employed to reduce dataset precision and size and to relax statistical rigor in an
effort to obtain acceptable ¢—T results, thereby introducing considerable bias and subjectiv-
ity into the modeling process (McDannell, Keller, et al., 2022a, for discussion). Collectively,
these issues present significant limitations because if the underlying uncertainties, kinetic
parameters, or geologic constraints are mischaracterized, the resulting thermal histories may
appear statistically robust while failing to reflect actual geological processes or events, un-
dermining model reliability. Bayesian methods explicitly incorporate these uncertainties
into the modeling framework, systematically addressing them through probabilistic infer-
ence rather than relying on ad hoc data modification to satisfy statistical tests, resulting in
a more transparent process; one that may nonetheless result in misfits between observations

and predictions, but should be used to further probe thermochronometric system behavior.

We utilized an exploratory ¢—T modeling approach that enables the investigation of
a wide range of potential thermal histories that honor geologic information and provide
greater flexibility in understanding complex natural processes. Our modeling philosophy is
centered on embracing probabilistic reasoning to integrate thermochronometric data, prior
geologic knowledge, and uncertainty into a cohesive framework. We can then assess how our
data constrain key history parameters by identifying fits to observed data and heuristically
refine our priors or collect additional data if necessary (e.g., McDannell, O’Sullivan, et al.,
2022). For deep time problems, the latter step can be notoriously difficult due to a lack of
tangible information to guide further modeling (e.g., additional thermochronologic data will
not resolve [relative] kinetic model miscalibrations). In contrast to our perspective, inverse

thermal history models are sometimes intended as ‘hypothesis tests’ for geologic scenarios
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in deep time, however, the conclusions drawn from such tests (e.g., Flowers et al., 2020) are
often “too vague to fail” (Cleland, 2013)—highlighting the difficulty of robustly evaluating

hypotheses framed as falsifiable predictions in earth science.

6 Thermal History Modeling Results

In this paper, forward models serve as a comparative tool to explore different -
T scenarios and build intuition about the types of thermal histories that generate distinct
thermochronologic data trends, whereas inverse models are used to evaluate the level of

confidence in a specific interpretation.

6.1 Forward Modeling

We first tested several scenarios by focusing mostly on the ZHe and AFT systems since,
based on our results, those data have the most constraining power in the Proterozoic. For a
given thermal history, eU (radiation damage proxy) and grain size are the respective primary
and secondary controls on (U-Th)/He dates, whereas apatite composition and style/rate of
cooling govern AFT population ages and track-length distributions. Therefore, closer in-
spection of our data with respect to general date-eU trends, grain size, and t—7T relationships

provide context for further modeling (Fig. 3).

1. Zircon grain sizes are consistent across all samples with a mean equivalent spheri-
cal radius of 51 + 2 pm (0,,, n=29). Refer to data tables in the Supplementary
Information.

2. In detail, the combined ZHe data from Samples 1, 2, and 10 and Samples 7-8 have
divergent a-corrected date-eU trends at low-to-moderate eU concentrations (Fig. 3;
see below). The age difference at low eU could also be related to larger, more He
retentive grains for the northern samples but that is ruled out due to point #1 above.

3. The AFT method is the best empirically calibrated thermochronometer available
(e.g., Laslett et al., 1987; Carlson et al., 1999; Ketcham et al., 1999). Our fission-
track central ages are mostly around 650 Ma, with a few examples being ca. 600—
500 Ma. The younger central age samples are generally lower retentivity with 1o
values around 0.83 to 0.84 indicative of common fluorapatite. The older AFT data
are characterized by 1,0 values of ~0.80 to 0.81, signifying higher retentivity, and

are therefore unlikely to be reset by potentially minor heating events typical for
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the shield in the Phanerozoic. The older AFT data have a greater likelihood of
constraining primary cooling through 120 °C that, based on the ages, occurred in the
Neoproterozoic.

4. The AHe dates are mostly Paleozoic in age, suggesting resetting by thermal events in
the Phanerozoic. The northerly samples #8-9 have a few high-eU, > 100-160 ppm
grains spanning ages of ca. 700-465 Ma, respectively. High-eU apatite grains are
often rare in AHe datasets but are more retentive and contain the most information
constraining cooling from temperatures of < 100 °C (McDannell & Keller, 2022, see

supplementary discussion).

The purpose of our forward models is to get a general sense of what thermal history
properties may be necessary to explain the data and are only snapshots of the many, poten-
tially more complex histories that could explain the data. We used the published inversions
for Samples 1-3 (McDannell, Keller, et al., 2022b; McDannell & Keller, 2022) as guides for
forward modeling tests. Synthetic ZHe dates were generated from input ¢-T paths (Fig. 4)
using the ZRDAAM across 0-2000 ppm eU (100 ppm increment) with a fixed 50 pm grain
radius that reflects our dataset mean. Analyzed ZHe data are plotted for comparison, with
20% uncertainty, which is the median of our previously mentioned Empirical Bayes error

estimate.

To first order, low-eU, older grains contain the most information about the conditions
of thermal resetting in the Proterozoic, whereas younger, moderate-to-high eU zircons con-
strain Phanerozoic conditions (Fig. 4). Alpha-corrected low-eU ZHe dates range from <
1500 to 600 Ma and AFT central ages are between ca. 650 and 550 Ma (Fig. 3). These
thermochronometric dates alone require a general heating-to-cooling trajectory, regardless of
supporting geologic information (see Section 6.4 on interpretation). The ZHe dates between
~250-400 ppm €U for the older northerly samples (#7-8) imply a lower overall Mesopro-
terozoic maximum heating magnitude of ~150 °C and either a different Phanerozoic thermal
history or a similar one at higher temperatures. The rocks next to Hudson Bay (#1-2, 10)
presumably reached higher temperatures > 150-190 °C some time after 750 Ma to fully
reset the low-eU zircons (Fig. 4A-B), whereas the moderate-eU ZHe dates at 800-1000

ppm also require Phanerozoic heating (Fig. 4C-D).

Forward models indicate that if the basement was fully exhumed and remained so for

the majority of the Proterozoic—the predicted ZHe dates would be much too old com-
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pared to our observed data—thereby requiring some Mesoproterozoic heating followed by
Neoproterozoic cooling (Fig. 4A-B). Another possible explanation is that the < 1700 Ma
thermochronometric ages of all samples reflects Neoproterozoic exhumation of the basement
alone, without the need for a thick sedimentary package above. However, the regional strati-
graphic relationships (Fig. 2) and studies of Laurentian cratonic exhumation demonstrate
that initial basement unroofing to the surface occurred broadly in the Paleoproterozoic (e.g.,
Flowers et al., 2006; Rainbird et al., 2007; Flowers, 2009; Davis et al., 2011; McDannell,
Zeitler, & Schneider, 2018; Regis et al., 2021). Thus it is highly improbable that crustal ex-
humation [of discrete tectonic domains between the remnant basins| stalled in the mid-crust

for up to 1000 Myr before resuming in the Neoproterozoic (see Section 6.2 below).

We also looked into two possibilities for late Neoproterozoic exhumation of the Cana-
dian Shield (Fig. 4E-F)—cooling during the Cryogenian (McDannell, Keller, et al., 2022b;
McDannell & Keller, 2022) and later post-Ediacaran cooling (Peak et al., 2023). A late
Neoproterozoic cooling from 500-475 Ma over 170-20 °C produces agreement across the
younger, low date-eU trend, but misses the older zircons, whereas the cooling path from
690-600 Ma over 170-20 °C better matches the oldest zircons but misses the other low-eU
grains (Fig. 4E-F). In this instance, it becomes very clear that the date itself, and the
absolute and relative uncertainties for individual dates, can highly influence whether spe-
cific t—T solutions are accepted by the modeling software during inversion. Furthermore,
if the date-eU trend is also changed by ad hoc data averaging, then it is inevitable that
t—T sensitivity will be lost and a greater range of permissible ¢—T paths will be allowed (i.e.,

the “too vague too fail” problem).

