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The Great Unconformity erosion surface between Paleozoic sedimentary rocks and Archean-Proterozoic
basement has been related to erosion occurring during Snowball Earth glaciations, eustatic sea level
fluctuations, and a range of tectonic and/or geodynamic mechanisms. Each class of mechanism predicts
distinct timing and spatial patterns of exhumation. Snowball Earth glacial erosion is limited to 717-
635 Ma and concentrated in narrow ice streams on continental margins. Sea-level related erosion
is unconstrained in time but also spatially limited to continental margins. Tectonic and geodynamic

Keywords: mechanisms, in contrast, can result in exhumation distributed more broadly in time and space. We
thermochronology combine new zircon and apatite (U-Th)/He thermochronology data (ZHe, AHe) with independent
erosion paleodepth information from a continental interior location in southeastern Ontario, Canada to constrain
tectonics the timing, magnitude, and regional pattern of exhumation associated with the Great Unconformity
EEOdyfltélnics along a ~650 km-long transect across the southern Canadian Shield. Here, the unconformity is defined
aurentia

by Middle Ordovician carbonates atop Archean-Proterozoic basement. ZHe analyses for seven basement
samples display a range of dates from 960 + 20 Ma to 37.5 £+ 0.9 Ma that correlate negatively with
radiation damage. AHe dates are ~300-200 Ma and generally consistent across samples regardless of
radiation damage. Independent evidence supports emplacement of both the 590 +2/-1 Ma Grenville
dikes and the 577 + 1 Ma Callander Complex in the study region at depths >6 km. The combined data
require >6 km of exhumation between ca. 590-577 Ma and 470 Ma in the middle of our transect, with
multi-km erosion up to >5 km elsewhere in the study area, well after the ca. 717-635 Ma Snowball Earth
glaciations. These outcomes expand the spatial extent of an Ediacaran to early-Paleozoic exhumation
signal previously inferred elsewhere across the Shield to ~1.1 million km?. Thick Ediacaran successions
on the Laurentian margins are complementary depositional signals of this erosion. The enormous spatial
extent of Great Unconformity exhumation across the continental interior of the Canadian Shield is
incompatible with glacial erosion and eustatic sea-level change as the primary causes. Instead, we
attribute exhumation to tectonic and geodynamic mechanisms, which may include isostatic rebound,
dynamic topography, plume activity associated with the Central lapetus Magmatic Province, rifting during
opening of the lapetus Ocean, and development of the Transcontinental Arch.

© 2023 Elsevier B.V. All rights reserved.

dence with the breakup of Rodinia, assembly of Gondwana, Snow-
ball Earth glaciations, putative oxygenation of the deep oceans,
and Cambrian Explosion of biological diversity, have made this fea-
ture and the exhumation mechanisms contributing to its formation
compelling objects of study. Here, we refer to exhumation—the dis-

1. Introduction

The “Great Unconformity,” or basal Phanerozoic unconformity,
is a ubiquitous feature across North America visible as the noncon-
formable contact between Archean-Proterozoic igneous and meta-

morphic rocks and overlying Phanerozoic sedimentary rocks. The
vast time gap represented by the Great Unconformity - over a bil-
lion years of Earth history in some locations - and its broad coinci-
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placement of rocks with respect to Earth’s surface (England and
Molnar, 1990)—that exposed basement rocks at the surface before
deposition of Phanerozoic sedimentary rocks to form the Great Un-
conformity as “Great Unconformity exhumation.” A related term,
“surface uplift” (“uplift” for the remainder of the paper) refers to
the vertical displacement of Earth’s surface with respect to the
Earth’s geoid (England and Molnar, 1990). Uplift creates conditions
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conducive to exhumation. Hypothesized mechanisms for Great Un-
conformity exhumation include glacial erosion during global Snow-
ball Earth events (e.g., Keller et al., 2019; McDannell et al., 2021;
McDannell and Keller, 2022), eustatic sea-level change (e.g. Miall,
2016), and tectonic and geodynamically-induced uplift and subse-
quent erosion (e.g., Flowers et al., 2020; Sturrock et al., 2021; Peak
et al., 2021; Macdonald et al., 2022). These mechanisms have been
invoked in different locations across North America.

The hypotheses for Great Unconformity exhumation predict dis-
tinct timing and spatial patterns of exhumation. Glacial erosion
during Cryogenian Snowball Earth events would have caused ex-
humation concentrated on continental margins limited in time to
717-635 Ma (Macdonald et al., 2022). Eustatic sea-level change is
also expected to focus erosion along coastlines (e.g. Bruun, 1988),
but unlike Snowball Earth erosion, would not be limited to the
Cryogenian. Spatially, erosion driven by eustatic fluctuations is fo-
cused along shorelines as the transgressive shoreface system shifts
landward (Bruun, 1988). Different tectonic and mantle geodynamic
uplift processes can account for exhumation on continental mar-
gins and across continental interiors. Tectonic and geodynamic
mechanisms elevate the continental topography relative to sea
level, thus enabling erosional processes such as river incision to
operate more effectively on the landscape (e.g. Braun et al., 2014).

Low-temperature thermochronology provides an opportunity to
discriminate among these proposed mechanisms by better con-
straining the timing, magnitude, and spatial patterns of Great Un-
conformity exhumation (e.g., DeLucia et al., 2018; Flowers et al.,
2020; McDannell and Keller, 2022; Peak et al., 2021; Sturrock et al.,
2021). Here, we use new (U-Th)/He thermochronology data from
basement below the Great Unconformity on the southern Cana-
dian Shield, together with multiple geologic constraints, to distin-
guish between proposed hypotheses, acknowledging that different
exhumation mechanisms are not necessarily mutually exclusive.
We then compare our outcomes with previous thermochronology
datasets from across the Canadian Shield to define broader ex-
humation patterns and further distinguish among possible mecha-
nisms contributing to the Great Unconformity.

