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GEOCHEMISTRY

Emplacement of the Franklin large igneous province
and initiation of the Sturtian Snowball Earth

Judy P. Pu'-2*, Francis A. Macdonald'2, Mark D. Schmitz3, Robert H. Rainbird®, Wouter Bleeker?,
Barra A. Peak®, Rebecca M. Flowers®, Paul F. Hoffman'-¢, Matthew Rioux?, Michael A. Hamilton’

During the Cryogenian (720 to 635 Ma ago) Snowball Earth glaciations, ice extended to sea level near the
equator. The cause of this catastrophic failure of Earth’s thermostat has been unclear, but previous geochronol-
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ogy has suggested a rough coincidence of glacial onset with one of the largest magmatic episodes in the geo-
logical record, the Franklin large igneous province. U-Pb geochronology on zircon and baddeleyite from sills
associated with the paleo-equatorial Franklin large igneous province in Arctic Canada record rapid emplace-
ment between 719.86 £ 0.21 and 718.61 + 0.30 Ma ago, 0.9 to 1.6 Ma before the onset of widespread glaciation.
Geologic observations and (U-Th)/He dates on Franklin sills are compatible with major post-Franklin exhuma-
tion, possibly due to development of mafic volcanic highlands on windward equatorial Laurentia and increased
global weatherability. After a transient magmatic CO, flux, long-term carbon sequestration associated with in-
creased weatherability could have nudged Earth over the threshold for runaway ice-albedo feedback.

INTRODUCTION

Sedimentological, paleomagnetic, and geochronological data have
established the presence of ice at low latitudes during the Cryoge-
nian period (720 to 635 Ma ago), providing evidence for two global
glaciations, the Sturtian (~717 to 659 Ma ago) and Marinoan (>639
to 635 Ma ago) (1). The Snowball Earth episodes are the most
extreme climate changes in Earth's history, and, yet, the triggers
for their initiation remain unclear and debated. Studies of the em-
placement of large igneous provinces (LIPs) have demonstrated cor-
relations with environmental perturbations (2, 3), and
geochronological constraints on the older of the two episodes, the
Sturtian Snowball Earth, have highlighted a possible correlation in
timing of onset with the emplacement of the Franklin LIP [e.g.,
(4, 5)].

Previous work has attributed the global cooling that led to the
Sturtian glaciation to LIP emplacement, because of either draw-
down of CO, by silicate weathering for millions of years following
eruption of the Franklin LIP (4, 6-8) or the immediate effects from
the radiative forcing of sulfur aerosol emissions (5). Several paleo-
magnetic studies have demonstrated that the Franklin LIP was em-
placed at tropical latitudes [e.g., (9, 10)], which is critical for both
hypotheses as the climate impact of changes in weatherability and
albedo are both strongly latitude dependent (5, 6). Past U-Pb geo-
chronology studies have also produced emplacement ages for the
Franklin LIP ranging from 750 to 710 Ma (4, 10-13), which
roughly coincide with constraints on the establishment of steady-
state ice margins and the onset of Sturtian glaciation between
717.4 £ 0.2 and 716.9 + 0.4 Ma (14), but the published uncertainties
are too large to determine whether there is a causal link between LIP
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emplacement and the onset of the Sturtian glaciation or differenti-
ate between the proposed climate cooling mechanisms.

In the past several years, geochronology studies have constrained
the duration and tempo of LIP emplacement, showing that >75% of
total volume is emplaced in pulses of <5 Ma, with almost all high-
precision studies showing emplacement in <1 Ma (3, 15). On the
basis of the established rates for LIP emplacement, the actual dura-
tion of emplacement for the Franklin LIP could be only a small
portion of the current range in dates, highlighting the need for
higher precision and accuracy in dating.

Obstacles to the accurate and precise dating of Proterozoic LIPs
have included the lack of felsic, zircon-rich rocks and the extent of
radiation damage in Proterozoic zircon grains, which often leads to
pervasive Pb loss. In this study, we used U-Pb isotope dilution—
thermal ionization mass spectrometry (ID-TIMS) on zircon and
baddeleyite extracted from intermediate to felsic differentiates of
the Franklin LIP from locations across Arctic Canada. Whole-
rock geochemistry was used to place precisely dated samples in
the context of an emplacement model to clarify the relationship
between the Franklin LIP and the onset of glaciation. To minimize
the impact of Pb loss, we used the chemical abrasion method [CA-
ID-TIMS; (16)], in most cases dating minute, remnant fragments
from aggressive dissolution of uranium-rich zircon crystals.
Apatite and zircon (U-Th)/He thermochronology dates were also
obtained and combined with geologic observations to evaluate the
timing and magnitude of postemplacement exhumation.

Geologic setting

The Franklin magmatic event is one of the largest preserved LIPs in
the geological record (17). Sills and dykes of the Franklin LIP (9)
stretch from Alaska across Arctic Canada, from Victoria Island to
Baffin Island and into Greenland (Fig. 1) (9, 10). Some sills previ-
ously mapped as part of the 1.27-Ga Mackenzie magmatic event
(18) are now recognized as part of the Franklin LIP, extending the
coverage of the LIP farther south to Great Slave Lake (19). Assuming
that these intrusions fed an extrusive continental flood basalt prov-
ince that was later eroded away, the outline of this area traces a half
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Fig. 1. Franklin LIP and sample map. Maps were modified from QGIS shape files from (72-74). A Canada polar stereographic projection based on WGS 1984 was used
[European Petroleum Survey Group (EPSG): 5937]. (A) Northern Canada geology highlighting the regional extent and location of rocks considered to be part of the
Franklin LIP. The box on Victoria Island indicates the location of (B). (B) Detailed geology of the Minto Inlier on Victoria Island highlighting the location and distribution
of Franklin LIP rocks and sample collection locations.