We can then examine the AFT data, where rapid cooling through 100 °C at either
650 or 500 Ma would yield AFT ages nearly equivalent to those cooling times if there were
no subsequent Phanerozoic reheating events. Consequently, the AFT data must either be
retentive enough to withstand minor reheating (without totally resetting during burial),
or indicate that some degree of Phanerozoic reheating took place. The younger AHe data
suggest later reheating is likely. Phanerozoic surface histories across the exposed Canadian
Shield are reasonably well-documented, exhibiting at least one thermal peak reflecting Pale-
ozoic burial (typically < 120 °C) and sometimes a minor, late Mesozoic burial event < 75 °C
(e.g., Crowley, 1991; Osadetz et al., 2002; Kohn et al., 2005; Feinstein et al., 2009; Flowers,
2009; McDannell et al., 2019; McDannell, Pinet, & Issler, 2022; McDannell & Keller, 2022).

Paleozoic and Mesozoic rocks, mostly Ordovician through late Devonian and Cretaceous in
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Figure 4. Forward thermal history modeling comparing different time-temperature scenarios
(A, C, E) and resulting ZHe date-trends (B, D, F). Observed ZHe data are from Samples 1-2 and
Sample 10 shown with 20% uncertainties. (A) Paths with maximum heating at 690 Ma (170 °C)
and 640 Ma (190 °C) yield Neoproterozoic dates at low eU. Lower Neoproterozoic heating and
greater magnitude/duration of heating in Phanerozoic produces older dates at low eU (140 °C at
700 Ma path). Initial cooling from metamorphic temperatures followed by no Proterozoic heating
produces dates near 1700 Ma at low-to-moderate eU. Proterozoic heating is required to produce
date-eU patterns consistent with the data. (B) Predicted date-eU patterns from ¢-7 paths in A.
Note different y-axis scale. (C) Paths with maximum temperatures of 170 °C at 690 and 500
Ma, both without Phanerozoic heating. (D) Predicted date-eU patterns from ¢-7T paths in C; all
dates near ~800-1000 ppm are overpredicted—demonstrating the need for Phanerozoic heating.
(E) Paths with respective maximum temperatures of 170 °C at 690 and 500 Ma; cooling to surface
temperature of 20 °C at 600 Ma and 475 Ma, followed by two thermal peaks at 400 Ma (80 °C) and
40 Ma (55 °C). (F) Predicted date-eU patterns from ¢—T paths in E. Note that the time at surface
temperature in the late Precambrian varies between models but does not significantly affect results

due to minimal ¢—T sensitivity at such conditions. See text for discussion.
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age, are also preserved in the nearby Hudson Bay, Williston, and Michigan intracratonic

basins (Allen & Armitage, 2011; Burgess, 2019).

A 690-Ma-cooling path yields an AFT age of ca. 520 Ma and an unprojected MTL of
12.0 pm, within error of the measured MTL (r,,,0 = 0.83; Fig. 4E-F), whereas the AFT
age for a 500-Ma-cooling path is much too young, ca. 410 Ma, yet produces a reasonable
track-length distribution with a mean near 12.5 pm due to rapid cooling. We can conclude
from this that the AFT track lengths (unprojected MTL: 12.35 4+ 1.2 nm and c-axis pro-
jected MTL: 13.84 4+ 1.0 pm) require relatively rapid cooling and that the timing of cooling
tentatively precedes 500 Ma if there is any post-Cambrian heating—which is indirectly re-
quired by the combined ZHe, AFT and AHe data (Figs. 3 and 4C-D). Increasing the r,,.q
to 0.80 predicts AFT ages of 550 Ma and an unprojected MTL of 12.55 nm for the 690-Ma-
cooling path, in better agreement with the measured data, whereas the 500-Ma-cooling path
is nonetheless still too young, with the central age being ca. 425 Ma and MTL of 12.9 nm
(assuming Phanerozoic reheating). Post-Cambrian heating above ~80-85 °C will further
reduce the AFT age (<< 450 Ma) and begin to broaden the track-length distribution, with
elevated temperatures making the length distribution bimodal at typical fluorapatite r,.q

values (0.83-0.84; refer to Fig. 3).

There are kinetic uncertainties for the AFT method to still consider, which stem from
the challenges of extrapolating annealing kinetics over geological timescales and fully quan-
tifying annealing variability related to apatite composition (e.g., Ketcham et al., 2007).
Nonetheless, based on the forward modeling, the 500-Ma-cooling path does not well re-
produce the real AFT data (i.e., real AFT age > 550 Ma). Collectively our observations
reinforce an important point discussed in McDannell and Flowers (2020)—in deep-time ap-
plications, using multiple thermochronometers is critical to harness overlapping age and
kinetic sensitivities, providing a more robust reconstruction of thermal histories while also

mitigating potential biases inherent in single-thermochronometer datasets.

6.2 Geologic Context

The geologic history of the region provides key constraints for inverse thermal history
modeling. In our models, geologic information is incorporated as discrete ¢—T constraint

‘boxes’. These constraints ensure that randomly generated thermal histories within each
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inversion are forced to pass through the box and are consistent with the known geological

evolution of the region.

The widespread presence of the paleo-weathering surface beneath basal Paleoproterozoic
sedimentary rocks, along with preserved paleosol horizons in some areas (Gall, 1992; Gall
& Donaldson, 2006), provides reliable evidence for significant basement exposure during
the Proterozoic. These geologic markers indicate that there was a period of exhumation
before the formation of Proterozoic basins when basement rocks were exposed at the surface
prior to depositional onset, which is directly informed by stratigraphic relationships and
radiometric dating (Fig. 2). Basement rocks must have reached near-surface conditions,
defined here as temperatures between 0-40 °C (equivalent to depths of ~0-1.5 km) by ca.
1720 £ 30 Ma (Figs. 1 and 2).

During the latest Neoproterozoic to early Paleozoic, sea-level rise submerged most of
Laurentia (e.g., Sloss, 1963, 1988; Allen & Armitage, 2011; Zhang, 2011), culminating
in widespread inundation during the middle-late Cambrian (ca. 515-500 Ma) and in the
middle-late Ordovician (ca. 460-450 Ma). This transgression is recorded in sedimentary
rocks preserved in cratonic margin basins (Macdonald et al., 2023), the Foxe, Hudson Bay,
and Williston intracratonic basins (Lavoie et al., 2019), and across the Canadian Arctic
Islands (e.g., Ielpi and Rainbird, 2015; Fig. 1A). Isolated Paleozoic sedimentary outliers
near the Paleoproterozoic basins (Fig. 1A) further document the widespread burial of the
interior during this time (Bolton & Nowlan, 1979). Additional evidence for the timing of
basement exposure (and subsequent burial) also comes from kimberlites in the Slave and
Churchill cratons, including those in the Hornby Bay, Elu, and Bylot regions (Tappe et al.,
2014; Mazrouei et al., 2019). Kimberlite pipes are commonly associated with emplacement
at depths of < 2 km, as evidenced by the preservation of shallow pipe facies (i.e., crater,
diatreme, and root) (Field & Scott Smith, 1999). Isolated Ediacaran-Cambrian and younger
Mesozoic kimberlites across northern Canada contain sedimentary xenoliths, indicating that
some areas of the Churchill-Slave cratons were buried beneath sedimentary cover during the
Proterozoic (Masun et al., 2004), Paleozoic (Cookenboo et al., 1998), and Mesozoic (Webb
et al., 2008).

A key point about the near-surface geologic constraints is that while the ages of sed-
imentary rocks are known, uncertainty remains about when the basement was initially re-

exhumed, since sedimentary strata only provide a minimum exposure age. For example,
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there is a lengthy hiatus between ca. 720-515 Ma in the Canadian Arctic Islands (Macdon-
ald et al., 2023; Fig. 1A)—indicating that in some shield locations, crystalline basement
was possibly exposed for up to 200 Myr before Cambrian transgression. The timing of
basement exposure preceding Paleozoic burial remains uncertain but likely occurred prior
to the Cambrian. Notably, we cannot ‘test’ the precise timing of basement exposure (in the
form of a model surface constraint) due to the insensitivity of most thermochronometers
to such low temperatures (e.g., Green & Duddy, 2021). To illustrate this, the inversion
presented for Samples 1-2 was modeled without an Ediacaran-Paleozoic surface constraint
in McDannell and Keller (2022) (also see Fig. 5 below). Near-surface temperatures of >
0-50 °C are permitted by the data between ca. 620-450 Ma. These data were remodeled
here with enforced geological constraints to ensure consistency with our other samples, but

the resolved thermal history did not change appreciably.