2. Background

2.1. Geologic setting and constraints on timing of Great Unconformity
exhumation

Our study region on the southern Canadian Shield is located
just north of the Great Lakes in southeastern Ontario, Canada
(Fig. 1). This area is comprised of three geologic provinces: the Su-
perior and Southern Provinces in the west, composed of Archean
and Paleoproterozoic terranes, and the Grenville Province to the
east, made up of Proterozoic accreted arc terranes (Percival and
Easton, 2007; Fig. 1). The Southern Province is much smaller than
the Superior Province and since the period of accretion is irrele-
vant for the purposes of this study, we refer only to the Superior
Province for the remainder of the paper. The region underwent ca.
1110-1080 Ma extension and magmatism associated with the Mid-
continent Rift, and ca. 1090-980 Ma shortening and crustal thick-
ening associated with the Grenville Orogeny (Percival and Easton,
2007). Some of the region may have been buried by Grenville-
age foreland basins that were later removed; parts of these basins
are preserved in the subsurface to the south (e.g., Moecher et al.,
2018). After the Grenville Orogeny, the region experienced rela-
tive quiescence interrupted from ca. 590-570 Ma by plutonism,
emplacement of the Grenville Dike Swarm and Callander Com-
plex (e.g., Kamo et al, 1995), and the opening of the Ottawa-
Bonnechere Graben (e.g., Bleeker et al., 2011).

The opening of the lapetus Ocean followed by dynamic sub-
sidence associated with the Taconic Orogeny (e.g. Coakley and
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Gurnis, 1995) led to deposition of mixed siliciclastic and carbon-
ate platform sequences preserved from the Middle Ordovician (ca.
470 Ma) onward (e.g. Lavoie, 2019; Miall, 2016) that blanket Pro-
terozoic bedrock and define the Great Unconformity. Oxidized pa-
leoregolith is preserved below the unconformity, indicating deep
chemical weathering prior to Ordovician deposition (Di Prisco and
Springer, 1991). Conodont alteration index values of 1.5-3 for flat-
lying Ordovician-Devonian strata in the eastern part of the study
area (Fig. 1B) indicate post-Ordovician maximum burial tempera-
tures of <100°C (Legall et al., 1981).

Existing geologic and geochronologic data in the region provide
important constraints on the timing of Great Unconformity ex-
humation. First, the Grenville Dike Swarm, which has a U-Pb TIMS
multigrain bulk zircon date of 590 +2/-1 Ma (Kamo et al., 1995),
has an ambient emplacement temperature estimate of 184 4 40°C
based on paleomagnetic blocking temperatures, corresponding to
depths of ~ 6.5 km (Hyodo et al., 1993). In addition, the Callander
Complex, a roughly circular composite pluton (Ferguson and Cur-
rie, 1972) including a nepheline syenite with a U-Pb zircon date
of 577 £ 1 Ma (Kamo et al., 1995), has emplacement depth es-
timates of 6-12 km based on petrological relationships (Ferguson
and Currie, 1972). These data for the Grenville Dikes and Callander
Complex require extensive exhumation after 590-577 Ma to bring
these rocks to the surface prior to Middle Ordovician deposition.
Additionally, the ca. 1.85 Ga Sudbury Impact Structure, preserved
in the Superior Province in the north-central part of the study area
(Fig. 1B), has erosion estimates of 4-6 km since ~1.24 Ga based on
geobarometry and morphology (Molnar et al., 2001; Pope et al.,
2004). Exhumation of the Sudbury Impact Structure, the Grenville
Dikes, and the Callander Complex may have occurred at the same
time after 590-577 Ma.

2.2. Previous low-temperature thermochronology on the central and
southern Canadian Shield

Previous thermochronology on the southern and central Cana-
dian Shield (Fig. 1A) includes biotite 4°Ar/3?Ar, zircon and apatite
(U-Th)/He (ZHe, AHe), and apatite fission-track (AFT) data. In the
central part of our study area, biotite “°Ar/3Ar thermochronology
implies that the basement has been cooler than 320-240 °C since
1126 + 2 Ma (Culshaw et al., 2004). To the east, biotite 4°Ar/3%Ar,
ZHe, and AHe data from the Ottawa-Bonnechere Graben rift flank
and Ottawa Embayment were used to infer Neoproterozoic ex-
humation (Hardie et al., 2017), but this study did not resolve
Cryogenian versus Ediacaran exhumation. An AFT study across the
southern Canadian Shield from eastern Manitoba through Ontario
yielded dates that decrease southeastward from ~500-140 Ma
(Kohn et al.,, 2005). These dates record Paleozoic burial heating
that partially annealed the fission tracks such that the data are
insensitive to earlier parts of the thermal history (Kohn et al.,
2005). These data are consistent with AFT data presented in Crow-
ley (1991) from the southern Canadian Shield, in which the oldest
dates are Cambrian and the dataset primarily records Mesozoic re-
heating and cooling.

To the west and north of our study area, a number of ther-
mochronology studies have inferred late Neoproterozoic or early
Paleozoic cooling and exhumation events. West of our samples,
hematite (U-Th)/He and (U-Th)/Ne data from the Gogebic Iron
Range suggest cooling from ~150-65°C between ca. 770-550 Ma
(Farley and McKeon, 2015). Farther west, basement AFT data near
the Williston Basin yield Neoproterozoic to Ordovician AFT dates
interpreted to record late Neoproterozoic and Cambro-Ordovician
exhumation before Williston Basin deposition, followed by reheat-
ing during Phanerozoic burial (Crowley et al., 1985; Crowley and
Kuhlman, 1988). This thermal history is verified by AFT data from
a different location on the eastern edge of the Williston Basin
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(Feinstein et al., 2009). On the central Canadian Shield, north-
west of our study area, AHe data encompassing the eastern edge
of the Williston Basin north to the western edge of the Hud-
son Bay include maximum dates >500 Ma, interpreted to reflect
a final stage of Great Unconformity exhumation <650 Ma (Stur-
rock et al, 2021). To the north, ZHe, AHe, and AFT data from
two adjacent samples west of Hudson Bay are inferred to reflect
Cryogenian exhumation of basement during the Snowball Earth
glaciations (McDannell and Keller, 2022). However, AFT data from
nearby samples allow the onset of major cooling/exhumation any-
time between ~800-600 Ma, (Pinet et al., 2016), not limited to the
Snowball Earth period.

