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ABSTRACT. Understanding the long-term erosion and burial history of cratons is challeng-
ing due to the incompleteness of the rock record. Low-temperature thermochronology is
used to elucidate these surface histories by inverting thermochronological data for the time-
temperature history and incorporating sparse constraints and other assumptions about
the regional geologic evolution. However, imposing certain assumptions will influence the
form of the inferred thermal histories, and in some cases this step may limit impartial
assessment of the unknown history in terms of what features are required by the data and
those that the data are consistent with (or at least do not contradict). Here we present a
study involving laser ablation apatite fission-track data from three central Canadian Shield
basement samples collected adjacent to the Hudson Platform Ordovician nonconformity in
northern Manitoba and Ontario. Compared to a conventional fission-track analysis, our
samples are characterized by up to ∼3× the number of dated age grains and > 6–8× the
number of track length measurements. The additional data improve inferences that are
conditional on the data in Bayesian QTQt inversions, which in turn provide guidance on
the potential conditions necessary for informing classical Frequentist inversions using the
AFTINV software. Thermal history modeling is thus guided by a heuristic philosophy
regarding the use of explicit constraints, which allows us to (i) examine the ability of the
Bayesian model to independently infer geologically plausible time-temperature paths from
the data (that is, assess sensitivity), (ii) compare the results with the known geology, and
(iii) recursively parameterize models with respect to the previous results. QTQt models
without time-temperature constraint boxes suggest two reheating events better explain the
fission-track data (compared to a monotonic-cooling scenario) and indirectly imply periods
at cooler, near-surface conditions in the latest Neoproterozoic to early Paleozoic, and in the
Jurassic to early Cretaceous. The timing of such periods are consistent with major Hudson
Platform unconformities. Collectively, best-fitting inverse thermal histories establish that
the presently exposed basement near the Hudson Bay Basin experienced peak Paleozoic
burial at ca. 317 ± 36 Ma (2σ). Burial could have occurred as early as Famennian or as late
as Carnian time. A second burial event occurred in the latest Mesozoic to Tertiary at ca. 46
± 30 Ma, but could have been as early as Aptian and as late as Chattian time. The sample
furthest to the east nearer to the Moose River Basin may have experienced peak burial
conditions earlier at 83 ± 14 Ma (within uncertainty of other models), synchronous with
late Cretaceous sea-level rise. These estimates are in broad agreement with the preserved
regional geology and previous thermochronology studies. However, our models support
peak burial during Pennsylvanian and Eocene times, which could suggest a more extensive
sedimentary cover than implied from preserved Hudson Bay Basin rocks (of well-known
depositional age). Such histories are broadly consistent with Williston Basin and Slave
craton burial history reconstructions to the west. Sedimentary rocks are estimated to
have been ∼1.4 ± 0.7 km (2σ) thick in the Paleozoic and ∼1.5 ± 0.9 km thick in the latest
Mesozoic to middle Cenozoic.
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INTRODUCTION

Fission-Track Thermochronology and Continental Surface Histories

Cratons are the ancient nuclei of continents that have remained tectonically stable since the Archean–

Paleoproterozoic. These shield regions are typically characterized by low topographic relief and Precambrian

igneous and metamorphic basement exposed at the surface. Many cratons are devoid of sedimentary cover—making

reconstruction of their post-orogenic geological history difficult since we often only have brief ‘snapshots’ of

past geological events or processes preserved in the rock record. For example, most of the Canadian interior

is comprised of Precambrian basement sporadically covered only by thin early-middle Paleozoic or middle-late

Mesozoic sedimentary strata (Sloss, 1963; Norris & Sanford, 1968; Norris, 1977; Telford & Long, 1986; Sanford,

1987; Norris, 1993; Pinet and others, 2013; Burgess, 2019; Lavoie and others, 2019)—leaving the details about the

Phanerozoic geological history an open question. Apatite fission-track (AFT) dating has long been one of the primary

thermochronological tools used to reconstruct this missing record and constrain the potentially complex burial

and erosion history of the North American craton (Crowley and others, 1986; Crowley & Kuhlman, 1988; Naeser &

Crowley, 1990; Crowley, 1991; Kohn and others, 1995, 2002; Osadetz and others, 2002; Lorencak and others, 2004;

Kohn and others, 2005; Feinstein and others, 2009; Pinet and others, 2016; McDannell and others, 2019b; Pinet

& McDannell, 2020). More recently, (U–Th)/He thermochronology has been successfully applied to understand

cratonic evolution worldwide (for example, Flowers and others, 2006; Ault and others, 2009; Guenthner and others,

2017; Baughman & Flowers, 2020; Morón and others, 2020), but we focus on application of the AFT method in this

contribution.

The fission-track thermochronometer provides time and temperature information from the damage features

or tracks produced by the energetic fission of 238U within the mineral crystal lattice (Fleischer and others, 1965).

The number of spontaneous tracks per unit area is related to the amount of U in the apatite and thus can provide

an estimate of the time (that is, apparent age) over which tracks have accumulated in the crystal. Fission tracks

form continuously over time with an initial etched length of ∼16–17 µm, and fade or anneal when subjected to

higher temperature, resulting in a nearly equivalent reduction in track density (per area) across an etched grain

surface (Gleadow & Duddy, 1981). Early observations of borehole samples showed that with increasing depth, mean

track length is reduced (that is, annealed) with increasing temperature (Gleadow and others, 1986b; fig. 1). As a

consequence, annealing decreases the apparent age of the sample as each track is shortened to a degree reflecting

the maximum temperature experienced during its history before being totally annealed at approximately 100–120◦C

(Gleadow & Duddy, 1981; Green and others, 1986; Gleadow and others, 1986a). Laboratory experiments have

also demonstrated that resistance to thermal annealing is influenced by apatite composition, primarily Cl and

various elemental substitutions that enhance track retentivity compared to common fluorapatite, such as: Fe, Mg,

Mn, Na, OH, Si, and Sr (Green and others, 1985; Carlson, 1990; Crowley and others, 1990; Carlson and others,

1999; Barbarand and others, 2003; Ravenhurst and others, 2003; Tello and others, 2006). Apatite composition
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Fig. 1. A) Hypothetical thermal history scenarios and the corresponding c-axis projected track length distributions produced
from each t–T path. Rapid cooling (blue dotted line), slow cooling (yellow long dash line), minor PAZ reheating (gray short dash
line), and greater PAZ reheating (red solid line). B) unimodal long track lengths corresponding to rapid cooling and subsequent
stasis. C) unimodal right skew track length distribution typical of simple, slow cooling. D) unimodal track length distribution that
has been shortened and broadened due to reheating to 65◦C. E) bimodal track length distribution due to a history involving
greater reheating to 85◦C.

is measured directly by electron microprobe or laser ablation inductively coupled plasma mass spectrometry

(LA-ICPMS)—although it is commonly estimated indirectly by proxy with the Dpar parameter (track etch-pit

diameter; Donelick and others, 2005). Apatite chemistry is used to approximate track annealing kinetics, which are

a critical requirement for thermal history modelling (Laslett and others, 1987; Ketcham and others, 1999; Donelick

and others, 2005; Ketcham and others, 2007; Ketcham, 2019).

The temperature range of the AFT partial annealing zone (PAZ; ∼120–60◦C) varies as a function of the

annealing kinetics and the rock cooling rate (Gleadow & Duddy, 1981; Green and others, 1986; Gleadow and others,

1986a; Duddy and others, 1988). Fission-track apparent ages can broadly inform us about the overall duration of,

and sometimes timing of events in the overall thermal history. The length of a given fission track will reflect to a

large degree the maximum temperature that track experienced, whereas a distribution of track lengths provides key

information on the structure of the thermal history (for example, Gleadow and others, 1986a,b). Thus models of

how fission tracks anneal are essential for the accurate modelling and interpretation of track length data (Ketcham

and others, 1999, 2007; Ketcham, 2019) and provide additional information about thermal history style that is

unavailable to most other thermochronometers. Figure 1 conceptually demonstrates this for four different simplified

thermal histories using a forward model, including: (1) rapid cooling followed by isothermal conditions at the Earth’s

surface; (2) linear, slow cooling at a typical cratonic rate of ∼0.2◦C/My; (3) slow cooling to the surface, followed by

reheating to 65◦C and cooling out of the PAZ; and (4) same style as history 3 except reheating to 85◦C within the
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PAZ. Each of these histories produce characteristic track length distributions (fig. 1B–E) that are diagnostic of the

type of history the AFT sample experienced. The histories in fig. 1A yield either, a unimodal (normal) distribution of

long track lengths of ∼15 µm for the rapid cooling scenario; a unimodal negative skew distribution for slow cooling

with a mean length of ∼14 µm; a unimodal broad or flattened distribution with a similar mean length as the slow

cooling case; and a bimodal distribution for the 85◦C reheating example. The progression from fig. 1B–E generally

shows that track length distributions become broader and shorter with increased magnitude and duration of heating.

From these simple demonstrations, we can see that track lengths are critical for understanding the thermal history

of a rock.

MOTIVATIONS

Inverse Modelling Philosophies: Evidence of Absence or Absence of Evidence

We are interested in exploiting the information contained in thermochronological data to determine the

long-term surface history of the Hudson Platform (North American craton) by utilizing the limited sedimentary

record to inform and validate thermal history models. We also show that different modelling strategies can be

used to support and cross-validate interpretations. First we discuss conventional approaches to data collection

and thermochronological inverse modelling and then elaborate on some of the specific modelling considerations

for deep-time problems. In most cratonic studies, many samples are often collected across a broad region and

rocks then undergo standard thermochronological analysis. Here we focus only on AFT dating. AFT data are

modelled utilizing a supporting framework of geological constraints for a given study area. More often than not

these “constraints” are a mix of physical geology, assumptions, and geologic interpretations—which are not equal in

terms of reliability and entail different degrees of uncertainty (McDannell and others, 2022a). The lack of physical

geologic constraints to inform modelling is problematic for basement terranes when trying to reconstruct the

time-temperature (t–T ) histories from these data (McDannell & Flowers, 2020; Green & Duddy, 2021; McDannell &

Issler, 2021). This dilemma is commonly addressed by utilizing whatever geologic information we have, however,

unless samples are taken directly from well-constrained locations (for example, near unconformities; McDannell &

Keller, 2022), there is typically some degree of regional extrapolation of, or uncertainty in, assumptions about past

conditions. In some situations these regional inferences may be warranted, whereas in others they may not, and it is

difficult to know which is the case before carrying out modelling. The presumed validity of such assumptions is also

called into question due to the decrease in chronometer resolution and increase in thermal history non-uniqueness

with time (McDannell & Flowers, 2020).

Many published t–T inversions are posed as “hypothesis tests” to determine if the chronometer data can be

explained by, or are consistent with, a specific geologic scenario. While this approach is valid, if the data are

not sensitive to a certain imposed constraint then a hypothesis is not being tested (for example, a chronometer

is thermally reset in the Phanerozoic but a near-surface constraint is applied in the Proterozoic). Depending on
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inversion methodology, this sort of model can be misleading and provide false confidence in a particular scenario.

The correlation of model parameters (that is, time and temperature; see Willett, 1997; Fox & Carter, 2020), the

uncertainties related to kinetic (annealing) models, and the precision of the AFT data can inhibit clear delineation

between features of histories that are required by the data versus those that are allowed in a specific geological

context. Put another way, the ability to obtain t–T solutions that adequately fit thermochronologic data with the

use of t–T boxes in a model does not prove that such constraints are “correct” or required by the data—it merely

demonstrates the data do not (or cannot) contradict the imposed constraints (Gallagher, 2016, 2021).

While indisputable geologic information should be incorporated into inverse models if available, it is often

unavailable in sufficient detail in many settings. Therefore, of equal concern are studies that incorporate few

thermochronometric data and attempt to discern geological histories over hundreds of millions of years—without

adequate time-temperature resolution or independent data—this will nearly always result in simple, monotonic

cooling histories (see Discussion). One of the criticisms of Bayesian t–T modelling is that “slow continuous cooling is

a common assumption” for basement terranes (for example, Green and others, 2020; Green & Duddy, 2021). This is

likely due to the perception that Bayesian modelling strictly adheres to a philosophy akin to Occam’s Razor—where

the simplest answer is preferred. This sort of answer is often obtained when low resolution data are modelled without

additional geological context, since for example, it is relatively easy to reproduce a single thermochronometric

datum with a linear history. It does not mean, however, that a simple history is implicitly assumed or that one will

always be recovered. This is contrasted with a random Monte Carlo (Frequentist) t–T modelling approach (for

example, Issler, 1996; Ketcham, 2005; Murray and others, 2022) that explicitly requires the incorporation of external

information to produce results. A critical point is that thermal history simulations are conditional on the imposed

constraints and the assumptions/limitations of kinetic models, regardless of the statistical model framework.

An outstanding problem relates then to our ability to resolve more complex thermal histories in the absence of

firm geological constraints. For instance, the Hudson Platform of central Canada (Sanford & Norris, 1973) is a large

area of Precambrian basement lacking contiguous Phanerozoic strata—eliciting the question: were the currently

exposed basement rocks buried in the past? If they were not—does this vary spatially? If they were—then when

were they buried and by how much? The reflexive (and more interesting) assumption would be that the basement

was buried by sedimentary cover and to simply fix the timing of regional unconformities within inversions—but

this can become circular if our model simply confirms our preferred hypothesis without testing other possibilities

(McDannell and others, 2022a). An alternative approach is to first minimize prior assumptions about a thermal

history and to examine the sensitivity and resolving power of the data (for example, Fox & Carter, 2020; Gallagher,

2021; McDannell & Issler, 2021; McDannell and others, 2022b,a).

Simulations in this paper were performed in the Bayesian QTQt software (Gallagher, 2012) to illustrate what

can be resolved (or not) by implementing a recursive and heuristic modelling approach. We first minimized the use

of constraints as time-temperature “boxes” that force the model to take an predefined path in certain part of the
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history, allowing us to instead examine the ability of the model to independently infer geologically plausible t–T

paths from the thermochronological data (and Bayesian general prior assumptions). To be clear, the “unconstrained”

models establish the baseline t–T sensitivity of the data and are not necessarily interpreted as the preferred thermal

history. This was followed by examining the unconstrained models and determining regions of t–T space that

were well resolved and those parts that did or did not agree with the known geology. That information was then

explicitly applied as constraints in another set of inversions. The QTQt models were also compared to results

generated using the AFTINV software (Issler, 1996; Issler and others, 2022). The AFTINV models are informed

by the QTQt results, yet are constructed with the more prevalent hypothesis test modelling philosophy in mind

(that is, continuous cooling vs. one peak vs. two-peak history), which is inherent to software employing Frequentist

statistics. AFTINV, and other software like it, naturally require more explicit boundary conditions and user-specified

constraints to reproduce the observed data and achieve model convergence. The methods and results discussed

here offer a progressive approach that explores some of the ways inverse modelling can not only inform but assist in

deciphering the complex surface history of cratons.

“Far better an approximate answer to the right question, which is often vague, than an exact answer to the wrong

question, which can always be made precise.” (Tukey, 1962)

CASE STUDY: HUDSON PLATFORM, CANADIAN SHIELD

Brief Geologic Overview

The pervasive view is that the Canadian Shield has experienced long-term quiescence over hundreds of

millions to billions of years, with the canonical null hypothesis being that the majority of exposed basement has

persisted in its current geomorphological state throughout the Phanerozoic—subaerially exposed and unburdened

by thick sedimentary cover. However, this view may be incomplete since the shield may have only recently been

altogether denuded during Laurentide glaciation (for example, Sugden, 1978; Bell & Laine, 1985; Licciardi and others,

1998). Other indirect evidence suggests that craton surface evolution was much more dynamic. Many studies infer

periodic burial during high sea-level excursions (for example, Bond, 1978; White and others, 2000) and erosion

during epeirogenic mantle (thermal) perturbations (for example, Ahern & Mrkvicka, 1984; Crowley & Kuhlman,

1988; Burgess and others, 1997; Flowers and others, 2012) or Precambrian continental glaciations (for example,

White, 1973; McDannell and others, 2022b; McDannell & Keller, 2022). Of course, tectonic processes such as plate

reorganizations and peripheral orogenesis (for example, Sanford and others, 1985; Crowley, 1991; Kohn and others,

2005; Ault and others, 2009; Feinstein and others, 2009) may have contributed to both cratonic burial and erosion.