We account for uncertainty in the timing of basement exposure in our ¢-7 boxes, re-
flecting [i] minor variations in Proterozoic basin depositional onset (Fig. 2), [ii], the regional
late Neoproterozoic hiatus, and [iii] subtle age differences in local Paleozoic strata (i.e., Mc-
Dannell and Keller, 2022; Figs. 1 and 2). We placed a conservative constraint within the
later part of the 720-450 Ma hiatus interval between 600-450 Ma (0-40 °C allowed) that
requires a single ¢t—7 point within that region of the model general prior. It is important to
clarify that QTQt does not prevent paths from cooling earlier to the near-surface relative
to the 525 + 75 Ma constraint box, since QTQt tests non-monotonic path trajectories re-
gardless of constraint box arrangement. Due to Bayesian prior assumptions, however, the
relative probability of such ¢-T paths is often lower since the additional path complexity

cannot be directly informed by the data.

6.3 Inverse Modeling

Forward modeling exercises, along with geologic information, provided useful context
for inverse modeling. The QTQt software v. 5.8.0 (Gallagher, 2012), which implements
a reversible jump Markov chain Monte Carlo algorithm to adaptively search for suitable
{—T paths, was used to invert our multi-method thermochronological datasets (refer to the
SI for model output). QTQt modeling methods are similar to those discussed in McDannell,
Keller, et al. (2022b) and McDannell and Keller (2022). The new and previously published
ZHe and AHe data were modeled with uncorrected dates calculated internally by QTQt

using the measured U, Th, Sm, and He. Model results were evaluated based on acceptance
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rates of time and temperature jumps being within the normal bounds of approximately 0.1—
0.6, and more importantly, established stationarity of the Markov chain, which often requires
sampling of at least 500,000 to 1,000,000 iterations during burn-in for deep-time applications
with multiple thermochronometers (McDannell, Keller, et al., 2022b; McDannell & Keller,
2022).

The ZHe date uncertainties were evaluated by applying 10-30% Hierarchical Bayes
(Malinverno & Briggs, 2004) resampling in QTQt (i.e., 1-3x the input 10% ZHe uncer-
tainty). This is much less than the QTQt default 1-100x used in McDannell, Keller, et
al. (2022b) and is considered a very conservative strategy to estimate the total date error
that may still lead to relative statistical misfit between model dates and observed dates.
The source of this misfit is related to underestimated total errors, both kinetic and geo-
logical, that vary in relative magnitude for different zircon grains within a date-eU trend.
Radiation-damage kinetic model calibration (e.g., misfit at either low or high He diffusiv-
ity) or uncharacterized U-Th zonation are the most likely sources (Anderson et al., 2017;
Guenthner, 2021). For example, older low-eU zircon dates may have larger total analytical
errors compared to younger, potentially metamict (high-eU) zircons, whereas the latter have
smaller relative uncertainty but are less constrained by diffusion kinetic experiments. This
behavior is especially true for high-eU zircons where model age prediction differences of up

to 50-100 Myr are possible for deep-time histories (e.g., Guenthner, 2021).

Apatite He date uncertainties were fixed at 10% and were not resampled. The r,,.q
parameter was instead resampled within QTQt and allowed to vary to account for possi-
ble kinetic effects of apatite composition on damage annealing susceptibility (McDannell
& Issler, 2021). Resampling date uncertainties and the r,,,o kinetic parameter indirectly
account for unquantified sources of geological age dispersion and kinetic model uncertainty.
Importantly, all the measured analytical dates are jointly inverted for the inversions dis-

cussed herein.

We first examine a QTQt inversion of Samples 1-2 that includes additional ZHe data
from nearby Sample 10, yielding similar results (to the other discussed models) without an
imposed Ediacaran-Paleozoic surface constraint (Fig. 5). This inversion includes one of the
largest combined datasets reported in our paper and independently supports constraint box
placement in the other inversions (see below) because the combined ZHe, AFT, and AHe

data can indirectly constrain the time at low temperatures in the latest Precambrian. The
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QTQt inversion shows the full distribution of accepted t—T paths alongside representative
paths (Fig. 5)—we introduce these specific -7 paths from the posterior only for the purpose
of discussing model behavior. For all other inversions presented in this paper, we opted to
show the full marginal posterior ¢—71 distribution rather than place undue significance on

any one t—7T path.

The Maximum Likelihood (ML) path, shown as a red curve, is the best-fitting model
and typically contains the greatest number of ¢{-7 points or highest complexity. The Max-
imum Posterior (MP) path, shown in green, corresponds to the thermal history with the
highest posterior probability and is generally the simplest model with the fewest ¢-T points.
Within QTQt, the posterior probability is calculated by combining the likelihoods and prior
probabilities for each model path, balancing data fit with model complexity. The Maximum
Mode (MM) solution, depicted as a gray curve, is constructed at 1-Myr intervals by follow-
ing the peak of the marginal distribution. Meanwhile, the Expected model (EX), shown
by black curves with the 95% credible interval, is the approximate weighted average of the
marginal distribution. It is important to note that the MM and EX models are not exact

solutions but summaries of the accepted history pool (Gallagher, 2012, for discussion).

Bayesian inversion emphasizes parsimony by favoring simpler models unless the data
strongly support more complex histories. For example, the Maximum Posterior and Maxi-
mum Likelihood models differ overall in complexity and style, but are very similar where the
model has the highest ¢—T resolution during Neoproterozoic cooling (Fig. 5). Following the
requirement of surface exposure during the late Paleoproterozoic (16 °C at 1655 Ma), the
key t—T points along the simpler Maximum Posterior path are 175 °C at 726 Ma and 4 °C
at 618 Ma, whereas that same interval for the Maximum Likelihood path is more complex,
with points at: 188 °C at 714 Ma; 184 °C at 712 Ma; 45 °C at 657 Ma; 60 °C at 579 Ma; and
7 °C at 495 Ma. The additional complexity is common with the ML path, as small iterative
t—T node variations may result in minimal or no improvement in the [log] likelihood, yet
such models can still be accepted. Although both of these t—T paths are relatively simple,
every point along them aligns remarkably well, or does not conflict with, independent geo-
logical evidence, including, regional Precambrian and Jurassic basement exposure as well as
Ordovician-Devonian and Cretaceous-to-Miocene burial events represented in the younger
Phanerozoic intracratonic basins (e.g., Osadetz et al., 2002; Galloway et al., 2012; Lavoie
et al., 2019; McDannell & Keller, 2022). In this sense, geologic data can serve as hold-out

information for validating models (e.g., Kuhn & Johnson, 2013).
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Figure 5. QTQt inversion of samples 97-10-481, 97-10-499, and 97-10-365 that include ZHe,
AFT, and AHe data (first two samples published in McDannell and Keller, 2022). Marginal poste-
rior thermal histories shown as a heat map of path density resolved to a pixel size of 1 Myr and 1
°C. Relative probability is proportional to path density, where brighter colors and higher saturation
indicate more accepted thermal histories pass through that region of ¢t—T space. Color scale is the
normalized path density (minimum value of 0 is equal to no paths, and a maximum value of 1 is
equal to the upper 95th percentile of path density). General model prior: 0-2500 Ma and 0-300
°C. Maximum allowed heating-cooling rate of 3 °C/Myr with modern surface temperature 0-5 °C.
Only the Paleoproterozoic geologic surface constraint is enforced in the model between 0-50 °C (see
discussion and Fig. 6 below). ML = Maximum Likelihood model path; MP = Maximum Posterior
model; MM = Maximum Mode model; EX = Expected model. The MP model is typically the
‘preferred’ model in a Bayesian context. Important MP path ¢-T points are: 175 °C at 726 Ma and
4 °C at 618 Ma; 86 °C at 420 Ma; 27 °C at 253 Ma; 47 °C at 20 Ma; and 5 °C at 0 Ma. White
bar denotes the Sturtian (717 Ma to 659 Ma) and Marinoan (646 + 5 Ma to 635 Ma) glaciations
and gray bar is timing of supercontinent Rodinia breakup. Note that model cooling is synchronous

with both snowball glaciations.
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6.4 Interpretation of Time-Temperature Inversions

Building on the previously discussed single QTQt example, the thermal histories of
shield samples reveal notable similarities, primarily documenting the < 200 °C ¢-T history
of Churchill Province rocks (Fig. 6). Heating and cooling events in these ¢-7 models are
interpreted as being linked to episodes of sedimentary burial and subsequent erosion. Sam-
ples from the now-exposed crystalline basement require heating and thermal resetting after
near-surface exposure at ca. 1700 Ma (Figs. 3 and 4). The models incorporating integrated
mineral systems were partially reset, while those with only low-temperature chronometers
(e.g., models 5, 6, 9) provide limited information following required Meso- to Neoproterozoic
resetting. Inversions 1-2, 3, 4, 7, and 8 include ZHe and AFT dates that constrain Mesopro-
terozoic burial heating (Fig. 6). Some of our inversions lack adequate resolution to resolve
thermal history detail in the Mesoproterozoic (e.g., models 5, 6, and 9) but still require
elevated temperatures (> 120 °C) and deep sedimentary burial in the Neoproterozoic. In
all models, the coupled ZHe and AFT data primarily constrain the timing of cooling from
temperatures around 150-110 °C during the Neoproterozoic, with most cooling occurring
between ca. 690-630 Ma (Fig. 6). Despite finite t—T sensitivity, all models consistently con-
strain Neoproterozoic cooling. The episodic heating and cooling pattern in the Phanerozoic
(Fig. 6, models 1-2, 5, 6, 9) aligns with the well-documented ‘two-peak’ thermal histories

across the Canadian Shield.

