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ABSTRACT

Onset and Deglaciation of

Cryogenian Snowball Earth

Judy Pin Pu

Cryogenian Snowball Earth glaciations are some of the most extreme changes in Earth’s
climate through its history. Decades of work have established the global ubiquity of Snowball
Earth sedimentary deposits and their synchroneity in time, yet key questions remain
concerning the potential causes for global glaciations and their drastically different durations
and expressions in the rock record. This dissertation addresses these questions and proposes
explanations for the onset of global glaciation and how the abrupt termination of a Snowball
event could explain the differences in chemical sediments seen between the two Cryogenian
Snowball events.

In Chapter 1, I evaluate the emplacement of a large igneous province as a potential trigger
for the Sturtian Snowball Earth (717-661 Ma). This work was done in collaboration with
Francis A. Macdonald, Mark D. Schmitz, Robert H. Rainbird, Wouter Bleeker, Barra A. Peak,
Rebecca M. Flowers, Paul F. Hoffman, Matthew Rioux, and Michael A. Hamilton. Previous
geochronology has suggested a rough coincidence of glacial onset with one of the largest

magmatic episodes in the geological record, the Franklin large igneous province. I show that



chemical abrasion-isotope dilution-thermal ionization mass spectrometry (CA-ID-TIMS) U-
Pb geochronology on zircon and baddeleyite from sills associated with the paleo-equatorial
Franklin large igneous province in Arctic Canada record rapid emplacement 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 exhumation, 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 increased weatherability could have nudged
Earth over the threshold for runaway ice-albedo feedback.

In Chapter 2, I address whether there is evidence for glaciations in the 50 Myr prior to the
Sturtian glaciation by examining the proposed ca. 750 Ma Kaigas glaciation. I evaluate this
hypothesis at the eponymous location with detailed stratigraphy and geochronology through
the Kaigas, Rosh Pinah, and Numees formations on the western margin of the Kalahari craton
in southern Namibia. This work was done in collaboration with Francis A. Macdonald, Emily
F. Smith, Jahandar Ramezani, and Nicholas Swanson-Hysell. We find that glacial deposits
previously assigned to the Kaigas Formation are instead ca. 717-661 Ma diamictites of the
Sturtian Numees Formation. Pre-Numees strata, including the Kaigas Formation, host facies
associations diagnostic of fan delta deposition along an active normal fault. Interbedded
volcanic rocks in the Rosh Pinah Formation overlying the Kaigas Formation were dated with
U-Pb CA-ID-TIMS on zircon at ca. 752 Ma. These Tonian deposits are interpreted as being
deposited in an active rift basin without evidence for glaciation. Rosh Pinah magmatism could
be correlative with the Mount Rogers Complex in Virginia, USA, consistent with a scenario

of the Kalahari craton actively rifting from Laurentia and associated terranes within 20° of the
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equator at the time. We conclude that, at least in marine settings, evidence for low-latitude
glaciation is limited to the 717-635 Ma Cryogenian Period.

In Chapter 3, I propose an explanation for why the Sturtian and Marinoan glaciations
differ. This work was done in collaboration with Mark D. Schmitz and Francis A. Macdonald.
I present new geological mapping, measured stratigraphic sections, and U-Pb zircon
geochronology and geochemistry on Cryogenian successions exposed in the Naukluft Nappes
of Namibia. Stratigraphic sections measured in the context of geological mapping document
glacial deposition on a slope setting below the ice grounding line. Deglaciation is marked by
an abrupt coarsening, boulder-sized dropstones, and the appearance of volcaniclastic deposits.
Large lithic fragments within the volcaniclastics and detrital zircon provenance using laser
ablation split stream mass spectrometry suggest a local source. CA-ID-TIMS on these units
yielded a weighted mean 2°°Pb/>*¥U date of 635.84 + 0.22/0.29/0.71 Ma, which is interpreted
as a depositional age. We suggest that glacio-isostatic unloading reactivated the formerly
rifted passive margin. This age overlaps with dates near the top of Marinoan glacial deposits
on the Swakop terrane, Australia, and South China. We suggest that all of these dates record
deglaciation and that deglacial volcanism associated with isostatic unloading provided a