circle that covers >5 million km? of North America with dykes ra-  During an earlier stage of rifting of the Cordilleran margin, the ca.
diating away from a focal point north of Banks Island (Fig. 1). If =~ 778-Ma Gunbarrel LIP was emplaced from Wyoming to Yukon and
there was a conjugate margin of similar area radiating away in the across the western Slave craton (Fig. 2) (22). The Gunbarrel LIP may
opposite direction that later rifted away, potentially in Siberia (20), have covered much of western North America with basalt, but the
then the Franklin LIP would be of comparable size to the ~11  extrusive component is only preserved in narrow, post—778-Ma rift
million km? Central Atlantic Magmatic Province (CAMP) and  basins in the Mackenzie Mountains. In the Yukon, these late Tonian
much larger than the 4 million km? Siberian traps (17). rift basins were reactivated by Franklin-age magmatism (4).

The Franklin LIP was emplaced on the Arctic margin of Lauren- In Arctic Canada, the Franklin LIP intrudes Archean to Paleo-
tia before the rifting of Siberia (20) and directly after rifting of North  proterozoic basement and Paleoproterozoic to Neoproterozoic sedi-
China from the northwest Cordillera (21), creating an open margin.  mentary rocks and is locally preserved as extensive basalt flows on
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Fig. 2. Schematic cross section of the Franklin LIP and starting plume head, and surrounding geological units. The section illustrates the emplacement of the
Franklin LIP and three possible paths for sill emplacement in the Great Slave Lake area. Victoria Island sills and dykes may have similarly been emplaced via horizontal flow
paths through the lithosphere. Location of cross section X-X" is indicated in Fig. 1A. Dashed purple line depicts an estimate of the original Franklin LIP volcanic plateau
thickness before erosion. Modern elevation on the y axis. Reconstructed paleosurfaces are positioned relative to the modern topography and do not indicate absolute

paleoelevations at past times. NW, northwest; SE, southeast.

Victoria Island (Fig. 2). Initial observations of dykes feeding multi-
ple sills at different stratigraphic levels and crosscutting extrusive
parts of the Franklin LIP led to the conclusion that the emplacement
of the sills, dykes, and flows was closely linked in time (23). Franklin
sills range from 1 to 100 m thick and show geochemical evidence for
both fractional crystallization and crustal contamination (23-25).
Much of the Franklin LIP has been eroded away, but to capture
the geographic and compositional range of the Franklin LIP,
samples for the present study include sills and dykes from the
Amundsen Basin (Minto Inlier on Victoria Island, the Brock
Inlier on the southern Amundsen Gulf, and the Coppermine area
in Coronation Gulf), Great Slave Lake, and the Cumberland Penin-
sula on Baffin Island (Fig. 1).

The best exposures of the intrusive and extrusive relationships of
the Franklin LIP units are on Victoria Island where the bulk of the
volcanostratigraphic relationships has been established, also provid-
ing a geochemical framework for the rest of the Franklin LIP (23,
25-27). On Victoria Island, the >4-km-thick Shaler Supergroup in-
cludes organic-rich shale and sulfate evaporites (28, 29) and is suc-
ceeded by a >1-km-thick flood basalt sequence, the Natkusiak

Pu et al., Sci. Adv. 8, eadc9430 (2022) 23 November 2022

Formation (30). In southwestern exposures, the Shaler Supergroup
and Natkusiak Formation contact is conformable, but to the north-
east, the contact is unconformable and marked by sedimentary
breccia (29, 31). This northeastward pinch-out of the Shaler Super-
group has been interpreted to record doming of the crust associated
with the impingement of the Franklin LIP mantle plume (31). The
Natkusiak Formation consists of basal rubbly flows, volcaniclastic
units, and thick sheet flows of basalt (26, 32). Franklin sills intruded
the basal Natkusiak Formation and have been linked stratigraphi-
cally with crosscutting dykes and geochemically with different ex-
trusive flow types (11, 26, 27), providing coarse-grained equivalents
to the extrusive units that can be more easily and reliably dated. Ev-
idence for glaciation has not been documented below or within the
Natkusiak Formation, and the sub-Cambrian unconformity (33)
precludes further stratigraphic constraints on the relationship
between the Franklin LIP and the Sturtian glaciation. Gentle
folding of the sub-Cambrian stratigraphy on Victoria Island (Figs.
1 and 2) may be associated with plume emplacement, which can
generate intraplate deformation and surface topography (34).
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In the East Arm of Great Slave Lake, the ~50- to 250-m-thick
Douglas Peninsula sill intrudes sedimentary and volcanic rocks of
the Paleoproterozoic Great Slave Supergroup and Et-then Group
(Fig. 2) (19). Three potential paths for how the Franklin LIP
mantle plume could have fed the Douglas Peninsula sill on Great
Slave Lake are shown on Fig. 2: path 1, a plume-fed mantle flow
around the keel of the Slave craton at depth; path 2, southward prop-
agating dykes (parallel to the plane of the section) through the crust
of the Slave craton; and path 3, southward continuation of the orig-
inal sill province in the Proterozoic cover of the Slave craton. In each
of these scenarios, we assume that these intrusions were linked to
flows that mantled the surface with Franklin-age extrusive volcanic
rocks, which were later removed by exhumation and erosion below
the sub-Cambrian unconformity.

Geochemical classification of Franklin LIP rocks

Major and trace element signatures of mantle sources and crustal
contamination distinguish emplacement of earliest plume head
magmas from later stages of continental flood basalt magmatism
[e.g., (15, 35)]. Similarly, the Franklin LIP has been categorized
into type 1 and type 2 magmatic phases on the basis of TiO,
weight % (wt %) and light rare earth element (LREE) to heavy
rare earth element (HREE) ratios (25, 36). This classification and
stratigraphy for the Franklin LIP provide a framework for linking
our dates with the spatial extent and relative ages of different
magma types.