7 Discussion
7.1 Implications for Proterozoic Basin Evolution

The timing and magnitude of heating in ¢-7 inversions from samples among basins
broadly agree and demonstrate that the exposed basement was also buried under Proterozoic
sedimentary cover (Fig. 6). Our -7 models refute the assumption that the basement surface
was subaerially exposed, or nearly so, for most of the Proterozoic (Figs. 4, 5, and 6) and
provide the first evidence that the Athabasca, Thelon, Hornby Bay, and Elu basins may have
been connected across a broader region of interior Laurentia, similar to proposals for some
North American Paleozoic basins (Sanford, 1987; Sloss, 1988; Lavoie et al., 2019; McDannell
& Keller, 2022; McDannell, Pinet, & Issler, 2022). The basin area considered here is up

to 2x10% km? (Fig. 1B), similar to the preserved Neoproterozoic Centralian Superbasin in
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Figure 6. Thermochronological inversions for the central Canadian Shield. Inversions consisted

of > 1,000,000 burn-in iterations (discarded) and > 500,000 iterations retained post-burn-in. The

maximum allowed heating/cooling rate was specified as 5 °C Myr~! with a present day surface

temperature of 0-5 °C. Predicted model fits to the observed data are in the SI Figures S4-S10.

The t-T boxes assume near-surface conditions at ca. 1700 Ma and Ediacaran—Ordovician time (see

text for discussion). All other model information is the same as Figure 5. White bars are the

Sturtian and Marinoan glaciations.
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Australia (Walter et al., 1995), or possibly comparable to the larger (~3.5x105 km?) West

Siberian Basin (Allen & Armitage, 2011).

The thermal histories for the Athabasca samples are particularly interesting since they
are close to the center of the stable craton and have a well characterized geologic history (Fig.
6; Models 3—4). It is notable that Model 3 includes higher temperature potassium feldspar
40Ar/39Ar information (~350-200 °C) that constrains initial exhumation from the deep
crust (McDannell, Zeitler, & Schneider, 2018) and a subsequent history that is remarkably
similar to Model 4. The geologic interpretation of the Athabasca region is that rapid post-
orogenic cooling and exhumation to the surface occurred by ca. 1700-1675 Ma (Rainbird
et al., 2007; Flowers et al., 2008; McDannell, Zeitler, & Schneider, 2018). Exhumation
was followed by maximum burial heating in the Mesoproterozoic to > 120 °C, or up to
150-200 °C (Flowers, 2009; McDannell, Keller, et al., 2022b). The total interpreted burial
in this location equates to ~2.5-4.5 km from < 1700 Ma to ca. 700 Ma (see below). The
central Athabasca Basin (e.g., Carswell impact structure) locally preserves up to ~2.3 km of
sedimentary strata (Athabasca Group; mainly sandstone) but in most areas does not exceed
1.5 km (Ramaekers et al., 2007). An elevated geothermal gradient of 40-45 °C km~! (Chu
& Chi, 2016; Chi et al., 2018) and a conservative 100 °C of burial heating would imply a
minimum 2.0-2.5 km of erosion in the Neoproterozoic. We propose that the Athabasca Basin
was initially a minimum of ~3.7 km thick, a similar estimate as Ramaekers et al. (2007),
and locally up to 4.5 km thick—reconciling the long debated shallow (~3 km) versus deep
(> 5 km) burial models discussed by Chi et al. (2018).

The combined multichronometer dataset (Model 4) from Athabasca Basin potentially
indicates two discrete episodes of burial and exhumation, however, the first heating event
is relatively low probability in the model and is ‘bypassed’ by some histories, making it
more similar to the other inversions (Fig. 6). Two periods of increased sedimentation
are feasible across northern Canada given the similar burial and paleo-weathering record
between correlative stratigraphic successions (Gall, 1992; Gall & Donaldson, 2006; Hahn
et al., 2013; Rainbird et al., 2020; Pehrsson et al., 2023). The spatial continuity of this
t-T signal is unclear and the events that occurred during the period between < 1500 Ma to

1270 Ma are also less certain owing to differences in the preserved basin stratigraphy (Figs.

1 and 2).
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The preserved regional geology nonetheless permits an interpretation of long-term burial
(Fig. 2). For example, feeder dykes of the 1270 Ma Coppermine River Group flood basalt
and Mackenzie diabase swarm cut the Athabasca, Thelon, and Hornby Bay basins (Rainbird
et al., 2020), indicating that the shield experienced deposition from ca. 1700 Ma until
1270 Ma or later. Rainbird et al. (2020) strengthened the notion of regionally synchronous
shallow-water carbonate sedimentation across the northern craton by determining a mini-
mum depositional age of 1438 + 8 Ma (Figs. 1C and 2) for the lower Dismal Lakes Group
of the Hornby Bay Basin (note that rocks overlie those dated). The distal Hornby Bay and
Elu basins are capped by basalts of the ca. 1270 Ma Mackenzie LIP (Copper Creek and
Ekalulia formations, respectively; Fig. 2), whereas the highly localized ca. 1540 Ma Look-
out Point and Carswell Formation carbonates are the youngest preserved rocks in the more
interior Thelon and Athabasca basins (Rainbird et al., 2020). At face value, these relation-
ships imply that the more centrally located basins may have been more heavily eroded than
those on the craton periphery based on stratigraphy alone, which is a reasonable inference

considering the necessary long-term tectonic control on basin accommodation space.

The intervals between approximately 1700-1550 Ma and 1100-950 Ma are hypothesized
as periods of widespread fluvial sheet sandstone deposition across Laurentia (Young, 1979;
Rainbird et al., 1992). During these times, immense sedimentary basins likely developed on
the craton in association with the supercontinents Columbia/Nuna (1.7-1.2 Ga) and Rodinia
(1.1-0.7 Ga) (C. Wang et al., 2021). While the full spatial extent of basin deposition remains
uncertain, our deep-time thermal history models provide valuable insights. The combined
stratigraphy of the Hornby Bay and Amundsen basins (Fig. 1C) spans over 1670 Ma to 720
Ma. Notably, our thermal history models broadly align with this stratigraphy, suggesting
extensive and near-continuous burial of the craton during this interval (e.g., models 7-8
with older ZHe dates; Fig. 6). However, an episodic burial history cannot be entirely ruled
out (model 4, Fig. 6). Notably, there is no evidence for any of the remnant sub-basins rising
again (i.e., regression) until after eruption of the 1267 Ma Coppermine River flood basalt,

~350-400 Myr after burial initiation.

The depth and extent of potential erosion and unconformity formation during the Meso-
proterozoic are uncertain (Fig. 1C). Although it is unclear whether the older superbasin
experienced significant erosion during this period, it is plausible that larger interior basins,
such as Thelon and Athabasca, remained largely intact until the Neoproterozoic. By this

time, the northernmost Laurentian craton was undergoing active subsidence (Young, 1979;
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Rainbird et al., 2017; Greenman et al., 2021; Rainbird & Davis, 2022; Macdonald et al.,
2023), and sedimentary deposits in continental margin basins (e.g., Amundsen and By-
lot) reflect a phase of deposition that continued during and after the Grenvillian orogeny
(Rainbird et al., 2017, 2020; Greenman et al., 2021). Our thermal history models and
interpretive framework reinforce established models of transcontinental sedimentation path-

ways in the early Neoproterozoic from published studies of detrital zircon provenance (e.g.,

Rainbird et al., 1992).