Collectively, these previous studies suggest late Neoproterozoic
Great Unconformity exhumation for the central and southeast-
ern Canadian Shield. The timing of this “late” Great Unconformity
(Sturrock et al., 2021) is distinct from that inferred from ther-
mochronology studies elsewhere in North America (e.g., DeLucia
et al, 2018; Flowers et al., 2020; Peak et al., 2021). Within this
Neoproterozoic-Ordovician interval on the Canadian Shield, debate
remains regarding whether erosion was predominantly Cryogenian
and related to Snowball Earth (McDannell and Keller, 2022), or
Ediacaran-Cambrian and related to other mechanisms (Sturrock et
al.,, 2021).

3. (U-Th)/He background and samples

(U-Th)/He thermochronology uses the temperature dependence
of He retention in mineral crystals to derive the time-integrated
thermal history of a sample. Helium retentivity depends not just
on temperature, but on the degree of crystal lattice damage. For
minerals with a common thermal history, radiation damage can
be proxied by the concentration of parent isotopes weighted for
their He productivity as effective uranium concentration, or eU
(e.g., Flowers et al., 2009; Shuster et al., 2006). The temperature
sensitivity ranges of the zircon and apatite (U-Th)/He systems are
<50-220°C and ~40-115°C, respectively, depending on accumu-
lated damage (e.g., Flowers et al., 2009; Guenthner et al., 2013).
The He diffusion behavior of a crystal as a function of temperature
and damage can be simulated using a kinetic model such as the
Radiation Damage Accumulation and Annealing Model (RDAAM,
Flowers et al., 2009) for apatite and the Zircon Radiation Dam-
age Accumulation and Annealing Model (ZRDAAM, Guenthner et
al., 2013) for zircon. Owing to radiation damage effects, positive
AHe date-eU correlations and negative ZHe date-eU patterns, are
predicted for some thermal histories. Because larger grains are
more He retentive than smaller grains, positive correlations be-
tween date and mineral grain size are also expected for some ther-
mal histories if other mineral characteristics are the same (Reiners
and Farley, 2001). Date-eU and date-grain size patterns can ap-
pear “dispersed” due to a variety of factors including grain size,
alpha ejection, He implantation, inclusions within the crystal, and
parent-nuclide zonation; these effects are described in detail in the
supplement.

Seven samples were collected in July 2019 from roadcuts and
lake shore exposures across a ~ 650 km WNW-ESE transect of the
Grenville and Superior Provinces in southeastern Ontario, Canada
(Fig. 1B). Sampling sites were chosen based on proximity to out-
crops of the Great Unconformity contact, availability of existing
geochronology data, and lithologies likely to contain zircon and
apatite. The ca. 577 Ma nepheline syenite of the Callander Com-
plex (BP19-12) was specifically targeted for its younger age and
its >6 km emplacement depth, which can be used together with
the thermochronology results to help constrain the post-577 Ma
thermal history. All other samples are ca. 1.1 Ga or older, with four
samples from the Grenville Province and two samples from the Su-
perior Province. All samples are plutonic igneous rocks except for
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Fig. 2. (U-Th)/He date vs. eU plots for A) Callander Complex sample BP19-12, B)
Grenville Province basement samples, C) Superior Province basement samples, and
D) AHe analyses for all samples. Note difference in eU scale in panel D. Filled circles
denote ZHe analyses and open triangles denote AHe analyses. eU uncertainties are
estimated as 15% of eU value. Date uncertainty is 2s propagated total analytical
uncertainties on the U, Th, Sm and He measurements (Table S1).

the westernmost sample (BP19-24), which is a shallowly emplaced
rhyolite (Swanson-Hysell et al., 2014). ZHe and AHe dates were
collected at the University of Colorado Boulder Thermochronology
Research and Instrumentation Lab (CU TRalL). Analytical method
details are contained in the supplement.

4. Results

ZHe dates were collected for all seven samples (n = 4-11/
sample) while AHe dates were collected for five samples (n =
4-6/sample); two samples from the Grenville Province did not con-
tain apatite. Data are reported in Table S1. Date-eU plots for all
samples grouped by geologic province are shown in Fig. 2. The
ZHe data for all samples (Fig. 2A-C) exhibit negative date-eU corre-
lations, except for one Grenville Province sample (BP19-18) with a
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limited eU range. The ca. 577 Ma Callander Complex sample yields
ZHe dates that overlap with or are slightly younger than emplace-
ment, from 550 + 20 Ma to 440 4+ 20 Ma across an eU range of
~140 to 270 ppm (Fig. 2A). The four Proterozoic basement sam-
ples from the Grenville Province together yield a broad range of
dates across a wide eU span, with ZHe dates of 740 + 30 Ma to
375 + 0.9 Ma for eU values of ~110 to 1800 ppm (Fig. 2B). The
two basement samples from the Superior Province yield the oldest
ZHe dates of the dataset with four grains >740 Ma, and together
span from 960 + 20 Ma to 52 4+ 2 Ma over an ~190 to 2500 ppm
eU range (Fig. 2C). Two samples, a granitoid from the Grenville
Province (BP19-14) and the shallow intrusive from the Superior
Province (BP19-24), display higher degrees of intrasample disper-
sion. ZHe dates do not appear to correlate with grain size for any
of the samples (Fig. S1).