Most of the Franklin LIP has tholeiitic compositions of 45 to
51 wt % SiO, and 6 to 11 wt % MgO (24, 27). Low-Ti [<1.2 wt %
TiOy; (36)] type 1 intrusive and volcanic rocks are stratigraphically
below or are crosscut by the younger, high-Ti type 2 igneous rocks
and tend to have incorporated more crustal material, resulting in
relatively lower Nb/La ratios, enriched LREEs and steeper REE
slopes, and lower initial exg (—6.1 to —0.8) and epy¢ (—4.3 to +4.6)
values (27, 36). Type 1 rocks also include olivine-rich cumulates and
generally have higher wt % MgO (25, 27).

Type 2 rocks are generally more differentiated; are dominated by
clinopyroxene and plagioclase; and have lower Ce/Yb ratios, higher
Nb/La ratios, and higher initial ex4 values (27). Type 2 Franklin sills
and upper Natkusiak sheet flow basalts have values of eyg = +1 to
+8.8 and ey = +4.7 to +15.8, which indicate lesser degrees of con-
tamination by continental crust (27). Type 1 rocks have been asso-
ciated with early and limited magmatism, while the younger type 2
rocks have been linked to voluminous melting and the main phase
of flood volcanism (26, 27), making them the main targets of
this study.

RESULTS

Trace element and isotope geochemistry

Major element compositions along with minor and trace element
concentrations are presented in table S1. Normalized minor and
trace element concentrations are plotted in fig. S1. The 93JP-71
samples from Victoria Island and F1966 from Great Slave Lake
show slightly LREE-enriched, concave-downward REE patterns
with negative Eu anomalies (fig. S1). Granitic sample 93JP-71]JB
shows an enrichment in total REEs relative to the gabbroic
sample 93JP-71M, consistent with differentiation. Samples 93JP-
93L from the Duke of York Inlier and 14RAT-513A from the
Brock Inlier show similar REE patterns to the other 93JP samples

Pu et al., Sci. Adv. 8, eadc9430 (2022) 23 November 2022

and F1966 but are slightly LREE-enriched and more HREE-deplet-
ed. In contrast, samples 17RAT-R35B1 from the Coppermine area,
FA700408 from Baffin Island, and S8 from Victoria Island have
steeper REE patterns, and all show more LREE enrichment than
the other samples.

Values for (Ce/YDb)cy (normalized to chondrite) reflect the REE
slopes and are lowest for F1966 (1.30) and the 93]JP-71 samples (1.60
to 1.84). (Ce/Yb)cy values increase to 2.41 for 14RAT-513A and
2.97 for 93JP-93L. Values for S8, FA700408, and 17RAT-R35B1
range from 3.41 to 7.64.

Values of (Nb/La)py; (normalized to primitive mantle) for the
93JP-71 samples and F1966 are close to 1.0 (0.96 to 1.01 and 1.01,
respectively). Sample 14RAT-513A has a slightly lower (Nb/La)py
value of 0.74, and FA700408 has a (Nb/La)py, value of 0.68. Samples
17RAT-R35B1 and S8 have the lowest (Nb/La)py; values of 0.20 and
0.42, respectively.

The enq(t) values calculated for an age of 719 Ma cover a wide
isotopic range (table S2). Samples 17RAT-R35B1 and S8 have sim-
ilarly negative eng values of —4.87 and —5.10, while all other
samples have positive eng values ranging from 1.72 (FA700408) to
6.59 (F1966). Figure S2 plots (Ce/YDb)cy versus exa(719 Ma) for the
samples in this study compared to data from (27).

Geochronology

High-precision U-Pb zircon geochronology yielded weighted mean
206ph/238J dates for the samples from Coppermine area (17RAT-
R35B1), Minto Inlier (93JP-71JB), Duke of York Inlier (93JP-93K
and 93JP-93L), Brock Inlier (14RAT-513A), and Great Slave Lake
(F1966) that range between 719.86 + 0.21 and 718.61 £ 0.30 Ma
(Figs. 3 and 4 and tables S3 and S5). Concordia plots for all
zircon analyses are presented in Fig. 3, and plots for baddeleyite
analyses are included in the Supplementary Materials (fig. S3). Un-
certainties for weighted mean dates in this study are reported as + X/
Y/Z, where X represents internal error only, Y includes tracer cali-
bration uncertainties, and Z includes both tracer calibration and
decay constant uncertainties for comparisons with different isoto-
pic chronometers. For comparisons of analyses produced using the
same isotopic tracers and techniques, only internal errors will be
discussed. Tracer calibration uncertainties are included (Y error
bounds) for interlaboratory comparisons with analyses that used
different isotopic tracer solutions.