To better understand continental interior surface evolution, three crystalline basement samples were collected from

central Canada that have reliable, yet limited geologic information (described below) to support thermal history

modelling.
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Geologic Context for Fission-Track Samples

The Hearne Domain lies in the Churchill Province of the shield (Fig. 2) and is comprised of Neoarchean

granitoids, greenstones, metasedimentary and volcanic rocks, and Paleoproterozoic granites that flank reworked

late Paleoproterozoic basement to the south (Fig. 2; Hoffman, 1988, 1989; Weller & St-Onge, 2017), and the

Paleozoic–Mesozoic Hudson Bay sedimentary basin to the east (Pinet and others, 2013). The Superior Province is the

nucleus of the Canadian Shield and contains an assemblage of some of the oldest rocks on Earth, including Archean

oceanic and continental terranes that collided and underwent Neoarchean metamorphism and cratonization by

ca. 2700–2600 Ma (Percival and others, 2012). The central Canadian Shield is generally considered to have been

tectonically stable since intracratonic basin formation at ca. 1700 Ma (Fraser and others, 1970; Rainbird and others,

2007) following the Tran-Hudson Orogeny (THO; for example, Schneider and others, 2007) and the assembly of

Laurentia at ca. 1800 Ma (Hoffman, 1988, 1989).

Regional geologic context for the Phanerozoic, with respect to the sample locations is as follows. The Hearne

Domain sample (97-10-365) is from exposed granodiorite basement within the Seal River Fold Belt (Anderson

and others, 2010; Rayner, 2010). This location is at the erosional edge of the Hudson Bay Paleozoic nonconformity

at the mouth of the Seal River in northeastern Manitoba (fig. 2). The THO sample (CB99-227) was collected from

a foliated biotite tonalite from Stephens Lake, ∼28 km from the Paleozoic unconformity in Manitoba. Sample

12RM086 was collected from a porphyritic K-feldspar quartz monzonite in the western Superior Province “Ring

of Fire” region in northern Ontario (fig. 2), ∼50 km west of the present-day erosional edge of the Paleozoic

unconformity in the area of McFaulds Lake (Metsaranta & Houlé, 2017). Preliminary fission-track data for this

sample were first reported in McDannell and others (2022c).

The Hudson Bay Basin is a large intracratonic sag basin that has preserved section of over 2500 m (fig. 2

and fig. 3), primarily consisting of Upper Ordovician to Upper Devonian shallow marine rocks overlain by inferred

Cretaceous strata (Norris & Sanford, 1968; Pinet and others, 2013; Lavoie and others, 2015). The Ordovician rocks

in the Hudson Bay region are Edenian to Richmondian in age (ca. 454–444 Ma; Nelson, 1963; Armstrong and others,

2018; Zhang & Riva, 2018), but are as old as ca. 475 Ma in the northerly Foxe Basin (Trettin, 1975). The onshore basal

Paleozoic section of the Hudson Bay Basin is the middle Upper Ordovician Portage Chute Formation of the Bad

Cache Rapids Group (Lavoie and others, 2019, for summary), which is ca. 453–447.5 Ma in age (Maysvillian Stage)

or ca. 470–450 Ma in age, depending on the location and applied age model (Peters and others, 2018; Gradstein

and others, 2020). Refer to McDannell & Keller (2022) and McDannell and others (2022c) for further discussion.

Much of the later Phanerozoic sedimentary record is highly fragmented or absent. Tillement and others (1976)

first reported the presence of marine Pennsylvanian rocks from pollen assemblage analysis of samples from the

Narwhal O-58 well in Hudson Bay. Those findings were disputed as additional biostratigraphic work found mixed

Westphalian (ca. 315–306 or ICS stages Bashkirian–Kasimovian), Cretaceous, and Tertiary microfossils (Williams

& Barrs, 1976). The earlier results and interpretations of Tillement and others (1976) were instead attributed to
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Fig. 2. Simplified geologic map of the central Canadian Shield near Hudson Bay, modified from Wheeler and others (1996).
New AFT sample locations are yellow points across the Hudson Platform. Light blue points (near sample 97-10-365) are
multi-chronometer samples published in McDannell & Keller (2022). Precambrian rocks are undifferentiated except for those
rocks of the ca. 2.0–1.8 Ga Trans-Hudson Orogen (THO). The ca. 1.7 Ga Athabasca Basin lies to the west of Hudson Bay. The
Hudson Bay Basin Paleozoic section outcrops (blue) along the THO and the western Superior Province. Green diamond is the
approximate location of the ca. 170 Ma Attawapiskat kimberlite field. MW denotes the location of the Musselwhite gold mine,
those AFT data discussed in Pinet & McDannell (2020). INCO is the borehole discussed in Galloway and others (2012); refer to
the text for discussion. Inset map provides global reference.

“drilling contamination” by Williams & Barrs (1976) but those conclusions remain controversial. The adjacent Moose

River Basin (fig. 2) contains Upper Ordovician through Upper Devonian strata with a major unconformity overlain

by erosional remnants of minor Middle Jurassic (Bajocian–Bathonian, 170–165 Ma; Norris, 1977) and unconformable

Early Cretaceous (Albian and Aptian; ca. 121–100 Ma) rocks (Norris & Sanford, 1968; Norris, 1977; Telford &

Long, 1986). The ca. 180–170 Ma hypabyssal facies kimberlites in the Attawapiskat vicinity of the Moose River

Basin (Fig. 2) were erupted subaerially through basement and thin Paleozoic cover (Kong and others, 1999; Sage,

2000; Webb and others, 2004). The INCO-Winisk #49204 borehole (fig. 2) also contains palynological evidence

of Aptian–Turonian (ca. 120–90 Ma) sediment recycling and sediments preserved at ∼70 m depth of Miocene

age unconformably overlying the Paleozoic section (Galloway and others, 2012). The regional applicability of this

constraint is uncertain but there are isolated occurrences of thin Tertiary strata along the southern Hudson Bay

Basin in northern Ontario and Manitoba (Lavoie and others, 2013).

The Williston Basin lies to the southwest of our samples (fig. 2) and contains thick basin fill of > 4 km deposited

during the Phanerozoic (Burrus and others, 1996), beginning with the platform onlap of the Sauk sequence (Sloss,
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Fig. 3. Geological cross-section across Hudson Bay Basin, modified from Norris (1993) and McDannell and others (2022c). The
Phanerozoic geology is simplified and grouped according to sequences in Sloss (1963). Red lines are intra-basin faults. Gray
area in the inset outlines Paleozoic and younger rocks (refer to Pinet and others, 2013) and major regional arch structures are
shown as dashed blue lines (for example, Sanford & Grant, 1990): Bell arch (BA); Cape Henrietta Maria arch or Transcontinental
arch (CHMA); Fraserdale arch (FA); Keewatin arch (KA); Severn arch (SA; trending NW-SE). The dark red line A–A’ in the
cross-section extends from Southampton Island to the Moose River Basin and the points along the line correspond to drilled
hydrocarbon exploration wells in the Hudson Bay Basin. The Comeault #1 well in Manitoba is the closest to our northerly
samples that penetrated over 550 m of Silurian through Ordovician rocks and Precambrian basement at 616 m depth (third point
from the bottom in the inset and the blue dot on the cross-section; Armstrong and others, 2018; Lavoie and others, 2019).

1963; Norris & Sanford, 1968; Sanford, 1987). The basin was undergoing rapid subsidence after ca. 488 Ma (or

earlier) during deposition of the Deadwood Formation and the Middle Ordovician Winnipeg Formation (ca. 471–458

Ma depositional age; LeFever, 1996). A major angular unconformity exists in the basin between Mississippian and

Triassic strata (ca. 325–220 Ma; Butcher and others, 2012) implying possible near-surface conditions for Precambrian

basement across the shield during that interval. Regionally, an episode of Paleozoic heating ranging between

∼70–100 ◦C has been documented for Precambrian basement located to the southwest and east of the Hudson Bay

Basin—attributed to geodynamics related to intracratonic basin formation (Crowley & Kuhlman, 1988; Crowley,

1991; Osadetz and others, 2002) and the distal effects of Appalachian orogenesis, respectively (Lorencak and others,

2004; Kohn and others, 2005; Feinstein and others, 2009). This contrasts with thermal history modelling results

for AFT samples from the Musselwhite gold mine in northern Ontario that indicate Paleozoic–Mesozoic heating

was limited or absent (Pinet & McDannell, 2020). These spatial differences may be due to the subtle effects of

paleo-arch systems across the southern shield (Sanford and others, 1985; Sanford, 1987; Sanford & Grant, 1990).

These basement-controlled, physiographic elements, such as the well-known Transcontinental arch (fig. 3), were

positive topographic features that conceivably influenced regional sediment dispersal and depositional patterns

during the latest Precambrian (?) through the mid-Paleozoic (Sanford and others, 1985; Sanford & Grant, 1990).

Published AFT patterns of older ages and longer track lengths near the Severn arch (oriented NW–SE near the

Musselwhite mine) and Trancontinental arch in the western Superior Province (Kohn and others, 2005) at the very

least indicate areas that were not deeply buried, but also potentially denote the presence of early Phanerozoic

topographic highs.

To summarize, regional information suggests that Precambrian basement was exhumed prior to or by ca. 460

Ma. Of critical importance is the fact that basement may have been subaerial for 50–100 Myr (or more?) prior to the

Ordovician unconformity. Burial of the shield occurred primarily during the Ordovician through Devonian (Patchett

and others, 2004). Subaerial basement exposure may have occurred during the Mississippian through the Jurassic,
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followed by deposition during the Cretaceous or early Tertiary, with final exhumation beginning by the early Tertiary

or after approximately Oligocene–Miocene time. We present new AFT analytical results, which are modelled to

assess whether our data can yield thermal histories that are independently consistent with the accepted regional

geological evolution. There is also the question of whether the currently exposed Hudson Platform basement was

buried during deposition of the Hudson Bay sequence. Burial of basement in the early Paleozoic is likely for our

samples due to their close proximity to the Ordovician nonconformity.

METHODS AND RESULTS

LA-ICPMS Fission Track and U-Pb Apatite Double Dating

Apatite grains were double-dated by LA-ICPMS (Chew & Donelick, 2012) using the modified ζ-calibration

method for fission track dating (Cogné and others, 2020), with the Durango and McClure Mountain (MMhb) age

standards for LAFT and U-Pb data acquisition, respectively. The AFT pooled age obtained in analytical sessions

for Durango was 31.4 ± 1.6 Ma (2σ) and 256 ± 14 Ma for McClure Mountain apatite. The weighted mean U-Pb

age of McClure Mountain apatite was 525 ± 27 Ma (2σ). All ages are in agreement with accepted previously

published values (see Chew & Donelick, 2012). All analytical methods are the same as those discussed in McDannell

and others (2019a) and McDannell and others (2019b). Single laser-ablation spots were chosen within minimized

grain counting areas to avoid potential U zonation and all analytical results are shown in table 1, table 2, and table

3 (excluding individual track lengths; refer to the supplementary materials). The high Ns track densities make U

zoning on the etched grain surface easily detectable, and none of the examples showed evidence for strong zonation.

One procedural difference for the data discussed here is that the AFT samples were analyzed in two separate

aliquots (dated “blind”) with a focus on collecting more track length data. For the second aliquot, lengths were

only measured from grains where tracks were counted for age determination—this was done to test for possible

multikinetic behavior and to facilitate direct linking of measured lengths with apparent ages (for example Issler

and others, 2022).

Electron Probe Microanalysis

Electron probe microanalysis (EPMA) was carried out using a JEOL JXA8500F field emission electron

microprobe with an electron beam size of 5 µm operated at 15 kV (current 20 nA) for a single-spot per grain on

the AFT mounts at the Washington State University GeoAnalytical Laboratory. The analyzed elements included:

Ca, P, F, Cl, Na, Mg, Mn, Fe, Sr, Y, La, Ce, S, and OH estimated by difference using the same methods discussed

in McDannell and others (2019a). The second AFT aliquots included Si and had two EPMA spots analysed, one

near the laser-ablation pit, and the other located in a different area of the grain to assess potential compositional

heterogeneity (fig. 4). Complete EPMA data are provided in the supplementary materials and are summarized in

table 1, table 2, and table 3. The apatite stoichiometric calculations for EPMA data from Ketcham (2015) were used

to calculate weight percent oxide totals (and atoms per formula unit; apfu) including OH and F-Cl oxygen-equivalent
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Fig. 4. Electron backscatter images of EPMA single-spot analyses for representative aliquot-2 apatite grains from the fission-track
mounts. Intra-grain compositional heterogeneity is present but minor. Spot analyses were 5 µm in diameter. Spot-A was analyzed
near the laser ablation spot and spot-B was randomly collected in another location. (A) The eCl values for sample 97-10-365
grain-age-10 (a2-10) are 0.008 apfu (spot A; rmr 0 = 0.838; equivalent Dpar = 1.78 µm) and 0.000 apfu (spot B; rmr 0 = 0.840;
eDpar = 1.75 µm). (B) The eCl values for sample CB99-227 grain-age-2 (a2-2) are 0.018 apfu (spot A; rmr 0 = 0.834; eDpar =
1.81 µm) and 0.025 apfu (spot B; rmr 0 = 0.832; eDpar = 1.83 µm). Spot-B is near the grain edge where there is a narrow band
(10–15 µm) of modest U zoning that is visible due to the lower spontaneous track density compared to the grain interior. (C) The
eCl values for sample 12RM086 grain-age-1 (a2-1) are 0.006 apfu (spot A; rmr 0 = 0.838; eDpar = 1.77 µm) and 0.014 apfu (spot
B; rmr 0 = 0.835; eDpar = 1.80 µm). The rmr 0 values were calculated using the Carlson and others (1999) equations.

corrections. Elemental wt% oxide totals are 98.9 ± 1.9% for 350 analyses (including OH estimation) and suggest

near endmember fluorapatite or secondary mixed F-Cl-OH apatite with secondary trace element and REE presence

in all three samples. Estimated grain average wt.% oxide elements include (aliquot-2 data only): Ca = ∼54.7%,
P = ∼41%, F = ∼3.0%, OH = ∼0.55%, Si = ∼0.14%, Y = ∼0.1%, S = ∼0.09%, Mn = ∼0.06%, Sr = ∼0.05%, Na =

∼0.05%, Ce = ∼0.04%, Cl = ∼0.02%, and Fe = ∼0.02%. The aliquot-2 grains with multiple probe spots indicated

insignificant-to-moderate variation in composition, suggesting intra-grain elemental zoning is present in all of the

samples but it is not extreme. The few grains with low totals < 97% are flagged in the supplemental dataset and

should be used with caution for any petrogenetic interpretation (refer to discussion in Issler and others, 2022).

The elemental data were plugged into the multivariate equation of Carlson and others (1999) to calculate a single

kinetic parameter, rmr 0, to approximate the annealing kinetics of the AFT data during inverse modelling. The

nonlinear rmr 0 values were also converted to linear “effective Cl” (eCl) values (see McDannell & Issler, 2021 and

Issler and others, 2022 for discussion). Effective Cl of 0.0 apfu is indicative of endmember fluorapatite and negative

eCl values indicate an extrapolation of the Carlson and others (1999) rmr 0–Cl relation for rmr 0 values > 0.84, and

imply lower track retentivity compared to common fluorapatite.