Prior to the deposition of Grenvillian sediments in the younger distal basins (e.g.,
Amundsen Basin; Fig. 1), regional weathering and unconformity development occurred
between < 1270 Ma and 1100 Ma (Rainbird et al., 2020). A second burial phase followed, and
lasted from < 1100 Ma to 720 Ma (Fig. 1C), sufficient to thermally reset all low-temperature
thermochronometers. Subsequent cooling and erosional exhumation are recorded by all
thermochronometers analyzed in this study. Strata dating to ca. 1100-950 Ma and younger
Neoproterozoic deposits are absent from interior Laurentia and are preserved only along the
northern and western margins of the craton (Rainbird et al., 1992; Macdonald et al., 2023).
Nevertheless, our thermal history inversions indicate that heating persisted into the late
Neoproterozoic, until approximately 800-700 Ma. This timing coincides with the breakout

of Laurentia from supercontinent Rodinia and the initiation of Sturtian glaciation.

We offer some explanations for our {—7 models exhibiting reheating into the Neopro-
terozoic (Fig. 6). First, it is possible that Mesoproterozoic through early Neoproterozoic
sediments were deposited much more broadly across Laurentia—for example during the
Grenvillian sedimentation episode (Rainbird et al., 2012)—but were stripped off at ca. 700
650 Ma, yet remained intact within the protected near-marginal areas of the craton with
greater accommodation space made possible by “intracontinental” sagging and extension
prior to Rodinian rifting (e.g., Rainbird et al., 1996, 2003). The superbasin may have been
accommodation-limited and continued to subside in the Neoproterozoic around 1000-700
Ma. The Hornby Bay, Elu, Amundsen, and Bylot cratonic basins preserve Neoprotero-
zoic sedimentary rocks (Fig. 1A) implying that if such sediments were deposited across
the interior they were of modest thickness, which is reinforced by relatively thin carbonate
and subordinate evaporite deposition during that interval (Fig. 1C). Additionally, early
Neoproterozoic sediment supply may have waned or routing changed. Indeed, when basin
accommodation is exceeded, cratonic depocenters switch from sediment sinks to sediment

sources, or can be bypassed entirely by additional detritus when storage capacity is reached.
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Lastly, Franklin LIP basalt outpourings may have caused additional kilometer-scale burial
at ca. 720-718 Ma (Pu et al., 2022), which coincides with the approximate Neoproterozoic

thermal maximum for most of our ¢—T models (refer to discussion in Section 7.3 below).

7.2 Continental Denudation in the Neoproterozoic

In order to better understand the erosional patterns in the Neoproterozoic, we estimate
the magnitude of exhumation. Cooling occurs in our models during the late Neoproterozoic
and requires re-exhumation of the basement to the near-surface by ca. 600 Ma or earlier,
or 450 Ma at the latest, based on local geology. Interpreted ¢—T inversions generally place
the currently exposed Precambrian basement of the Laurentian interior at temperatures of
~110-200 °C during the Neoproterozoic, corresponding to depths of ~2.4-7.6 km, assum-
ing a surface temperature of 10 °C and a paleogeothermal gradient between 25 to 45 °C
km~! for intracratonic basins (Kolawole & Evenick, 2023). We estimated an average burial
and exhumation depth by assuming uniform distributions for surface temperature (0-15
°C), geothermal gradient (25-45 °C km~!), and the maximum heating temperature range
derived from our models. By performing 10,000 random draws from these distributions,
we approximated a mean unroofing depth of 4.3 + 1.1 km across all T models, with a
more conservative value being 3.2 4+ 0.6 km based on a narrowed, well resolved temperature
range of 110-120 °C. Our estimates are further evidence that continental-scale erosion in
the Neoproterozoic contributed to the formation of the North American Great Unconfor-
mity surface (e.g., DeLucia et al., 2018; McDannell, Zeitler, & Schneider, 2018; Keller et
al., 2019; McDannell, Keller, et al., 2022b; McDannell & Keller, 2022); a prominent geo-
logical boundary that represents a significant gap in the rock record spanning hundreds of
millions of years, where older Precambrian crystalline basement rocks are directly overlain

by younger Paleozoic sedimentary rocks.

7.3 Supercontinent Breakup

Intracratonic basin formation is thought to result from lithospheric cooling, extension,
and large-scale mantle downwelling during supercontinent assembly, while uplift and ero-
sion are associated with mantle upwellings during supercontinent breakup (e.g., Allen &
Armitage, 2011). The magnitude of Neoproterozoic cooling in our ¢-7T models (Figs. 5 and
6) highlights a period of extensive landscape evolution possibly driven by linked tectonic

and surface processes. Weathering and erosion during the Neoproterozoic are evidenced
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by the deposition of thick continent-derived clastic sedimentary rocks along the Laurentian
margins (Macdonald et al., 2023, for summary). This period of erosion likely removed Neo-
proterozoic rocks and possibly much of the Paleoproterozoic-Mesoproterozoic basin strata
that once covered the craton. Denudation onset occurred after ca. 800 Ma during the

punctuated breakup of supercontinent Rodinia from ca. 780 Ma to 540 Ma.

Various tectonic processes emerge as plausible drivers of Neoproterozoic erosion during
supercontinent breakup. The Franklin LIP, thought to have initiated Snowball Earth glacia-
tions, notably coincides with the timing of widespread exhumation interpreted across Lau-
rentia. A mantle plume led to the emplacement of the Franklin igneous province (Heaman
et al., 1992), which is exposed on Victoria Island, just north of our sampled study area
(Minto Inlier; Fig. 1A and C, Fig. 2). The thinning of the Shaler Supergroup beneath the
Natkusiak Formation basalts (Fig. 1) has been interpreted as evidence of crustal doming
preceding the onset of LIP volcanism (Rainbird, 1993). Continental extension and plume
activity elevate mantle temperatures and generate large melt volumes—with much of the
melt intruding and underplating the lower crust (Thybo & Artemieva, 2013), therefore, sur-
face uplift and denudation are possible in the area affected by the plume (e.g., Rainbird &
Ernst, 2001; McDannell, Zeitler, & Schneider, 2018).

Basalt eruptions began around 719 Ma during extroversion of Rodinia, just prior to
the Sturtian Snowball Earth glaciation at 717 Ma (Pu et al., 2022). Pu et al. (2022)
proposed that a volcanic plateau, possibly up to 2 km (?) thick, erupted and was then
eroded across northern Laurentia. While the original Franklin basalt province may have
spanned at least 2.5M km? across the Arctic (Macdonald & Swanson-Hysell, 2023), only
feeder dykes remain preserved in the Churchill province, mapped north of 65° latitude. Some
of our samples lie outside the inferred maximum southern LIP boundary, yet exhibit similar
thermal histories to those samples within it, suggesting limited direct thermal impact on
now-exposed basement rocks. In spite of these details, the temperature beneath a thick
lava sequence increases mainly due to burial (e.g., Brown et al., 1994), which would still
require at least 2 km of Neoproterozoic erosion after 719 Ma, which is consistent with the

approximate initiation of cooling in our models.

Continental breakup may also trigger convective instabilities in the mantle that cause
diachronous, widespread uplift and denudation. Gernon et al. (2024) proposed that cratonic

margin extension causes lithospheric keel removal that propagates across a continent. The
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Churchill cratonic lithosphere is poorly studied but is ~200 km thick, and limited data
suggest a depleted mantle signature typical of cratons (Tappe et al., 2014; J. Liu et al., 2016).
However, a transition from lithospheric thinning, which facilitated Franklin LIP volcanism,
to subsequent thickening would be required to restabilize the cratonic keel observed today
(S. N. Stephenson et al., 2023). Thus, evidence for lithospheric thinning may be obscured
by later mantle refertilization events that mended the cratonic root (J. Liu et al., 2021).
Although not a perfect analogue, models of a propagating erosional front in South Africa
indicate that such processes may require ~40-50 Myr to reach more than 1000 km inland
from the rift margin, resulting in delayed erosion totaling ~1-2 km (Gernon et al., 2024).
Given that our samples are located 1000-2000 km (or more) from any confirmed rift, and
thermal histories suggest deeper exhumation, this mechanism appears insufficient to fully
account for our observations but may potentially explain the last kilometer of unroofing just

prior to the Cambrian.