positive feedback for both albedo and CO> that shortened the Marinoan glaciation.
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I. Emplacement of the Franklin large igneous province and initiation of

the Sturtian Snowball Earth

A. Introduction

Sedimentological, paleomagnetic, and geochronological data have established the
presence of ice at low latitudes during the Cryogenian Period (720—635 Ma), providing
evidence for two global glaciations, the Sturtian (~717-659 Ma) and Marinoan (>639-635 Ma)
(). 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 emplacement of
large igneous provinces (LIPs) have demonstrated correlations 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, either because of drawdown 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 paleomagnetic studies have
demonstrated that the Franklin LIP was emplaced 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 geochronology studies have also produced
emplacement ages for the Franklin LIP ranging from 750-710 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 Ma and 716.9 + 0.4 Ma (/4), but the published



uncertainties are too large to determine whether there is a causal link between LIP
emplacement and the onset of the Sturtian glaciation or differentiate 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
Myr, with almost all high-precision studies showing emplacement in <1 Myr (3, /5). Based
on the established rates for LIP emplacement, the actual duration 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 (/6), 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 post-

emplacement exhumation.

1. Geologic setting



The Franklin magmatic event is one of the largest preserved LIPs in the geological
record (/7). Sills and dykes of the Franklin LIP (9) stretch from Alaska across Arctic Canada,
from Victoria Island to Baffin Island and into Greenland (9, 10) (Fig. 1). Some sills previously
mapped as part of the 1.27 Ga Mackenzie magmatic event (/8) are now recognized as part of
the Franklin LIP, extending the coverage of the LIP farther south to Great Slave Lake (79).
Assuming that these intrusions fed an extrusive continental flood basalt province that was later
eroded away, the outline of this area traces a half circle that covers >5 Mkm? of North America
with dykes radiating away from a focal point north of Banks Island (Fig. 1). If there was a
conjugate margin of similar area radiating away in the opposite direction that later rifted away,
potentially in Siberia (20), the Franklin LIP would be of comparable size to the ~11 Mkm?
Central Atlantic Magmatic Province (CAMP) and much larger than the 4 Mkm? Siberian traps
(17).

The Franklin LIP was emplaced on the Arctic margin of Laurentia prior to the rifting
of Siberia (20), and directly after rifting of North China from the northwest Cordillera (21),
creating an open margin. During an earlier stage of rifting of the Cordilleran margin, the ca.
778 Ma Gunbarrel LIP was emplaced from Wyoming to Yukon and across the western Slave
craton (Fig. 2) (22). The Gunbarrel LIP may have covered much of western North America
with basalt, but the extrusive component is only preserved in narrow, post-778 Ma rift basins
in the Mackenzie Mountains. In the Yukon, these late Tonian rift basins were reactivated by
Franklin-age magmatism (4).

In Arctic Canada, the Franklin LIP intrudes Archean to Paleoproterozoic basement
and Paleoproterozoic to Neoproterozoic sedimentary rocks and is locally preserved as

extensive basalt flows on Victoria Island (Fig. 2). Initial observations of dykes feeding



multiple 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 were all closely
linked in time (23). Franklin sills range from 1-100 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, the
Coppermine area in Coronation Gulf), Great Slave Lake, and the Cumberland Peninsula 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 have been
established and provide a geochemical framework for the rest of the Franklin LIP (23, 25—
27). On Victoria Island, the >4 km-thick Shaler Supergroup includes organic-rich shale and
sulfate evaporites (28, 29) and is succeeded by a >1 km-thick flood basalt sequence, the
Natkusiak Formation (30). In southwestern exposures, the Shaler Supergroup and Natkusiak
Formation contact is conformable, but to the northeast the contact is unconformable and
marked by sedimentary breccia (29, 3/). This northeastward pinch-out of the Shaler
Supergroup has been interpreted to record doming of the crust associated with the
impingement of the Franklin LIP mantle plume (3/). 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 stratigraphically with
crosscutting dykes and geochemically with different extrusive flow types (11, 26, 27),

providing coarse-grained equivalents to the extrusive units that can be more easily and reliably



dated. Evidence 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, 2) may be associated
with plume emplacement, which can generate intraplate deformation and surface topography
(34).

