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ABSTRACT

The Great Unconformity has been recognized for more than a century, but only recently
have its origins become a subject of debate. Hypotheses suggest global Snowball Earth
glaciations and tectonic processes associated with the supercontinent Rodinia as drivers of
widespread kilometer-scale erosion in the late Neoproterozoic. We present new integrated
zircon and apatite (U-Th)/He and fission-track thermochronology from Precambrian base-
ment samples of the central Canadian Shield in northern Manitoba to test these ideas.
Bayesian inverse modeling indicates that 150-200 °C of cooling (>3 km of exhumation) oc-
curred simultaneously with Cryogenian glaciations at ca. 690-650 Ma within interior North
America. This estimate for the timing of unroofing is more precise than previous appraisals
and does not align with any known tectonic or magmatic events (i.e., large igneous province
eruptions) potentially associated with the supercontinent cycle that occurred during the
late Proterozoic along the Laurentian margins. Based on these results and interpretations,
the timing and magnitude of exhumation is best explained by glacial erosion, and further
establishes the importance of multiple thermochronometers for resolving detailed deep-

time thermal histories.

INTRODUCTION

Although unconformities are common in
the geologic record, the profusion of uncon-
formities shortly before the start of the Pha-
nerozoic has long attracted attention (e.g.,
Walcott, 1914). This phenomenon, termed
by some the “Great Unconformity”, is repre-
sented physically as a series of temporally cor-
related, locally composite, but often profound
unconformities, which, in the most typical
case, superpose Precambrian crystalline base-
ment with relatively undeformed Phanerozoic
sedimentary rocks (Peters and Gaines, 2012;
McDannell et al., 2022). Quantitatively, the
Great Unconformity represents a fivefold step
change in the global abundance of preserved
sedimentary rock (Ronov et al., 1980). Despite
its significance as arguably the most striking
lacuna in the geologic record, the origin of the
Great Unconformity remains debated (Keller
etal., 2019; Flowers et al., 2020; Sturrock et al.,
2021; McDannell et al., 2022). Recently, Keller
et al. (2019) revived the glacial hypothesis of
White (1973) and proposed that glacial erosion

during the Sturtian (717-659 Ma) and Mari-
noan (>641-635 Ma) Snowball Earth episodes
(Hoffman et al., 2017) was responsible for the
anomalous concentration of unconformities
toward the end of the Precambrian. An alternate
hypothesis argued for diachronous worldwide
development of many “great unconformities”
due to tectonic activity in the Neoproterozoic
(Flowers et al., 2020). While thermochronol-
ogy provides a valuable potential test for these
hypotheses, the temporal and spatial patterns
of Neoproterozoic exhumation must be con-
strained accurately, focusing on regions that
were not experiencing tectonism if we are to
judge the timing and extent of glacial versus
tectonic contributions to the Great Unconfor-
mity (McDannell et al., 2022).

Neoproterozoic exhumation and “late” (post-
650 Ma) unconformity formation in the central
Canadian Shield were attributed by Sturrock
et al. (2021) to either Marinoan glaciation or
various tectonic drivers, including their pre-
ferred interpretation of uplift and erosion from
mantle plume dynamics and Laurentian margin

rifting. One possible source of ambiguity for the
timing and cause of rock cooling is that Sturrock
et al. applied only the apatite (U-Th)/He (AHe)
thermochronometer. The AHe system is sensi-
tive to low temperatures (~80-50 °C), and dates
are often partially overprinted by Phanerozoic
burial heating in cratonic settings (for review,
see Kohn and Gleadow [2019]). As aresult, AHe
data in isolation can be problematic for resolving
the timing of initial cooling from elevated tem-
peratures (see Figs. S1-S3 in the Supplemental
Material'). Individual chronometers account for
only a partial record of the time-temperature
(¢-T) history, and different biases and uncer-
tainties affect model thermal history recovery,
including inherent temperature sensitivity, dif-
fusion/annealing model calibrations, elemental
heterogeneity, and random sampling (i.e., grain
selection). Studies involving data from one ther-
mochronometer can be instructive, but the use
of multiple chronometers provides a means of
exploring a broader ¢-T history and yields better-
constrained model outputs, particularly when
analyzing samples within a deep-time context
(McDannell et al., 2019; McDannell and Flow-
ers, 2020).

We investigated these emergent North
American denudation patterns by integrat-
ing and modeling new thermochronologic
data from the central Canadian Shield, and
assess the claim of a “late” unconformity
for the stable interior. We applied multi-sys-
tem thermochronology using newly reported
data from two basement samples (Fig. 1)
from the western margin of Hudson Bay in
northern Manitoba, Canada (samples 97-10-
481 [58.69435473°N, 95.11097964°W] and
97-10-499 [58.73422417°N, 94.97797088°W],
hereafter referred to as S481 and S499; see the
Supplemental Material). The timing of Neo-
proterozoic exhumation within the continental
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Figure 1. The Precambrian basement terranes of Laurentian North America were sutured during Trans-Hudson orogenesis between ca. 2000 Ma
and 1800 Ma (Hoffman, 1988). The oldest Phanerozoic strata overlying Precambrian basement represent the end of the Great Unconformity.
Thus, the surface evolution of the central shield is poorly known in detail between ca. 1800 Ma and 500 Ma. Remnant intracratonic basins
demonstrate that the region was intermittently buried by sedimentary rocks during the Proterozoic (e.g., Athabasca Basin at 1.7 Ga), early
Paleozoic, and late Mesozoic. This general pattern is corroborated by existing thermochronology (for review, see Kohn and Gleadow [2019]).
(A) Simplified geology of the central Canadian Shield, showing basement sample locations (Wheeler et al., 1996). New samples presented
in this paper and those from Sturrock et al. (2021) are shown by circles and squares, respectively. Sturrock et al. (2021) samples MB-LL and
97-04 are discussed in the Supplemental Material (see footnote 1). Inset map shows samples (stars) from McDannell et al. (2022). (B,C) New,
corrected zircon (U-Th)/He (ZHe) and apatite (U-Th)/He (AHe) data displayed on date-eU (effective uranium) plots. (D) Apatite fission-track
(AFT) single-grain dates plotted with respect to the r,,, kinetic parameter (fluorapatite r,,, ~0.83-0.84). (E) Measured AFT length distribution

for samples S481 and S499 (combined).

interior is better constrained by zircon (U-Th)/
He (ZHe), apatite fission-track (AFT), and AHe
thermochronology with combined sensitivi-
ties of ~220-30 °C. An inverse #-T simulation
reveals >3 km of interpreted cratonic unroof-
ing that is synchronous with the Sturtian and
Marinoan glaciations.

INTEGRATED THERMOCHRONOLOGY
AND INVERSE THERMAL HISTORY
MODELING

Samples S481 (hornblende granite) and
S499 (foliated granodiorite) were collected
from Neoarchean basement in the Seal River
region of northern Manitoba (Anderson et al.,
2010; Fig. 1A). The samples are ~9 km from
one another and ~1-6 km from the basement
contact with overlying Late Ordovician carbon-
ates. This datum provides an important geologic
constraint because most of the central Canadian
Shield is devoid of Phanerozoic cover (Fig. 1).
(U-Th)/He data were analyzed at the University
of Calgary (Canada; ZHe) and the University of
Colorado Boulder (USA; AHe). The ZHe and
AHe data were acquired using the analytical
methods of McKay et al. (2021) and Sturrock
etal. (2021), respectively. Analyst P. O’Sullivan
(GeoSep Services, Idaho, USA) collected the
AFT data, following the methods of McDannell
et al. (2019). Together, the S481 and S499 zir-

cons display a negative date-effective uranium
trend (eU = U + 0.238 x Th), and alpha ejec-
tion-corrected dates span ca. 710 Ma to <1 Ma
(n = 12) over ~100-1765 ppm eU (Fig. 1B;
Table S1). Corrected AHe dates for S481 range
from ca. 250 to 400 Ma (n = 5) over ~15—
110 ppm eU (Fig. 1C; Table S2). The AFT data
from both samples (Tables S3—-S5) were merged
due to statistically indistinguishable apparent
ages and track length distributions and similar
annealing kinetics, yielding 47 single-grain ages
with a central age of 563 &+ 42 Ma (20) and a
¢ axis—projected mean track length (MTL) of
13.84 &+ 1.06 pm (n = 269) (Figs. 1D and 1E).

We used the QTQt software (v. 5.8.0; http://
iearth.edu.au/codes/QTQt/; Gallagher, 2012) for
inverse modeling of the integrated data via the
methods discussed by McDannell et al. (2022).
Contrary to many published studies, our inver-
sion does not impose a priori an interpretive
geologic model (i.e., independent #-T “con-
straint boxes” were not applied). The thermal
history model was instead validated by the geol-
ogy (Fig. 2A). The Ordovician nonconformity
is the only robust physical geologic constraint
for these samples. Age uncertainty quantifica-
tion was also investigated, because (U-Th)/He
analytical uncertainties often greatly under-
estimate the true external uncertainty due to
currently unexplained sources of dispersion.