LA-ICPMS AFT “Super-Sample” Apparent Ages, Track Lengths, and Elemental Chemistry

The central ages presented in the data tables are calculated from the single-grain LAFT ages and their 1σ

uncertainties (the mean of the log-normal distribution of ages; Vermeesch, 2018, 2019). Sample 97-10-365 has an

AFT central age of 512 ± 18 Ma (1σ, n = 63, age dispersion = 26%, P(χ2) = 0.0; table 1) with grain ages spanning 300

± 39 Ma to 926 ± 328 Ma and a conventional mean track length (MTL) of 12.01 ± 1.75 µm and c-axis projected

MTL of 13.64 ± 1.02 µm (n = 709). The Ns counts for this sample totaled 14,353 (table 1). The median rmr 0 is

0.843 and the average eCl is -0.007 ± 0.019 apfu across all probed grains. The absolute difference between the
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Table 1. Apatite fission-track data for sample 97-10-365, Hearne Domain (lon/lat: -94.84072244, 59.0724352)
Ns Area 238U/43Ca 1σ PiΩi σP2

i Ω
2
i AFT age† 1σ Dpar F? Cl? OH? rmr 0 eCl (A) eCl (B) U–Pb‡ 2σ aliquot

(cm2) (Ma) (Ma) (µm) (apfu) (apfu) (apfu) 1999 (apfu) (apfu) age (Ma) (Ma) grain

97 2.91E-05 2.77E-02 9.38E-03 8.06E-07 7.46E-14 926 328 2.09 1.69 0.00 0.30 0.840 0.001 – – – a1-1
73 2.91E-05 3.01E-02 2.79E-03 8.76E-07 6.60E-15 655 98 1.96 1.55 0.00 0.45 0.843 -0.007 – – – a1-2
80 2.91E-05 4.14E-02 3.23E-03 1.21E-06 8.83E-15 527 72 1.99 1.58 0.01 0.42 0.842 -0.005 – – – a1-3
426 5.82E-05 1.49E-01 9.66E-03 8.65E-06 3.17E-13 395 33 1.71 1.59 0.01 0.40 0.838 0.005 – – – a1-4
162 3.88E-05 7.08E-02 4.49E-03 2.75E-06 3.04E-14 470 48 1.83 1.52 0.00 0.47 0.838 0.008 – – – a1-5
65 2.91E-05 3.69E-02 1.07E-03 1.07E-06 9.79E-16 482 62 1.62 1.59 0.00 0.41 0.840 0.002 – 2155 471 a1-6
94 1.94E-05 4.99E-02 1.72E-03 9.70E-07 1.12E-15 756 83 1.86 – – – – – – – – a1-7*
64 2.43E-05 1.67E-01 4.61E-02 4.05E-06 1.25E-12 130 39 1.67 1.60 0.00 0.39 0.845 -0.016 – – – a1-8*
126 3.40E-05 4.73E-02 1.43E-03 1.61E-06 2.37E-15 618 59 1.94 1.71 0.00 0.29 0.844 -0.011 – 2424 561 a1-9
59 1.94E-05 5.24E-02 3.44E-03 1.02E-06 4.45E-15 463 68 1.98 1.63 0.01 0.37 0.845 -0.016 – 2479 1347 a1-10
264 3.11E-05 1.85E-01 4.20E-03 5.73E-06 1.70E-14 370 25 1.97 1.58 0.11 0.31 0.814 0.071 – 2400 299 a1-11
104 4.85E-05 4.14E-02 1.09E-03 2.01E-06 2.79E-15 415 43 1.97 1.62 0.01 0.37 0.842 -0.005 – 2321 413 a1-12
149 3.40E-05 3.06E-02 7.03E-04 1.04E-06 5.70E-16 1087 94 1.86 1.69 0.00 0.31 0.849 -0.027 – 1980 324 a1-13
45 2.33E-05 2.83E-02 6.74E-04 6.59E-07 2.46E-16 541 82 1.88 1.77 0.01 0.22 0.853 -0.038 – 1995 419 a1-14
106 2.91E-05 6.24E-02 1.45E-03 1.82E-06 1.79E-15 466 47 1.93 1.65 0.00 0.35 0.845 -0.014 – 2385 402 a1-15
124 3.88E-05 5.28E-02 1.20E-03 2.05E-06 2.17E-15 482 45 1.88 1.73 0.00 0.26 0.844 -0.012 – 2080 364 a1-16
118 2.43E-05 5.32E-02 1.39E-03 1.29E-06 1.14E-15 715 70 2.04 1.60 0.00 0.40 0.844 -0.012 – 2464 498 a1-17
103 2.43E-05 3.65E-02 1.02E-03 8.86E-07 6.09E-16 896 93 2.08 1.62 0.01 0.37 0.846 -0.017 – 2107 477 a1-18
101 3.40E-05 3.95E-02 9.96E-04 1.34E-06 1.14E-15 595 62 1.82 1.62 0.01 0.38 0.841 -0.002 – 2526 460 a1-19
54 2.91E-05 3.89E-02 1.44E-03 1.13E-06 1.75E-15 382 54 1.65 1.69 0.00 0.31 0.847 -0.021 – 2497 596 a1-20
97 2.91E-05 3.03E-02 1.40E-03 8.83E-07 1.66E-15 850 96 2.14 1.65 0.01 0.35 0.840 0.000 – – – a1-21
81 2.33E-05 2.66E-02 1.27E-03 6.19E-07 8.73E-16 1001 122 1.80 1.50 0.02 0.48 0.827 0.038 – – – a1-22
345 4.37E-05 1.39E-01 3.39E-03 6.06E-06 2.20E-14 455 28 2.03 1.76 0.00 0.24 0.848 -0.023 – – – a1-23
164 4.85E-05 4.80E-02 1.49E-03 2.33E-06 5.25E-15 558 48 1.75 1.57 0.00 0.43 0.844 -0.010 – – – a1-24
96 3.40E-05 5.01E-02 1.73E-03 1.70E-06 3.45E-15 450 49 2.03 – – – – – – 2471 593 a1-25
293 3.88E-05 1.50E-01 4.43E-03 5.82E-06 2.95E-14 404 27 1.99 – – – – – – 2238 328 a2-1
472 5.82E-05 7.83E-02 2.54E-03 4.56E-06 2.19E-14 804 47 1.86 1.55 0.00 0.45 0.838 0.006 0.006 2205 518 a2-2
446 5.82E-05 1.20E-01 2.84E-03 6.98E-06 2.73E-14 508 28 1.43 – – – – – – 1736 383 a2-3
304 5.82E-05 5.22E-02 9.33E-04 3.04E-06 2.95E-15 779 49 1.79 1.52 0.01 0.471 0.841 -0.002 0.000 2193 384 a2-4
228 5.82E-05 5.86E-02 1.15E-03 3.41E-06 4.48E-15 531 38 1.70 1.65 0.01 0.35 0.841 -0.001 -0.001 2088 528 a2-5
274 2.91E-05 1.64E-01 3.12E-03 4.77E-06 8.24E-15 458 30 2.06 1.51 0.01 0.48 0.839 0.003 0.028 2242 376 a2-6
137 3.88E-05 7.85E-02 1.58E-03 3.05E-06 3.76E-15 362 32 1.61 1.68 0.00 0.31 0.848 -0.025 -0.029 1724 305 a2-7
446 4.85E-05 1.80E-01 2.99E-03 8.73E-06 2.10E-14 409 22 1.53 1.71 0.00 0.28 0.850 – -0.029 2172 249 a2-8
119 3.40E-05 4.78E-02 1.42E-03 1.63E-06 2.33E-15 579 57 1.60 1.62 0.02 0.37 0.842 -0.006 -0.004 2134 307 a2-9
255 4.85E-05 7.41E-02 1.48E-03 3.59E-06 5.15E-15 562 38 1.72 1.66 0.01 0.33 0.837 0.008 0.000 2075 297 a2-10
104 3.88E-05 3.81E-02 9.23E-04 1.48E-06 1.28E-15 557 57 2.02 1.55 0.01 0.44 0.835 0.015 -0.021 1949 356 a2-11
511 5.82E-05 1.82E-01 3.68E-03 1.06E-05 4.59E-14 387 20 1.70 1.69 0.01 0.30 0.848 -0.023 0.018 2292 319 a2-12
699 7.77E-05 1.59E-01 3.33E-03 1.24E-05 6.69E-14 452 21 1.88 1.51 0.00 0.49 0.839 0.003 -0.002 2176 312 a2-13
216 2.91E-05 1.06E-01 2.36E-03 3.08E-06 4.72E-15 555 41 1.54 1.79 0.01 0.20 0.844 -0.010 0.014 2236 447 a2-14
61 3.88E-05 4.24E-02 9.62E-04 1.65E-06 1.39E-15 300 39 1.72 1.71 0.00 0.28 0.848 -0.024 -0.017 2126 646 a2-15
210 4.85E-05 7.83E-02 1.72E-03 3.80E-06 6.96E-15 442 33 1.79 1.52 0.00 0.48 0.837 0.011 -0.012 1427 347 a2-16
452 4.85E-05 2.09E-01 4.77E-03 1.01E-05 5.35E-14 359 20 1.60 1.52 0.01 0.48 0.832 0.024 -0.021 1674 273 a2-17
248 3.49E-05 1.34E-01 2.54E-03 4.68E-06 7.86E-15 424 29 1.70 1.57 0.01 0.42 0.843 -0.007 -0.024 1527 275 a2-18
155 4.37E-05 8.41E-02 1.68E-03 3.68E-06 5.39E-15 340 29 1.56 1.58 0.01 0.41 0.842 -0.005 0.001 1852 381 a2-19
252 2.91E-05 1.51E-01 2.46E-03 4.39E-06 5.12E-15 458 31 1.77 1.63 0.07 0.30 0.828 0.035 -0.027 1759 219 a2-20
146 3.88E-05 4.94E-02 1.57E-03 1.92E-06 3.71E-15 601 54 1.93 1.56 0.01 0.43 0.842 -0.006 -0.022 1863 541 a2-21
474 5.82E-05 1.32E-01 3.36E-03 7.68E-06 3.82E-14 491 27 1.57 1.56 0.00 0.43 0.839 0.004 -0.017 2123 504 a2-22
141 3.40E-05 4.14E-02 1.58E-03 1.41E-06 2.89E-15 780 73 1.51 1.59 0.00 0.41 0.838 0.006 -0.039 2213 743 a2-23
236 7.77E-05 3.56E-02 1.32E-03 2.77E-06 1.05E-14 670 51 1.53 1.68 0.00 0.32 0.850 -0.028 -0.021 1521 518 a2-24
390 4.85E-05 1.82E-01 4.09E-03 8.83E-06 3.93E-14 356 21 1.61 1.71 0.01 0.29 0.828 0.035 -0.026 2079 261 a2-25
576 5.82E-05 1.95E-01 4.71E-03 1.13E-05 7.51E-14 407 21 1.61 1.79 0.01 0.20 0.851 -0.032 0.000 2157 331 a2-26
213 5.82E-05 5.31E-02 1.52E-03 3.09E-06 7.83E-15 546 42 1.81 1.50 0.01 0.50 0.839 0.004 0.000 2383 632 a2-27
166 5.82E-05 4.07E-02 1.02E-03 2.37E-06 3.52E-15 555 46 1.63 1.58 0.01 0.41 0.842 -0.006 -0.007 2121 566 a2-28
496 4.85E-05 2.08E-01 6.17E-03 1.01E-05 8.95E-14 394 22 1.65 1.57 0.01 0.42 0.843 -0.009 -0.025 1828 331 a2-29
151 4.37E-05 4.53E-02 1.16E-03 1.98E-06 2.57E-15 602 52 1.68 1.52 0.00 0.47 0.831 0.027 0.006 2199 551 a2-30
378 4.85E-05 1.35E-01 3.42E-03 6.55E-06 2.75E-14 461 28 1.90 1.76 0.00 0.24 0.852 -0.036 -0.019 1468 268 a2-31
126 3.88E-05 5.49E-02 2.02E-03 2.13E-06 6.14E-15 472 46 1.57 1.75 0.00 0.25 0.851 -0.034 -0.015 2164 659 a2-32
420 4.85E-05 1.15E-01 2.45E-03 5.58E-06 1.41E-14 595 33 1.67 1.57 0.01 0.43 0.836 0.013 0.008 2311 397 a2-33
358 4.85E-05 7.63E-02 1.91E-03 3.70E-06 8.58E-15 754 46 1.67 1.59 0.01 0.40 0.841 – -0.002 1763 395 a2-34
193 3.40E-05 1.23E-01 2.53E-03 4.18E-06 7.40E-15 371 28 1.66 1.66 0.00 0.34 0.842 -0.006 -0.009 2042 417 a2-35
137 3.40E-05 4.75E-02 1.10E-03 1.62E-06 1.40E-15 666 60 1.50 1.60 0.01 0.39 0.835 0.014 0.003 2268 558 a2-36
306 3.88E-05 1.33E-01 3.15E-03 5.16E-06 1.49E-14 473 30 1.60 1.78 0.00 0.22 0.848 -0.023 -0.016 1867 269 a2-37
86 3.11E-05 4.56E-02 9.85E-04 1.42E-06 9.38E-16 483 54 1.54 1.77 0.01 0.23 0.847 -0.021 -0.006 2386 515 a2-38
338 4.85E-05 1.45E-01 2.34E-03 7.03E-06 1.29E-14 386 23 1.56 1.69 0.00 0.31 0.849 -0.028 -0.031 1470 213 a2-39
101 3.40E-05 5.79E-02 1.19E-03 1.97E-06 1.64E-15 411 42 1.71 1.62 0.01 0.37 0.836 0.013 -0.021 2304 469 a2-40

14353 2.61E-03 2.40E-04 1.20E-12 512 18 1.77 1.63 0.01 0.36 0.842 -0.004 -0.010 2075 67

Ns = spontaneous track count; Pi = down-pit weighted 238U/43Ca; Ωi = track count area

†AFT single-grain ages are calculated using the LA-ICPMS (ζ-calibration) method with modified ζ = 8.2727, standard error (ζ) = 0.1407 and 238U total decay constant of 1.55125 × 10−10 yr−1 .
Bottom table row displays the analysis sums, AFT central age ± 1σ error, and the mean values for the tabulated elements/kinetic parameters. Aliquot grains marked with an asterisk experienced
analysis failure from blowout during lasing and are omitted from summary calculations but are reported for completeness; see discussion in Issler and others, 2022.

?Average values reported for F, Cl, OH, Dpar , and effective Cl (eCl) in bottom row, median value shown for rmr 0 ; Individual grain Dpar values are the mean of 4 measurements. Aliquot-2
had two EPMA probe spots, one near the AFT laser ablation pit (A) and another elsewhere on the grain (B) to assess compositional heterogeneity. Elemental data for aliquot-2 (F, Cl, OH, rmr 0 )
are only reported in the table for spot A. Average wt % oxide total for aliquot-2 replicates is 97.4 ± 1.8%; median = 98% (n = 74).

‡Individual U–Pb dates are common Pb-corrected isotopic sums. Summary U–Pb date of 2075 ± 67 Ma in the table is the weighted mean of individual dates (2σ, n = 49/53, MSWD = 1.51, P(χ2 )
= 0.013). The weighted mean 207Pb/206Pb date calculated in IsoplotR (Vermeesch, 2018) using 238U/206Pb and 207Pb/206Pb isotopic ratios is 2173 ± 72 Ma (2σ with overdispersion, n =
53/53, MSWD = 1.8, P(χ2 ) = 0.00).
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Table 2. Apatite fission-track data for sample CB99-227, Trans-Hudson Orogen (lon/lat: -94.96948441, 56.46946203)
Ns Area 238U/43Ca 1σ PiΩi σP2