In the East Arm of Great Slave Lake, the ~50-250 m-thick Douglas Peninsula sill
intrudes sedimentary and volcanic rocks of the Paleoproterozoic Great Slave Supergroup and
Et-then Group (/9) (Fig. 2). Three potential paths for how the Franklin LIP mantle plume
could have fed the Douglas Peninsula sill on Great Slave Lake are shown on Figure 2: Path 1,
a plume-fed mantle flow around the keel of the Slave craton at depth; Path 2, southward
propagating dykes (parallel to the plane of the section) through the crust of the Slave craton;
and Path 3, southward continuation of the original sill province in the Proterozoic cover of the
Slave craton. In each of these scenarios, we assume 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.

2. 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 based on TiO; wt. % and light rare earth element (LREE) to

heavy rare earth element (HREE) ratios (25, 36). This classification and stratigraphy for the



Franklin LIP provides 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 with 45-51 wt. % SiO2 and 6-11
wt. % MgO (24, 27). Low-Ti (<1.2 wt. % TiO2; 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 eng (-6.1 to -0.8) and enr (-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 eng values
(27). Type 2 Franklin sills and upper Natkusiak sheet flow basalts have values of engd = +1 to
+8.8 and enr = +4.7 to +15.8, which indicate lesser degrees of contamination by continental
crust (27).

Type 1 rocks have been associated 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.

B. Results

1. 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
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LREE-enriched, concave downward REE patterns with negative Eu anomalies (Fig. S1).
Granitic sample 93JP-71JB 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
and F1966 but are slightly LREE-enriched and more HREE depleted. 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/Yb)cu (normalized to chondrite) reflect the REE slopes and are lowest
for F1966 (1.30) and the 93JP-71 samples (1.60—1.84). (Ce/Yb)cu values increase to 2.41 for
14RAT-513A and 2.97 for 93JP-93L. Values for S8, FA700408, and 17RAT-R35B1 range
from 3.41-7.64.

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

The ena(t) values calculated for an age of 719 Ma cover a wide isotopic range (Table
S2). Samples 17RAT-R35B1 and S8 have similarly negative eng values, -4.87 and -5.10, while
all other samples have positive enxg values ranging from 1.72 (FA700408) to 6.59 (F1966).

Fig. S2 plots (Ce/Yb)ch vs. end(719 Ma) for the samples in this study compared to data from

(27).

2. Geochronology



New high-precision U-Pb zircon geochronology yielded weighted mean 2°Pb/>*¥U
dates for the samples from Coppermine area (17RAT-R35B1), Minto Inlier (93JP-71JB),
Duke of York Inlier (93JP-93K, 93JP-93L), Brock Inlier (14RAT-513A), and Great Slave
Lake (F1966) that range between 719.86 + 0.21 to 718.61 = 0.30 Ma (Figs. 3, 4; Tables S3,
S5). Concordia plots for all zircon analyses are presented in Fig. 3 and plots for baddeleyite
analyses are included in the Supplemental Materials (Fig. S3). Uncertainties for weighted
mean dates in this study are reported as £ X/Y/Z, where X represents internal error only, Y
includes tracer calibration uncertainties, and Z includes both tracer calibration and decay
constant uncertainties for comparisons with different isotopic 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-71JB yielded a weighted mean 2°Pb/>*¥U date of 719.04 +
0.19/0.28/0.79 Ma (n =9/13, MSWD = 0.41)—the four excluded dates overlap the other dates
within uncertainty but have significantly 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 2°°Pb/?%U date of 718.77 +
0.30/0.36/0.82 Ma (n =4/10, 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 = 11/13, 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=9/10, MSWD = 3.71). Given the



metamict nature of the analyzed grains, the excluded younger analysis is likely impacted by
Pb-loss.

Analyses for samples 17RAT-R35B1 and F1966 produced an array of dates along
concordia and each had at least one significantly older analysis. No single weighted mean date
could be determined from the data collected. Considering only the analyses that overlapped
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 = 6/15, MSWD = 2.18) and the six older analyses that overlapped within
uncertainty for F1966 produced a weighted mean of 719.08 + 0.22/0.30/0.79 Ma (n = 6/18,
MSWD = 1.41).