Nine fractions of 93JP-71]B yielded a weighted mean 2°°Pb/?*%U
date of 719.04 +0.19/0.28/0.79 Ma (n = 9 of 13, mean square weight-
ed deviation or MSWD = 0.41)—the four excluded dates overlap the
other dates within uncertainty but have much larger uncertainties
and did not meaningfully contribute to the weighted mean. Sample
93JP-93K yielded an array of concordant and discordant data that
plot along a line defined by recent Pb loss (Fig. 3). The weighted
mean of the four oldest, most concordant analyses provided a
206ph/238y date of 718.77 + 0.30/0.36/0.82 Ma (n = 4 of 10,
MSWD = 0.84). Sample 93JP-93L also showed evidence for Pb
loss. Excluding two younger analyses resulted in a single, statistically
coherent population with a weighted mean 2°°Pb/**%U date of
718.96 £ 0.21/0.29/0.79 Ma (n = 11 of 13, MSWD = 1.82). Sample
14RAT-513A had metamict zircon grains. A weighted mean of the
nine oldest analyses produced a date of 718.61 + 0.30/0.36/0.82 Ma
(n =9 of 10, MSWD = 3.71). Given the metamict nature of the an-
alyzed grains, the excluded younger analysis is likely affected by
Pb loss.
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Fig. 3. Concordia plots for zircon analyses. Analyses are shown for samples 93JP-71JB, 93JP-93K, 17RAT-R35B1, F1966, 14RAT-513A, and 93JP-93L (clockwise from the
top left). The baddeleyite analyses for samples S8 and FA700408 are included in the Supplementary Materials (fig. S3). Concordia plots were modified from IsoplotR (77).
Gray data ellipses are excluded from the weighted mean dates. All uncertainties are 20. Uncertainties for weighted mean dates in this study are reported as + X/Y/Z, where
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different isotopic chronometers. Four low precision analyses are excluded from the plots for 93JP-71JB—the excluded data overlap the plotted analyses within uncer-

tainty (Fig. 4A).

Analyses for samples 17RAT-R35B1 and F1966 produced an
array of dates along concordia, and each had at least one much
older analysis. No single weighted mean date could be determined
from the data collected. Considering only the analyses that over-
lapped within uncertainty and produced an MSWD consistent
with a single population, the older grains for the main data
cluster for sample 17RAT-R35B had a weighted mean of
719.86 + 0.21/0.30/0.79 Ma (n = 6 of 15, MSWD = 2.18) and the
six older analyses that overlapped within uncertainty for F1966 pro-
duced a weighted mean of 719.08 + 0.22/0.30/0.79 Ma (n = 6 of
18, MSWD = 1.41).

Baddeleyite analyses for sample FA700408 (Baffin Island) gener-
ally plotted below concordia, although two grains overlapped con-
cordia within uncertainty (fig. S3). The upper-intercept date for the
three analyses constrained to a present-day Pb-loss line was
718.94 + 1.60 Ma [95% confidence interval (CI), n = 3 of 4,
MSWD = 1.1]. A single zircon analysis from this sample was exclud-
ed for its large uncertainty. Lastly, a date for sample S8 (Victoria
Island) was previously published in (4) but was recalculated with
updated spike calibrations and U blank estimates for Fig. 4B, to
be consistent with the data from the present study. The revised U-
Pb baddeleyite 2°°Pb/?**U date for the S8 sample is 715.19 + 0.41 Ma

Pu et al., Sci. Adv. 8, eadc9430 (2022) 23 November 2022

(n=50f 7, MSWD = 1.99). The calculated upper-intercept date for
S8 is 725.73 £ 3.55 Ma (95% CIL, n =7 of 7, MSWD = 1.1).

Thermochronology

To investigate the postemplacement thermal and exhumation
history, (U-Th)/He dates were obtained for sample F1966 in the
southern part of the study region. A total of six zircon and six
apatite (U-Th)/He (ZHe and AHe) dates were determined (table
S6). ZHe dates span from 42 + 4 to 641 + 24 Ma (date uncertainty
is the propagated 20 analytical uncertainty) and are negatively cor-
related with effective uranium concentration (eU), a radiation
damage proxy (fig. S5). AHe dates are Phanerozoic. Thermal histo-
ries able to explain these data were investigated with inverse thermal
history modeling (see Supplementary Text, fig. S5, and table 7).

DISCUSSION

Geochemistry of type 1 and type 2 Franklin LIP rocks

The relatively high (Nb/La)py; and low (Ce/Yb)cy ratios for the
93JP-71, 93JP-93, F1966, and 14RAT-513A samples, coupled with
positive initial exg(t) values and their geographic location, suggest
that these samples are from the type 2 high-volume phase of Frank-
lin magmas. Samples 17RAT-R35B1 and S8 are distinct from the
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Fig. 4. Geochronology of the Franklin LIP. (A) Ranked plots of the zircon
206pp/238 dates for this study. The light blue bar represents the most precise
age constraints on the onset of the Sturtian glaciation between 717.4 + 0.2/0.4
and 716.9 + 0.4/0.5 Ma ago [20,X/Y uncertainties; (14)] Uncertainties presented
in (A) are internal errors only (X uncertainties), including for onset constraints
since analyses were conducted in the same laboratory. Gray data points are exclud-
ed from the weighted mean dates. Up arrows for sample 93JP-93K indicate anal-
yses with Pb loss that are younger than 713 Ma. (B) Previous geochronology on the
Franklin LIP yielded weighted mean or upper-intercept dates that range from 750
to 710 Ma; analyses from 735 to 710 Ma are plotted (4, 10-13, 19). Previous upper-
intercept dates were recalculated with the updated 238U/?>U ratio for terrestrial
zircon of 137.818 (75) using IsoplotR (77). Neoproterozoic 2°°Pb/?38U dates
would not change within uncertainty and were not recalculated from their original
references. Details for the dates can be found in the Supplementary Materials
(table S4). Light gray coloration indicates either single-grain or bulk baddeleyite
analyses; the single diagonally striped sample (77) included both bulk zircon
and bulk baddeleyite analyses. Black-filled rectangles indicate results for S8 and
FA700408, both consisting of single-grain baddeleyite analyses. The two rectan-
gles for S8 show the older upper-intercept and younger 2°°Pb/238U dates calculat-
ed from single-grain baddeleyite analyses in (4), while the rectangle shown for
FA700408 is the calculated upper-intercept date (95% Cl shown). Other results
from this study are red or blue, indicating Franklin LIP magma type, and follow
the same sample order as in (A). The 20 uncertainties for selected analyses and
onset constraints include internal and tracer calibration errors (Y uncertainties)
for interlaboratory comparison. .

other samples in their negative initial exq(f) values. The two
samples—along with FA700408—show steeper REE patterns (fig.
S1), with high (Ce/Yb)cy (3.41 to 7.64) and lower (Nb/La)py
values (0.20 to 0.42), reflecting more crustal contamination,
which is consistent with a type 1 classification. A plot of (Ce/
Yb)cp versus eng shows that samples 93JP-93, 93]P-71, 14RAT-
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513A, and F1966 either plot close to or overlap with values for
type 2 rocks, while S8 and 17RAT-R35B1 are more similar to type
1 rocks (fig. S2). Sample FA700408 shows incorporation of more
crustal material in terms of LREE enrichment and a higher exq4(t)
value. These values could reflect a separate high ey mantle source
like Southern type 1 basalts (see Supplementary Text) but with con-
siderably more crustal contamination.