AHe dates for all samples are broadly similar, with no appar-
ent date-eU correlations and maximum dates that are significantly
younger than their zircon counterparts (Fig. 2D). The Callander
Complex yields reproducible AHe dates of 188 &+ 7 Ma to 204 +
15 Ma over an eU range of ~37 to 78 ppm. The four Grenville and
Superior Province samples with AHe data yield dates from 107 =+
7 to 320 + 10 Ma across an eU range of ~7 to 81 ppm. There
is no correlation between AHe date and grain size, except a weak
positive correlation for Grenville sample BP19-11 (Fig. S1).

5. Thermal history interpretation

First-order inferences about the significance of our thermo-
chronology data and the geographic heterogeneity in thermal his-
tories across the study area can be made from the date-eU data
patterns. The presence of Neoproterozoic ZHe dates, with the old-
est at 960 + 20 Ma, shows that our samples record the Neopro-
terozoic and early Paleozoic thermal history and have not been
completely reset by subsequent thermal events. Additionally, the
differences in ZHe date-eU trends between samples suggest pos-
sible variability in the thermal histories across the study region -
for example, the westernmost Superior sample yields older dates
at the same eU values as the easternmost Grenville sample. In
contrast, the good agreement between AHe dates for all sam-
ples suggests a shared thermal history in more recent time, with
Phanerozoic temperatures hot enough to cause complete apatite
He resetting. We can test these interpretations with inverse ther-
mal history modeling.

5.1. Hypothesis testing with thermal history models

5.1.1. Modeling strategy

Each sample was modeled independently to determine con-
sistency with four hypothesized thermal histories derived from
non-thermochronologic data and observations (Fig. 3). Several
modeling software programs and approaches exist to generate
time-temperature (t-T) histories capable of explaining (U-Th)/He
thermochronology and other data, but we opted to use HeFTy
(Ketcham, 2022) for our primary modeling because it lends itself
well to a hypothesis testing approach. Models (individual t-T “path-
s”) are constructed from geologic data and observations in the
form of constraint boxes and validated using the thermochronology
data. We also modeled our data using the QTQt program (Gal-
lagher, 2012), which uses the Bayesian Information Criterion to
converge on the simplest possible thermal history sufficient to ex-
plain the thermochronology data. QTQt results and model setup
details are given in the supplement.

Each HeFTy model tested 50000 paths generated using a ran-
dom Monte Carlo approach adhering to the parameters listed in
Table S2. To be designated a good or acceptable fit, the combined
goodness of fit of a t-T path to all input thermochronology data
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Fig. 3. HeFTy constraint boxes for each hypothesis test. A) Hypothesis 1: post ca.
577 Ma exhumation only, tests the hypothesis that most basement cooling/exhuma-
tion occurred after ca. 577 Ma based on independent information on emplacement
of the ca. 577 Ma Callander Complex and ca. 590 Ma Grenville Dikes at tempera-
tures >144°C. B) Hypothesis 2: Proterozoic exhumation and burial allowed, post-
ca. 577 Ma exhumation required allows cooling/exhumation related to the Grenville
Orogeny, subsequent heating/burial to temperatures >144°C, followed by post-ca.
577 Ma cooling/exhumation of basement to the surface. C) Hypothesis 3: Protero-
zoic exhumation and burial allowed, post-ca. 577 Ma exhumation not required, is
the same as Hypothesis 2 but allows final cooling/exhumation of basement to the
surface before 577 Ma. D) Hypothesis 4: Unrestricted Neoproterozoic exhumation,
tests cooling/exhumation-only t-T paths. All models have the same Phanerozoic
thermal history constraints (blue and green shaded boxes).

must be >0.5 or >0.05, respectively. The thermochronology data
were input using a standard method in which synthetic grains are
created by binning the data from each sample by eU and averaging
the data values within each bin (Flowers et al., 2022b; Murray et
al., 2022; Table S2-S3). The synthetic grain approach accounts for
unquantified intrasample date dispersion larger than analytical un-
certainties on single grain dates (e.g., Flowers et al., 2022a), such as
the dispersion present in the BP19-14 data. The standard error of
the uncorrected dates in each bin was applied as the uncorrected
date uncertainty of each synthetic grain. Independent geologic data
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that informs each sample’s thermal history were input using t-T
constraint boxes on the allowable t-T space (Fig. 3, Table S2) and
are described in Sections 5.1.2 and 5.1.3.

5.1.2. Phanerozoic thermal history constraints

The same Phanerozoic geologic data constraints were applied in
all models since these data are regional in scope and the AHe data
for all samples is consistent with a shared thermal history across
the transect during the Phanerozoic. These constraints are: 1) sur-
face temperatures from 470-444 Ma reflecting Middle Ordovician
sedimentary rocks overlying Mesoproterozoic-Ediacaran basement
rocks, which locally defines the Great Unconformity, 2) 0-40°C
temperatures from 300-160 Ma reflecting a Triassic-Paleocene in-
terregional unconformity preserved in the Williston Basin (e.g.
Butcher et al., 2012) and other Phanerozoic basins to the northwest
of our study area (Porter et al., 1982); this unconformity is consis-
tent with regional AFT data interpreted to reflect Mesozoic cooling
(Crowley, 1991; Kohn et al., 2005) and was previously shown to be
consistent with central Canadian Shield (U-Th)/He data (Sturrock
et al,, 2021), 3) maximum Phanerozoic temperatures <100°C de-
termined from conodont alteration index classifications across the
Grenville Province section of our transect (Legall et al., 1981), and
4) modern average surface temperatures of 0-20°C.