The convective instability model also predicts that lithospheric delamination causes
kimberlite magmatism. Latest Neoproterozoic-Cambrian kimberlites are preserved along the
Slave craton margin to the west (ca. 613 Ma Coronation Gulf kimberlites), and in the eastern
Rae craton, including the ca. 560 Ma Aviat cluster, ca. 540 Ma Pelly Bay field, and newly
discovered ca. 556 Ma Mel kimberlites on Melville Peninsula (Kepezhinskas et al., 2024).
Further to the northeast (nearly 1100 km from Sample 9), the oldest known examples are
from the ca. 673 Ma Amon kimberlite-sill complex on northern Baffin Island (Tappe et al.,
2014). Generally, kimberlite eruptions indicate heightened mantle perturbation and possible
lithospheric modification during the latest stages of Rodinia breakup and are confined to
the interval < 560-530 Ma. The spatial distribution of kimberlites indicates that volcanic
systems exploited zones of thinner or weakened lithosphere (e.g., Tappe et al., 2014; Y. Wang
et al., 2023) and are primarily located in the eastern Churchill-Rae domain, closer to the
failed Ediacaran-Cambrian rift in the northern Arctic Islands (Macdonald et al., 2023).
Most of the observed cooling in our ¢—7T models was complete or in final stages before many
of the eruptions after 560 Ma. The scarcity of Tonian-Cryogenian kimberlites within the
interior Churchill craton may reflect either a genuinely low eruption frequency during this
period or preservation bias caused by truncation of the record by Snowball Earth ice sheets

(Mazrouei et al., 2019).
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7.4 Snowball Earth Glaciations

A complementary explanation for Neoproterozoic unroofing is that wet-based ice sheets
eroded Laurentia during the Cryogenian (Keller et al., 2019; McDannell, Keller, et al., 2022b;
McDannell & Keller, 2022). The erosive potential of ice sheets during Snowball Earth events
has been debated, with considerable focus on ice dynamics (e.g., cold-based versus wet-based
conditions) and the intensity of the hydrologic cycle (Goddéris et al., 2011; Hoffman et al.,
2017). Climate and ice-sheet models indicate that a significant portion of the simulated
continental ice sheet is wet-based during a snowball, particularly for equatorial continents
where basal sliding is anticipated (Donnadieu et al., 2003). Basal sliding may be maintained
by geothermal heating under thick ice during prolonged multi-million year glaciations (Ojha

et al., 2022).

Many Neoproterozoic successions display spatial and temporal variability, with sed-
imentary patterns and facies reflecting active ice dynamics, including dropstone rainout
intervals and thick, glacially derived diamictite deposits (e.g., Condon et al., 2002; Allen &
Etienne, 2008; Le Heron et al., 2013). Sedimentary geochemistry and climate modeling also
suggest that as atmospheric COs levels rise during Snowball Earth, the climate becomes
increasingly sensitive to orbital forcing (Rieu et al., 2007; Benn et al., 2015; Mitchell et
al., 2021). Consequently, ice sheet advance and retreat cycles, along with glacier-fed hydro-
logical systems, were likely active during the later stages of a snowball period, leading to

enhanced erosion and increased sediment transport.

Our inversions indicate a marked erosional interval of over 100-150 Myr across the
Neoproterozoic (Fig. 6). Cooling in all our models initiates around 750 to 720 Ma and
concludes by > 600 Ma, with as much as 50% (or more) of this cooling necessarily occurring
during the total > 64 Myr of Cryogenian glaciation. Some examples with multiple ther-
mochronometers and better t—T resolution suggest that nearly all exhumation was within
the Cryogenian (Fig. 5), with a peak near ca. 660 Ma (McDannell & Keller, 2022). Our
best estimates of continental-scale upper crustal erosion align with both Snowball Earth
events, coinciding with the Sturtian glaciation of Laurentia from 717 Ma to 662 + 4 Ma,
and overlapping with the Marinoan glaciation between 646 4+ 5 Ma and 635 Ma (Rooney et
al., 2015; Hoffman et al., 2017).

Thermal histories therefore suggest considerable exhumation firmly within the Cryogenian—

with erosion during the waning stage of the Sturtian glaciation being one possibility. While
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speculative, if physical weathering and erosion ensued during the end-Sturtian, chemical
weathering of a large volume of fresh, comminuted sediments in the subsequent interglacial
could stimulate silicate weathering (e.g., Mills et al., 2011) and help trigger the Marinoan
snowball. This proposition holds promise in light of evidence that basaltic LIP terrains
were consumed, to a large degree by erosion and weathering before and during the Sturtian

period (Cox et al., 2016).

Exhumation does not necessarily require deep incision of crystalline basement rocks,
but instead it may include sedimentary cover sequences, metasedimentary units, or volcanic
deposits that were previously overlying the crystalline basement and are more susceptible
to erosion. Proterozoic basin rocks would have been highly susceptible to erosion by ice
sheets. For context, the Quaternary Eurasian ice sheet exhibited a mean erosion rate of

Lin platform regions primarily covered by sedimentary rocks (Patton et al.,

~0.8 mm yr—
2022), which is similar to the compiled global long-term average rate of ~0.5 mm yr~! for
different glacier types across ~1072 to 10® yr timescales (Wilner et al., 2024). Achieving
equivalent erosion rates would require only moderate basal ice sliding velocities of ~12-25
m yr—!, as estimated using an empirically derived glacial erosion law (Cook et al., 2020).
Those values fall within the lower range of predicted rates (~1-50 m yr—!) for wet-based ice
sheets in Snowball Earth climate simulations across the Laurentian interior (Donnadieu et
al., 2003). Three to four kilometers of supracrustal rocks could be removed in ~3.8-5.0 Myr

at the quoted Eurasian ice sheet erosion rate, which is only ~7-9% of the 58 Myr duration

of Sturtian glaciation.

Although there is uncertainty beyond the more precise snowball chronologies, our re-
sults for the North American cratonic interior suggest cooling and deep exhumation (~4
km) during Snowball Earth glaciations within a broader interval of Laurentian tectonic re-
organization (Fig. 5). The Cryogenian may represent a unique time in Earth history when
global glaciation and tectonic and eustatic processes related to the breakup of supercontinent
Rodinia combined to drive unprecedented and extreme continental erosion, particularly in
low-latitude continents with more dynamic ice sheets (Donnadieu et al., 2003). Positive dy-
namic topography would favor emergent landmasses and > 3 to 5 km-thick ice sheets would
produce relative sea level fall > 400 m (Y. Liu & Peltier, 2013; Creveling & Mitrovica,
2014; Hoffman et al., 2017) and large potential energy gradients (gravitational/erosional)
across continents. The impact of glaciation on cratonic shields is undeniable, particularly

in regions with minimal topography and little to no evidence of significant tectonic modi-
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fication over hundreds of millions of years. The subdued topography itself may represent
the most visible legacy of prolonged and repeated continental ice sheet activity. This model
offers a testable framework for future investigation, enabling specific predictions about the

interactions between tectonic, climatic, and geochemical processes in the Neoproterozoic.

7.5 Neoproterozoic Glacial Erosion of Laurentia Recorded by Detrital Zir-

cons

Dynamic ice sheets may also help explain characteristics of glacial strata accumulated
during Snowball Earth events. If a vast Proterozoic superbasin underwent extensive erosion
in the Neoproterozoic, we would expect an abrupt influx of Archean-Proterozoic sediments
(i.e., detrital zircon; DZ) in Cryogenian pericratonic rift-basin deposits. A pre- and syn-
glacial stratigraphic record are required to test this proposal and we do so by closely exam-
ining both the western (Canada/Idaho, USA) and eastern (Scotland) margins of Laurentia

in detail.

The glacial influence on continental erosion and sedimentation has long been a focus of
research along the Laurentian margin (e.g., Aalto, 1971; Ross, 1991; McMechan, 2000; Smith
et al., 2011). Multiple Neoproterozoic rift margin successions in North America preserve
Cryogenian sedimentary strata, including Snowball Earth glacial diamictites and cap car-
bonates exposed in locations such as the Mackenzie-Ogilvie Mountains (Yukon, Canada),
Death Valley (California, USA), and southeastern Idaho (USA) that directly support a
Cryogenian icehouse (Macdonald et al., 2010; Hoffman et al., 2017; Isakson et al., 2022;

Macdonald et al., 2023).