Interpretation of the U-Pb dates

We interpret the weighted mean 2°°Pb/?*®U dates for samples 93]P-
71]B, 93JP-93K, 93JP-93L, and 14RAT-513A to reflect the intrusion
and crystallization age of Franklin sills between 719.04 + 0.19 and
718.61 * 0.30 Ma ago (Fig. 4A and table S3). These are high-preci-
sion age constraints for the younger and more voluminous type 2 set
of Franklin LIP magmas. Samples 17RAT-R35B1 and F1966 yielded
more ambiguous results, with a range of dates along concordia. In
the context of the other dated samples, the oldest analyses seen in
17RAT-R35B1 and F1966 are taken to represent either antecrysts or,
possibly, Pb implantation in the grain domains analyzed following
annealing and chemical abrasion; the chemical abrasion process
preferentially leaches away the more damaged, U-rich domains,
and residual lower U domains could include implanted Pb, result-
ing in reversely discordant analyses in extreme cases (16, 37). These
samples both have prismatic crystals that commonly have melt
channels parallel to their ¢ axes and simple broad zoning in catho-
doluminescence (CL) images, such that we consider it unlikely that
most grains contain inclusions of older grains at their centers.
However, some grains from F1966 have convolute and irregular
zoning in CL that could point to metamictization and/or partial re-
sorption of older, antecrystic zircon. Antecrystic zircon grains in
mafic systems have been attributed to the fact that in dry and fast-
cooling magmas, zircon is relatively difficult to dissolve, and so the
resulting dyke or sill may preserve older populations of zircon that
do not record its emplacement age (38). We therefore interpret the
weighted mean 2°°Pb/2*8U date of the oldest population of analyses
with an MSWD representing a single population—excluding the
older outliers as inherited antecrysts—in samples 17RAT-R35B1
and F1966 as the best estimate of the age of intrusion
(719.86 £ 0.21 and 719.08 + 0.22 Ma, respectively). Following this
interpretation, the younger analyses in these samples reflect perva-
sive Pb loss. While the range of dates observed in these samples pre-
clude a definitive age interpretation, our preferred weighted mean
dates are consistent with the dates from the four samples with
simpler U-Pb systematics and the stratigraphic order of the intrusive
rocks (i.e., the date from type 1 sample 17RAT-R35B1 is older than
the dated type 2 intrusive rocks).

There are several petrological and geochemical reasons to ascribe
most of the geological variance in the measured U-Pb dates to Pb
loss, including high uranium concentrations, age, accumulated ra-
diation damage, and metamictization of the crystal lattice. These
phenomena are directly confirmed in the unusually high solubility
(>95% dissolution) of the zircon grains during chemical abrasion
for most samples. Hence, our interpretation of the crystallization
age of the sills as represented by the oldest major cluster of
206pp/2387J dates is necessarily distinct from strategies pursued in
younger silicic tuffs or interbedded volcaniclastic strata within
flood basalt lava piles, where Pb loss can be minor and readily mit-
igated, while crystal recycling and detrital inheritance are often pro-
found [e.g., (3)].
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We consider the zircon dates from this study to provide the best
estimate of the timing and duration of Franklin LIP magmatism
because the data come from an internally consistent dataset of
high-precision, chemical abrasion analyses spanning a large
portion of the Franklin LIP's geographic range. All of our zircon
weighted mean dates—excluding the type 1 17RAT-R35B1
sample—overlap within 20 uncertainty, indicating broadly syn-
chronous emplacement of the Franklin LIP type 2 intrusions and
volcanic rocks. The data capture a snapshot of emplacement for vo-
luminous type 2 rocks spanning 0.47 + 0.37 Ma (20 uncertainties
added in quadrature). The interpreted older date from 17RAT-
R35B1, which has geochemistry more representative of type 1
rocks, is consistent with the crosscutting relationships constraining
type 1 to be older than type 2 intrusions and volcanic rocks. Togeth-
er with the type 2 rocks dated in this study, the duration of emplace-
ment captured is 1.25 + 0.37 Ma (20 uncertainties added in
quadrature). If this range captures the main emplacement period
of the Franklin LIP, then the duration of emplacement would be
similar in tempo with other well-dated LIPs [e.g., (3, I5)].