The total uncertainty was conservatively set to
10% for both the ZHe dates and the AHe dates,
while the ZHe uncertainties were resampled
(1-100 x input error) using Hierarchical Bayes
methods in QTQt (McDannell et al., 2022). The
ZHe and AHe kinetic models of Guenthner et al.
(2013) and Flowers et al. (2009) were utilized,
while the elemental chemistry for the AFT data
was used to infer implicit kinetic variability in
the AHe data (McDannell and Issler, 2021). The
I'..o Kinetic parameter is used to quantify damage
annealing in apatite (i.e., “He retentivity; Flow-
ers et al., 2009) and was resampled for each
individually modeled S481 apatite (r,, repre-
sents a measure of the relative resistance to track
annealing compared to the most retentive apatite
in published annealing experiments).

Model Results and Interpretations

Our #-T model exhibits a poorly resolved
Proterozoic history except for the require-
ment of reheating to ~150-200 °C by 1000-
700 Ma. Maximum heating is followed by
relatively rapid ~2 °C/m.y. cooling through
~100 °C at ca. 670 & 21 Ma (20) during the
Sturtian cryochron (Figs. 2A and 2B; Fig. S4)
and is coincident with the timing of Lauren-
tian deglaciation at 662 + 4 Ma (Rooney et al.,
2014). This result also agrees with the pub-
lished thermal history of the nearby Athabasca
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ice and glacial fluctuations (e.g., Condon et al.,
2002; Eyles et al., 2007; Fleming et al., 2016).
Critically, basal sliding and ice streams would
have denuded sedimentary rocks and caused
appreciable basement erosion throughout the
glaciated continental interior, whereas tectonic
uplift and unroofing would be restricted mainly
to orogenic belts and rift flanks. While Rodinian
tectonics and associated magmatism may have
initiated the Sturtian glaciation (Goddéris et al.,
2003), our modeling suggests that significant
Neoproterozoic erosion specifically coincided
with Cryogenian glaciation rather than being
distributed throughout the much more protracted
intervals of Rodinian assembly or breakup in
North America. We therefore favor the interpre-
tation that kilometers of rock exhumation dur-
ing the Cryogenian are most parsimoniously
explained by glacial erosion, consistent with
existing geochemical (Keller et al., 2019) and
thermochronological (McDannell et al., 2022)
evidence.

CONCLUSIONS

Our inverse thermal history model integrates
multiple thermochronometers (ZHe, AFT, and
AHe data) and indicates that the central Cana-
dian Shield experienced a pronounced cooling
event that we interpret as >3 km of exhumation
in the Neoproterozoic. Exhumation occurred at
ca. 670 £ 21 Ma, coincident with Cryogenian
glaciation. Considering the diachroneity with
known magmatic events and the absence of
evidence for tectonic deformation in the shield
interior thousands of kilometers from the then-
active margins, we regard basal sliding of a con-
tinental ice sheet, which is expected across the
low-latitude continental interiors in the Cryo-
genian (Donnadieu et al., 2003), to represent
the most plausible known erosive mechanism
at this locality.
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Supporting Information Text

This document contains the analytical data and supporting text/figures for the publication: Cryogenian glacial erosion of the
central Canadian Shield: The “late” Great Unconformity on thin ice by K.T. McDannell and C.B. Keller. Figures S1, S2, and
S3 elaborate on the Sturrock et al. (1) results and Figures S4 and S5 support the QTQt results in the main paper. Sample
locations (decimal degrees). 97-10-481 » latitude: 58.69435473, longitude: -95.11097964 (hornblende granite, massive; near
North Knife River). 97-10-499 » latitude: 58.73422417, longitude: -94.97797088 (granodiorite, foliated-gneissic; near Nowell
Lake). Refer to Anderson et al. (2, 3) and Rayner (4) for details on the local geology.

Thermochronometer sensitivity: Comparing multi-system thermochronology and single low-temperature thermochronometer
inversions. A critical outcome that is reinforced in this work is that multiple thermochronometers are required to constrain
deep-time histories (5). The following insights are provided within the context of an inverse modeling approach driven
fundamentally by the information contained in unified thermochronological systems. These points are specific to the aim of
constraining cooling from high-temperatures in deep-time inversions assessing interpreted Neoproterozoic exhumation. Ideally,
single-grain dates from the zircon (U-Th)/He (ZHe) and apatite (U-Th)/He (AHe) methods should span the entire range of
eU (i.e., low-eU zircons and high-eU apatites are critical). Apatite fission-track (AFT) samples must be replete with > 100
track-length measurements and of sufficient retentivity to contain at least a partial record of initial cooling if later heating
events occurred (i.e., not thermally reset). Exploiting inter-chronometer sensitivities and leveraging system trade-offs are ways
to determine viable time-temperature ({-7') solutions common to all of the input data (5, 6).

The use of interpretative constraints (usually imposed as ¢-T “exploration boxes”) also affect deep-time thermal history
recovery, and in these situations, the influence of constraint boxes on the ¢—T model results must be assessed with respect
to the resolving power of the data (e.g., 5, 7-10). The use of ¢-—T boxes for modeling thermochronological data that lack
sensitivity to specific portions of the thermal history can imply a history is well-constrained by the data (10, for discussion).
This is relevant for cratonic scenarios where attempts are made to identify cooling events from elevated temperatures using only
a single low-temperature thermochronometer that does not possess adequate t—T information to clearly resolve such events
(e.g., 1). For example, high-eU (> 80-150 ppm) apatite grains are more resistant to thermal resetting and thus most sensitive
to initial cooling from high temperatures (Fig. SIA-B). The AHe thermochronometer will have poor t-T resolution if the
number of modeled single-grain dates is low and if analyses do not encompass the high-eU grains (Fig. S1C). Models will also
be biased towards apparently “younger” or “late” cooling if the true temperature from which cooling begins is substantially
greater (and/or earlier) than the effective AHe closure temperature, since only the later, low-temperature portion of the history
will be retained (see Fig. S2 and Fig. S3 below). These subtle but significant effects are made worse for cases where individual
AHe dates are binned by eU and averaged and the assigned uncertainties are large (e.g., ref. 1; Fig. S1D; 10, for discussion).

The Sturrock et al. (1) regional AHe data yield similar date-eU trends and random Monte Carlo models show a broadly
consistent monotonic-cooling history during the Neoproterozoic. Their thermal history results (their Figs. 4 and 5) exhibit
paths that connect a high-temperature box (based on regional thermochronologic information; 11) to a low-temperature box
derived from the geologic requirement of Precambrian basement being at surface by the Ordovician. When viewed within the
context of a statistically acceptable suite of ¢t—T solutions, rather than focusing on a single path, a distinctive 650-450 Ma
cooling trend is not apparent. The envelope of their “acceptable” 0.05 solutions generally show cooling to surface could have
occurred at any time between 800 Ma and 440 Ma and the cooling trajectory is simply due to the high and low-temperature ¢t-T
boxes. This suggests that there is a lack of -7 resolution (and data) to provide robust support for either Great Unconformity
formation hypothesis (i.e., glaciation or tectonics), which was indirectly echoed in their discussion and conclusions (1)—yet
cursory preference was given to a tectonic cause for the unconformity.

An additional consideration is that the widely used apatite radiation damage kinetic model for He diffusion (12) is not
well calibrated at high effective fission-track densities (i.e., old/high-U apatites). This implies He diffusivity may be poorly
constrained for such grains and would be most problematic in ancient settings, especially when attempting to constrain cooling
from high temperatures with fidelity. Some of the Sturrock et al. (1) AHe data exhibit a decrease in age at high eU (Fig. S1A),
potentially signifying a transition to enhanced He diffusivity for grains that have interconnected radiation damage (13, 14).
While rarely documented, this behavior may be more common for old apatites (15) and warrants further scrutiny since it is not
well explained by current kinetic models. The cumulative effect of these factors calls into question the reliability of deep-time
t—T interpretations based solely on AHe data.