An intact sediment record of Neoproterozoic glaciation is globally rare and the lithos-
tratigraphy along western Laurentia is complicated by syn-sedimentary tectonic deformation
(Young, 1979; Ross, 1991). The distal western margin shelf edge is characterized by rift-
faulted blocks with preserved glacio-volcanic infill and a commonly prominent sub-Cambrian
unconformity surface, providing evidence of erosion across a broad area (i.e., the Great Un-
conformity). For example, the ca. 730-570 Ma Windermere Supergroup accumulated in
fault-bounded rift depressions along the western margin of Laurentia and contains abun-
dant evidence of glacially influenced sedimentation (Ross, 1991; Hadlari et al., 2021). The
lower Windermere primarily consists of a coarse-grained submarine fan diamictite assem-

blage of feldspathic conglomerate and pebbly sandstone “grits” with interbedded grey-black

—39—



South Portneuf Narrows upper diamictite, sample 72PL09 (n=97)

72PL09
<658.0 £ 0.4 Ma

arkosic arenite, sample 70PL09 (n=135)

il

300 O exotic clast

AR} T

O faceted exotic clast
@ striated clast

- 70PLO9
<670.0 £ 2.1 Ma

=

T
I

RN HHAN

lower diamictite, sample 69PL09 (n=102)

STRATIGRAPHIC COLUMN KEY

- > pink-tan cap dolostone

extrabasinal diamictite and lithic wacke
cobble conglomerate

quartz arenite

arkosic arenite

intrabasinal diamictite

volcanic lithic wacke

green to gray siltstone

69PLO9
<696.4 = 0.5 Ma

T T T T T T T
500 1000 1500 2000 2500 3000 3500
Detrital zircon age (Ma)

Figure 7. Detrital zircon U-Pb concordia age stratigraphy of the Pocatello Formation, Idaho.
Stratigraphic column modified from Isakson et al. (2022). Single-grain concordia ages (Ludwig,
1998) were calculated in IsoplotR (Vermeesch, 2018) from the published 2°"Ph /235U, 206pp /238U,
and 2°"Pb/?°°Pb ratios (Isakson et al., 2022). Similarly, we retained only those grains with >
90% concordance (i.e., the concordia distance from Vermeesch, 2018). Normalized kernel density
estimation (AverageShiftedHistograms.jl) calculated over a fine-partition histogram of DZ ages (20
Myr bin) with a quartic biweight kernel smoothed over four adjacent histograms. CA-ID-TIMS
U-Pb zircon dates (shown by arrows) are the maximum depositional ages of the sampled units from

Isakson et al. (2022).
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Figure 8. Detrital zircon U-Pb concordia age stratigraphy of the Dalradian Supergroup, from the
central Highlands, Perthshire, Scotland. An abrupt appearance of Archean-Paleoproterozoic zircons
occurs near 660 Ma during terminal Sturtian glaciation. Original data published by Cawood et al.
(2003). Data shown here were recalculated and plotted using the same methods as the Pocatello
Fm. dataset in Figure 7. The data presented here differ slightly from the original dataset in terms
of date calculation and the number of grains shown, but this does not affect the ages or distributions
in any meaningful way. Approximated depositional ages of the sampled units shown on left of each
panel (red text) from Cawood et al. (2003, 2007) and Moles and Selby (2023). Note that the Port

Askaig tillite is shown twice according to original sampling.
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argillite interpreted as representing glaciomarine sedimentation (e.g., Toby Formation) and
correlates regionally with glaciogenic diamictites (Aalto, 1971; Smith et al., 2011; Macdon-
ald et al., 2023). Such interbedded conglomeratic gravel and clay-rich deposits have been
linked to ice melt-water pulses during more recent Alpine glacial cycles (Florindo et al.,

2024).

The Neoproterozoic stratigraphy of southeast Idaho (western USA) is well dated and
characterized by pre-, syn- and post-glacial strata (Isakson et al., 2022), making it an ideal
location to test our hypothesis. The Pocatello Formation is distinguished by mostly siliciclas-
tic, minor volcanics, and rare carbonates, including glacial diamictites and cap dolostones
representing both the Sturtian and Marinoan glaciations (Hoffman et al., 2017) (respective
“lower” and “upper” diamictites of Isakson et al. 2022). Generally, these rocks have been
interpreted as continent-derived immature to mature sedimentary rocks deposited in sub-
aqueous environments that contain reworked glacial detritus, including striated and faceted
clasts (Isakson et al. 2022; Fig. 7). The Pocatello Formation notably displays an up-section
shift to older Paleoproterozoic and Archean detrital zircon age populations (Fig. 7), po-
tentially signifying an increase in glacial incision between ca. 670-658 Ma, in agreement
with nearby thermochronological estimates (McDannell & Keller, 2022). The detrital zir-
con U-Pb data compilation published by Isakson et al. (2022) demonstrates that the lower
Sturtian diamictite in South Portneuf Narrows is characterized by 700 Ma volcanic age peak
and minor ca. 1500 Ma grain population, whereas the < 670 Ma arenite unconformably
overlying the lower diamictite contains an additional and pronounced 1700-1900 Ma Hud-
sonian component, and minor > 2400 Ma age population (Fig. 7). The top of the Marinoan
upper diamictite contains more dominant and abundant 2500-3200 Ma zircon grains charac-
teristic of an Archean crystalline basement or reworked sedimentary source. A comparable
DZ signal was also documented in the Windermere Supergroup in the Canadian Cordillera
by Hadlari et al. (2021) where an influx of recycled Grenvillian Sequence B zircon grains is
present in the syn-rift Toby Formation, whereas Hudsonian and Archean U-Pb ages appear

higher in the passive margin strata.

Similar to the sedimentary succession in Idaho, the detrital zircon stratigraphy of the
Dalradian Supergroup in Scotland provides another window into the timing and pattern of
sedimentation in the Neoproterozoic along eastern Laurentia. Cawood et al. (2003) discussed
the detrital zircon relationships in the Dalradian and a primary conclusion of their work was

that Dalradian rocks were sourced from Laurentia. In addition, they recognized that the
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sub-Grampian basement and overlying Grampian Group contain mostly Paleoproterozoic—
Mesoproterozoic zircons with rare Archean grains (Fig. 8). A dramatic appearance of
Archean zircons then occurs in the overlying Appin, Argyll, and Southern Highland Groups
of the upper Dalradian Supergroup (Fig. 8). To put this into perspective, Archean zircons
only represent 1% of the total concordance-filtered sub-Appin Group population, whereas
~32-33% of the zircons in the overlying rocks are Archean. This DZ age trend consistently
appears in other studies of Dalradian rocks across Scotland (e.g., Cawood et al., 2007;

Strachan et al., 2013).

The importance of the Dalradian succession becomes more apparent when the approx-
imate position and timing of the shift to older ages is examined in stratigraphic context
(Fig. 8). The boundary between the Appin and Argyll groups is marked by the Port Askaig
tillite, which has been assigned to both the Sturtian and Marinoan glaciations based on
carbon and strontium stable isotope data (Moles & Selby, 2023, for discussion). The effects
of Paleozoic metamorphic overprinting and a lack of time markers in the Dalradian have
hindered an unambiguous interpretation of the chronostratigraphy for decades. A deposi-
tional age of 659.6 + 9.6 Ma was determined for the Ballachulish Slate Formation (Rooney
et al., 2011)—positioned below the tillite within the same stratigraphic interval sampled by
Cawood et al. (2003) for detrital zircon analysis. Recently, Moles and Selby (2023) applied
Re-Os dating of pyrite to constrain the age of rocks in the [overlying] lower Argyll Group to
604 + 7 Ma and suggested the Port Askaig was Marinoan (Ben Lawers schist overlies dated
unit; Fig. 8). The fragility of the Re-Os system in pyrite, however, prevents unambiguous
interpretation of this date as a primary depositional age. The Port Askaig Formation being
Sturtian in age is indirectly supported by similarities in carbon isotope chemostratigraphy
with other better dated Sturtian strata (e.g., Prave et al., 2009; Fairchild et al., 2018).
Therefore, the Appin and lower Argyll Groups together place the appearance of Archean

detrital zircons in the tillite at ca. 660 Ma during the terminal Sturtian cryochron (Fig. 8).