Our baddeleyite U-Pb results are somewhat more complex. The
published baddeleyite date from sample S8 is based on single-grain
baddeleyite measurements conducted in the same laboratory as this
study. The geochemistry of sill S8, which we present here, is more
consistent with the criteria for older Northern type 1 rocks, but the
recalculated weighted mean 2°°Pb/?**U date for this sample
(715.19 + 0.41 Ma) is younger than our zircon dates from other
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Fig. 5. Stratigraphic constraints on the onset of the Sturtian glaciation. Frank-
lin LIP data from this study compared to existing constraints on the onset of the
Sturtian glaciation (74, 47, 48, 76). Because all analyses used the same technique
and same isotopic tracer, only internal uncertainties were plotted for comparison.
Purple arrowheads pointing up indicate dates that provide maximum constraints
on the age of onset (i.e,, glaciation onset must have occurred at a younger date)
and arrowheads pointing down indicate minimum age constraints on onset. The
ages of volcanic tuffs interbedded with glacial diamictite provide a definitive age
by which glaciation must have been initiated. The maximum age bound on onset
is still uncertain; the shown analyses bracketing onset are from volcanic sequences
that could be subaerial or subglacial, with the possibility of onset being up to
several 100 ka before. Previous studies have used Monte Carlo models to estimate
onset ages of (A) 717.1 + 0.7/— 0.9 Ma (47) and (B) 717.61 £ 1.65 Ma (48). SW,
southwest.
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samples (719.86 + 0.21 to 718.61 £ 0.30 Ma). We suspect that this
younger date may reflect more extensive Pb loss, which can be dif-
ficult to distinguish from concordant analyses if uncertainties
overlap with concordia. If the dates for S8 are discordant because
of Pb loss, then the upper-intercept date would more accurately rep-
resent the age of crystallization; however, the calculated upper-in-
tercept date for S8 is 725.73 + 3.55 Ma, which overlaps in
uncertainty with previous upper-intercept dates (11) but is older
than the zircon dates obtained in this study. The offset between
zircon and baddeleyite dates may reflect additional complexities
in interpreting baddeleyite dates due to factors such as intragrain
Pb migration (39), excess 2°’Pb due to 2*'Pa enrichment or **’Rn
loss (40), and Pb loss (41).

Baddeleyite separated from a sample (FA700408) from Baffin
Island in this study produced largely discordant analyses, but the
weighted mean 2°°Pb/?**U value of the two analyses closest to con-
cordia would give a date closer to 712 Ma, which is similar to pre-
vious baddeleyite geochronology in the same area [e.g., (10, 13)]. If,
instead, the dates were considered discordant because of Pb loss and
an upper-intercept age was calculated for the analyses, then the date
for the sample would be 718.94 + 1.60 Ma, largely consistent with
the dates obtained from zircon and more consistent with established
time scales of emplacement for LIPs (3).

The range of zircon dates in our samples is much shorter than
the ~40-Ma range in dates previously obtained on the Franklin LIP,
which was a result of both higher uncertainties in most of the pub-
lished data and a wider range of measured dates. Most of the existing
dates are from single-grain or bulk (multiple grains) baddeleyite
analyses, and one analysis [“Lower Sill” sample from Victoria
Island (11)] involved both bulk zircon and bulk baddeleyite frac-
tions. These analyses predate the development of the chemical abra-
sion method for addressing Pb loss in zircon (16), and there is now
no chemical abrasion approach for treating Pb loss in baddeleyite
[cf. (41)]. Previously published dates that are younger than the
dates obtained in this study may therefore be affected by postcrys-
tallization Pb loss. Interlaboratory biases and systematic errors in
different tracer calibrations further complicate direct comparisons
between our results and published data. We consider the zircon
dates, which are based on a single, well-understood mineral
system, to provide the most robust estimate of the timing and dura-
tion of Franklin LIP magmatism.

Temporal relationship to onset of the Sturtian

Snowball Earth

The emplacement age of the Franklin LIP, between 719.86 + 0.21
and 718.61 + 0.30 Ma ago, is older than previous constraints for
the onset of the Sturtian glaciation between 717.4 + 0.2 and
716.9 + 0.4 Ma ago [also analyzed in the Boise State University
(BSU) Isotope Geology Laboratory using the same tracer calibration
(14)] by 0.9 to 1.6 Ma (Figs. 4 and 5). Onset is constrained by dates
on ca. 718.1- to 717.4-Ma rhyolite flows in member D of the Mt.
Harper Volcanic Complex. These rhyolite flows underlie a basalt
flow in member E with wrinkled and ropey textures (42) and are
unconformably overlain by glacial diamictite of the Eagle Creek
Formation, which has interbedded ca. 716.9- to 716.5-Ma volcanic
tuffs (14). The ropey texture, hyaloclastic breccia, bulbous isolated
pillow basalts, and lack of obvious subaqueous textures in member E
were interpreted to record subaerial eruption (42), consistent with
predating global glacial onset (14); however, similar tubular and
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bulbous structures, isolated pillows, and ropey textures have been
described in subglacial settings (43, 44), such that the subaerial
and preglacial interpretation is nonunique, and member E alterna-
tively may have been emplaced in a subglacial setting in an environ-
ment like Antarctica’s dry valleys. Given these limitations, the
interpreted constraint on the onset of the Sturtian glaciation
based on the ca. 717.4-Ma volcanic rocks should only be taken as
the minimum bound on the maximum age of Sturtian onset,
meaning that onset could be as old or older than this constraint de-
pending on whether the volcanic rocks are preglacial or synglacial.
Additionally, it could have taken up to several 100 ka after the ocean
froze over for continental ice sheets to thicken sufficiently to flow
and produce glacial structures at their periphery (45, 46), further
delaying observable evidence of glaciation in the rock record
from onset.

Other strict age constraints on the maximum age for the initia-
tion of the Sturtian glaciation come from Ethiopia, South China,
and Arctic Alaska and have all yielded ages of ca. 719 to 720 Ma
in preglacial strata (Fig. 5) (47-49). Glacial onset ages have been ex-
trapolated in Monte Carlo simulations estimating sedimentation
rates to the base of the glacial diamictite using the maximum age
constraints from Ethiopia and South China and have yielded ages
of 717.1 + 0.7/— 0.9 Ma [95% CI (47)] and 717.61 + 1.65 Ma
[95% CI (48)]. These estimates are consistent with onset between
717.4 + 0.2 and 716.9 + 0.4 Ma ago based on constraints from the
Mt. Harper Group. In comparing the maximum constraint on onset
(717.4 £ 0.2 Ma) and the minimum age bound on the younger,
high-volume type 2 magmas (14RAT-513A, 718.61 + 0.30 Ma),
Franklin LIP emplacement preceded the onset of glaciation by
1.21 + 0.36 Ma (20 uncertainties added in quadrature).