To further demonstrate the limited sensitivity of AHe data modeled in isolation, we show a HeFTy (16) inversion similar in
setup to the models presented in Sturrock et al. (1) (their Fig. 4). Given the poorly known total age uncertainties for cratonic
AHe data and the unknown timing of basement exhumation prior to 480-440 Ma (regional Ordovician deposition), the observed
single-grain AHe dates for combined samples MB-LL and 97-04 (10% applied uncertainties) can be explained equally well
by either indistinct monotonic Neoproterozoic cooling followed by Paleozoic heating, or by only Paleozoic and/or Mesozoic
heating event(s) (Fig. S2). An alternate model is shown here with an open ¢{-T box configuration (Fig. S3) and demonstrates
that from 1000-700 Ma there is very poor resolution. Paths oscillate between heating and cooling from ca. 700-600 Ma, but
generally exhibit cooling that starts anywhere between ~200-60°C, implying that there is poor-to-moderate t—T resolution
in this interval. The 600480 Ma box is the only region of Precambrian ¢—T space that demonstrates a consistent cooling
signal—this suggests that sensitivity is restricted to temperatures < 70-80°C and < 600 Ma (gray shading). Therefore, the
observed “late” cooling is more due to the onset of AHe sensitivity and model assumptions (i.e., ¢~ boxes). Their AHe data
lack adequate resolution to distinguish between the unconformity hypotheses (Fig. S3).
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Fig. S1. Evaluation of central Canadian Shield apatite (U-Th)/He data trends. (A) Sturrock et al. (1) AHe dataset shown (light blue squares) with a focus on their samples
MB-LL/97-04 within the Trans-Hudson Orogen (see Fig. 1 location map in main text). Simplified thermal history (cyan path) characterized by 690-640 Ma cooling from 150°C
during Cryogenian glaciations and reheating during the Paleozoic. Black points are predicted AHe dates from that T path using the radiation damage model of Flowers et al.
(12). Apatites were set to 50 um spherical radius and span 5-100 ppm eU. Note the close similarity between the predicted dates for the schematic Cryogenian cooling history
and the observed MB-LL/97-04 AHe data (magenta squares). Panels (B-D) show inversions of those data in QTQt without constraint boxes to recover the main features of the
t—T path in panel A (i.e., initial cooling and reheating event; AHe data are insensitive to low-temperature history segments). Plot shows a heat map of path density resolved to a
pixel size of 1 Myr and 1°C. Relative probability is proportional to path density, where darker colors and/or higher saturation indicate more accepted thermal histories pass
through that region of t~T space. The Expected model or posterior weighted average of accepted paths (195% credible interval) is shown to indicate overall resolution trends.
(B) Inversion of AHe dates spanning entire eU range with a focus on oldest grains (white triangles in panel A). Sensitivity is limited to < 75°C for initial cooling pulse. (C)
Inversion with only 4 grains (5-55 ppm eU; red inverted triangles in panel A). Timing of cooling is poorly resolved. (D) Same inversion as in C but uncertainties were set to 12%
of the observed age, as in Sturrock et al. (1). There is complete loss of resolution that would require many interpretive —T boxes to find suitable paths that are geologically
reasonable. Such an inversion would thus be entirely controlled by, and based on, the interpretive geologic model imposed by the corresponding tT boxes. The latter case (D)
simulates the ad hoc approach of binning/averaging grains by eU and assigning large uncertainties for simple Monte Carlo modeling (10, for discussion). QTQt model setup:
general prior 800—-0 Ma and 150-0°C; 500,000 burn-in and 500,000 iterations post burn-in. Observed and predicted dates agree within uncertainty for all models.
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Fig. S2. Inversion of the Sturrock et al. (1) samples MB-LL and 97-04-7066 from the Trans-Hudson Orogen (their Fig. 4) using the HeFTy software v.1.9.3 (16). We modeled
only 7 single-grain AHe dates from the samples (the maximum single-grain inputs allowed for HeFTy) and set the errors at 10% of the corrected age, including MB-LL grains
a01, a02, a04, a07, and a10, and 97-04 grains a02 and a04. The modeling space was specified as: 1200-0 Ma and 250-0° C. For the sake of demonstration and ease of plot
visualization, the simulation was terminated when a modest number of 10 “acceptable” paths (green curves) were found at the 0.05 level. While these results certainly do not
signify a robust pool of paths, the best-fit path is shown for discussion (black curve). A t-T path like the best-fit (i.e., beginning at low temperature) may not be wholly legitimate
from a thermochronological perspective, as it leaves out some earlier part of the history in which daughter products would have been retained—but it does establish that the
AHe dates can be reproduced with (re)heating only—and that any sensitivity to initial cooling in the Neoproterozoic would be lost due to heating in the Phanerozoic. Regional
burial heating in the early-middle Paleozoic and late Mesozoic are both plausible, if not highly likely for this location (e.g., 17—23), and corroborated by the thermal history
utilizing multi-system thermochronology in Figure 2 of the main text and the modeling shown in Figure S1 (also see Fig. S5). NOTES ON MODELING: We did not impose a
Precambrian surface “exploration box” between 800-440 Ma at 0—40°C, or a small 200-180°C box from 1100—1000 Ma derived from regional 40 Ar/39 Ar K-feldspar data
presented in McDannell et al. (11)—as these are either assumed conditions lacking a physical geological basis and/or have the potential to unduly influence the inversion due to
the limited sensitivity of the input AHe data to high (> 100°C) and low (< 50°C) temperatures. Instead, a large t—T box was placed between 1200480 Ma from 250—-0°C. The
constraint/exploration boxes were the same as Sturrock et al. (1) for the Phanerozoic, except the Ordovician “surface box” was extended to 40°C (less certain than locations
near the Hudson Bay unconformity) and the upper temperature limit was set to 120°C for the larger boxes. Parameter settings for paths between boxes: segments halved 5
times and randomizer style was “gradual” with an imposed heating-cooling rate limit of 5° C/Myr. The modern surface temperature was set to 2 + 2°C. All other HeFTy model
settings were the defaults or the same as those in Sturrock et al. (1).
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Fig. S3. Inversion of the Sturrock et al. (1) samples MB-LL and 97-04-7066 from the Trans-Hudson Orogen (their Fig. 4) using the HeFTy software v.1.9.3 (16). The same AHe
grains were modeled as in Figure S2 under the same conditions but the model domain was expanded to: 1500-0 Ma and 300—-0° C. The simulation was completed when 50
“acceptable” 0.05 solutions (green curves) were found (4 “good” magenta paths were also found at the 0.5 fit level). Increasing the number of exploration boxes can be an
effective way to contend with the typically low number of T points inherent to HeFTy Monte Carlo modeling. We used many boxes and increased path segmentation to
boost the number of t—T nodes and provide more opportunities to find solutions (at the expense of computational speed) while modeling the grains with 10% errors. HeFTy is
commonly run with the “monotonic consistent” setting that specifies history segments between boxes must be unidirectional. This setting has the potential to preferentially
select for monotonic-cooling paths starting from high temperatures, since boxes are typically placed contextually as old = hot, and young = cold, thus always forcing cooling.
Here we use the “monotonic variable” setting (16) for demonstration purposes. This option allows path segments between adjoining boxes to heat and/or cool, since the late
Proterozoic interval is long and the geologic history is mostly unknown between > 1000 Ma to ca. 460 Ma and shows us where the observed data are well reproduced by a
common subset of history segments that overlap in a relatively narrow region of (T space (i.e., the thermal history envelope should collapse where t—T sensitivity/resolution
are greatest). In HeFTy, this is dependent on many variables, such as the number of path segments allowed between exploration boxes (i.e., # t—T points), the heat-cooling rate,
and the randomizer style (gradual/intermediate/episodic; refer to Ketcham (16)). The path segments and randomizer were set to 3 segments/gradual (3Gv/5) for all but the first
large t—T box and the post-480 Ma history was set to 3 gradual segments (3G/2) with a heating-cooling rate limit for the Precambrian of 5° C/Myr and post-480 Ma rate of
2°C/Myr. The reduced allowable rate < 480 Ma prevented wild fluctuations in solutions. Importantly, the portion of the thermal history where there is clear AHe sensitivity
(region shaded in gray) agrees well with the same portion of our multi-thermochronometer QTQt thermal history in Figure 2 of the main text (also see Fig. S5). Cyan bars are
the Cryogenian glacial intervals.
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Fig. S4. Timing of first cooling through the 150°C, 125°C, and 100° C isotherms (window between 750-500 Ma) for the QTQt model results in Figure 2 of the main text (also
see Fig. S5 below) shown as distributions drawn from the 500,000 post-burn-in t—T paths. We chose the half-maximum 100°C isotherm of the ~200° C of total Neoproterozoic
cooling as representing peak cooling. Other cooling modes are shown for different isotherms for comparison, but regardless of isotherm chosen all of them exhibit cooling during
Cryogenian glacial intervals. The high-temperature isotherms are offset earlier with respect to the slope of cooling (i.e., the cooling rate ~2°C/Myr). The half-maximum 100°C
isotherm was chosen in the spirit of the spectroscopy and signal processing application of “full width at half-maximum” (FWHM) for providing the distance (width) between points
on a curve or distribution at which half of the maximum value is reached—or when the independent variable is time, the adopted nomenclature is “full duration at half-maximum”
(FDHM). The FDHM approximates when the first derivative of the cooling curve is maximized. Here, the FDHM = 669'_*'}50 Ma at the 100° C isotherm for the W. Hudson Bay
samples S481 and S499, and is in agreement with the mean (670 4 10.4 Ma; 10) and modal values (latter calculated using least median of squares method, i.e., the modal
approximation and scale using the midpoint of the shortest half length of the data (24) in Generic Mapping Tools (GMT) 6.1.1 module pshistogram (25)). The 100°C isotherm is
also preferred because the cooling path midpoint is less influenced by varying the number or position of ¢~T points in the accepted thermal histories (i.e., inflection point biases
at higher temperatures or rate changes), or from nuances that may be introduced by thermochronologic data sensitivity/resolution. Note: the Athabasca QTQt inversion with
applied geologic constraints published in McDannell et al. (10) shows 120-130°C of total resolved Neoproterozoic cooling. The FDHM = 644f2‘$ Ma at the half-maximum
65°C isotherm within the 800-500 Ma window, whereas the symmetric mean and modal values from GMT are 648 4 21 Ma (10) and 646 + 20 Ma (scale), respectively.
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Fig. S5. QTQt inversion result from the main text (Figure 2) for samples 97-10-481 and 97-10-499 showing the individual t~T models discussed by Gallagher (26). We prefer
to show all of the accepted model paths and the fits to the data as predicted date distributions. The maximum likelihood (best-fit model shown as red curve; usually the
most complex with greatest number of ¢—T points), maximum posterior (green curve), which is the thermal history that has the maximum posterior probability, and is usually
the simplest (fewest —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 (gray curve) is constructed at a 1 Myr interval by running along the peak of the marginal distribution, while the Expected model (black
curve) is essentially the weighted mean of the marginal distribution (= 95% credible interval). The Mode and Expected paths are not solutions found during the inversion
but are instead summaries of the t~T ensemble. Refer to Gallagher (26), Gallagher and Ketcham (27), and Gallagher and Ketcham (28) for more details on individual QTQt
models and outputs. White shaded bars on the plot represent the Sturtian and Marinoan glaciations. We refrained from modeling the apatite U-Pb data in our primary model
since QTQt explored the early (> 2400 Ma) ~400° C portion of the model independently, and the high-temperature metamorphic record does not greatly influence the late
Proterozoic—Phanerozoic history. A separate model (not shown) with a 2466 + 68 Ma apatite U-Pb “t~T box” between 400-500° C showed similar results. Note: inverting the
two AFT data sets together or individually does not change the t—T model results or our interpretations. In terms of model validation, the only robust geologic constraint for
these samples is the basement nonconformity contact (< 5 km away) with the overlying middle Upper Ordovician Portage Chute Formation of the Bad Cache Rapids Group (W.
Hudson Bay Basin) that is ca. 453—-447.5 Ma in age (Maysvillian Stage), or ca. 470-450 Ma in age (29), depending on the outcrop location (30) and the applied age model (e.g.,
29, 31, 32). In general, the Ordovician rocks in the Hudson Bay region are Edenian to Richmondian in age (ca. 454—444 Ma) (33-35), but are as old as ca. 475 Ma in the
northerly Foxe Basin (36). Similarly, the nearby Williston Basin formed by the Cambrian and 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; 37). Sturrock et al. (1, and refs. therein) quote a depositional age
of 480—440 Ma for the Winnipeg Formation and a depositional age of 460—440 Ma for the Bad Cache Rapids Group. Considering the regional variability and age uncertainties,
we prefer the most permissive age range for the regional deposition of Ordovician strata between ca. 480-440 Ma, or a locally less permissive age range of ca. 470-445 Ma for
the Hudson Bay Basin. This requires the sampled basement to be at or near the surface before ca. 470-460 Ma. The QTQt maximum likelihood model T path displays a
broad minimum from 552-479 Ma at reasonable paleo surface temperatures of ~12-27°C, followed by a maximum burial heating temperature of ~81°C at 434 Ma—in overall
general agreement with the regional geology (38).
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Table S1. Zircon (U-Th)/He data for samples 97-10-481 and 97-10-499, northern Manitoba, Hearne Domain, Canadian Shield