5.1.3. Precambrian thermal history constraints and hypothesis testing

We developed four different model frameworks to test four dif-
ferent hypotheses for Great Unconformity exhumation (Fig. 3, Table
S2). These models are designed to evaluate how sensitive each
sample’s thermochronologic data are for discriminating among ge-
ologically feasible t-T paths. The 577 + 1 Ma Callander Complex
(sample BP19-12) is younger than the other samples in this study
and records only the post-ca. 577 Ma thermal history, therefore
only Hypothesis 1 (consistency with only post-ca. 577 Ma ex-
humation) was tested for this sample. For the six older basement
samples, a greater variety of thermal histories are possible because
of the longer timescales recorded by these data and thermal his-
tory may have varied across the study region. All models include
a constraint box representing the timing and temperature of sam-
ple formation which differs for each sample; other Precambrian
constraint boxes differ between each hypothesis but are consistent
across samples (Table S2).

Hypothesis 1, Post-ca. 577 Ma exhumation only (Fig. 3A): These
models test the hypothesis that most Great Unconformity ex-
humation occurred before ca. 577 Ma across the entire study re-
gion (after emplacement of the ca. 577 Ma Callander Complex at
depth). Farther away from the Callander Complex, this hypothesis
is consistent with persistence at high temperatures following the
Grenville Orogeny due to structural and foreland basin burial prior
to late Neoproterozoic-Cambrian exhumation. To test this in the
model framework, all t-T paths are required to remain at temper-
atures >144°C before ca. 577 Ma (Fig. 3). The 144 °C temperature
is based on the ca. 590 Ma Grenville Dike Swarm with 184 + 40°C
(i.e., 144-224°C) emplacement temperatures estimated from pale-
omagnetic blocking temperature (Hyodo et al., 1993), and on the
Callander Complex nepheline syenite with estimated emplacement
depths of 6-12 km from petrological relationships (Ferguson and
Currie, 1972), which corresponds to temperatures of 170-320°C
assuming a 20 °C surface temperature and 25 °C/km geotherm. We
apply 144°C as the lower temperature bound derived from the
Grenville Dike constraint because it is a more direct temperature
estimate than that from the Callander Complex, and because as
the minimum of the estimated values it is the more conservative
bound.

Hypothesis 2, Proterozoic exhumation and burial allowed,
post-ca. 577 Ma exhumation required (Fig. 3B): These models test
a hypothesis similar to Hypothesis 1 but additionally test an ear-
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lier period of exhumation related to Grenville Orogeny deformation
(emplacement-950 Ma exploration box), followed by Proterozoic
burial to temperatures >144°C (950-577 Ma exploration box).
The 950 Ma box boundary is chosen to reflect the known end of
Grenville basin development as preserved by the Middle Run Fm in
Kentucky and Ohio, USA (Clay et al., 2021). It is possible the south-
eastern Canadian Shield was buried by a Grenville-age foreland
basin similar to those preserved to the south (e.g. Clay et al., 2021;
Moecher et al., 2018), but most of this basin, if it existed, was re-
moved prior to Ordovician deposition on the Shield. The minimum
reburial temperature is chosen to be consistent with the mini-
mum temperatures required by the Grenville Dike and Callander
Complex temperature constraints. Post-577 Ma exhumation to the
surface is required after the emplacement of the Grenville Dikes
and Callander Complex as in Hypothesis 1.

Hypothesis 3, Proterozoic exhumation and burial allowed,
post-ca. 577 Ma exhumation not required (Fig. 3C): These models
test the hypothesis that the Grenville Dike and Callander Complex-
derived depth constraints are not applicable across the entire study
region and allow a final stage of Great Unconformity exhumation
to begin before ca. 577 Ma. The model setup is the same as Hy-
pothesis 2 except that it does not require temperatures >144°C
after 950 Ma.

Hypothesis 4, Unrestricted Neoproterozoic exhumation
(Fig. 3D): These models include minimal constraints and test cool-
ing/exhumation-only t-T paths from sample emplacement until Or-
dovician deposition, with no option to reheat during this interval.
The only constraint aside from the Phanerozoic boxes described in
Section 5.1.1 is an exploration box from the sample’s emplacement
age to 457 Ma, which does not restrict when cooling occurred.

5.2. Hypothesis-testing results: substantial post-600 Ma cooling and
exhumation

Figs. 4-5 show the model results of each hypothesis test for
each sample. Only one hypothesis was tested for the ca. 577 Ma
Callander Complex sample (Fig. 4), designated as Al. Proterozoic
basement sample modeling results are ordered from east to west
and labeled as B1, B2, B3, B4, etc. Thermochronology data for indi-
vidual samples are shown in Figs. 4A and 5B-G with predictions of
how each modeled hypothesis reproduces the observed data (Table
S4).

A. BP19-12 (ca. 577 Ma Callander Complex nepheline syenite;
Fig. 4A): The Callander thermochronology data alone do not pro-
vide additional limits on the thermal history beyond the indepen-
dent geologic data since the set of possible t-T paths fills the en-
tirety of t-T space allowed by the geologic data (Fig. 4A1). However,
these results confirm that the thermochronologic and geologic data
are consistent with each other, providing a first-order check on our
interpretation that the Callander emplacement depth estimate in-
forms the post-577 Ma thermal history.

B. BP19-05 (ca. 1400 Ma granite; Fig. 5B): For this, the east-
ernmost Grenville sample, Hypothesis B1 yields no good- or
acceptable-fit paths and Hypothesis B2 returns only a single
acceptable-fit path, indicating that the data are difficult to repro-
duce with these hypotheses and likely inconsistent with sustained
temperatures >144°C prior to ca.577 Ma. (Fig. 5B1-B2). Given the
geographic distance of this sample from the Grenville Dike Swarm
and Callander Complex, it is possible that those constraints are not
applicable to this sample. All paths yielded by Hypotheses B3 and
B4 cool below 130°C after ~600 Ma (Fig. 5B3-B4), with the onset
of cooling at higher temperatures starting much earlier (~750 Ma)
in some cases.