Initiation of Snowball Earth

Changes in weatherability and volcanic outgassing related to plate
tectonics and paleogeography provide a first-order control on
Earth's long-term climate through the silicate weathering feedback
(50). Snowball Earth represents a failure of this thermostat and is
initiated once a critical threshold is reached for runaway ice-
albedo feedback (50). The weathering of continental flood basalts
in particular has been hypothesized as an important sink for CO,
because of their large surface areas and highly reactive matfic lithol-
ogies (51-53). Furthermore, modern river data demonstrate that
CO,; consumption is highest in basaltic watersheds in the warm,
wet tropics (52, 54). Models and proxy data for pCO, following
LIP emplacement show that warming from the radiative effects of
the initial input of CO, into the atmosphere can be counterbalanced
by silicate weathering, with peaks of LIP-associated weatherability
within ~1 to 2 Ma of emplacement (2, 53, 55), after which time
the development of regolith and soil shielding will decrease weath-
erability (54, 56).

Despite the sink for CO, that LIPs provide on million-year time
scales, many LIPs are not associated with glaciation. The Siberian
Traps were comparable in size to the Franklin LIP, and the preced-
ing Mackenzie LIP may have been even larger, but neither resulted
in a Snowball Earth episode. The lack of correlation between mul-
timillion-year glacial events such as the Permo-Carboniferous gla-
ciations and LIPs can be expected as a result of several factors,
including the background climate state [e.g., (5)], the paleolatitude
of the LIP (55), the composition of the country rocks that the LIP is
emplaced in (2), and even the paleogeography of the continents at
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the time of emplacement [e.g., (56)]. The Siberian Traps and CAMP
were emplaced during warm background climate conditions on an
ice-free Earth (5, 57), increasing the barrier to runaway glaciation.
Weathering also proceeded slowly for the Siberian Traps because of
its emplacement at high latitudes (55). The Mackenzie LIP was em-
placed in an intracontinental setting in a subsiding basin (18, 58),
decreasing its topographic relief and weathering impact. In contrast
to other LIPs, the emplacement of the Franklin LIP occurred in con-
junction with several factors that increased global weatherability
and allowed for runaway cooling on a 1- to 2-Ma time scale (2,
53, 55).

Paleogeography was likely an important factor contributing to
increased weatherability and a cool Cryogenian climate due to an
abundance of continents after supercontinent breakup (8, 56, 59),
LIPs with mafic lithologies (6, 53), and arc terranes with high
relief [e.g., (60-62)], all at low latitudes in the equatorial rain belt
(63). In addition, it has been suggested that reduced continental vol-
canic arc activity during supercontinent breakup could have led to
lower CO, outgassing (64), further decreasing global temperatures
and the threshold for glaciation.

Critical to weatherability is the generation of topography [e.g.,
(55, 61, 62)]; if a continental flood basalt province is emplaced at
low relief, then it will likely be buried and not greatly increase
global weatherability, as happened with the burial of the CAMP
during the rifting of the Atlantic. If, instead, a LIP is associated
with uplift and exhumation and creates volcanic highlands, then
there is strong potential for a rapid increase in global weatherability
(53, 55). Studies of plume-head interactions with the lithosphere
argue that, as the plume head flattens because of impact with the
lithosphere, early uplift at the plume axis is followed by subsidence
while the margins of the plume head, possibly out to distances of
~2000 km, should experience progressive uplift (65).

On Victoria Island, >500 km from the plume center, an uncon-
formity below subareal basalt flows of the Natkusiak Formation has
been interpreted to record the doming of the crust associated with
the impingement of the Franklin LIP mantle plume (31), support-
ing the hypothesis that the Franklin LIP generated dynamic topog-
raphy and created volcanic highlands rather than submerged
lowlands associated with sedimentation and burial. The Natkusiak
Formation exhibits prehnite-pumpellyite facies metamorphism at-
tributed to an elevated geotherm and the presence of an overlying
volcanic succession that was originally >2 km (32). The generation
of topography due to emplacement of the Franklin LIP followed by
its erosion is consistent with coupled Sr and Nd isotopes from car-
bonates and mudstones from the adjacent margins that document a
Cryogenian flux of juvenile material (7).

At the southern edge of the study area, Douglas Peninsula sill
sample F1966 gives Cryogenian (U-Th)/He zircon dates that
alone do not require substantial exhumation immediately after
Franklin LIP emplacement; both immediate exhumation from
shallow emplacement and shallow burial to temperatures <150°C
following emplacement are permissible (fig. S5). However, the
paucity of sedimentary Cryogenian to Ediacaran units across the
wider study area leads us to conclude that the burial scenario is un-
likely and that broad volcanic highlands, much like modern Ethio-
pia, covered a massive portion of tropical Laurentia (Fig. 2 and
fig. S5).

Dynamic topography resulting from plume-head impact is ex-
pected to persist on the order of 10 Ma (65), and basaltic highlands
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associated with the Gunbarrel and Franklin LIPs would have con-
tributed to high global weatherability at the Tonian-Cryogenian
boundary [e.g., (60, 62)]. Coupled climate-weathering models
predict that the removal of recent flood basalt provinces without
any prescribed topographic change would change steady-state
pCO, by >100 parts per million (62), demonstrating the potential
for cooling associated with the weatherability of LIPs. Thus, the hy-
pothesis that increased global weatherability associated with the
tropical emplacement of the Franklin LIP contributed to the
onset of the Sturtian Snowball Earth predicts runaway ice-albedo
feedback within ~1 to 2 Ma; this is consistent with the geochronol-
ogy presented here.