i Ω
2
i AFT age† 1σ Dpar F? Cl? OH? rmr 0 eCl (A) eCl (B) U–Pb‡ 2σ aliquot

(cm2) (Ma) (Ma) (µm) (apfu) (apfu) (apfu) 1999 (apfu) (apfu) age (Ma) (Ma) grain

461 5.82E-05 1.33E-01 2.97E-03 7.77E-06 2.98E-14 473 26 2.09 1.65 0.01 0.34 0.848 -0.022 – 1526 208 a1-1
175 3.88E-05 4.07E-02 2.14E-03 1.58E-06 6.88E-15 856 80 1.91 1.55 0.01 0.44 0.838 0.008 – 1471 319 a1-2
367 5.82E-05 8.80E-02 1.97E-03 5.12E-06 1.32E-14 567 34 2.16 – – – – – – 1581 221 a1-3
131 2.91E-05 7.94E-02 1.85E-03 2.31E-06 2.91E-15 452 42 2.16 1.69 0.01 0.30 0.848 -0.025 – 1559 152 a1-4
257 9.71E-05 3.00E-02 6.97E-04 2.91E-06 4.57E-15 692 48 2.16 1.61 0.01 0.38 0.843 -0.009 – 1621 293 a1-5
241 5.82E-05 6.46E-02 1.74E-03 3.76E-06 1.02E-14 509 37 2.20 1.53 0.01 0.46 0.841 -0.001 – 1572 213 a1-6
72 3.88E-05 2.42E-02 5.89E-04 9.38E-07 5.23E-16 606 74 2.12 1.53 0.01 0.46 0.837 0.011 – 1605 301 a1-7
211 4.85E-05 3.83E-02 8.69E-04 1.86E-06 1.78E-15 878 65 1.59 1.74 0.01 0.25 0.851 -0.033 – 1541 219 a1-8
103 4.85E-05 2.99E-02 7.08E-04 1.45E-06 1.18E-15 562 58 2.10 1.50 0.01 0.49 0.835 0.016 – 1582 323 a1-9
197 5.82E-05 3.77E-02 9.32E-04 2.20E-06 2.95E-15 703 54 2.25 1.67 0.02 0.31 0.838 0.007 – 1528 281 a1-10
71 3.88E-05 1.98E-02 7.41E-04 7.70E-07 8.27E-16 721 91 1.80 1.59 0.01 0.39 0.837 0.011 – 1433 566 a1-11
438 5.82E-05 9.98E-02 3.01E-03 5.81E-06 3.08E-14 595 35 1.89 1.59 0.01 0.39 0.833 0.022 – 1516 261 a1-12
153 4.37E-05 5.64E-02 1.22E-03 2.46E-06 2.83E-15 494 42 2.22 1.64 0.01 0.35 0.846 -0.019 – 1596 219 a1-13
334 6.21E-05 5.62E-02 1.37E-03 3.49E-06 7.22E-15 746 46 2.07 1.73 0.01 0.26 0.851 -0.034 – 1541 234 a1-14
343 7.77E-05 3.51E-02 1.24E-03 2.73E-06 9.29E-15 965 64 2.22 1.64 0.01 0.35 0.847 -0.021 – 1485 374 a1-15
615 5.82E-05 2.29E-01 4.70E-03 1.34E-05 7.51E-14 370 18 1.64 1.53 0.01 0.47 0.836 0.013 0.026 1722 285 a2-1
714 5.82E-05 2.18E-01 4.38E-03 1.27E-05 6.51E-14 449 21 1.70 1.43 0.01 0.56 0.834 0.018 0.025 1661 219 a2-2
103 3.98E-05 3.87E-02 6.06E-03 1.54E-06 5.82E-14 530 99 2.16 1.60 0.01 0.39 0.837 0.010 – – – a2-3
218 9.71E-05 8.79E-02 3.06E-03 8.53E-06 8.80E-14 208 16 1.74 1.45 0.01 0.54 0.837 0.010 0.036 – – a2-4
114 4.37E-05 4.08E-02 1.90E-03 1.78E-06 6.91E-15 509 54 1.43 1.59 0.01 0.41 0.835 0.015 -0.023 – – a2-5
118 9.71E-05 2.15E-02 1.73E-03 2.09E-06 2.82E-14 452 56 1.54 1.51 0.01 0.48 0.839 0.003 0.013 – – a2-6
138 5.82E-05 4.77E-02 9.40E-04 2.78E-06 3.00E-15 399 35 1.63 1.60 0.01 0.40 0.835 0.017 -0.021 1626 478 a2-7
80 4.37E-05 3.91E-02 8.71E-03 1.71E-06 1.45E-13 376 94 1.41 – – – – – – – – a2-8
145 4.85E-05 2.88E-02 7.38E-04 1.40E-06 1.28E-15 806 71 1.49 1.55 0.00 0.45 0.842 -0.006 0.001 1631 607 a2-9
384 2.91E-05 3.37E-01 6.10E-03 9.81E-06 3.15E-14 316 18 1.68 1.57 0.01 0.42 0.837 0.009 0.025 1593 195 a2-10
472 4.85E-05 1.95E-01 3.91E-03 9.47E-06 3.61E-14 400 21 1.79 1.45 0.01 0.55 0.832 0.024 0.016 1635 232 a2-11
294 6.79E-05 5.78E-02 1.41E-03 3.92E-06 9.20E-15 592 39 2.16 1.52 0.02 0.46 0.833 0.020 0.028 1624 426 a2-12
440 4.85E-05 1.67E-01 3.35E-03 8.11E-06 2.65E-14 434 24 1.89 1.52 0.02 0.46 0.833 0.022 0.017 1615 289 a2-13
128 4.85E-05 4.35E-02 1.25E-03 2.11E-06 3.67E-15 483 46 1.89 1.69 0.01 0.30 0.849 -0.026 0.010 1560 421 a2-14
324 9.71E-05 5.34E-02 1.42E-03 5.19E-06 1.89E-14 497 32 1.87 1.68 0.01 0.31 0.848 -0.022 0.017 1547 661 a2-15
119 4.85E-05 3.60E-02 1.23E-03 1.75E-06 3.57E-15 541 54 1.64 – – – – – – 1548 535 a2-16
404 4.85E-05 1.25E-01 3.01E-03 6.05E-06 2.14E-14 530 31 1.71 1.49 0.01 0.50 0.841 -0.001 -0.022 1473 324 a2-17
195 5.82E-05 6.32E-02 1.57E-03 3.68E-06 8.35E-15 424 33 1.71 1.61 0.01 0.38 0.837 0.011 -0.003 1641 418 a2-18
234 4.85E-05 6.93E-02 2.43E-03 3.37E-06 1.39E-14 551 42 1.72 1.51 0.02 0.48 0.831 0.028 0.018 – – a2-19
242 5.82E-05 7.26E-02 2.72E-03 4.23E-06 2.50E-14 457 35 1.65 1.52 0.01 0.46 0.836 0.012 -0.013 – – a2-20
203 2.91E-05 1.50E-01 7.94E-03 4.37E-06 5.35E-14 373 33 1.77 1.52 0.01 0.47 0.834 0.018 0.008 – – a2-21
140 3.88E-05 5.66E-02 2.68E-03 2.20E-06 1.08E-14 507 50 1.60 1.57 0.01 0.43 0.837 0.011 0.006 – – a2-22
555 5.82E-05 1.55E-01 4.73E-03 9.05E-06 7.59E-14 488 27 2.03 1.58 0.01 0.42 0.845 -0.016 0.003 – – a2-23
129 4.85E-05 4.29E-02 1.45E-03 2.08E-06 4.96E-15 493 47 1.56 1.60 0.01 0.39 0.839 0.005 -0.001 – – a2-24
84 4.85E-05 1.98E-02 1.35E-03 9.59E-07 4.30E-15 687 89 1.72 1.57 0.01 0.42 0.838 0.008 0.045 – – a2-25
300 4.85E-05 1.70E-01 3.69E-03 8.23E-06 3.21E-14 295 19 1.77 1.56 0.01 0.43 0.843 -0.009 0.009 – – a2-26
316 4.85E-05 9.24E-02 2.09E-03 4.49E-06 1.03E-14 558 35 1.73 1.46 0.01 0.53 0.839 0.004 -0.001 1637 292 a2-27
222 5.82E-05 1.02E-01 2.14E-03 5.95E-06 1.56E-14 301 22 1.47 1.72 0.00 0.28 0.840 0.000 -0.029 – – a2-28
238 2.91E-05 2.18E-01 4.37E-03 6.34E-06 1.62E-14 303 21 2.11 1.58 0.01 0.42 0.842 -0.004 0.038 1665 221 a2-29
63 3.88E-05 3.33E-02 1.76E-03 1.29E-06 4.69E-15 391 54 1.43 1.71 0.01 0.28 0.843 -0.009 -0.041 – – a2-30
195 4.85E-05 8.53E-02 2.19E-03 4.14E-06 1.13E-14 378 29 2.17 1.47 0.01 0.52 0.835 0.015 -0.013 1736 430 a2-31
248 4.85E-05 7.39E-02 1.99E-03 3.59E-06 9.34E-15 548 39 1.51 1.47 0.01 0.52 0.836 0.011 0.001 1546 396 a2-32
290 5.82E-05 1.22E-01 3.49E-03 7.09E-06 4.14E-14 330 22 1.72 1.62 0.02 0.36 0.840 -0.001 0.007 1504 250 a2-33
98 2.91E-05 6.77E-02 2.12E-03 1.97E-06 3.80E-15 399 43 1.66 1.95 0.01 0.04 0.856 -0.048 0.030 1614 279 a2-34
328 3.88E-05 2.15E-01 5.78E-03 8.34E-06 5.04E-14 317 20 1.92 1.51 0.01 0.48 0.839 0.003 -0.001 1753 304 a2-35

12444 2.63E-03 2.19E-04 1.14E-12 486 22 1.83 1.58 0.01 0.41 0.838 0.001 0.007 1585 46

Ns = spontaneous track count; Pi = down-pit weighted 238U/43Ca; Ωi = track count area

†AFT single-grain ages are calculated using the LA-ICPMS (ζ-calibration) method with modified ζ = 8.2727, standard error (ζ) = 0.1407 and 238U total decay constant of 1.55125 × 10−10 yr−1 .
Bottom table row displays the analysis sums, AFT central age ± 1σ error, and the mean values for the tabulated elements/kinetic parameters.

?Average values reported for F, Cl, OH, Dpar , and effective Cl (eCl) in bottom row, median value shown for rmr 0 ; Individual grain Dpar values are the mean of 4 measurements. Aliquot-2
had two EPMA probe spots, one near the AFT laser ablation pit and another elsewhere on the grain to assess compositional heterogeneity. Elemental data for aliquot-2 (F, Cl, OH, rmr 0 ) are
only reported in the table for spot A. Average wt % oxide total for aliquot-2 replicates is 99.6 ± 1.2%; median = 99.7% (n = 65).

‡Individual U–Pb dates are common Pb-corrected isotopic sums. Summary U–Pb date of 1585 ± 46 Ma in the table is the weighted mean of individual dates (2σ, n = 35/35, MSWD = 0.22, P(χ2 )
= 1). The weighted mean 207Pb/206Pb date calculated in IsoplotR (Vermeesch, 2018) using 238U/206Pb and 207Pb/206Pb isotopic ratios is 1603 ± 72 Ma (2σ, n = 35/35, MSWD = 0.13, P(χ2 ) =
1).
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Table 3. Apatite fission-track data for sample 12RM086, western Superior Province (lon/lat: -86.9604038, 52.874674)
Ns Area 238U/43Ca 1σ PiΩi σP2

i Ω
2
i AFT age† 1σ Dpar F? Cl? OH? rmr 0 eCl (A) eCl (B) U–Pb‡ 2σ aliquot

(cm2) (Ma) (Ma) (µm) (apfu) (apfu) (apfu) 1999 (apfu) (apfu) age (Ma) (Ma) grain

350 6.79E-05 7.41E-02 7.58E-03 5.03E-06 2.65E-13 551 64 2.25 1.66 0.00 0.34 0.846 -0.017 – – – a1-1
146 4.85E-05 6.33E-02 5.34E-03 3.07E-06 6.72E-14 382 46 2.02 1.73 0.00 0.26 0.845 -0.013 – – – a1-2
252 9.71E-05 2.65E-02 1.81E-02 2.57E-06 3.09E-12 763 523 2.17 1.68 0.00 0.32 0.847 -0.021 – 2288 1013 a1-3
111 2.91E-05 6.16E-02 5.81E-03 1.79E-06 2.86E-14 493 66 1.94 1.83 0.00 0.17 0.847 -0.020 – – – a1-4
196 4.85E-05 1.01E-01 7.43E-03 4.90E-06 1.30E-13 323 34 1.80 1.81 0.00 0.19 0.850 -0.031 – – – a1-5
51 1.46E-05 4.07E-02 2.25E-03 5.92E-07 1.07E-15 676 102 2.39 1.77 0.00 0.23 0.849 -0.027 – – – a1-6
64 2.04E-05 3.43E-02 3.06E-03 6.99E-07 3.89E-15 716 111 2.00 1.79 0.00 0.21 0.852 -0.037 – – – a1-7
174 6.21E-05 7.10E-02 5.83E-03 4.41E-06 1.31E-13 319 36 1.78 1.86 0.00 0.14 0.854 -0.041 – – – a1-8
128 4.37E-05 5.86E-02 4.04E-03 2.56E-06 3.11E-14 401 45 1.98 1.97 0.00 0.03 0.860 -0.063 – – – a1-9
85 3.88E-05 4.22E-02 2.93E-03 1.64E-06 1.30E-14 416 54 1.95 1.78 0.00 0.22 0.852 -0.035 – – – a1-10
63 1.55E-05 5.63E-02 2.96E-03 8.74E-07 2.11E-15 570 78 1.89 1.80 – – – – – – – a1-11
204 5.82E-05 7.58E-02 4.15E-03 4.41E-06 5.85E-14 371 34 1.88 1.70 0.00 0.20 0.846 -0.017 – – – a1-12
119 3.40E-05 4.58E-02 2.85E-03 1.56E-06 9.39E-15 603 68 2.14 1.78 0.00 0.30 0.840 0.002 – – – a1-13
51 2.43E-05 4.39E-02 4.05E-03 1.07E-06 9.65E-15 384 65 1.97 1.72 0.00 0.22 0.852 -0.036 – – – a1-14
167 4.85E-05 4.47E-02 1.69E-03 2.17E-06 6.73E-15 607 53 1.88 1.85 0.01 0.27 0.842 -0.006 – 2251 585 a1-15
79 3.11E-05 5.30E-02 1.93E-03 1.65E-06 3.58E-15 385 46 2.25 1.80 0.00 0.15 0.856 -0.048 – – – a1-16
53 4.85E-05 1.55E-02 5.80E-04 7.53E-07 7.93E-16 557 80 2.04 1.71 0.00 0.20 0.844 -0.012 – – – a1-17
128 4.85E-05 4.14E-02 1.20E-03 2.01E-06 3.39E-15 506 48 2.16 1.77 0.00 0.29 0.847 -0.020 – 2323 552 a1-18
65 2.33E-05 6.97E-02 1.72E-03 1.62E-06 1.61E-15 323 41 1.88 1.76 0.01 0.23 0.845 -0.015 – 2366 263 a1-19
358 9.71E-05 5.06E-02 1.12E-03 4.91E-06 1.18E-14 577 34 1.86 1.73 0.00 0.24 0.845 -0.016 – 2256 357 a1-20
142 3.88E-05 6.23E-02 1.32E-03 2.42E-06 2.63E-15 468 41 1.81 1.61 0.00 0.27 0.850 -0.031 – 2347 313 a1-21
105 3.88E-05 4.14E-02 9.70E-04 1.61E-06 1.42E-15 519 53 2.12 1.67 0.00 0.38 0.841 -0.002 – 2308 372 a1-22
159 4.85E-05 3.37E-02 8.06E-04 1.64E-06 1.53E-15 758 64 2.19 1.67 0.00 0.33 0.846 -0.016 – 2440 430 a1-23
53 4.85E-05 1.79E-02 4.65E-04 8.71E-07 5.09E-16 485 68 2.04 1.73 0.00 0.33 0.848 -0.024 – 2028 410 a1-24
140 4.85E-05 4.29E-02 1.04E-03 2.08E-06 2.56E-15 534 48 1.73 – 0.00 0.27 0.835 0.015 – 2150 295 a1-25
210 9.71E-05 3.32E-02 8.12E-04 3.22E-06 6.22E-15 518 39 1.63 1.73 0.00 0.27 0.838 0.006 0.014 2217 784 a2-1
108 4.85E-05 5.49E-02 1.24E-03 2.66E-06 3.62E-15 327 33 1.56 1.81 0.01 0.19 0.840 0.002 -0.018 2402 540 a2-2
144 4.85E-05 6.73E-02 1.38E-03 3.26E-06 4.48E-15 355 31 1.80 1.73 0.00 0.27 0.847 -0.021 -0.021 2343 516 a2-3
68 9.71E-05 1.24E-02 4.07E-04 1.20E-06 1.56E-15 451 57 1.61 1.96 0.01 0.03 0.860 -0.062 -0.029 2122 1126 a2-4
151 4.85E-05 7.10E-02 1.09E-03 3.44E-06 2.79E-15 353 30 1.89 1.66 0.01 0.33 0.843 -0.009 0.008 2304 369 a2-5
268 9.71E-05 4.49E-02 1.06E-03 4.36E-06 1.06E-14 489 33 1.86 1.76 0.00 0.24 0.839 0.003 -0.038 2594 677 a2-6
201 4.85E-05 8.17E-02 1.70E-03 3.96E-06 6.80E-15 407 31 1.87 1.60 0.01 0.40 0.843 -0.009 -0.027 2436 551 a2-7
186 5.82E-05 5.29E-02 1.35E-03 3.08E-06 6.17E-15 481 38 1.64 1.63 0.01 0.36 0.832 0.024 -0.022 2378 617 a2-8
258 5.82E-05 8.73E-02 1.71E-03 5.08E-06 9.90E-15 407 27 1.77 1.66 0.00 0.34 0.845 -0.015 -0.047 2488 471 a2-9
136 4.85E-05 4.95E-02 9.16E-04 2.40E-06 1.97E-15 452 40 1.71 1.76 0.00 0.23 0.851 -0.031 -0.013 2885 1185 a2-10
244 9.71E-05 5.57E-02 1.58E-03 5.41E-06 2.35E-14 363 26 1.68 1.59 0.00 0.41 0.841 -0.003 -0.029 2320 567 a2-11
366 7.77E-05 1.07E-01 2.59E-03 8.31E-06 4.05E-14 354 21 1.89 1.79 0.00 0.21 0.848 -0.025 -0.019 2382 467 a2-12
181 4.85E-05 6.93E-02 1.63E-03 3.36E-06 6.25E-15 431 34 1.74 1.85 0.00 0.15 0.853 -0.038 -0.020 2457 696 a2-13
338 9.71E-05 8.53E-02 1.48E-03 8.28E-06 2.07E-14 329 20 1.84 1.70 0.00 0.29 0.839 0.002 -0.043 2875 587 a2-14
128 4.37E-05 8.12E-02 1.91E-03 3.55E-06 6.97E-15 292 27 1.69 1.80 0.00 0.20 0.851 -0.034 -0.026 2459 515 a2-15
214 9.71E-05 4.11E-02 9.53E-04 3.99E-06 8.56E-15 429 32 1.59 1.81 0.00 0.18 0.845 -0.015 -0.024 2259 897 a2-16
310 5.82E-05 1.05E-01 2.27E-03 6.11E-06 1.75E-14 407 26 1.60 1.66 0.01 0.34 0.844 -0.012 -0.019 2522 414 a2-17
111 4.85E-05 5.28E-02 1.17E-03 2.56E-06 3.22E-15 349 35 1.52 1.83 0.01 0.17 0.848 -0.023 -0.050 2615 656 a2-18
98 4.85E-05 4.07E-02 1.05E-03 1.97E-06 2.59E-15 398 42 1.62 1.85 0.02 0.13 0.842 -0.004 -0.035 2534 797 a2-19
150 7.77E-05 4.47E-02 1.23E-03 3.47E-06 9.13E-15 348 31 1.58 1.76 0.00 0.24 0.846 -0.016 -0.016 2416 667 a2-20
124 3.40E-05 6.08E-02 1.26E-03 2.07E-06 1.84E-15 478 45 1.60 1.82 0.00 0.18 0.852 -0.036 0.006 2322 436 a2-21
131 3.40E-05 9.74E-02 1.94E-03 3.31E-06 4.35E-15 319 29 1.79 1.64 0.02 0.34 0.833 0.022 -0.011 2377 449 a2-22
154 4.85E-05 7.23E-02 1.64E-03 3.51E-06 6.33E-15 353 30 1.71 1.93 0.00 0.07 0.856 -0.049 -0.053 2410 408 a2-23
162 4.85E-05 4.19E-02 1.35E-03 2.03E-06 4.29E-15 628 54 1.69 1.74 0.00 0.26 0.841 -0.003 -0.037 2514 865 a2-24
96 4.85E-05 3.14E-02 1.01E-03 1.52E-06 2.40E-15 501 54 1.53 1.88 0.00 0.11 0.852 -0.036 -0.034 2877 1152 a2-25
71 4.85E-05 2.78E-02 9.36E-04 1.35E-06 2.06E-15 422 52 1.60 1.79 0.00 0.21 0.848 -0.023 -0.030 2314 1047 a2-26
185 4.85E-05 6.79E-02 2.33E-03 3.29E-06 1.28E-14 449 37 1.79 1.70 0.01 0.29 0.837 0.010 -0.060 2563 650 a2-27
99 4.85E-05 2.97E-02 9.94E-04 1.44E-06 2.32E-15 545 58 1.46 1.74 0.00 0.26 0.848 -0.023 -0.033 2737 780 a2-28
171 4.85E-05 6.62E-02 1.35E-03 3.21E-06 4.29E-15 426 35 1.64 1.71 0.00 0.29 0.844 -0.010 -0.031 2457 472 a2-29
95 4.85E-05 3.05E-02 9.04E-04 1.48E-06 1.92E-15 511 55 1.74 1.81 0.01 0.18 0.848 -0.023 -0.041 2738 967 a2-30
198 4.85E-05 4.74E-02 1.11E-03 2.30E-06 2.90E-15 676 52 1.73 1.65 0.01 0.35 0.847 -0.021 -0.019 2381 513 a2-31
147 4.85E-05 5.62E-02 1.14E-03 2.73E-06 3.06E-15 431 37 1.55 1.76 0.00 0.24 0.849 -0.028 -0.039 2334 547 a2-32
154 4.85E-05 8.72E-02 1.61E-03 4.23E-06 6.10E-15 294 25 1.41 1.60 0.00 0.39 0.833 0.021 -0.024 2688 700 a2-33
172 7.77E-05 3.55E-02 9.00E-04 2.76E-06 4.89E-15 496 41 1.75 1.82 0.00 0.18 0.846 -0.018 -0.012 2797 933 a2-34
126 4.85E-05 5.11E-02 1.66E-03 2.48E-06 6.48E-15 407 39 1.75 1.70 0.00 0.30 0.841 -0.002 -0.041 2445 723 a2-35
133 4.85E-05 7.11E-02 2.08E-03 3.45E-06 1.02E-14 311 29 1.61 1.76 0.00 0.24 0.851 -0.033 -0.002 – – a2-36
147 4.85E-05 5.64E-02 1.31E-03 2.74E-06 4.04E-15 430 38 1.72 1.84 0.00 0.16 0.848 -0.024 -0.042 2466 742 a2-37
90 2.91E-05 7.48E-02 1.93E-03 2.18E-06 3.15E-15 333 37 1.67 1.72 0.00 0.27 0.846 -0.018 -0.006 2436 443 a2-38
208 4.85E-05 9.69E-02 2.85E-03 4.70E-06 1.91E-14 356 27 1.47 1.72 0.01 0.28 0.847 -0.019 -0.048 2517 592 a2-39
166 4.85E-05 7.72E-02 1.68E-03 3.74E-06 6.64E-15 357 29 1.43 1.79 0.00 0.21 0.851 -0.032 -0.004 2647 630 a2-40