C. BP19-11 (ca. 1126 Ma diabase; Fig. 5C): Hypothesis tests for
this Grenville sample yield only acceptable-fit paths indicating
some difficulty in reproducing the data, but all models require
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a final phase of cooling below 200°C post ~555 Ma (Fig. 5C1-
C4), with or without application of the Grenville Dike/Callander
emplacement temperature constraints. This outcome is consistent
with the proximity (~50-110 km) of BP19-11 to the Grenville
Dikes and Callander Complex.

D. BP19-14 (ca. 1270 Ma Powassan Batholith granitoid; Fig. 5D):
For this Grenville sample, all good-fit paths yielded by all hypothe-
sis tests, with or without inclusion of the Grenville Dike/Callander
emplacement temperature constraints, require final cooling to be-
low 150°C post ~600 Ma (Fig. 5D1-D4). This is compatible with
this sample’s proximity (<30 km) to the Callander Complex.

E. BP19-18 (ca. 1742 Ma Killarney Complex granite; Fig. 5E):
This sample is located within the Grenville Province but is ge-
ographically closer to the samples farther west in the Superior
Province (Fig. 1B). Model results for Hypotheses E3 and E4 yield
good-fit paths that all show a final phase of cooling post ~750
Ma, with as much as ~130°C of cooling after 577 Ma (Fig. 5E3-
E4). Although the data can also be reproduced by Hypotheses E1
and E2 that require temperatures >144°C until 577 Ma, the lack
of good-fit paths indicates that the data are easier to reproduce
well with the lower magnitudes of post-577 Ma cooling allowed
by Hypotheses E3 and E4 (Fig. 5E1-E4).

F. BP19-22 (ca. 1740 Ma Cutler Pluton granitoid; Fig. 5F): For
this sample in the Superior Province, good-fit paths produced
for every hypothesis test cool below ~200°C after ~600 Ma;
acceptable-fit paths show a greater range of behavior (Fig. 5F1-F4).
Based on the good-fit paths, we interpret this sample’s last major
phase of Great Unconformity exhumation to occur post-600 Ma.

G. BP19-24 (ca. 1100 Ma rhyolitic intrusive; Fig. 5G): Unlike
the other samples, which are slower-cooling intrusive rocks, this
sample from Mamainse Point is a shallow intrusive that was em-
placed into near-surface conditions (Swanson-Hysell et al., 2014)
and therefore requires burial to temperatures hot enough to cause
partial He loss from zircon to generate ZHe dates younger than
emplacement. Due to this requirement, all hypothesis tests return
paths that are essentially identical in requiring Proterozoic reheat-
ing >150°C. At this locality there was likely significant heating

from burial by the overlying Mamainse Point Volcanics and post-
rift sedimentary rocks (Swanson-Hysell et al., 2014), in addition to
structural burial during the Rigolet stage of the Grenville Orogeny
(Hodgin et al., 2022) and possible burial by a Grenville foreland
basin. Following burial heating, all good-fit paths for all hypothesis
tests require post-600 Ma cooling below ~150 °C (Fig. 5G1-G4), so
we interpret the final stage of Great Unconformity exhumation for
this sample to be post-600 Ma.

In summary, our HeFTy modeling of the (U-Th)/He data and in-
dependent geologic information from the Callander Complex and
Grenville Dikes, provide strong evidence for cooling tied to Great
Unconformity exhumation from temperatures >150°C to surface
temperatures after ~600 Ma or ~577 Ma. For the Callander Com-
plex model (Fig. 4A1), outcomes are compatible with indepen-
dent evidence of 6-12 km of exhumation after emplacement at
ca. 577 Ma. For three of the five Proterozoic samples in the west-
ern ~425 km of the transect (BP19-14, —22, —24), all good-fit
t-T paths for all hypothesis tests, with or without inclusion of the
Callander/Grenville Dike emplacement constraints, require substan-
tial post-600 Ma cooling (at least 150°C) and exhumation. For a
fourth sample (BP19-11), all hypothesis tests yield only acceptable-
fit paths, but all require cooling below at least 200 °C post-600 Ma.
The fifth sample (BP19-18) in the middle of the transect permits
less, but still substantial (at least 130 °C) cooling and exhumation
post-600 Ma. Given that we lack independent evidence that BP19-
18 had a different thermal history, we favor a common history
of significant post-600 Ma cooling and exhumation across the en-
tire western ~425 km of our transect. A sixth Proterozoic sample
(BP19-05) is located ~225 km east of the rest of our sample suite.
This sample may have undergone as much as 130°C of cooling
post-577 Ma, but this is not required and the sample may have an
alternate history. The QTQt modeling results are broadly consistent
with these interpretations and suggest that the thermochronology
data modeled independently of any other geologic information lack
the t-T history resolving power gained when multiple types of data
are combined as in our HeFTy models. Full QTQt model setup and
discussion are in the supplement.
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Fig. 5. (continued)