Total Total Total Corrected
Sample* “He + “He + V] + Th + U + Th + eU Length Width1 Width2 Tip1 Tip2 Rs(Ft) Ft Raw Date 1SE Date 10% error
(ncc) abs. (atoms) abs. (atoms) abs. (atoms) abs. (ppm) (ppm) (ppm) (um) (um) (um) (um) (um) (um) (Ma) (Ma) (Ma)
97-10-481-z1 54.21 0.095 1.457E+12  2.555E+09 2.222E+12 6.077E+10 5.106E+11  2.196E+10 98.0 27 22.0 0.9 103 247.3 98.6 97.2 36.5 29.2 64.9 0.816 465.6 11.6 570.6 57
97-10-481-z2 40.28 0.039 1.082E+12  1.046E+09 1.685E+12 5.251E+10  9.757E+11  2.363E+10 160.4 5.0 90.6 22 182 434.8 128.8 113.0 48.3 443 51.6 0.769 425.8 1.3 553.7 55
97-10-481-z3 59.62 0.033 1.602E+12  8.750E+08  3.332E+12 1.192E+11 5.330E+11 1.681E+10 318.9 11.4 49.7 1.6 331 206.2 106.8 90.5 411 32.9 50.3 0.764 350.3 1.7 458.5 46
97-10-481-z4 72.05 0.112 1.936E+12  3.009E+09  4.218E+12 1.448E+11 4.068E+10 1.966E+09 546.2 18.8 5.1 0.2 547 285.6 126.1 1234 54.0 441 47.5 0.750 345.9 115 461.2 46
97-10-481-z5  183.52 0.234 4.931E+12 6.278E+09 4.618E+13  2.165E+12 1.930E+11 1.067E+10 1014.2 476 4.1 0.2 1015 225.0 74.4 60.1 39.9 28.5 83.4 0.857 82.6 3.8 96.4 10
97-10-481-z6 36.25 0.031  9.739E+11  8.383E+08 1.240E+12 2.415E+10  4.557E+11 1.504E+10 149.0 29 53.4 1.8 162 154.0 778 76.7 26.6 26.5 48.7 0.758 538.3 9.2 710.1 7
97-10-481-27 36.51 0.048 9.811E+11 1.283E+09  1.464E+12  3.244E+10  5.123E+11 1.361E+10 1343 3.0 45.8 1.2 145 180.8 84.0 74.0 246 228 51.3 0.770 464.1 9.2 602.7 60
97-10-499-z1 0.27 0.001 7.329E+09  3.803E+07  7.144E+12 1.340E+11 1.261E+12 1.769E+10 996.4 18.7 171.5 2.4 1037 166.2 71.9 65.0 0.0 0.0 43.3 0.730 0.8 0.01 1.1 0.1
97-10-499-z2 1.13 0.004 3.034E+10 1.120E+08 1.715E+13  3.848E+11 1.577E+12  2.815E+10  1730.1 38.8 155.0 2.8 1767 185.4 76.2 76.0 0.0 0.0 48.2 0.758 1.4 0.03 1.8 0.2
97-10-499-z3 94.61 0.109 2.542E+12  2.931E+09 1.489E+13  3.775E+11 3.943E+12  8.463E+10 844.7 214 218.1 4.7 897 225.4 94.0 90.0 0.0 0.0 58.0 0.797 1241 29 155.8 16
97-10-499-z4 5.10 0.008 1.370E+11  2.101E+08 4.061E+12  1.039E+11  3.728E+11 1.275E+10 808.6 20.7 72.4 25 826 143.5 106.3 81.1 35.9 34.7 40.8 0.710 25.7 0.6 36.2 4
97-10-499-z5 0.55 0.003 1.468E+10 8.912E+07 9.688E+12 2.911E+11 3.202E+12  9.143E+10 838.7 252 270.2 7.7 903 233.3 134.6 121.9 54.5 46.3 54.5 0.781 1.1 0.03 1.4 0.1

*Analyses performed at the U

from the

grain ter

inward to py

ersity of Calgary by Dr. William Matthews using the methods of McKay et al. (39). Raw dates calculated

IsoplotR (40) from atoms of He, U, and Th. Alpha-loss (Ft) correction uses the gr:
prism face boundary (41). Alpha-particle stopping distances are from Ketcham et al. (42) and “Rs” is Ft-equivalent spherical grain radius. The 10% error is an applied total estimated uncertainty derived from typical reproducibility of the

length/width dimensions, where zircon tip lengths (if ap|

Fish Canyon Tuff (FCT) zircon age standard (e.g., 43-45). FCT zircons were analysed in three separate sessions and yielded a weighted mean Ft-corrected age of 28.9 + 0.5 Ma (20, n = 18/19). The assumed reference age for FCT ignimbrite emplacement is 28.2 Ma (46, 47, and refs. therein). The
high-precision U-Pb age is 28.48 + 0.06 Ma (2c) (48) and the h5.?‘\@@? sanidine age is 28.04 £ 0.18 Ma (20) (49).
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Table S3. Apatite fission-track data for samples 97-10-481 and 97-10-499, northern Manitoba, Hearne Domain, Canadian Shield.