There have been multiple factors proposed for shorter-term
changes of planetary albedo or radiative forcing that could have
also pushed Earth's climate toward the threshold for a Snowball gla-
ciation, including volcanic aerosols (5) or biogeochemical changes
[e.g., (59, 66)]. Albedo perturbations should initiate glaciation
almost immediately because of the strong forcings but short resi-
dence times of aerosols (5), and biogeochemical changes would
likely cause cooling on time scales of 10° to 10* years (66). The time-
line presented here is inconsistent with direct, short-term (<100 ka)
connections between peak magmatism of the Franklin LIP and the
onset of the Sturtian glaciation.

The data presented provide the first high-precision ages on the
main, high-volume phase of the Franklin LIP (type 2 eruptions)
between 719.08 + 0.22 and 718.61 + 0.30 Ma ago. On the basis of
the approximately 10 to 90% split between type 1 and type 2 rocks
characterized in the Natkusiak Formation (27), the geochronology
of the type 2 phase is estimated to capture >90% of Franklin LIP
magmatism. The best estimates on the onset of the Sturtian Snow-
ball Earth glaciation suggest that it began ~0.9 to 1.6 Ma after peak
Franklin LIP volcanism. Geology and thermochronology at the
northern and southern edges of the study area, respectively, are
compatible with postemplacement exhumation corresponding to
development of Tonian-Cryogenian volcanic highlands in Cordille-
ran and Arctic Laurentia. The apparent lag time and generation of
topography are consistent with an increase in global weatherability
as a primary trigger for onset of glaciation. These results tighten the
relationship between the largest Neoproterozoic episode of magma-
tism and one of the most extreme episodes of climate change in the
geologic record.

MATERIALS AND METHODS

Whole-rock major element, trace element, and Sm-Nd isotope geo-
chemistry were performed for all samples in addition to gabbro
sample S8, the source of the most recent high-precision U-Pb bad-
deleyite date on the Franklin LIP (4). Major and trace element con-
centrations for samples FA700408 and F1966 were measured at the
California Institute of Technology following the procedure in (67).
A Retsch planetary ball mill (PM 100) with agate grinding contain-
ers was used for powdering whole-rock samples, and a Claise Eagon
2 fluxer was used for fusing the powders into glass beads using
lithium tetraborate as a flux. Major elements were measured on
the glass beads using a 4-kW Zetium Panalytical x-ray fluorescence
analyzer. Trace elements were measured using solution inductively
coupled plasma mass spectrometry (ICPMS) following the methods
in (68).
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The other six samples (93JP-71]B, 93JP-71M, 93JP-93L, S8,
14RAT-513A, and 17RAT-R35B1) were powdered and analyzed at
Hamilton College following the procedure in (69). Rocks were cut
with a diamond saw and powdered in a SPEX 8530 ShatterBox using
an alumina ceramic dish at University of California, Santa Barbara
(UCSB) and then repowdered at Hamilton College using a Rocklabs
alumina ring mill. The powders were doubly fused to homogenize
the sample and then analyzed using a Thermo ARL PERFORM'X x-
ray fluorescence spectrometer. Trace elements were measured using
laser ablation—ICPMS on the fused glass beads following the proce-
dures in (70).

Mineral separation for the U-Pb analyses was done at the
Harvard University and UCSB. Because most samples were only
hand samples from archive, mineral separation procedures were tai-
lored to maximize potential yield of zircon and baddeleyite grains.
All samples were hand-sledged into chips that were <1 cm?® and
then pulsed in 1- to 2-s intervals in a SPEX 8530 ShatterBox fol-
lowed by sieving for the <500-pm fraction. The <500-pm fraction
for each sample was handwashed in 5-liter beakers to remove fine
material and dried under heat lamps or in low-temperature ovens
before being run on the Frantz magnetic separator. Highly magnetic
minerals were initially screened for and removed using a hand
magnet, and then, samples were typically run twice, first at 0.3 A
and 20° tilt and the second time at 0.6 A and 20° tilt. If less than
50 g of sample were left after the first run on the Frantz, then the
sample was not run a second time. If the sample was mostly mag-
netic, then the tilt angle was increased by 5° to 10° to ensure that no
nonmagnetic grains were carried by the flow of magnetic grains.
Heavy-liquid density separation using methylene iodide was the
last step for isolating the dense mineral fraction of zircon and bad-
deleyite. Zircon and baddeleyite grains were hand-picked for each
sample from this final fraction.

Geochronological analyses were done at the BSU. Zircon crystals
were mounted in epoxy, polished to expose grain cores, and imaged
using a CL detector. U-Pb dates were obtained using the CA-ID-
TIMS procedure developed in (I16). Dissolution, spiking, and
column chemistry procedures are described in more detail in the
Supplementary Materials. Baddeleyite geochronology followed the
same procedure except that grains were not subjected to chemical
abrasion and were instead fluxed in 3.5 M HNOj; for 20 to 30 min on
a hot plate and then sonicated for the same amount of time before
being rinsed and loaded into microcapsules for dissolution with
spike. Concordia and upper-intercept dates were plotted using Iso-
plotR (71).

Sm and Nd isotope geochemistry was done at the Isotope
Geology Laboratory at the BSU. Powdered samples were spiked
and dissolved at 220°C for 18 hours. Detailed column chemistry
procedures are described in the Supplementary Materials.
Samples were analyzed on the IsotopX Phoenix X62 TIMS. (U-
Th)/He analysis was done at the Thermochronology Research and
Instrumentation Lab at the University of Colorado Boulder follow-
ing methods described in the Supplementary Materials.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs. S1 to S5

Tables S1 to S7
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