10142 3.42E-03 1.91E-04 4.18E-12 433 12 1.80 1.75 0.00 0.24 0.846 -0.018 -0.026 2387 72

Ns = spontaneous track count; Pi = down-pit weighted 238U/43Ca; Ωi = track count area

†AFT single-grain ages are calculated using the LA-ICPMS (ζ-calibration) method with modified ζ = 8.2727, standard error (ζ) = 0.1407 and 238U total decay constant of 1.55125 × 10−10 yr−1 .
Bottom table row displays the analysis sums, AFT central age ± 1σ error, and the mean values for the tabulated elements/kinetic parameters.

?Average values reported for F, Cl, OH, Dpar , and effective Cl (eCl) in bottom row, median value shown for rmr 0 ; Individual grain Dpar values are the mean of 4 measurements. Aliquot-2
had two EPMA probe spots, one near the AFT laser ablation pit (A) and another elsewhere on the grain (B) to assess compositional heterogeneity. Elemental data for aliquot-2 (F, Cl, OH, rmr 0 )
are only reported in the table for spot A. Average wt % oxide total for aliquot-2 replicates is 99.2 ± 1.2%; median = 99% (n = 80).

‡Individual U–Pb dates are common Pb-corrected isotopic sums. Summary U–Pb date of 2387 ± 72 Ma in the table is the weighted mean of individual dates (2σ, n = 49/49, MSWD = 0.38,
P(χ2 ) = 1). The weighted mean 207Pb/206Pb date calculated in IsoplotR (Vermeesch, 2018) using 238U/206Pb and 207Pb/206Pb isotopic ratios is 2460 ± 59 Ma (2σ, n = 47/48, MSWD = 0.71,
P(χ2 ) = 0.93).
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EPMA spot measurements for 37 grains in aliquot-2 ranged from ∼0.0–0.06 apfu, with a median value of ∼0.02
apfu—this is in agreement with a large suite of analyses from Issler and others (2022) that show most replicate grain

eCl measurements are within ∼0.03 apfu. The weighted mean apatite 207Pb/206Pb date is 2173 ± 72 Ma (2σ; table 1).

The sum of Ns counts was 12,444 for sample CB99-227 with a central age of 486 ± 22 Ma (1σ, n = 50, age

dispersion = 30%, P(χ2) = 0.0; table 2) and grain ages spanning 208 ± 16 Ma to 965 ± 64 Ma. CB99-227 has a

measured MTL of 11.81 ± 1.67 µm and c-axis projected MTL of 13.54 ± 0.93 µm (n = 656). The median rmr 0 is

0.839 and the average eCl is 0.001 ± 0.018 apfu across all probed grains. The absolute difference between the

EPMA spot measurements for 32 grains in aliquot-2 ranged from ∼0.0–0.08 apfu, with a median value of ∼0.015
apfu. The weighted mean apatite 207Pb/206Pb date is 1603 ± 72 Ma (table 2). Aliquot comparisons for this sample

show differences in random grain sampling during analysis. Aliquot-1 contains a dominant proportion of older

grains whereas aliquot-2 has a larger proportion of younger, high-U grains—implying there is a greater possibility

of sampling bias in studies that report ≤ 20 grain ages.

The Superior Province sample 12RM086 is also a combined dataset, including aliquot-1 that was previously

summarized and modelled (McDannell and others, in press; the analytical data are reported here) along with new

data for aliquot-2 shown in table 3. We discuss those initial results and interpretations here. Sample 12RM086 was

presented with a central AFT age of 484 ± 24 Ma (1σ) and age dispersion of 22% (n = 25). One hundred thirty

track lengths were measured with a conventional (unprojected) MTL of 12.67 ± 1.72 µm. McDannell and others

(2020 in press) interpreted the first sample aliquot as multikinetic—tentatively exhibiting two kinetic groups with

some compositional overlap between populations using the eCl kinetic parameter (complete population overlap

using Dpar and measured Cl). Multikinetic interpretation of 12RM086 was carried out using radial plot mixture

modelling (Galbraith & Green, 1990) as a guide for comparing grain chemistry with model age peaks (for example,

Issler and others, 2022). Two recognized age peaks of 367 ± 17 Ma and 569 ± 16 Ma were defined during mixture

modelling. After sorting grains by eCl (rmr 0), the central AFT ages for each kinetic population were determined to

be 363 ± 14 Ma and 568 ± 21 Ma, in agreement with those recognized from mixture modelling. Thermal history

modelling indicated a thermal maximum of ∼75◦C in the Devonian at 400 ± 26 Ma (1σ) and a second reheating

event with a maximum temperature of ∼55◦C in the Cretaceous at 76 ± 15 Ma (McDannell and others, in press).

A second aliquot of 12RM086 was dated separately and had many more AFT measurements collected (that

is, sum Ns = 6699 and 733 track lengths). This aliquot was also analyzed by EPMA twice on each grain to

assess potential elemental variation. The eCl values for both aliquots ranged between -0.063–0.024 apfu (rmr 0

= 0.859–0.832; n = 125) and the absolute difference between the EPMA spot measurements for all 40 grains in

aliquot-2 ranged from ∼0.0–0.07 apfu, with a median value of ∼0.02 apfu. The second aliquot has a central AFT

age of 408 ± 13 Ma (1σ) and a conventional MTL of 12.35 ± 1.81 µm (n = 733)—in general agreement with the

results from aliquot-1, with only a minor shift in apparent age and MTL due to greater sampling. The two aliquots

were combined into a super-sample (total Ns = 10,142) with a total of 65 grain ages spanning 292 ± 27 Ma to 758 ±
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64 Ma. Combined sample 12RM086 has a central age of 433 ± 12 Ma (1σ, n = 65, age dispersion = 21%, P(χ2) = 0.0;

table 3) and a measured MTL of 12.40 ± 1.80 µm and c-axis projected MTL of 13.86 ± 1.10 µm (n = 853). The

weighted mean apatite 207Pb/206Pb date is 2460 ± 59 Ma (table 3).

Multikinetic Cratonic Basement AFT Samples?

An alternative interpretation of the data is that the LAFT super-samples are perhaps represented by a minimum

of two kinetic populations identified by radial plot mixture modelling (see Galbraith & Green, 1990; Vermeesch,

2009)—seemingly supported, albeit tenuously, by the apatite chemistry. Mixture modelling of course indicates

the presence of multiple model age populations due to the high number of precise LAFT grain ages, which is

problematic for determining whether apatite composition is consequential and if discrete age peaks truly exist. The

data may be explained in some cases by continuous age distributions rather than the typically assumed discrete

age components (Vermeesch, 2019). The presence of multiple kinetic populations (with some overlap) cannot be

entirely ruled out when considering the duplicate EPMA measurements and associated eCl (rmr 0) for the second

AFT aliquots (fig. 5). Kinetic population separation is evident if both EPMA spots are considered in the context

of whether age grains fall into the more or less retentive kinetic population from the radial plot mixtures (that is,

by utilizing the minimum or maximum eCl value for each grain). This is best observed in sample 97-10-365. The

eCl values calculated from the EPMA data collected near the laser ablation pit (spot A) typically indicate complete

kinetic population overlap for each super-sample, or display a near continuum of single-grain apparent ages that

correlate with apatite composition (relationships cannot be distinguished at all using measured Cl or Dpar ). A

continuum is observed in samples CB99-227 and 12RM086.

An implication of these relationships is that the rmr 0 value derived from a single EPMA spot may not be

representative if there is significant intra-grain chemical variation. This indicates that it is plausible for discreet

multikinetic AFT populations to be present in cratonic basement samples due to small variations in apatite

composition, that are at or beyond the resolution of rmr 0. This sort of relationship may be expressed in rocks that

experienced slow cooling and moderate thermal annealing. Nevertheless the eCl values for the putative kinetic

populations appear to span a narrow kinetic range, which may not be consequential with respect to modelling.

However, a complicating, if not obscurant factor is that track annealing behavior (Ketcham and others, 1999, 2007)

is poorly constrained beyond common fluorapatite (average eCl of ∼0.0–0.05 apfu; Issler and others, 2022). Thus

the total degree of separation between apparent kinetic groups explained by the rmr 0/eCl parameter is probably

underestimated, especially for negative eCl values.

Statistical Evaluation of LAFT Data

We present a large quantity of AFT analytical data that is far beyond what is reported in most studies. The Ns

counts alone for our three samples totalled nearly 36,950 and the number of measured track lengths was 2,228—for

comparison, each LAFT example represents up to ∼2–10× the number of counts and ∼6–8× the number of lengths
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Fig. 5. (A) Radial plot of AFT ages for sample 97-10-365 aliquot-2 grains. Mixture model age peaks are dashed lines colored red
or blue based on model peak age population. Points are colored by eCl value. Peak percentages are the proportion of grains
in each model age group. (B) Plots of AFT age with respect to eCl for EPMA spot-A (collected near the laser ablation spot)
for 97-10-365. Red circles are colored according to population-1 data and blue squares correspond to population-2 data. (C)
97-10-365 where the eCl value is either the minimum or maximum (two analyzed EPMA spots) based on kinetic population.
Panels D–F descriptions are the same as above but are for sample CB99-227. Panels G–I are for sample 12RM086. Note: the
radial plot points are colored by eCl values in panels C, F, and I. White points lack probe data.

acquired with respect to a conventional AFT analysis. We discuss some of the nuances involved with collecting

this amount of data that are pertinent to AFT statistical treatments. We believe these are important topics to cover

before discussing modelling.

The typical first step in data evaluation is examining the population statistics of the AFT apparent ages and

track lengths. The χ2 test is intended to determine if the underlying grain ages in a sample belong to a single

statistical population with a common true age (Galbraith, 2005)—it is not a robust indicator of analytical data

quality or a sample’s suitability for modeling as is often assumed (McDannell, 2020). Failure of the χ2 test can

occur for many reasons, primarily through different annealing response between grains or by an increase in the

number or precision of single-grain analyses (Vermeesch, 2017, 2019; McDannell, 2020). The latter are both typical

outcomes with the LAFT method for basement rocks (for example, Ketcham and others, 2018). The χ2 test is

also sensitive to sample size, where failure is more likely with more single-grain analyses (high n). Depending on

apatite yield, the external detector method (EDM) convention is to analyze ≤ 20 age grains, whereas LAFT analyses

usually include > 20–40 grain-age analyses for bedrock samples. High age dispersion for cratonic rocks may also
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be specifically related to the protracted slow cooling and differential annealing samples experienced, yielding a

continuous distribution of ages rather than the typically assumed discrete age components (Vermeesch, 2019), which

presents a serious challenge for interpreting the meaning of mixture-model age peaks.