N, Area 238y/43ca 10 P oP2Q?  AFTage 10  Dpar F cl OH 1999 101 eCl U-PbDate 20
(cm?) (dmnls) (dmnls) (Ma) (Ma) (um) (apfu) (apfu) (apfu) (dmnis) (apfu) (Ma) (Ma)
34 2.91E-05 2.81E-02 7.42E-04 8.18E-07 4.66E-16 335 58 1.93 1.71 0.00 0.29 0.847 -0.020 2602 316
101 2.72E-05 8.28E-02 2.21E-08 2.25E-06  3.62E-15 361 38 1.84 1.70 0.00 0.30 0.849 -0.027 2399 366
7 2.91E-05 5.36E-02 1.26E-03 1.56E-06  1.35E-15 366 45 1.96 1.80 0.01 0.19 0.855 -0.044 2788 714
80 2.91E-05 5.95E-02 1.88E-03 1.73E-06 2.99E-15 371 44 1.78 1.84 0.00 0.16 0.857 -0.052 2435 370
77 2.43E-05 6.64E-02 2.12E-03 1.61E-06  2.64E-15 383 46 1.88 1.62 0.00 0.38 0.844 -0.012 - -
55 2.33E-05 4.64E-02 1.15E-03 1.08E-06 7.19E-16 408 56 2.05 - - - - - - -
80 3.88E-05 3.95E-02 1.14E-03 1.53E-06 1.95E-15 418 49 1.50 1.75 0.00 0.24 0.844 -0.011 2448 504
132 3.88E-05 6.18E-02 1.41E-03 2.40E-06 3.00E-15 440 40 1.37 1.76 0.00 0.23 0.854 -0.042 2436 378
61 2.43E-05 4.52E-02 1.08E-03 1.10E-06 6.91E-16 445 58 1.56 1.64 0.00 0.36 0.848 -0.023 2518 342
77 2.18E-05 6.29E-02 1.34E-03 1.37E-06 8.55E-16 447 52 1.66 1.66 0.01 0.33 0.848 -0.024 2546 264
118 4.85E-05 4.28E-02 9.99E-04 2.08E-06 2.35E-15 453 44 1.83 1.64 0.00 0.36 0.842 -0.005 2457 426
54 1.75E-05 4.66E-02 1.16E-03  8.14E-07 4.08E-16 527 73 1.68 1.72 0.00 0.28 0.849 -0.028 2553 545
200 3.40E-05 8.81E-02 2.09E-03 2.99E-06  5.04E-15 530 41 1.81 1.73 0.01 0.27 0.847 -0.022 2517 250
76 2.91E-05 3.59E-02 8.79E-04  1.05E-06 6.55E-16 575 68 1.67 1.70 0.00 0.29 0.848 -0.025 2463 418
118 2.91E-05 5.55E-02 1.78E-03 1.62E-06 2.67E-15 577 57 1.77 1.66 0.00 0.34 0.844 -0.011 2470 476
78 2.91E-05 3.45E-02 8.89E-04 1.01E-06 6.70E-16 612 72 1.65 1.66 0.01 0.33 0.842 -0.005 2658 534
53 2.62E-05 2.55E-02 7.29E-04 6.69E-07 3.65E-16 624 88 1.65 1.76 0.00 0.24 0.847 -0.020 2484 601
334 4.85E-05 8.53E-02 1.99E-03 4.14E-06 9.28E-15 635 39 1.43 1.75 0.00 0.25 0.852 -0.037 2413 265
164 2.91E-05 6.81E-02 1.84E-03 1.98E-06 2.88E-15 650 55 1.70 1.74 0.00 0.25 0.852 -0.036 2374 452
92 4.85E-05 2.18E-02 6.01E-04 1.06E-06  8.50E-16 683 75 1.80 1.72 0.00 0.28 0.844 -0.012 2522 683
98 4.85E-05 2.13E-02 5.93E-04 1.03E-06 8.28E-16 740 79 1.54 1.68 0.00 0.32 0.844 -0.011 2543 709
69 2.43E-05 2.81E-02 7.43E-04 6.83E-07 3.25E-16 786 98 1.69 1.62 0.01 0.37 0.844 -0.011 2510 571
85 2.91E-05 2.86E-02 7.57E-04 8.32E-07 4.86E-16 794 90 2.08 1.71 0.00 0.29 0.847 -0.019 2750 527
61 3.88E-05 1.62E-02 4.75E-04  5.89E-07  3.40E-16 805 107 1.70 1.63 0.00 0.37 0.847 -0.021 2682 825
72 4.85E-05 1.42E-02 4.54E-04 6.88E-07 4.86E-16 813 100 1.85 1.71 0.00 0.29 0.851 -0.034 2460 629
96 3.11E-05 2.94E-02 8.01E-04 9.14E-07 6.19E-16 815 87 1.79 1.92 0.00 0.08 0.855 -0.045 2581 515
73 4.85E-05 1.08E-02 3.20E-04 5.26E-07 2.41E-16 1056 129 1.79 1.56 0.02 0.42 0.839 0.005 2629 948
2609 8.95E-04 3.81E-05 4.68E-14 543 14 1.74 1.7 0.00 0.29 0.847 -0.023 2505 83
97-10-481 554 32 2524 56
142 4.66E-05 6.69E-02 1.79E-03 3.11E-06  6.99E-15 367 33 1.94 1.47 0.01 0.52 0.834 0.019 2309 447
162 5.82E-05 4.87E-02 2.27E-03 2.84E-06 1.75E-14 456 42 2.22 1.51 0.00 0.48 0.836 0.012 2370 718
328 6.79E-05 8.03E-02 3.54E-03 5.46E-06 5.79E-14 479 35 2.06 1.52 0.01 0.47 0.827 0.038 2457 678
686 6.79E-05 1.66E-01 3.82E-03 1.13E-05 6.74E-14 485 23 1.88 1.40 0.01 0.59 0.812 0.078 2372 279
75 2.91E-05 4.16E-02 1.28E-03 1.21E-06  1.40E-15 493 60 1.70 1.56 0.00 0.44 0.838 0.007 2296 485
89 2.91E-05 4.83E-02 1.32E-03 1.41E-06 1.48E-15 503 56 1.94 1.45 0.00 0.55 0.832 0.023 2344 401
199 4.85E-05 6.22E-02 1.58E-03 3.02E-06 5.84E-15 523 40 1.83 1.45 0.00 0.54 0.826 0.041 2385 347
224 5.82E-05 5.68E-02 3.09E-03 3.31E-06 3.23E-14 537 47 1.90 1.45 0.01 0.54 0.827 0.039 - -
55 3.40E-05 2.32E-02 5.96E-04 7.87E-07 4.11E-16 554 77 1.80 1.50 0.01 0.49 0.837 0.009 2343 515
55 2.72E-05 2.82E-02 8.64E-04 7.67E-07 5.52E-16 567 79 1.99 1.52 0.00 0.48 0.832 0.024 2478 757
321 4.37E-05 9.92E-02 5.86E-03 4.33E-06 6.55E-14 585 49 2.38 1.52 0.00 0.48 0.827 0.037 2392 998
340 6.79E-05 6.66E-02 3.86E-03 4.53E-06 6.89E-14 593 48 1.77 1.49 0.00 0.51 0.829 0.034 - -
157 3.88E-05 5.19E-02 1.32E-03 2.02E-06 2.65E-15 614 52 1.93 1.63 0.00 0.37 0.843 -0.008 2236 361
422 5.82E-05 9.01E-02 3.09E-03  5.24E-06  3.25E-14 633 39 1.99 1.60 0.00 0.39 0.842 -0.006 - -
97 3.88E-05 3.06E-02 1.62E-03 1.19E-06 3.97E-15 643 75 1.94 1.46 0.00 0.54 0.825 0.043 2512 926
181 3.88E-05 5.53E-02 1.61E-03 2.15E-06 3.91E-15 662 54 1.97 1.48 0.01 0.52 0.828 0.034 2586 757
134 4.85E-05 3.07E-02 1.13E-03  1.49E-06  3.02E-15 704 67 1.89 1.54 0.01 0.45 0.836 0.013 2576 659
306 4.85E-05 6.74E-02 1.74E-03 3.27E-06  7.16E-15 731 48 1.98 1.42 0.00 0.57 0.821 0.054 2599 444
363 6.79E-05 5.55E-02 3.98E-03 3.77E-06 7.31E-14 751 68 1.79 1.45 0.00 0.55 0.830 0.030 2501 1053
398 6.79E-05 6.06E-02 3.66E-03 4.11E-06 6.18E-14 754 61 1.92 1.56 0.00 0.44 0.820 0.057
4734 9.86E-04 6.53E-05 5.14E-13 574 14 1.94 1.50 0.00 0.50 0.829 0.029 2384 121
97-10-499 573 24 2434 74