The abrupt increase in Archean-Proterozoic zircons in the Sturtian indicates a plausible
genetic link between the sediments bearing Archean zircons and ice sheet glaciation—which
is anticipated if Laurentian cratonic basins, composed of mostly Archean-Paleoproterozoic
detritus, were heavily eroded in the Cryogenian as suggested by our ¢—7 models. Indeed,
the commonly held interpretation is that the Laurentian rocks from younger orogens, like
the Grenville Mountains, were progressively uplifted and eroded followed by exposure and

denudation of Archean basement rocks during continental rifting (Cawood et al., 2003).
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Such a model is tenable, assuming the Archean zircons are first cycle—whereas a comple-
mentary explanation is one of sediment recycling, since the Proterozoic interior basins were

an abundant ancient detrital zircon source.

The nature and timing of the shift to older, craton-derived zircons in the Dalradian
Supergroup (Fig. 8) is similar to that observed in the Pocatello Formation (Fig. 7) and
elsewhere along the western Laurentian margin (e.g., Hadlari et al., 2021). This consistent
pattern suggests multiple areas received syn-glacial pulses of craton-derived zircon grains
during the terminal Sturtian (and/or Marinoan) glaciation. In support of our thermal
history models, the detrital zircon records from these Laurentian localities suggest that
Cryogenian ice sheets eroded ancient zircon grains from Neoproterozoic sheet sandstones
and the Paleoproterozoic interior basins (+ metamorphic basement) that were subsequently

transported to the continental periphery and deposited in Rodinian rift basins.

7.6 The Cratonic Sedimentary Record and ‘Missing Time’

Deep exhumation in the Neoproterozoic establishes limits on the pace and magnitude of
erosion (given plausible sediment accumulation rates) that would produce a large erosional
unconformity and still permit survival of the older, isolated Proterozoic cratonic basin de-
posits over nearly a billion years. The global sedimentary record compilation of Ronov et
al. (1980) provides insight into the nature of exhumation in the context of cratonic basin

preservation.

It is well established that depositional rates are limited by tectonic subsidence and
accommodation space at long time scales (e.g., Allen & Allen, 2013). Sediment accumu-
lation rates in cratonic basins are low—on the order of ~5-10 m Myr~! (Schwab, 1976);
increasing to ~20-30 m Myr~! if hiatuses are excluded (Sloss, 1988; Allen & Armitage,
2011). Comparable accumulation rates are reported for North American cratonic basins
in the Paleozoic and are even lower, 3-4 m Myr~!, for platform areas outside of basins,
e.g., the Transcontinental Arch (Sloss, 1988). Husson and Peters (2017) determined that
Precambrian sedimentation rates were comparable to those in the Phanerozoic—supporting
uniformity across geologic time. Thus, if we first assume that continental sedimentation
rates have remained nearly constant over long timescales (Schumer & Jerolmack, 2009), and

that the global average volumetric sediment flux of 1.18 km?® yr=! during the Phanerozoic
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determined by Ronov et al. was similar during the Precambrian, we can then infer the

missing strata removed (i.e., ‘missing time’) due to erosion in the late Neoproterozoic.

The vertical sediment accumulation rate derived from Ronov et al. equates to 7.93 m
Myr~! across global continental area. A similar average Phanerozoic accumulation rate of
5.74 m Myr~! is derived from the Macrostrat database for North America (Peters et al.,
2018). If a global average of ~4 kilometers of upper crust was eroded in the Neoproterozoic
(e.g., Keller et al., 2019), which agrees with a broader Laurentia-wide denudation signal
from thermochronology (DeLucia et al., 2018; McDannell, Zeitler, & Schneider, 2018; Mc-
Dannell, Keller, et al., 2022b; McDannell & Keller, 2022), then sedimentary rocks would
be missing from the Precambrian stratigraphic record that represent ca. 500 Myr to 700
Myr of [accumulation] time using the respective Ronov and Macrostrat estimates (Fig. 9).
Put simply, these calculations provide a first-order approximation of the age range of strata
plausibly eroded in the Neoproterozoic based on the magnitude of the cooling signal from
our thermal history models. The potentially eroded package of sedimentary rock would
equate to sediment deposition between ca. 700-1200 Ma (assuming Ronov rates) or ca.

700-1400 Ma (assuming Macrostrat rates).

In this simple scenario, removal of Precambrian sedimentary rocks extending back to
ca. 1400 Ma would be permitted by applying the more conservative Macrostrat sedimenta-
tion rate for North America. For comparison, the youngest dated sedimentary rocks within
the intracratonic basins are the < 1440 Ma carbonates (Fig. 2). The observed stratigraphic
gap thus appears to be consistent with that expected from ~4 km of erosion and provides
an explanation for why ca. 1000 Ma Grenvillian sandstones are not preserved in the conti-
nental interior. Interestingly, this also implies that locations hosting structurally preserved
Proterozoic sedimentary rocks that survived basin fragmentation have undergone minimal
further erosion since the Cryogenian. Removal of all Proterozoic sedimentary cover would
require deeper erosion of > 5.5 km (Fig. 9), or alternatively, lower assumed sedimentation

! which are feasible in accommodation-limited environments. Spa-

rates of ~3—4 m Myr~
tial patterns of exhumation and the preserved basin stratigraphy (Fig. 2) therefore align
with our simple sediment flux model. Our ¢-T models and other proxy data support long-

standing hypotheses regarding the deposition and erosion of the missing upper sections of

Proterozoic intracratonic basin stratigraphy in northern Laurentia.
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Figure 9. Estimates of missing rock from a given time interval due to erosion of the rock
record based on vertical sediment accumulation rates. Sedimentation rates derived from the global

Phanerozoic mean of 7.9 m Myr~!

across total continental area (Ronov et al., 1980) and the
Macrostrat (Peters et al., 2018) Phanerozoic rate of 5.7 m Myr™! across the modern continental
area of North America (similar area as Rodinian Laurentia). Monte Carlo simulations (blue lines,
n = 100,000; 2000 shown) show the amount of ‘missing time’ removed for different total erosion
depths using the mean of the Ronov and Macrostrat sedimentation rates (6.8 + 1.5 m Myr™!).
Probability density shows the distribution for the amount of time removed. Gray shading highlights
the estimated 3-5 km of continental-scale Neoproterozoic erosion predicted from zircon geochemistry
(Keller et al., 2019) and thermochronology (McDannell, Keller, et al., 2022b; McDannell & Keller,
2022). Accounting for the full range in sedimentation (5.3-8.4 m Myr™') and 3-5 km of erosion
permits removal of a thickness of Precambrian sedimentary rocks extending back to ca. 1060 Ma

(min) and 1650 Ma (max). Note the average Ronov global Phanerozoic sediment flux is ~1.18x10°

km® Myr~! and the North American flux from Macrostrat is ~1.42x10° km® Myr~!.
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8 Conclusions

Inverse thermal history model interpretations reveal sediment deposition and burial
patterns across northern Laurentia indicating that exposed crystalline basement and Pale-
oproterozoic basin remnants underwent comparable burial histories during the Proterozoic
that match the composite stratigraphic record preserved along the modern, northern cra-
tonic margin. Our data and models provide independent evidence corroborating the Pro-
terozoic superbasin hypothesis—that areas of basement outside Proterozoic intracratonic
basin footprints were also buried beneath a more extensive sedimentary cover during the
Columbia and Rodinia supercontinent cycles, including Grenvillian fluvial sandstones that
were conceivably deposited across the cratonic interior. Moreover, across all inversions we
document substantial erosion of ~3.3-5.4 km between < 750 Ma to > 600 Ma, further
demonstrating that this period of exhumation contributed to the formation of the Great
Unconformity surface. Deep exhumation and dissection of a Proterozoic superbasin by cou-
pled mantle-driven uplift and dynamic ice-sheet activity during the Snowball Earth episodes
is also supported by the abrupt appearance of Archean-Paleoproterozoic detrital zircons in
Cryogenian strata within Laurentian margin rift basins. Relatively rapid removal and de-
livery of large volumes of glacially comminuted continental crust (> 10® km? globally from
Keller et al. 2019) to the shelf and deep ocean over a few million years has major impli-
cations for secular changes in ocean chemistry (Canfield, 1998), long-term burial of organic
carbon (Husson & Peters, 2017), and oxygenation of the atmosphere in the Neoproterozoic

(Och & Shields-Zhou, 2012).

9 Open Research Section

Data needed to evaluate the conclusions are present in the paper and/or the Sup-

plementary Materials. QTQt models can be retrieved from Open Science Framework:

_Plotting and other modeling codes are available from the Github

organization OpenThermochronology: https://github.com/0OpenThermochronology.
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