LAFT age precision can also be more than double EDM precision (for example, Ansberque and others, 2021;

Guibaldo and others, 2022). We have unpublished Precambrian basement samples that have LAFT single-grain age

uncertainties of ∼8–11% (1σ) on average, whereas EDM age uncertainties for the same samples are ∼20–26% (1σ)

on average. This difference in precision alone can account for the majority of LAFT χ2 test failures. The samples

presented here mostly fall into the range of ∼5–10% single-grain age uncertainty. The ‘improved’ precision is even

more influential for old Precambrian samples with high spontaneous track densities (and/or high U content) since

the number of spontaneous tracks account for most of the AFT analytical uncertainty (Vermeesch, 2017, 2019).

Precision related to Ns is apparent when examining isolated uncertainties for track counts between hypothetical

apatites with Ns = 1, where
p

1/1 = 100% error; Ns = 100, where
p

100/100 = 10% error; and Ns = 400, where
p

400/400 = 5% error. This suggests to us that single-grain Ns counts ≤ 100 are perhaps unconsciously “ideal”

from an analytical perspective and that there may be both explicit biases (for example, to obtain χ2 passes) and

implicit biases (for example, analyst confidence/experience) against routinely counting high Ns grains (for discussion,

Donelick and others, 2005; Ketcham and others, 2015; O’Sullivan, 2018; McDannell, 2020).

Our samples exhibit a weak negative trend between single-grain ages and U (238U/43Ca), thought to possibly

indicate “radiation-enhanced annealing” (REA) in apatite derived from Precambrian rocks (Carpéna and others,

1988; Hendriks & Redfield, 2005; McDannell and others, 2019a). Apparent REA behavior is also present in other

(relatively) active tectonic settings with more recent thermal overprints where low-U grains yield old ages and long

track lengths and high-U grains yield young ages and short track lengths for both the EDM and LAFT methods

(generally grains with low < 0.5 wt% Cl; for example, Glorie and others, 2017a,b; Fernie and others, 2018). Despite

the dismissal of REA (Green and others, 2006; Green & Duddy, 2006; Kohn and others, 2009), recent laboratory

experiments confirm it is a real phenomenon (Li and others, 2021)—yet Li and others concluded that REA is not

a concern for fission tracks in apatite because non-thermal track shortening only measurably affects zircon due

to higher actinide concentrations and higher α-recoil dose compared to apatite. Currently, there is no empirical

evidence to suggest AFT annealing models are inaccurate due to REA even though such kinetic models remain

imperfect. A remaining question relates to the interaction of fission-track and α-recoil damage and extrapolation of

lattice damage effects from the laboratory to geologic timescale. Nonetheless, these relationships remain exiguously

documented and require further investigation.

Experiments have demonstrated that fission-track density (that is, Ns/area) generally scales with effective

α-radiation dose in apatite (Shuster & Farley, 2009; Flowers and others, 2009). It is possible that prima facie

REA correlations are partially a consequence of AFT ages being proportional to the ratio of track density to

U concentration, or due to collecting single laser ablation spot measurements (Cogné & Gallagher, 2021)—yet
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a systematic correlation between U and track density is not observed in all AFT samples. Thus the apparent

correlations between single-grain AFT ages and U (or more appropriately U/Ca) could be potentially spurious

(Härtel and others, 2022). There has also been some discussion of inaccurate U measurement for low-U apatite

grains, producing LAFT apparent ages that are too old (whereas the EDM yields ages that are too young for high-U

grains; Seiler and others, 2013). There are, however, few if any published studies that thoroughly document this

purported behavior between AFT methods.

Although outside the scope of this paper we briefly discuss ongoing work related to LAFT U measurement. We

carried out multi-spot tests (two spots) within minimized track count areas for Precambrian basement samples from

both unpublished and published samples from McDannell and others (2019a). The AFT spot ages remained within

1σ uncertainty for different U measurements within the same track count area. Multiple U spots were combine to

yield an ‘averaged’ multi-spot age that was within uncertainty of either individual calculated apparent age based

on a single U value. This suggests that U zoning was not a problem in the samples we dated. Inaccurate or lower

precision single-grain ages are expected when combining multiple U spots across large count areas and/or obviously

zoned grains (Cogné & Gallagher, 2021, their fig. 1) to generate a single AFT age (Vermeesch, 2017, their fig. 2).

Moreover, in a similar manner to the EDM, inspection of the etched grain surface of old apatites reveals the spatial

distribution of spontaneous tracks and allows the analyst to avoid or mitigate the effects of U zonation. One source

of discrepancy between LAFT and EDM apparent ages may be related to the laser ablation method accounting for

the vertical U distribution, and thus U contribution of subsurface spontaneous tracks from depth in the grain (∼8–10
µm)—whereas the EDM or laser rastering account for only the near-surface U (for example, Guibaldo and others,

2022). Young or U-poor apatite will remain problematic for analysis regardless of AFT method. Single-spot LAFT

analyses may be overdispersed but the apparent ages likely remain accurate (Cogné & Gallagher, 2021). Put simply,

both the EDM and LAFT generally produce concordant results within analytical uncertainty at accepted levels of

statistical significance. We hope that ongoing research continues to inform the differences that may arise between

data produced using these methods.

In spite of χ2 test failures for our samples there is no clear indication of multiple age populations due to

compositional variation and the data were instead modelled as overdispersed single populations. We believe this is

justified due to the aforementioned points and the fact that the LAFT method has been shown to yield greater age

dispersion than the EDM, yet central tendency estimates for apparent age data still agree between both methods

(Seiler and others, 2013; Vermeesch, 2017; Ketcham, 2019; Cogné and others, 2020; Cogné & Gallagher, 2021;

Ansberque and others, 2021; Guibaldo and others, 2022). Our conservative interpretation is that the samples

are represented by single overdispersed AFT populations due to low spread in composition and the fact that age

dispersion remains generally similar when grain aliquots are combined. High LAFT age precision for old cratonic

samples is the most probable source of age overdispersion and χ2 test failure.
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THERMAL HISTORY MODELLING

Methodology: QTQt and AFTINV software

We now discuss our thermal history modeling strategy. Inverse modelling was carried out within a Bayesian

modelling framework using the QTQt v. 5.8.0 software (Gallagher, 2012). For the inversion, QTQt implements

a reversible jump Markov Chain Monte Carlo (MCMC) algorithm that conducts an adaptive search of the model

space while considering prior information defining the range or variability of allowable parameters such as total

time-temperature model range, allowable heating/cooling rate, kinetic annealing model uncertainty, and more

geologically based constraints such as the timing of unconformities. Parameters are randomly sampled and perturbed

as individual forward models are iteratively constructed many times, yielding an ensemble of accepted t–T solutions

that reproduce the observed data. The criterion for proposed model acceptance in MCMC is based on the combined

prior-likelihood-proposal ratio, and simple thermal histories with fewer t–T points are generally preferred over

more complex ones if the fit between the predicted and observed data is similar—hence the data play a greater

role in determining the level of history complexity (rather than complexity being defined a priori; Gallagher, 2012;

Vermeesch & Tian, 2014; Gallagher & Ketcham, 2018). Thus, if a simple history well reproduces the data, it will be

preferred over a more complex one if no other prior information justifies a more complex history. This general

approach is also beneficial for assessing the resolving power of low-temperature thermochronometric data with or

without user-specified constraints (McDannell & Issler, 2021). An important point to reiterate is that modelling

without consideration of indisputable geologic constraints is not best practice and any model output is conditional

upon the input(s), therefore model predictions should always be scrutinized with respect to thermochronological

observations (Gallagher, 2016).

QTQt model runs were setup with the same general prior for the thermal history: 300 ± 300 Ma and 70

± 70◦C, a modern surface temperature of 2.5 ± 2.5◦C, and a maximum allowed heating/cooling rate of 3◦C/My.

Rate limits were imposed to prevent extreme temperature fluctuations and the acceptance of t–T paths that are

unlikely for this geologic setting (the allowance of higher rates during tests did not change the form of the thermal

histories). The upper model limit was not extended beyond 600 Ma because the data do not contain information

relevant to the older history due to partial thermal resetting in the Phanerozoic. The multikinetic annealing model

of Ketcham and others (1999) was used with the rmr 0 kinetic parameter and track length were modelled with c-axis

angle projection. Apatite composition was allowed to vary within uncertainty for the AFT data and the initial track

length (L0) was calculated based on composition. Models were run for a total of 700,000 iterations, with an initial

burn-in of 200,000 iterations. The 500,000 MCMC iterations retained after burn-in were used to approximate the

posterior probability distribution of t–T paths.

We also carried out modeling in the AFTINV v. 6.17 software (Issler, 1996; Issler and others, 2022) that uses a

model acceptance threshold based on Frequentist p-value statistics, similar to the commonly used HeFTy program

(Ketcham, 2005). The primary difference between the QTQt and AFTINV, is that the latter model ensures all
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accepted paths meet or exceed a certain goodness-of-fit (GOF) level based on formal statistical hypothesis tests (see

Ketcham, 2005; Vermeesch & Tian, 2014; Ketcham, 2019). AFTINV uses either a nondirected Monte Carlo (MC)

scheme or a Controlled Random Search algorithm (CRS; Price, 1977; Willett, 1997), or both in combination (Issler

and others, 2022; McDannell and others, 2022c), to search parameter space for plausible thermal histories—usually

300 solutions at the 0.05 and/or 0.5 significance levels (analogous to the respective green and magenta paths in

HeFTy). The AFTINV software allows various history styles to be combined to create complex thermal history

scenarios with multiple phases of heating and cooling using randomly selected heating and cooling rates with

temperatures calculated at fixed, user-specified time nodes (here, 5-Myr time step from 700–0 Ma). Refer to

McDannell and others (2019b), McDannell & Issler (2021), and Issler and others (2022) for recent discussions of

AFTINV modeling.

AFTINV models were setup similar to the QTQt models. The initial boundary conditions involve randomized

selection of thermal minima within user-specified time intervals and the initial bounds were specified to require a

single thermal minimum (≤ 30◦C) in the Ordovician and a second thermal minimum in the middle–late Mesozoic

(two randomly selected thermal peaks are also required to be ≥30◦C). Maximum rates were reduced in AFTINV to

2◦C/My because trial models generally exhibited rates on the order of ≤ 0.5◦C/My. Furthermore, the low degree of

thermal annealing experienced by our samples and the 700 My total model time make high rates prohibitive for

efficiently searching t–T space. We implemented a random MC search at the 0.05 level to find 300 suitable t–T

solutions that fit the AFT age and track length data at 2σ and then used the CRS algorithm to update and refine

the 0.05 solution set to the 0.5 level (also 300 solutions). The CRS algorithm excels at finding multiple solution

modes that fit the data (if they exist), which can be valuable for evaluating model trade-offs between data/model fit,

heating-cooling rates, heating (annealing) magnitude, and minima/maxima timing. The model fits to the observed

AFT age and track length distribution are calculated using the same methodology as Ketcham (2005). We mainly

focus on the set of 300 CRS solutions at the 0.5 level but present the minimum objective function solution as the

best model representing the entire pool. The minimum objective function (best fit) solution is defined in AFTINV as

either the t–T path with the lowest combined objective function GOF for AFT age and the track length distribution,

or the lowest maximum objective function for either the age or track length distribution (latter approach is used in

HeFTy)—our preferred model was the one that provided the best fit to the robust track lengths, therefore the t–T

path that satisfied that criterion is highlighted and discussed. We justify focus on the min. obj. function path due to

the fact that the CRS algorithm optimizes the solution pool, thus overall the solutions tend to be similar in style and

structure with modest differences attributed to different heating/cooling rates and locations of the thermal minima

and maxima for individual paths.

QTQt Inversion Results

Models without constraints to test sensitivity.— We examined the ability of the AFT data to resolve the shield

thermal history and QTQt model results are shown in fig. 6 as heat maps of t–T path density, where brighter colors
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are higher relative posterior probability, that is to say, the relative frequency of the MCMC algorithm generating

an accepted path through that region of t–T space. The density of paths (that is, higher relative probability) is

proportional to the likelihood and is shown as the path density normalized to unity (0–1). A maximum value of 1 is

equal to the upper 95th percentile of path density. To be clear, the model regions with high path density generally

tell us about what temperature the system was likely at in the past, but the paths in regions of higher density are

not necessarily special in the sense that they are not any more likely than the other paths, because each accepted

MCMC path is an equally valid draw from the posterior distribution. Subtle changes in the (log) likelihood value

are more due to the transdimensional aspect of QTQt, that is, the iterative addition or subtraction of t–T points

(Gallagher, 2012). The regions of high path density in the model approximate the marginal posterior probability that

the “true” thermal history may have passed through that region of t–T space. It is important to keep in mind that

any one point is conditional on all the other parts of the thermal history (or at least the other parts that have been

integrated over all possible values of temperature).

QTQt plots show the entire accepted t–T path distribution and individual representative paths, including

the maximum likelihood (ML; best fitting model shown as red curve; usually the greatest number of t–T points),

maximum posterior (MP; green curve), which is the thermal history that has the maximum posterior probability, and

is usually the simplest (fewest t–T points). The posterior probability combines the likelihoods and prior probabilities

for each model, attempting to balance fitting the data with model complexity. The maximum mode solution (MM;

gray curve) is constructed at a 1-Myr interval by running along the peak of the marginal distribution, while the

Expected model is the average of the marginal distribution shown with the ± 95% credible interval (EX; black

curves). The MM and EX models are not true solutions but instead summarize the accepted pool of histories. Refer

to Gallagher & Ketcham (2020) for more details on individual QTQt models. The fits between the observed and

predicted AFT age and track length distribution for all of the accepted paths are shown for each example (fig. 7).

The accepted AFT central ages are typically at the margin of acceptability, which may be due to the lack of some

high-temperature constraint to guide the inversion, or a more likely reason is that the high number of track length

data have more influence on the outcome. Another secondary consideration is that QTQt does not use the AFT

central age directly during model prediction and instead transforms LAFT ages (ICPMS count and 238U/43Ca data

or Ns and age ± 1σ) to external detector-equivalent data (that is, EDM; spontaneous and induced track counts; see

Issler and others, 2022, for discussion). Firstly, the statistical models are different—EDM count data are based

on Poissonian variables, whereas mixed ratios of Poisson and log-normally distributed variables are assumed for

LA-ICPMS data (Vermeesch, 2019). There are also differences in EDM and LA-ICPMS central age estimation, where

the former is the mean of the log-normal Ns/Ni ratios and the latter is typically computed as the mean of the

log-normal distribution of ages (Vermeesch, 2018, 2019). The central ages presented in the tables are calculated

from the single-grain LAFT ages and their uncertainties. The central ages calculated in QTQt differ slightly but are

within uncertainty and are still reproduced within 2σ when compared to the tabulated values.
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Fig. 6. QTQt time-temperature models shown as path density heat maps resolved to a pixel size of 1 My and 1 ◦C. Relative
probability is proportional to path density, where brighter colors (or higher saturation) indicate more thermal histories pass
through that region. Path density is approximately proportional to likelihood and the color scale is 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).
(A–C) model results for sample 97-10-365. (D–F) model results for sample CB99-227. (G–I) model results for sample 12RM086.
Geologic constraint boxes (white) represent Ordovician and Jurassic unconformities discussed in earlier sections. A notable
result is that the general features of a two-peak thermal history are visible in the unconstrained models. The robust track length
datasets are better explained by two heating events and the t–T solutions independently support the regional geologic record.
The other models show step-wise addition of geologic constraints and further refinement of the solutions. QTQt general prior:
300 ± 300 Ma and 70 ± 70 ◦C, a modern surface temperature of 2.5 ± 2.5 ◦C, and a maximum allowed heating/cooling rate
of 3 ◦C/My. Each panel shows 500,000 models accepted post burn-in (200,000 iteration burn-in). ML = max. likelihood
model; MP = max. posterior model; MM = max. mode model; EX = expected model. QTQt plotting script is available at:
https://github.com/OpenThermochronology/QTQtPlot

https://github.com/OpenThermochronology/QTQtPlot
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We first focused on the entire stationary distribution of paths, particularly the “unconstrained” models shown

in fig. 6A, D, and G. The unconstrained models do not include t–T constraints as prior information and here

they assess the overall t–T sensitivity of the data. These examples reflect the ability of the AFT data to resolve

the thermal history with the necessary level of complexity to adequately explain the data. Note that this does not

mean that the true thermal history may not be more complex, but rather any additional complexity (that does not

compromise fitting the data) is not actually required by the data, and so needs to be justified independently. We can

see from these models that the best-fitting ML solutions require two heating peaks with a broad range in timing

for both peaks due to the low magnitude of total annealing. The MP model generally shows less complexity and

the data are still fit well (but not as well as the ML path) with nearly continuous cooling. Continuous cooling is

unrealistic for this setting because we have independent information and prior thermochronological studies that

suggest a more complex geologic history (for summary, Kohn & Gleadow, 2019). The regional geology and the best

fitting t–T solutions demonstrate that two discrete thermal peaks are more likely for the central Canadian Shield.