Ns = spontaneous track count; P; = ablation pit depth-weighted 238y/43¢ca ratio; 2; = track count area; dmnls = dimensionless units

AFT single-grain ages are calculated using the LA-ICPMS (¢-calibration) method with modified ¢ = 8.2727, standard error (¢) = 0.1407 and 238y total decay constant of 1.55125 x 10— 10 yr— 1,

Upper panel is S481 and lower panel is S499. Bottom table row (bold) displays the lysis sums, AFT p age + 1o error (light/dark gray shading, respectively), and the mean values for the tabulated
elements/kinetic parameters D, o1, F, Cl, OH, 1y, -0 i and ive Cl (eCl; (6, 9)). Indivi grain D, o1~ values are the mean of 4 measurements and r,,, . and eCl are calculated from Carlson et al. (52) equations .

AFT central age for S481: age dispersion = 28%, P(x2) =0.00; AFT central age for S499 age dispersion = 16%, P(XQ) =0.00.
Samples fail x2 test due to high N analyses and higher age precision (e.g., 53-56) compared to the AFT external detector method (57). Combined sample central age: 563 + 21 Ma (10).

Individual apatite U-Pb dates are common Pb-corrected isotopic sums. Summary U-Pb date reported is the simple weighted mean of individual dates
S481: 2505 + 83 Ma; 20, n = 25/25, MSWD = 0.18, P(X2) =1.00; S499: 2384 + 121 Ma; 20, n = 16/16, MSWD = 0.19, P(X2) =1.00.

The weighted mean 207 pb/206 pp date was calculated in IsoplotR (40) using Stacey and Kramers (58) common-Pb correction and 238 U/206 pp and 207 pp/206 pp, isotopic ratios
S481: 2524 + 56 Ma; 20, n = 25/25, MSWD = 0.5, P(x 2) = 1.00; $499: 2434 & 74 Ma; 2, n = 16/16, MSWD = 0.6, P(x 2) = 0.9.

Laser ablation fission-track analyses (LAFT) performed by Dr. Paul B. O’Sullivan (GeoSep Services). Electron probe microanalysis (EPMA) data were at i State Uni ity Peter Hooper GeoAna-
Iytical Laboratory by Dr. Scott Boroughs. Refer to recent overviews of LAFT-EPMA analytical protocols in McDannell et al. (6), McDannell et al. (15), and Issler et al. (59). C lete EPMA data il upon
request.
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Table S4. Sample 97-10-481 fission-track length measurements with kinetic parameters

Length (um) c-angle Dy (um) Dper (um) Cl (apfu) OH (apfu) rm.o eCl (apfu)
13.90 59.19 1.68 0.27 0.002 0.267 0.848 -0.025
12.73 78.45 1.62 0.30 0.004 0.110 0.859 -0.058
13.98 11.98 1.62 0.30 0.004 0.110 0.859 -0.058
12.75 68.73 1.62 0.30 0.004 0.110 0.859 -0.058
13.77 41.21 1.62 0.30 0.004 0.110 0.859 -0.058
15.93 35.05 1.63 0.28 0.003 0.217 0.853 -0.040
13.99 45.08 1.63 0.28 0.003 0.217 0.853 -0.040
15.41 41.42 1.63 0.28 0.003 0.217 0.853 -0.040
13.23 30.04 1.63 0.28 0.003 0.217 0.853 -0.040
12.04 53.90 1.63 0.28 0.003 0.217 0.853 -0.040
13.01 62.06 1.63 0.28 0.003 0.217 0.853 -0.040
10.94 70.21 1.63 0.28 0.003 0.217 0.853 -0.040
13.91 8.34 1.63 0.28 0.003 0.217 0.853 -0.040
9.22 57.83 1.83 0.32 0.002 0.381 0.845 -0.016
12.16 54.56 1.83 0.32 0.002 0.381 0.845 -0.016
10.30 57.51 1.83 0.32 0.002 0.381 0.845 -0.016
13.77 29.19 1.53 0.27 0.009 0.376 0.840 0.000
12.74 57.74 1.53 0.27 0.009 0.376 0.840 0.000
13.83 42.92 1.57 0.30 0.007 0.299 0.849 -0.026
12.59 52.86 1.57 0.30 0.007 0.299 0.849 -0.026
12.38 35.99 1.57 0.30 0.007 0.299 0.849 -0.026
13.85 24.11 1.57 0.30 0.007 0.299 0.849 -0.026
12.27 71.90 1.57 0.30 0.007 0.299 0.849 -0.026
14.18 39.79 1.57 0.30 0.007 0.299 0.849 -0.026
14.66 34.66 1.57 0.30 0.007 0.299 0.849 -0.026
15.14 36.45 1.57 0.30 0.007 0.299 0.849 -0.026
13.86 23.42 1.86 0.31 0.000 0.210 0.847 -0.021
10.78 69.55 1.86 0.31 0.000 0.210 0.847 -0.021
14.45 32.70 1.86 0.31 0.000 0.210 0.847 -0.021
14.77 51.35 1.86 0.31 0.000 0.210 0.847 -0.021
14.66 30.84 1.61 0.27 0.003 0.277 0.851 -0.032
13.07 80.11 1.61 0.27 0.003 0.277 0.851 -0.032
10.93 33.58 1.61 0.27 0.003 0.277 0.851 -0.032
8.81 47.83 1.76 0.32 0.002 0.241 0.851 -0.033
13.08 48.42 1.76 0.32 0.002 0.241 0.851 -0.033
10.10 49.30 1.76 0.32 0.002 0.241 0.851 -0.033
14.01 67.12 1.79 0.40 0.004 0.328 0.844 -0.011
11.61 64.42 1.79 0.40 0.004 0.328 0.844 -0.011
15.57 65.81 1.79 0.40 0.004 0.328 0.844 -0.011
13.64 36.97 1.79 0.40 0.004 0.328 0.844 -0.011
13.44 33.56 1.79 0.40 0.004 0.328 0.844 -0.011
14.09 38.69 1.79 0.40 0.004 0.328 0.844 -0.011
9.28 60.32 1.79 0.40 0.004 0.328 0.844 -0.011
11.80 71.02 1.90 0.36 0.000 0.222 0.848 -0.023
9.00 82.76 1.90 0.36 0.000 0.222 0.848 -0.023
11.43 61.81 1.90 0.36 0.000 0.222 0.848 -0.023
12.82 60.00 1.90 0.36 0.000 0.222 0.848 -0.023
11.75 67.70 1.90 0.36 0.000 0.222 0.848 -0.023
9.24 68.62 1.67 0.30 0.002 0.158 0.855 -0.047
13.44 48.75 1.67 0.30 0.002 0.158 0.855 -0.047
13.38 61.44 1.67 0.30 0.002 0.158 0.855 -0.047
11.82 65.29 1.67 0.30 0.002 0.158 0.855 -0.047
10.80 62.88 1.67 0.30 0.002 0.158 0.855 -0.047
9.28 54.84 1.91 0.31 0.003 0.236 0.852 -0.036
14.09 46.25 1.91 0.31 0.003 0.236 0.852 -0.036
9.32 82.01 1.91 0.31 0.003 0.236 0.852 -0.036
15.29 39.31 1.91 0.31 0.003 0.236 0.852 -0.036
13.76 43.69 1.91 0.31 0.003 0.236 0.852 -0.036
8.25 67.71 1.91 0.31 0.003 0.236 0.852 -0.036
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Table S4 continued from previous page
Length (um) c-angle Dy, (um) Dy, (um) Cl (apfu) OH (apfu) rn,.o eCl (apfu)