6. Discussion

6.1. Ediacaran-Ordovician exhumation across the southern and central
Canadian Shield

The data and associated thermal history models presented here
for a transect across the southern Canadian Shield provide evi-
dence for substantial cooling associated with multiple kilometers
of exhumation between ca. 600-577 Ma and deposition of Mid-
dle Ordovician sedimentary rocks that define the Great Unconfor-
mity. The maximum eroded thickness (>6 km) is required in the
central part of the transect by the 6-12 km emplacement depth
estimates for the ca. 577 Ma Callander Complex (Ferguson and
Currie, 1972) and the 184 + 40°C emplacement temperature es-
timates for the ca. 590 Ma Grenville Dike Swarm (Hyodo et al.,
1993). Thermochronologic data for our Proterozoic samples indi-
cate at least 150 °C of cooling for most samples from 600-470 Ma,
and all allow at least 130°C of cooling in this interval. This does

not preclude earlier stages of cooling and exhumation contribut-
ing to Great Unconformity exhumation. However, assuming surface
temperatures of 0-20°C and a geothermal gradient of 25°C/km,
150°C of cooling corresponds to 5.2-6 km of exhumation (or 4.4-
5.2 km for 130°C of cooling) from 600-470 Ma. The geothermal
gradient may have varied during this time but comparison across
continental settings shows < ~10°C/km of variation at <100 km
depth, even when considering plume heating effects (e.g., Reston
and Morgan, 2004). Assuming a maximum gradient of 35 °C/km re-
sults in a minimum exhumation estimate of 3.1-3.7 km for 130°C
and 150°C of cooling, respectively. In the Superior Province, the
estimated 4-6 km of erosion for the Sudbury Impact Structure
(Molnar et al., 2001; Pope et al., 2004) is compatible with these
thermal history interpretations. Our data lack the resolution to re-
solve different rates of cooling that might be diagnostic of specific
exhumation mechanisms, as shown by the disparate range of path
behavior from 600-470 Ma (Fig. 4-5).
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Our results are consistent with previous thermochronology
studies in the region and more broadly on the Canadian Shield
(Fig. 1A, Section 2.2) that suggest Ediacaran-early Paleozoic base-
ment cooling. This past work interpreted multi-kilometer cooling
and exhumation of the basement sometime after 650-600 Ma (e.g.
Crowley et al., 1985; Crowley and Kuhlman, 1988; Feinstein et al.,
2009; Sturrock et al., 2021). We interpret our (U-Th)/He data to
reflect the same signal, extending multi-km Ediacaran-Ordovician
Great Unconformity exhumation to cover a roughly 1.1 million km?
region of the Canadian Shield (Fig. 6).

This widespread exhumation signature is consistent with sedi-
mentary records on Laurentia’s eastern and western margins. Mar-
gin sequences preserve thick Tonian and Cryogenian rift-related
deposits (Macdonald et al., 2022). However, when adjusted for the
long duration of the Cryogenian glaciations, sedimentation rates
are low, suggesting little continental erosion during Snowball Earth
(e.g., Partin and Sadler, 2016). Margins also host thick Ediacaran-
Cambrian successions (Macdonald et al., 2022), that we infer to
be the complementary depositional signals to Late Ediacaran-
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Cambrian erosion on the Shield. Detrital zircon data from the Edi-
acaran successions are dominated by Mesoproterozoic zircon origi-
nally sourced from the Grenville and Llano uplifts (e.g., Brennan et
al.,, 2021; Zotto et al., 2020). Much of this zircon is likely recycled
from Mesoproterozoic foreland basins and Tonian intercontinen-
tal basins (Zotto et al., 2020), such as what may have covered
the western area of our sample transect. Basin sedimentary strata
would have been more erodible than crystalline basement (Flowers
and Ehlers, 2018), facilitating erosion.

6.2. Tectonic and geodynamic mechanisms for Ediacaran-Ordovician
exhumation on the Canadian Shield

The timing and spatial pattern of Great Unconformity exhuma-
tion across the southern and central Canadian Shield is most plau-
sibly explained by geodynamic mechanisms with possible contri-
butions from tectonic events. The extensive footprint of Ediacaran-
early Paleozoic exhumation in this area is incompatible with glacial
erosion during Snowball Earth, which instead predicts exhumation
from 717-635 Ma focused along continental margins or in nar-
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row ice-streams based on comparison to modern Antarctic glacial
erosion, our closest analog environment (e.g., Abbot et al., 2013;
Jamieson et al., 2010). The Canadian Shield exhumation signal is
inconsistent with eustatic sea-level change as a dominant mecha-
nism, because this mechanism is also limited to along continental
margins as erosional base level shifts due to rising or receding sea
levels (e.g., Bruun, 1988; Miall, 2016; Sloss, 1963).

Instead, our work points to tectonic and geodynamic mecha-
nisms to account for the timing, continental interior position, and
enormous spatial extent of exhumation. Tectonics and geodynam-
ics are not necessarily independent because tectonic setting can
influence mantle flow, and mantle flow can influence crustal pro-
cesses. Dynamic topography and isostatic rebound are two mantle
flow uplift mechanisms (e.g., Mitrovica et al., 2020). Plumes and
mantle upwelling can cause uplift on their own (e.g., Friedrich
et al., 2018; Pu et al., 2022) and are also commonly associated
with extension and resulting rift-flank uplift (e.g., Macdonald et
al,, 2022). North America likely experienced broad convective up-
welling during the Late Tonian-Cambrian breakup of Rodinia, an
inference consistent with the occurrence of several coeval large ig-
neous provinces (LIPs) on North America (Macdonald et al., 2022),
which have been spatially and geodynamically linked with the po-
sition of Large Low Shear-wave Velocity Provinces (LLSVPS; e.g.,
Burke et al., 2008). Moreover, North America was far from any
subduction zones at this time, which are associated with mantle
downwelling (e.g., Coakley and Gurnis, 1995). It is likely that a
combination of mechanisms resulting from mantle upwelling con-
tributed to the observed up to >5-6 km exhumation signal on the
Canadian Shield, though the magnitude of contributions differs.