Applied geologic constraints.— The geologic constraints were then stepwise applied to subsequent models (fig.

6B, C, E, F, H, I). The geologic information being evaluated includes two distinct times in the past that we can

reasonably assume basement was at near-surface conditions (15 ± 15 ◦C) based on the regional information discussed

previously and the unconstrained model results. The models imply heating occurred in the late Paleozoic and was

preceded by cooler temperatures, which are constrained by the deposition of Ordovician carbonates near the AFT

sample localities. The presence of thin Jurassic strata in the Moose River Basin (Norris, 1977), the ca. 180–170 Ma

Ma kimberlite emplacement ages (Sage, 2000), and the general t–T model trends of cooler temperatures between

200–100 Ma collectively reinforce that basement was again exhumed by the Middle Jurassic. This information was

sequentially added to other models as constraint boxes at: (i) 450 ± 10 Ma and (ii) 170 ± 10 Ma.

The addition of Ordovician and Jurassic constraint boxes refined the accepted t–T solutions. Model path

behavior is further discussed with respect to the final models with all applied constraints to establish the general

features of the thermal histories (fig. 6C, F, I). The balance between data/model fit and path complexity for the ML

and MP models were considered for each AFT sample to determine simple history style behaviors. The best-fit ML

model paths for samples 97-10-365, CB99-227, and 12RM086 suggest maximum Paleozoic heating to ∼67 ◦C at

247 Ma, ∼66 ◦C at 259 Ma, and ∼82 ◦C at 272 Ma, respectively. The MP path for each sample exhibits maximum

heating to ∼71 ◦C at 264 Ma, ∼66 ◦C at 284 Ma, and ∼75 ◦C at 267 Ma, respectively. The early Cenozoic ML

peak shows heating to ∼40 ◦C at 16 Ma, ∼54 ◦C at 16 Ma, and ∼45 ◦C at 21 Ma, for each sample respectively. The

Cenozoic MP peak shows heating to ∼49 ◦C at 20 Ma, ∼53 ◦C at 16 Ma, and ∼47 ◦C at 29 Ma, respectively.

The MM model is examined here to as a generalized metric for determining the timing of maximum heating,

since this model summarizes the accepted history pool using the peak of the marginal distribution, that is, the

region of highest path density (the EX model is biased to lower temperatures due to smoothing and is often a poor

fit to the data). The ad hoc conditional t–T criteria we applied reference the times when the modal temperature
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Fig. 7. The QTQt model predictions compared to the observed central AFT ages and MTLs for each model shown in fig. 6. Each
distribution represents the predictions from all 500,000 accepted posterior solutions. Gray lines are the mean and uncertainty
for either age (2σ) or MTL (1σ).

passed above/below ∼50 ◦C and above/below ∼35 ◦C for each respective thermal peak. Sample 97-10-365 displays

maximum heating between ca. 336–223 Ma, whereas CB99-227 maximum heating occurs somewhat earlier between

ca. 360–239 Ma, and sample 12RM086 shows maximum heating between ca. 356–239 Ma. The timing of the

second reheating peak was estimated for sample 97-10-365 to be between ca. 100–17 Ma, whereas sample CB99-227

was similarly between ca. 94–12 Ma, and the peak for sample 12RM086 was between ca. 93–29 Ma. The upper 95%

credible interval maximum temperature for each peak of each for the respective samples was 76 ◦C from 272–270

Ma and 57 ◦C at 25 Ma (97-10-365); 79 ◦C at 255 Ma and 62 ◦C at 26–24 Ma (CB99-227); 75 ◦C at 270–265 Ma and

a diffuse maximum peak of ∼48 ◦C between 95–30 Ma (12RM086). These trends suggest Paleozoic–early Mesozoic

heating was of broadly similar timing and magnitude, but perhaps greater nearer to the Moose River Basin, whereas

the late thermal peak was consistently early Miocene (latest Oligocene?, but as early as Cretaceous) and similar in

magnitude across the Hudson Platform.

Conditional probabilities.— Determining conditional probabilities is a practical way to evaluate model cor-

relations and provide an additional test of the level of model non-uniqueness and data sensitivity in a Bayesian

QTQt model (for example, Fox & Carter, 2020). Do some accepted paths in the posterior distribution contain

distinct thermal history characteristics? The parameters (time and temperature) of the inverse problem are highly

correlated—any change in temperature at one point in time within a specific thermal history path can be compen-

sated by an opposing change in temperature at another point in time (Willett, 1997)—thus the (marginal) probabilities

are dependent on all aspects of a candidate thermal history. The relative probability is a way to visualize the

likelihood that the true thermal history passes through a certain region of t–T space—which can be achieved by
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(a) sample 97-10-365 (b) sample CB99-227 (c) sample 12RM086

Fig. 8. Conditional probabilities for the ‘unconstrained’ QTQt models given that the AFT samples cooled to near-surface
temperatures (0–30 ◦C) at 450 Ma and 170 Ma. Histories were filtered by imposing time-temperature “gates” (black dashed lines)
such that only those histories that met the specified conditions were retained. All other QTQt model options are the same as
those discussed previously. Note that these are not new models but are those shown in fig. 6; panels A, D, and G, respectively.

either all histories sharing some similar t–T trend, or by structurally different paths all passing through the same

part of time-temperature space. For models without imposed constraints, the posterior model distribution may

contain paths with a varying, finite number of t–T points and different solution modes (that is, thermal history

styles) that overlap with one another and may impart the sense that certain features of the history are more probable

or are inconsistent with some known geologic constraint, when in fact that feature is reproduced by a subset of

histories and is simply obscured by other solutions.

Here we show an example of applying conditional probability tests (fig. 8) to the ‘unconstrained’ QTQt models

for each AFT sample in fig. 6 (panels A, D, and G). This can be considered a retroactive or a posteriori probability

“filtering” of the entire accepted thermal history pool by retaining only the paths that, in this case, are at near-surface

temperatures (0–30 ◦C) at both 450 Ma and 170 Ma (discarding all other paths). These conditional models clearly

exhibit the same thermal history features as those in fig. 6C, F, and I with a priori enforced geologic conditions. The

older Precambrian history is poorly resolved without other medium- to high-temperature thermochronometers (in the

absence of assuming certain geologic conditions in the late Neoproterozoic). The pre-450 Ma history demonstrates

that for all samples the AFT data can be explained by some combination of cooling from temperatures near 100

◦C or by residence at low temperatures due to thermal resetting. A nearby Hudson Platform sample locality (see

fig. 2) reinforces this notion (McDannell & Keller, 2022). The QTQt model shown in McDannell & Keller (2022)

incorporated the zircon (U–Th)/He, AFT, and apatite (U–Th)/He thermochronometers to yield a deep-time thermal

history illustrating rapid cooling and exhumation during the Cryogenian followed by cooler conditions (< 50 ◦C)

prior to Paleozoic heating, which was interpreted as the basement being located near the surface between ca.

635–475 Ma.

AFTINV Inversion Results

The QTQt results exhibit general t–T trends that are useful for determining the surface history of the Hudson

Platform. We used the QTQt results and the regional geology to infer a history style that involves initial random

cooling followed by two random heating-cooling cycles. The primary goal of AFTINV modeling was to compare
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model results generated with similar boundary conditions as QTQt but with a different statistical approach for

thermal history acceptance. Since our samples are far from preserved Mesozoic rocks and there are more temporal

and spatial uncertainties related to the late Paleozoic–Mesozoic Hudson Platform surface evolution, we investigated

different thermal minima scenarios within the Paleozoic and Mesozoic intervals in AFTINV (that is, timing based on

QTQt model results and the regional geology). This is a useful exercise because cratonic nonconformities can be

misleading. Unconformities are features that potentially elide multiple periods of erosion and sedimentation—yet

we typically have information only constraining the upper age limit of the depositional event that terminated the

unconformity. Therefore our constraint for basement being near the surface at 450 Ma or 170 Ma may actually

represent a fraction of a much longer period of time when the Precambrian basement was near the surface. The

Ordovician nonconformity also does not preclude earlier basement exposure and the nearby presence of the

Cambrian (ca. 505 Ma) Deadwood Fm. in the Williston Basin (for example, Burrus and others, 1996) and the ca. 530

Ma Mt. Simon Sandstone in the Michigan Basin (for example, Catacosinos and others, 1990) could imply regional

exposure and localized shallow burial and erosion prior to the Ordovician. We further evaluated the Paleozoic and

Mesozoic thermal minima to allow the model to query between 470–450 Ma and 200–120 Ma, which is generally

based on the Hudson Platform geology and the QTQt results. Sample 12RM086 required slightly different boundary

conditions to achieve timely model convergence. A maximum of 5 ◦C/My cooling was allowed for the initial pre-450

Ma history (justified by QTQt results), due to the younger central age and less retentive average kinetics than the

other two samples. In AFTINV the only requirement for the thermal minimum is that a single, randomly chosen 5

Myr time step is ≤ 30 ◦C within each search interval, however this does not prevent other (contiguous) steps from

being at similarly low temperatures in the model.

Sample 97-10-365.— The AFTINV results yielded temperatures for the first thermal peak between 69–81 ◦C,

with a weighted mean temperature of 75 ± 2 ◦C. The timing of the peak is between 210 Ma and 400 Ma, with a

weighted mean time of 311 ± 29 Ma (2σ). The second thermal peak reached temperatures between 51–66 ◦C, with

a weighted mean temperature of 58 ± 3 ◦C. The timing of the second peak is between 25 Ma and 115 Ma, with a

weighted mean of 47 ± 27 Ma. The values reported here incorporate the solutions at both the 0.05 and 0.5 levels of

significance (table 4). It is also important to keep in mind that the time step used in AFTINV was 5 Myr, therefore

we lack temporal resolution below that value for individual times (i.e., minima or maxima).

Sample CB99-227.— The AFTINV results yielded temperatures for the first thermal peak between 72–83 ◦C,

with a weighted mean temperature of 75 ± 2 ◦C. The timing of the peak is between 215 Ma and 415 Ma, with a

weighted mean time of 319 ± 40 Ma (2σ). The second thermal peak reached temperatures between 52–72 ◦C, with

a weighted mean temperature of 62 ± 3 ◦C. The timing of the second peak is between 25 Ma and 115 Ma, with a

weighted mean of 49 ± 23 Ma.

Sample 12RM086.— The AFTINV results yielded temperatures for the first thermal peak between 68–80 ◦C,

with a weighted mean temperature of 72 ± 2 ◦C. The timing of the peak is between 225 Ma and 385 Ma, with a
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Fig. 9. AFTINV inverse model results for the Hudson Platform samples. Panels A, D, and G show 300 acceptable random Monte
Carlo solutions at the 0.05 significance level (light gray t–T paths). Some 0.5 significance level solutions were randomly found
during the initial Monte Carlo search (dark gray paths) and were retained in the solution pool. The 0.05 random MC solution
set for each AFT sample was then updated by the CRS algorithm to the 0.5 significance level. Panels B, E, and H show 300
acceptable solutions at the 0.5 significance level (dark gray t–T paths) obtained using the CRS algorithm. The exponential mean
(exp mean; blue line) solution and the best-fit minimum objective function (min obj fn; green line) solution are also shown for the
MC and CRS paths. Panels C, F, and I show the better 0.5 level fits to the track length distributions as a gray envelope for all
solutions and the best fit and mean are highlighted in green and blue. The 0.5 level goodness-of-fit values for the track lengths
are 0.98, 0.88, and 0.93 for samples 97-10-365, CB99-227, and 12RM086, respectively. Refer to table 4 for tabulated information
on the GOFs for AFT age and length for each model. Figure 10 summarizes the thermal peak timing and magnitude for the 0.05
and 0.5 fit levels. Note that the time and magnitude of heating between the QTQt and AFTINV results are similar, yet the QTQt
results more closely resemble the 0.05 solution set from AFTINV.

weighted mean time of 314 ± 26 Ma (2σ). The second thermal peak reached temperatures between 43–63 ◦C, with

a weighted mean temperature of 53 ± 3 ◦C. The timing of the second peak is between 25 Ma and 115 Ma, with a

weighted mean of 82 ± 14 Ma.

DISCUSSION

Burial and Erosion History Interpretations

Nearly identical Phanerozoic thermal histories are recovered for all of the samples in QTQt and the models

independently corroborate the known cratonic geology by requiring two reheating events that we interpret as

sedimentary burial (fig. 6). It is worth noting that the same priors were used for the three samples (that are in

close proximity to one another), so the similarity in the model results demonstrates that a similar history can

satisfy all of the data. The thermal histories suggest poorly resolved surface conditions in the late Precambrian

to early Paleozoic (fig. 6) and also indirectly require periods at lower temperatures in the middle Mesozoic. The
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Table 4. AFTINV v. 6.17 model results for single kinetic population Hudson Platform AFT samples

97-10-365 CB99-227 12RM086

0.05 LEVEL 0.5 LEVEL 0.05 LEVEL 0.5 LEVEL 0.05 LEVEL 0.5 LEVEL

search algorithm MC CRS MC CRS MC CRS
model results 300 solutions 300 solutions 300 solutions 300 solutions 300 solutions 300 solutions

BEST MODEL FITS∗ BEST MODEL FITS BEST MODEL FITS

AFT Age (± 2σ) 512 ± 36 Ma 512 ± 36 Ma 487 ± 44 Ma 487 ± 44 Ma 433 ± 24 Ma 433 ± 24 Ma
Model AFT Age 505.3 Ma 511.4 Ma 490.6 Ma 491.4 Ma 429.4 Ma 433.8 Ma

Age GOF 0.70 0.96 0.85 0.82 0.75 0.97
Length GOF 0.93 0.98 0.84 0.88 0.74 0.93

Retention Age 653 Ma 673 Ma 648 Ma 650 Ma 538 Ma 545 Ma

THERMAL PEAK 1 THERMAL PEAK 1 THERMAL PEAK 1

temp. minimum 69 °C 71 °C 72 °C 72 °C 68 °C 69 °C
temp. maximum 81 °C 77 °C 83 °C 82 °C 80 °C 77 °C

mean ± 2σ 75 ± 4 °C 75 ± 2 °C 77 ± 4 °C 75 ± 2 °C 73 ± 4 °C 72 ± 2 °C
time minimum 210 Ma 250 Ma 215 Ma 235 Ma 225 Ma 255 Ma
time maximum 400 Ma 355 Ma 415 Ma 370 Ma 385 Ma 345 Ma

mean ± 2σ 298 ± 72 Ma 313 ± 32 Ma 308 ± 80 Ma 322 ± 46 Ma 302 ± 64 Ma 316 ± 28 Ma

THERMAL PEAK 2 THERMAL PEAK 2 THERMAL PEAK 2

temp. minimum 51 °C 51 °C 52 °C 57 °C 43 °C 46 °C
temp. maximum 66 °C 64 °C 72 °C 69 °C 63 °C 57 °C

mean ± 2σ 59 ± 6 °C 58 ± 4 °C 62 ± 4 °C 62 ± 4 °C 53 ± 6 °C 53 ± 4 °C
time minimum 25 Ma 30 Ma 25 Ma 30 Ma 25 Ma 25 Ma
time maximum 115 Ma 90 Ma 115 Ma 75 Ma 115 Ma 115 Ma

mean ± 2σ 55 ± 48 Ma 44 ± 32 Ma 52 ± 40 Ma 47 ± 28 Ma 66 ± 54 Ma 83 ± 14 Ma

BEST FIT PATH MINIMA∗∗ BEST FIT PATH MINIMA BEST FIT PATH MINIMA

min time 1 465 Ma 460 Ma 470 Ma 460 Ma 465 Ma 450 Ma
min time 2 160 Ma 175 Ma 190 Ma 170 Ma 170 Ma 175 Ma

INFORMATION INFORMATION INFORMATION

modeled rmr 0 0.840 (0.0 apfu eCl) 0.837 (0.01 apfu eCl) 0.848 (-0.025 apfu eCl)
min. obj. sol. lowest combined obj. fn. lowest max. obj. fn. lowest combined obj. fn.
c-axis MTL 13.64 ± 1.00 µm 13.54 ± 0.93 µm 13.86 ± 1.10 µm
lengths (n) 709 656 863

∗Model fits are shown only for the minimum objective function solution. Information about the thermal peaks is for all
300 solutions at the corresponding significance level. Retention age is the hypothetical oldest preserved fission track and
approximates the upper limit of t–T sensitivity. Initial cooling (timing) prior to the first thermal minimum should not be fully
interpreted since samples are partially reset and cooling is a function of the model rates and random thermal minimum selection
under the prescribed model conditions.