10.48 65.17 1.91 0.31 0.003 0.236 0.852 -0.036
15.61 52.59 1.91 0.31 0.003 0.236 0.852 -0.036
11.15 77.35 1.73 0.33 0.009 0.162 0.849 -0.026
11.12 43.79 1.73 0.33 0.009 0.162 0.849 -0.026
13.03 61.55 1.73 0.33 0.009 0.162 0.849 -0.026
13.73 54.02 1.73 0.33 0.009 0.162 0.849 -0.026
12.53 57.51 1.99 0.34 0.002 0.314 0.843 -0.009
9.44 73.48 1.99 0.34 0.002 0.314 0.843 -0.009
11.78 51.56 1.99 0.34 0.002 0.314 0.843 -0.009
12.82 49.56 1.77 0.32 0.006 0.438 0.843 -0.007
8.84 39.55 1.77 0.32 0.006 0.438 0.843 -0.007
12.46 32.54 1.77 0.32 0.006 0.438 0.843 -0.007
12.71 62.58 1.77 0.32 0.006 0.438 0.843 -0.007
13.34 61.18 1.77 0.32 0.006 0.438 0.843 -0.007
13.95 79.42 1.77 0.32 0.006 0.438 0.843 -0.007
12.96 53.90 1.77 0.32 0.006 0.438 0.843 -0.007
15.33 35.62 1.77 0.32 0.006 0.438 0.843 -0.007
11.29 60.55 1.69 0.41 0.000 0.255 0.851 -0.032
13.85 51.74 1.69 0.41 0.000 0.255 0.851 -0.032
9.24 55.19 1.69 0.41 0.000 0.255 0.851 -0.032
12.18 65.17 1.70 0.30 0.004 0.320 0.848 -0.025
12.00 61.92 1.70 0.30 0.004 0.320 0.848 -0.025
11.80 39.13 1.70 0.30 0.004 0.320 0.848 -0.025
10.20 74.51 1.70 0.30 0.004 0.320 0.848 -0.025
11.72 29.57 1.43 0.29 0.002 0.259 0.853 -0.038
12.55 52.25 1.43 0.29 0.002 0.259 0.853 -0.038
11.37 77.23 1.43 0.29 0.002 0.259 0.853 -0.038
13.00 31.15 1.48 0.35 0.007 0.248 0.852 -0.036
13.62 56.22 1.80 0.44 0.003 0.326 0.836 0.011
13.41 60.92 1.80 0.44 0.003 0.326 0.836 0.011
11.65 46.33 1.80 0.44 0.003 0.326 0.836 0.011
16.12 6.41 1.80 0.44 0.003 0.326 0.836 0.011
13.10 34.85 1.80 0.44 0.003 0.326 0.836 0.011
11.78 55.89 1.98 0.30 0.000 0.288 0.850 -0.029
10.96 28.00 1.98 0.30 0.000 0.288 0.850 -0.029
9.72 55.24 1.98 0.30 0.000 0.288 0.850 -0.029
11.50 63.91 1.46 0.26 0.000 0.264 0.853 -0.039
11.26 52.09 1.46 0.26 0.000 0.264 0.853 -0.039
11.67 64.46 1.46 0.26 0.000 0.264 0.853 -0.039
14.16 63.88 1.46 0.26 0.000 0.264 0.853 -0.039
12.52 54.05 1.46 0.26 0.000 0.264 0.853 -0.039
11.74 60.95 1.79 0.23 0.009 0.272 0.840 0.000
9.65 54.92 1.79 0.23 0.009 0.272 0.840 0.000
11.26 68.57 1.79 0.23 0.009 0.272 0.840 0.000
11.08 39.89 1.79 0.23 0.009 0.272 0.840 0.000
12.76 34.50 1.61 0.26 0.000 0.185 0.854 -0.044
13.71 22.82 1.61 0.26 0.000 0.185 0.854 -0.044
15.76 38.25 1.55 0.30 0.004 0.344 0.849 -0.026
11.18 63.21 1.55 0.30 0.004 0.344 0.849 -0.026
11.23 56.88 1.55 0.30 0.004 0.344 0.849 -0.026
12.46 61.49 1.55 0.30 0.004 0.344 0.849 -0.026
15.43 48.73 1.76 0.36 0.002 0.193 0.838 0.006
12.16 68.41 1.76 0.36 0.002 0.193 0.838 0.006
13.18 64.22 1.76 0.36 0.002 0.193 0.838 0.006
13.90 56.02 1.76 0.36 0.002 0.193 0.838 0.006
13.11 52.86 1.74 0.32 0.000 0.292 0.841 -0.001
12.87 60.22 1.74 0.32 0.000 0.292 0.841 -0.001
14.68 44.23 1.84 0.32 0.000 0.374 0.840 0.000
11.85 44.28 1.84 0.32 0.000 0.374 0.840 0.000
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Table S4 continued from previous page

Length (um) c-angle D,.r (um) Dyer (um) Cl (apfu) OH (apfu) rmo eCl (apfu)
12.86 41.52 1.84 0.32 0.000 0.374 0.840 0.000
9.02 54.24 1.94 0.57 0.000 0.273 0.847 -0.020
11.53 43.15 1.94 0.57 0.000 0.273 0.847 -0.020
14.68 25.15 1.68 0.25 0.005 0.313 0.838 0.007
12.86 33.60 1.68 0.25 0.005 0.313 0.838 0.007
13.52 58.98 1.68 0.25 0.005 0.313 0.838 0.007
11.26 52.55 1.68 0.25 0.005 0.313 0.838 0.007
11.32 53.61 1.68 0.25 0.005 0.313 0.838 0.007
13.63 41.17 1.43 0.29 0.005 0.290 0.840 0.001
12.01 55.71 1.78 0.36 0.004 0.266 0.841 -0.003
9.96 38.19 1.78 0.36 0.004 0.266 0.841 -0.003
10.73 64.70 1.78 0.36 0.004 0.266 0.841 -0.003
10.46 87.98 1.78 0.36 0.004 0.266 0.841 -0.003

MTL = 12.43 £+ 1.77 pm (1o, n = 131) £ 0.16 std. error. Skewness = -0.212; Kurtosis = -0.529. Mean Dpq, = 1.72 (4 etch figures each
measurement); mean Dpe,r = 0.32; analyst: POS.
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Table S5. Sample 97-10-499 fission-track length measurements with kinetic parameters

Length (um) c-angle Dy (um) Dy (um) Cl (apfu) OH (apfu) rm.o eCl (apfu)

11.91 68.16 1.95 0.30 0.007 0.436 0.834 0.019
12.54 64.33 1.95 0.30 0.007 0.436 0.834 0.019
11.80 78.45 1.95 0.30 0.007 0.436 0.834 0.019
13.44 72.87 1.95 0.30 0.007 0.436 0.834 0.019
12.18 70.86 1.95 0.30 0.007 0.436 0.834 0.019
9.20 58.09 1.95 0.30 0.007 0.436 0.834 0.019
10.92 52.40 1.95 0.30 0.007 0.436 0.834 0.019
10.20 74.43 1.95 0.30 0.007 0.436 0.834 0.019
12.94 38.65 1.95 0.30 0.007 0.436 0.834 0.019
10.58 60.17 1.95 0.30 0.007 0.436 0.834 0.019
13.06 23.59 1.95 0.30 0.007 0.436 0.834 0.019
13.70 55.43 1.95 0.30 0.007 0.436 0.834 0.019
9.73 78.37 1.95 0.30 0.007 0.436 0.834 0.019
12.81 42.08 1.95 0.30 0.007 0.436 0.834 0.019
9.90 77.09 1.95 0.30 0.007 0.436 0.834 0.019
10.67 73.51 1.95 0.30 0.007 0.436 0.834 0.019
13.15 59.45 1.95 0.30 0.007 0.436 0.834 0.019
11.33 58.74 1.95 0.30 0.007 0.436 0.834 0.019
12.45 61.62 1.95 0.30 0.007 0.436 0.834 0.019
13.38 26.77 1.95 0.30 0.007 0.436 0.834 0.019
10.79 73.36 1.95 0.30 0.007 0.436 0.834 0.019
12.06 60.01 1.95 0.30 0.007 0.436 0.834 0.019
12.05 48.16 1.95 0.30 0.007 0.436 0.834 0.019
12.23 60.64 1.95 0.30 0.007 0.436 0.834 0.019
9.62 70.09 1.95 0.30 0.007 0.436 0.834 0.019
12.92 71.88 1.95 0.30 0.007 0.436 0.834 0.019
12.61 75.28 1.75 0.30 0.007 0.531 0.823 0.048
14.27 68.72 1.75 0.30 0.007 0.531 0.823 0.048
12.76 30.85 1.75 0.30 0.007 0.531 0.823 0.048
9.26 36.85 1.75 0.30 0.007 0.531 0.823 0.048
9.84 60.10 1.75 0.30 0.007 0.531 0.823 0.048
9.95 79.79 1.75 0.30 0.007 0.531 0.823 0.048
10.71 76.28 1.75 0.30 0.005 0.492 0.833 0.020
12.10 50.81 1.75 0.30 0.005 0.492 0.833 0.020
13.38 34.28 1.75 0.30 0.005 0.492 0.833 0.020
13.38 29.94 1.75 0.30 0.005 0.492 0.833 0.020
12.32 53.07 1.75 0.30 0.005 0.492 0.833 0.020
11.71 68.37 1.86 0.25 0.006 0.461 0.829 0.033
8.68 74.51 1.86 0.25 0.006 0.461 0.829 0.033
13.33 73.42 1.86 0.25 0.006 0.461 0.829 0.033
10.17 68.52 1.86 0.25 0.006 0.461 0.829 0.033
12.88 55.31 1.86 0.25 0.006 0.461 0.829 0.033
13.32 69.12 1.86 0.25 0.006 0.461 0.829 0.033
11.31 50.90 1.86 0.25 0.006 0.461 0.829 0.033
12.37 52.77 1.86 0.25 0.006 0.461 0.829 0.033
14.70 17.91 1.81 0.28 0.004 0.440 0.827 0.037
12.85 77.08 1.85 0.31 0.000 0.376 0.837 0.010
9.24 54.91 1.85 0.31 0.000 0.376 0.837 0.010
10.94 53.00 1.85 0.31 0.000 0.376 0.837 0.010
12.69 44.73 1.99 0.28 0.006 0.468 0.822 0.052
11.75 82.90 1.99 0.28 0.006 0.468 0.822 0.052
13.72 70.42 1.99 0.28 0.006 0.468 0.822 0.052
13.09 63.72 1.99 0.28 0.006 0.468 0.822 0.052
13.78 47.95 1.99 0.28 0.006 0.468 0.822 0.052
12.45 39.95 1.99 0.28 0.006 0.468 0.822 0.052
10.24 43.32 1.99 0.28 0.006 0.468 0.822 0.052
11.81 78.01 2.12 0.25 0.005 0.511 0.832 0.024
10.17 59.85 2.12 0.25 0.005 0.511 0.832 0.024
11.73 50.86 2.12 0.25 0.005 0.511 0.832 0.024
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Table S5 continued from previous page