Mantle-flow induced uplift through dynamic topography or
glacio-isostatic rebound may have played a role in uplift during
the Ediacaran-Ordovician period of exhumation observed. Dynamic
topography can result in elevation change from tens of meters
to >1 km and operates over hundreds of kilometers (e.g., Braun,
2010; Mitrovica et al., 2020), such that dynamic topography could
have contributed a significant portion of the total exhumation we
observe, though its true contribution is difficult to quantify. Glacio-
isostatic rebound likely impacted the region immediately following
the Cryogenian Snowball Earth deglaciations at ca. 660 and 635
Ma, but no ice sheets were present on the modern Canadian Shield
during the more-recent Gaskiers and Upper Ediacaran glaciations
(Macdonald et al., 2022). Glacio-isostatic rebound has different
magnitudes depending on topography and distance from ice sheet
epicenters (Mitrovica et al., 2020), but in general predicts elevation
changes on the order of 10 s to 100 s of meters over a million-year
timescale. However, during the Cryogenian, North America was
situated along the equator (Macdonald et al.,, 2022), and climate
models of Snowball Earth predict dry valleys at these latitudes
(e.g., Benn et al., 2015) which would have minimized both glacial
erosion and glacio-isostatic rebound. Thus, glacio-isostatic rebound
is inconsistent with more than a minor role in the observed ex-
humation signal.

Multiple plumes emplaced at different times in the Ediacaran-
Ordovician and their lithospheric effects can explain the cooling
signals across the transect. Independent evidence for plumes has
been associated with formation of the Ottawa-Bonnechere Graben
(Hardie et al.,, 2017) and opening of the lapetus Seaway and in-
cludes preserved dike swarms, plutonic intrusions such as the
Callander Complex, kimberlites, and inferred relationships to LIPs
and an LLSVP associated with the ca. 615 Ma Central lapetus Mag-
matic Province (Robert et al., 2021; Tegner et al., 2019; Fig. 6).
Plumes can thermally and chemically modify the lithosphere, lead-
ing to density instabilities, lithospheric delamination, and elevation
changes at the surface (e.g., Friedrich et al., 2018; O’Connell and
Wasserburg, 1972). Elevation changes associated with plumes have
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been modeled on the order of 1 km (Peng et al., 2022), a signifi-
cant contribution.

A well-studied example of continental interior uplift and ex-
humation from geodynamic causes is the southern African Plateauy,
which was surrounded by extensional plate boundaries when it
underwent Mesozoic-Cenozoic surface uplift, likely due to a combi-
nation of mantle upwelling, lithospheric thinning, and lithospheric
thermochemical modification (e.g., Braun et al., 2014; Stanley et
al.,, 2015, 2021). The pattern of Ediacaran sedimentation observed
in North America and described in Section 6.1 is also similar to
the Mesozoic-Cenozoic erosion and deposition pattern in south-
ern Africa, where kilometers of overburden were removed from
the continental interior and redeposited along the modern African
margins following geodynamically-driven uplift (e.g., Baby et al.,
2020; Braun et al,, 2014; Stanley et al., 2015; Tinker et al., 2008),
suggesting that southern Africa’s more-recent uplift and exhuma-
tion history is a good analog for the Ediacaran-Ordovician history
of the south-central Canadian Shield.

Faulting and tectonically-driven uplift may have also played a
role on the Canadian Shield during the Ediacaran-Ordovician. Pa-
leozoic paleo-high development extending across the middle of
modern North America, the “Transcontinental Arch” (e.g., Bren-
nan et al, 2021; Sloss, 1988) correlates with the onset of the
Neoproterozoic-Cambrian rift-drift transition along the Ilapetan
margin (Brennan et al., 2021; Macdonald et al., 2022; Robert et
al., 2021). The arch could have been accommodated by trans-
form faults that reactivated older basement weaknesses during
the Neoproterozoic-Cambrian opening of the Iapetus Ocean (Bren-
nan et al,, 2021). Faulting related to rifting, such as the Ottawa-
Bonnechere graben in our study area, is also associated with ex-
tensive magmatism and dynamic uplift effects. Although the Mid-
Continent Rift is just to the west of our study area, the most
recent period of fault reactivation is dated at ca. 985 Ma (Hod-
gin et al,, 2022), well before the exhumation signal we observe.
By the Ordovician, a subduction margin had developed adjacent
to North America (Coakley and Gurnis, 1995), resulting in man-
tle downwelling associated with subducting slabs, the flooding of
North America and conditions favorable to deposition and carbon-
ate precipitation of the Middle Ordovician rocks preserved today.

7. Conclusions

This study presents new zircon and apatite (U-Th)/He ther-
mochronology dates for the southeastern Canadian Shield and uses
these data to test hypotheses for large-scale exhumation related to
the Great Unconformity. Cooling histories informed by basement
rock ZHe, AHe, and independent temperature-time constraints on
emplacement of the ca. 590 Ma Grenville Dike Swarm and ca.
577 Ma Callander Complex provide strong evidence for >6 km
of exhumation between ca. 577 and 470 Ma in the center of
the transect, with as much as >5 km after ca. 600 Ma across at
least the western 425 km. This history is consistent with previous
low-temperature thermochronology on the central and southern
Canadian Shield (e.g. Crowley et al., 1985; Crowley and Kuhlman,
1988; Feinstein et al., 2009; Sturrock et al., 2021) and we inter-
pret our results and those of these past studies to record the same
Ediacaran-early Paleozoic exhumation signal, expanding its foot-
print to encompass over a million km?. This widespread signal is
likely a composite of multiple causal mechanisms during this time
period. However, based on the spatial pattern of exhumation over
the cratonic interior and the predominantly Ediacaran-Ordovician
timing of exhumation, we rule out Snowball Earth glacial erosion
and eustatic sea level rise as responsible for the signal we observe.
Ediacaran-Ordovician exhumation can instead be explained with a
combination of geodynamic and tectonic mechanisms similar to
the exhumation history inferred for Mesozoic-Cenozoic southern
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Africa. Plausible mechanisms include dynamic topography, plume
impingement, and faulting associated with opening of the Iapetus
ocean and development of the Transcontinental Arch.
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