∗∗Minima were randomly selected between 470 Ma and 450 Ma (followed by thermal peak 1) and 200 Ma and 120
Ma (followed by thermal peak 2) and are given for the single 5 Myr time step that is at the lowest temperature in the model run.
These times are approximations since there are sometimes multiple consecutive time steps at similar temperatures. Model time
step is 5 Myr but sub-step time for fission track generation is 2.5 Myr.
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Fig. 10. Thermal episode summary for the AFTINV inverse thermal history models exhibiting two thermal peaks. Dotted line
shows the minimum-maximum time range at the 0.05 significance level for each thermal peak for each sample. Thick transparent
line represents the minimum-maximum time range at the 0.5 significance level. The vertical bar and opaque heavy lines show
the mean ± 2σ time for each thermal peak at the 0.5 level. Refer to table 4 for tabulated information.

low temperatures are necessary to form a population of tracks that are then shortened by reheating to produce

the observed lengths—without this, a certain component of lengths cannot be generated that are needed to fit

the observations. The inverse models best resolve a broad thermal peak between approximately latest Devonian

to Triassic (ca. 360 to 240 Ma) for all samples that is consistent for all simulations (fig. 6; albeit more resolved

in panels C and F). The timing of maximum temperature is poorly constrained due to the low degree of thermal

annealing within the PAZ for these apatites and also partially reflects the trade-off between t–T path inflections

(i.e., uncertainty on the times at hotter vs. cooler temperatures; fig. 6A–B, D–E) and the allowable heating-cooling

rates imposed on the solutions. Step-wise addition of the Ordovician and Jurassic constraint boxes (fig. 6B–C and

E–F) refine the overall history results and the requirement of two heating events by the AFT data suggest maximum

heating to ∼65–75 ◦C occurred in the Devonian, or possibly in the latest Paleozoic, in broad agreement with the

preserved geology.

We interpret the heating in our models as burial by Phanerozoic sedimentary rocks and the thermal histories

are in close agreement with other thermochronology studies across the southern shield near the Hudson Bay and

Williston Basins (for example, Crowley & Kuhlman, 1988; Crowley, 1991; Kohn and others, 1995; Osadetz and others,

2002; Kohn and others, 2005; Feinstein and others, 2009). The QTQt results suggest maximum burial heating likely

occurred sometime between the late Devonian and early–middle Triassic, with a second event in the late Cretaceous

to early Miocene across the Hudson Bay region. The AFTINV results provide a refinement of these burial estimates

(table 4; figs. 9 and 10). The earliest peak burial times are consistent with the age of the preserved upper Devonian
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section (Pinet and others, 2013; Lavoie and others, 2015; Armstrong and others, 2018), whereas the existence of

Carboniferous (for example, Tillement and others, 1976) and Permo-Triassic strata that were subsequently eroded

cannot be ruled out. The Michigan and Williston basins contain a few hundred meters of Pennsylvanian and

Jurassic strata (Sloss, 1963; Catacosinos and others, 1990; Burrus and others, 1996; Burgess, 2019), which perhaps

suggests a common Paleozoic history for interior North America (for example, Beaumont and others, 1987; Sanford,

1987; Burgess and others, 1997; Patchett and others, 2004). However, central Canadian Shield burial during the

Carboniferous and the presence of rocks of that age in the Hudson Bay Basin are debated. Possible explanations for

these features in our inversions are that: (i) Pennsylvanian strata are actually preserved in the Hudson Bay Basin

and Tillement and others (1976) were correct, or (ii) that presumably thin Carboniferous rocks were deposited but

were then eroded as a result of lower preservational potential near the modern basin margin (also Hudson Bay

is shallower in general compared to the other deeper intracratonic basins), or (iii) Carboniferous strata were not

deposited in the Hudson Bay region and the late Paleozoic heating event in our models is highly uncertain. While

there is uncertainty in the peak timing (point iii), the thermal peak is consistent for three different AFT models,

whereas the preserved geology cannot be relied upon to provide a faithful record of sedimentation. The AFT

inversions and the findings of Tillement and others (1976) support minor Carboniferous burial of the central shield.

The Mesozoic-Cenozoic history is characterized by inferred burial followed by subsequent erosion until present

day, with the final cooling event beginning as late as Oligocene–Miocene time. The White River Group (< 38

Ma in age) in the Williston Basin provides tentative geological support for this, as it records the last burial event

during the Paleogene, which was followed by Miocene erosion (Burrus and others, 1996). While speculative, it is

possible that some of the latest model cooling could be attributed to climatic cooling since the timing approximately

aligns with climate change and the growth of the Antarctic ice sheet, including ephemeral northern hemisphere

Oligocene-Miocene continental glaciation (Eldrett and others, 2007; DeConto and others, 2008; Hyeong and others,

2014; Tripati & Darby, 2018). Our thermal history models further imply that burial extended across the currently

exposed basement of the Canadian Shield, that the Hudson Bay sedimentary succession is an erosional remnant (for

example, Pinet and others, 2013; McDannell and others, 2022c), and that the Hudson Bay and Williston basins were

probably intermittently connected (for example Sanford, 1987; Norris, 1993; White and others, 2000).

We applied a range of feasible Phanerozoic paleosurface temperatures (Mills and others, 2019; Scotese

and others, 2021): 15–20 ◦C for the Paleozoic and 20–30 ◦C for the Cretaceous. Paleogeothermal gradient estimates

for the Paleozoic (40–50 ◦C/km) and Mesozoic (20–25 ◦C/km) were based on the nearby Underground Research

Laboratory (URL) borehole thermal history reconstruction in SW Manitoba (Feinstein and others, 2009). We set a

minimum thermal gradient of 30◦C/km for the Paleozoic since the estimate from Feinstein and others (2009) is quite

high and may have been brief or a local anomaly. The AFTINV minimum and maximum temperatures for each

model thermal peak at the 0.5 significance level in table 4 indicate mean burial depths of ∼1.5 ± 0.7 km (97-10-365;

2σ), ∼1.6 ± 0.7 km (CB99-227), and ∼1.3 ± 0.6 km (12RM086) in the Paleozoic. The late Mesozoic-early Tertiary
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Fig. 11. Conventional unprojected track length distributions for two AFT samples as histograms with 1 µm bins. Track lengths are
displayed as they were originally measured but were modelled using their corresponding c-axis angles. (A) all 709 track lengths
combined from both sample aliquots of 97-10-365 with a conventional mean track length of 12.01 ± 1.75 µm and c-axis projected
mean length of 13.63 ± 1.02 µm. (B) random 50% downsampling or resampling of the total number of lengths in panel A. (C)
random 10% resampling of the total lengths in panel A. (D–F) Sample CB99-227; the same as panels A–C with a conventional
mean track length of 11.81 ± 1.67 µm and c-axis projected mean length of 13.53 ± 0.94 µm. All resampled distributions in panels
B–C and E–F are similar in form to the ones in A and D, respectively. MTL = mean track length.

thermal peaks translate to burial of ∼1.5 ± 0.9 km (2σ), ∼1.7 ± 0.9 km, and ∼1.2 ± 0.8 km for each respective sample.

These estimates tentatively suggest a thinning of burial cover from the NW to the SE towards the Transcontinental

arch (see fig. 3) during both time periods.

Comments on Track Length Data Collection for Deep-Time Applications

The principle source of uncertainty in fission-track length data is the discrete number of finite lengths collected

rather than measurement error (Willett, 1997). Inadequate characterization of length distributions may affect our

ability to recover thermal history information. While this is not conceptually novel (Ketcham and others, 2009)—

what constitutes a robust track length dataset and if those data can independently support geologic observations has

gone mostly unrecognized. The results of our modelling emphasize that the accepted norm of collecting up to 100

track lengths (for example, Rahn & Seward, 2000) is possibly too low for many deep-time modelling applications.

We point out that this is more of an issue for situations that lack suitable guiding constraints for inversions, or cases

where individuals do not prefer to make numerous a priori assumptions about a geologic history. This may not be a

concern for endmember approaches that purposefully minimize the degrees of freedom in thermal history models

(for example, Green & Duddy, 2012; Green and others, 2022).
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Fig. 12. QTQt time-temperature simulations shown as path density heat maps. Panels A and D are the ‘unconstrained’ models
without t–T constraint boxes shown in fig. 6. Models in the other panels are shown with a different color ramp to distinguish
from those models. (A) model results for the total 97-10-365 length dataset (B) model results for the 50% (n = 364) randomly
resampled track lengths and (C) 10% (n = 69) resampled tracks for sample 97-10-365. (D) model results for the total CB99-227
length data set. (E) model results for the 50% (n = 330) randomly resampled track lengths and (C) 10% (n = 67) resampled tracks
for sample CB99-227. The two-peak history is not well resolved below ∼250–300 track lengths (note: longer inversion burn-in
may potentially help resolve the two thermal peaks (vs. more linear history) in panels B and E).

In detail, many different thermal histories can satisfy a given track length distribution. However, even if the

distribution looks similar between an example with many tracks and fewer tracks, the possibility to resolve multiple

heating-cooling events in a history is reduced in the latter case. While the mean track length is a useful summary

statistic, it is the width and shape of the track length distribution that are critical for modelling (Crowley, 1985;

Gleadow and others, 1986b). The main body of the distribution needs to be well defined with many tracks, but

the tails of the true distribution also need to be well represented. Namely, any shorter lengths that provide key

temperature information must be included, which will typically require more measurements because they have a lower

probability both of being observed and measured accurately (Laslett and others, 1982). The c-axis angle projection

of track lengths also plays a role by reducing length dispersion due to track orientation (Donelick and others, 1999).

This yields a better defined length distribution—thereby taking advantage of the extra information provided by the

annealing dependence on track orientation (Ketcham and others, 2009; Ketcham, 2019). If the distribution shape is

well characterized then the thermal model can deconvolve the mixed length components generated by the different

heating-cooling cycles. Attempts to understand this in the past may have been hindered by a lack of collected data.

We consider how the number of confined track lengths affects our ability to reconstruct the thermal history in QTQt

and examine whether a typical AFT analysis with 50–100 track lengths contains enough information for cratonic

thermal history reconstruction without imposing numerous model assumptions within a Bayesian framework.
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Track Length Resampling: Sensitivity Tests

Our simulations clearly show that our AFT super-samples have enough track lengths to require two thermal

events (i.e., without requiring t–T boxes) during the Phanerozoic. The inferred complexity of a thermal history

(fig. 1) can be partially related to the number of track lengths that are collected by the analyst and how well those

lengths define the real distribution. To further explore this, we took the entire length datasets for two examples

and randomly downsampled them using a simple Monte Carlo method, retaining ∼50% and ∼10% of the tracks

in the original length distributions while maintaining a stable mean length within uncertainty (fig. 11). This was

done to determine how well we resolve the two thermal peaks in the full model t–T history from figs. 6A and

D with a reduced number of length measurements. This essentially simulates what a real AFT analysis would

be like if fewer length measurements were collected. Each resampled distribution was modelled in QTQt, while

keeping the AFT age information fixed to assess how resampling of the total number of track lengths affected t–T

resolution. The results shown in fig. 12 indicate that there is an inadequate number of track lengths in a typical AFT

analysis (≤ 100 lengths) to fully resolve a complex cratonic thermal history involving moderate annealing without

applying interpretation-based constraints. This was discussed conceptually as a intuitive result in McDannell &

Issler (2021) and McDannell and others (2022c). The thermal histories become more linear with less structure and

the resolution of two thermal peaks is progressively reduced for ∼300–350 lengths (fig. 12B–E) and disappears

with < 100 tracks (fig. 12C–F). Thus fewer track lengths (and no other independent constraints) create a situation

where simpler histories can reproduce the AFT data. Conversely, reduced t–T sensitivity also implies that the data

would be less sensitive to certain applied constraint boxes, some of which may be incorrect, in cases with fewer

thermochronometric data (track lengths being the most important for AFT). One could argue that collecting more

track lengths assumes that our AFT kinetic annealing models are well determined, even though uncertainty in

such models remains a reality. However, we would argue that collecting more track lengths resulted in thermal

histories that independently agreed with the known geologic record for the Hudson Platform. This finding suggests

that collection of up to > 500 track lengths does not result in ‘overfitting’ the data and that the modern AFT

kinetic annealing model(s) in use (Ketcham and others, 1999, 2007) are reasonably calibrated and remain the best

empirically constrained of the available thermochronometric methods. It is, however, apparent that some published

QTQt models with ≤ 100 measured AFT lengths (without imposed constraints or limited supplemental (U–Th)/He

dates) lack sensitivity and are a primary reason that simple, linear cooling thermal histories are recovered for models

spanning 100s of Myr.

Ultimately, each problem is unique and analyses should be tailored to optimize the amount of information

available for modelling since we know that a standardized approach may not yield sufficient data to clearly resolve

significant thermal events. If a sample has undergone more recent total annealing and resetting, the collection of

additional track lengths will provide (minimal) t–T information in proportion to the total amount of geologic time

being reconstructed and the timing of thermal resetting. We recommend that 250–300 confined track lengths (with



K. T. McDannell and others—Phanerozoic sedimentary cover history of the Hudson Platform 35

c-axis angles) may be considered an effective minimum suitable for thermal history inversion in cratonic settings

for rocks that contain a single kinetic population and have experienced low-to-moderate thermal annealing. This

simple change in analytical protocol may improve thermal history recovery using Bayesian methods and lend more

credence to geologic interpretations in slowly cooled continental interiors.

CONCLUSIONS

Studies of cratons have shown that they are typically characterized by thermal histories involving low to

moderate degrees of thermal annealing from episodic sedimentary burial (see Kohn & Gleadow, 2019). Apatite

fission-track dating has traditionally been a preferred method for constraining aspects of these complex burial

and erosion events. However due to the near absence of physical geologic constraints, detailed thermal history

reconstruction is often difficult. This commonly results in a modelling approach that incorporates interpretive

assumptions about a geologic history that may be inappropriate or at least difficult to validate independently.

We discussed different strategies for inverse modelling applied to new apatite fission-track data from the central

Canadian Shield that included many more confined track-length measurements than a typical fission-track analysis.

Inversions of those data yielded results that are consistent with the regional shield geology without necessarily

requiring the imposition of many t–T “exploration boxes”. Subsequently, consideration of known geologic constraints

with different inversion approaches allowed an assessment of the impact of constraints relative to models that did

not apply a presupposed interpretive geological model. Within the AFT modelling framework outlined here, we

recommend that > 250 track lengths be collected when possible to provide adequate and robust time-temperature

information for cratonic history inversions using Bayesian methods and for the wider adoption of recursive modelling

practices in situations where geological control is a limiting factor in thermal history reconstruction. Inverse thermal

histories for Hudson Platform AFT data suggest peak sedimentary burial during the late Paleozoic to earliest

Mesozoic and later during the latest Mesozoic to mid-Cenozoic. Overall burial average estimates are 1.4 ± 0.7

km (2σ) for the Paleozoic and 1.5 ± 0.9 km for the late Mesozoic. These average estimates imply ∼3 km of total

Phanerozoic erosion for currently exposed locations with a negligible contribution to the erosional budget from the

crystalline basement. This gives credence to the concept that the Canadian Shield is a regenerative geomorphic

feature that was first formed in the Precambrian but has undergone repeated exposure throughout Earth history.
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