Length (um) c-angle D,.r (um) Dyer (um) Cl (apfu) OH (apfu) rmo eCl (apfu)
11.10 37.83 2.12 0.25 0.005 0.511 0.832 0.024
9.74 62.84 2.12 0.25 0.005 0.511 0.832 0.024
13.38 45.05 2.12 0.25 0.005 0.511 0.832 0.024
14.26 45.89 2.12 0.25 0.005 0.511 0.832 0.024
11.64 77.41 2.12 0.25 0.005 0.511 0.832 0.024
10.11 79.31 2.38 0.25 0.000 0.457 0.829 0.033
10.34 49.67 2.38 0.25 0.000 0.457 0.829 0.033
13.28 66.79 2.38 0.25 0.000 0.457 0.829 0.033
12.22 29.08 2.38 0.25 0.000 0.457 0.829 0.033
12.68 42.74 2.38 0.25 0.000 0.457 0.829 0.033
14.00 67.69 2.38 0.25 0.000 0.457 0.829 0.033
14.86 31.95 2.38 0.25 0.000 0.457 0.829 0.033
12.72 30.34 2.38 0.25 0.000 0.457 0.829 0.033
13.32 55.92 2.38 0.25 0.000 0.457 0.829 0.033
11.20 82.70 2.38 0.25 0.000 0.457 0.829 0.033
13.10 84.15 2.38 0.25 0.000 0.457 0.829 0.033
11.19 43.92 2.38 0.25 0.000 0.457 0.829 0.033
10.15 60.10 2.38 0.25 0.000 0.457 0.829 0.033
15.30 36.91 1.52 0.31 0.003 0.351 0.846 -0.018
14.36 53.66 1.52 0.31 0.003 0.351 0.846 -0.018
10.51 43.72 1.52 0.31 0.003 0.351 0.846 -0.018
12.55 64.24 1.52 0.31 0.003 0.351 0.846 -0.018
12.17 71.75 2.07 0.40 0.000 0.437 0.841 -0.002
10.71 53.05 2.07 0.40 0.000 0.437 0.841 -0.002
10.16 57.97 2.07 0.40 0.000 0.437 0.841 -0.002
12.23 59.34 2.07 0.40 0.000 0.437 0.841 -0.002
12.00 79.57 1.68 0.33 0.011 0.475 0.834 0.018
15.01 40.93 1.68 0.33 0.011 0.475 0.834 0.018
12.25 65.35 1.68 0.33 0.011 0.475 0.834 0.018
13.09 44.99 1.68 0.33 0.011 0.475 0.834 0.018
14.57 36.83 1.68 0.33 0.011 0.475 0.834 0.018
13.86 63.81 1.68 0.33 0.011 0.475 0.834 0.018
12.84 58.77 1.68 0.33 0.011 0.475 0.834 0.018
13.09 41.30 1.68 0.33 0.011 0.475 0.834 0.018
10.07 74.88 1.68 0.33 0.011 0.475 0.834 0.018
8.33 81.49 1.68 0.33 0.011 0.475 0.834 0.018
15.14 30.75 1.68 0.33 0.011 0.475 0.834 0.018
15.09 12.39 1.68 0.33 0.011 0.475 0.834 0.018
9.54 71.85 1.68 0.33 0.011 0.475 0.834 0.018
10.86 44.73 1.93 0.33 0.006 0.429 0.830 0.031
10.69 44.58 1.93 0.33 0.006 0.429 0.830 0.031
14.40 65.47 1.93 0.33 0.006 0.429 0.830 0.031
8.93 59.65 1.93 0.33 0.006 0.429 0.830 0.031
11.39 49.56 1.93 0.33 0.006 0.429 0.830 0.031
11.06 40.22 1.93 0.33 0.006 0.429 0.830 0.031
11.40 69.41 1.93 0.33 0.006 0.429 0.830 0.031
14.38 44.83 1.93 0.33 0.006 0.429 0.830 0.031
13.56 48.66 1.93 0.33 0.006 0.429 0.830 0.031
14.36 33.55 1.92 0.27 0.006 0.515 0.818 0.062
10.91 46.66 1.92 0.27 0.006 0.515 0.818 0.062
11.34 47.30 1.92 0.27 0.006 0.515 0.818 0.062
11.86 69.88 1.92 0.27 0.006 0.515 0.818 0.062
13.26 33.85 1.92 0.27 0.006 0.515 0.818 0.062
13.13 32.96 1.92 0.27 0.006 0.515 0.818 0.062
12.65 57.08 1.92 0.27 0.006 0.515 0.818 0.062
13.68 44.01 1.92 0.27 0.006 0.515 0.818 0.062
13.84 74.92 1.92 0.27 0.006 0.515 0.818 0.062
12.47 53.07 1.92 0.27 0.006 0.515 0.818 0.062
13.43 68.59 1.92 0.27 0.006 0.515 0.818 0.062
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Table S5 continued from previous page
Length (um) c-angle Dy, (um) Dy, (um) Cl (apfu) OH (apfu) rn,.o eCl (apfu)

12.61 50.04 1.92 0.27 0.006 0.515 0.818 0.062
12.94 49.43 1.92 0.27 0.006 0.515 0.818 0.062
14.27 79.21 1.92 0.27 0.006 0.515 0.818 0.062
13.71 67.87 1.90 0.25 0.002 0.479 0.832 0.025
13.49 44.86 1.90 0.25 0.002 0.479 0.832 0.025
14.56 17.28 1.90 0.25 0.002 0.479 0.832 0.025
12.04 77.14 1.90 0.25 0.002 0.479 0.832 0.025
11.25 37.96 1.90 0.25 0.002 0.479 0.832 0.025
12.75 45.60 1.90 0.25 0.002 0.479 0.832 0.025
15.30 12.79 1.90 0.25 0.002 0.479 0.832 0.025
13.72 50.35 2.23 0.35 0.003 0.413 0.842 -0.004
11.07 68.64 2.13 0.28 0.006 0.517 0.821 0.055
10.80 54.43 2.13 0.28 0.006 0.517 0.821 0.055
14.20 40.05 2.13 0.28 0.006 0.517 0.821 0.055
10.51 47.08 2.13 0.28 0.006 0.517 0.821 0.055
16.36 37.69 2.13 0.28 0.006 0.517 0.821 0.055
11.09 39.89 2.13 0.28 0.006 0.517 0.821 0.055
14.85 61.05 2.13 0.28 0.006 0.517 0.821 0.055
15.27 50.85 2.13 0.28 0.006 0.517 0.821 0.055
10.82 75.57 2.13 0.28 0.006 0.517 0.821 0.055

MTL = 12.25 + 1.66 pum (1o, n = 138) £ 0.14 std. error. Skewness = -0.082; Kurtosis = -0.649. Mean Dpq, = 1.95 (4 etch figures each
measurement); mean Dyer = 0.29; analyst: POS.
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