Baddeleyite analyses for sample FA700408 (Baffin Island) generally plotted below
concordia, although two grains overlapped concordia 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% CI, n = 3/4, MSWD = 1.1). A single zircon analysis from this sample was
excluded for its large uncertainty. Finally, a date for sample S8 (Victoria Island) was
previously published in (4) but was recalculated with updated spike calibrations and U blank
estimates for Figure 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 (n = 5/7, MSWD =
1.99). The calculated upper-intercept date for S8 is 725.73 + 3.55 Ma (95% CI, n = 7/7,

MSWD = 1.1).

3. Thermochronology



New (U-Th)/He dates were obtained for sample F1966 in the southern part of the study
region to investigate the post-emplacement thermal and exhumation history. A total of six
zircon and six apatite (U-Th)/He (ZHe, AHe) dates were determined (Table S6). ZHe dates
span from 42 + 4 to 641 + 24 Ma (date uncertainty is the propagated 2c analytical uncertainty)
and are negatively correlated with effective uranium concentration (eU), a radiation damage
proxy (Fig. S5). AHe dates are Phanerozoic. Thermal histories able to explain these data were

investigated with inverse thermal history modeling (see supplemental text, Fig. S5, Table S7).

C. Discussion

1. Geochemistry of Type 1 and Type 2 Franklin LIP rocks

The relatively high (Nb/La)pm and low (Ce/Yb)ch ratios for the 93JP-71, 93JP-93,
F1966, and 14RAT-513A samples, coupled with positive initial ena(t) values and their
geographic location, suggests that these samples are from the Type 2 high-volume phase of
Franklin magmas. Samples 17RAT-R35B1 and S8 are distinct from the other samples in their
negative initial ena(t) values. The two samples—along with FA700408—show steeper REE
patterns (Fig. S1), with high (Ce/Yb)cn (3.41-7.64) and lower (Nb/La)pm values (0.20-0.42)
reflecting more crustal contamination, which is consistent with a Type 1 classification. A plot
of (Ce/Yb)ch vs. ena shows that samples 93JP-93, 93JP-71, 14RAT-513A, 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 enqa(t) value. These values could reflect a separate
high en¢ mantle source like Southern Type 1 basalts (see supplementary text), but with

considerably more crustal contamination.
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2. Interpretation of the U-Pb dates

We interpret the weighted mean 2°°Pb/?*3U dates for samples 93JP-71JB, 93JP-93K,
93JP-93L, and 14RAT-513A to reflect the intrusion and crystallization age of Franklin sills
between 719.04 +0.19 to 718.61 = 0.30 Ma (Fig. 4A, Table S3). These are new, high-precision
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, resulting in reversely discordant analyses in extreme
cases (16, 37). These samples both have prismatic crystals that commonly have melt channels
parallel to their c-axes and simple broad zoning in cathodoluminescence (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 resorption 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/?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
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Ma and 719.08 £ 0.22 Ma, respectively). Following this interpretation, the younger analyses
in these samples reflect pervasive Pb-loss. While the range of dates observed in these samples
preclude 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 the majority of
geological variance in the measured U-Pb dates to Pb-loss, including high uranium
concentrations, age, accumulated radiation 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. As such our interpretation of
the crystallization age of the sills as represented by the oldest major cluster of 2°°Pb/?*8U 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
mitigated while crystal recycling and detrital inheritance are often profound (e.g., 3).

We consider the new 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 2c uncertainty, indicating broadly
synchronous emplacement of the Franklin LIP Type 2 intrusions and volcanic rocks. The data
capture a snapshot of emplacement for voluminous Type 2 rocks spanning 0.47 + 0.37 Myr

(20 uncertainties added in quadrature). The interpreted older date from 17RAT-R35B1, which
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has geochemistry more representative of Type 1 rocks, is consistent with the cross-cutting
relationships constraining Type 1 to be older than Type 2 intrusions and volcanic rocks.
Together with the Type 2 rocks dated in this study, the duration of emplacement captured is
1.25 £ 0.37 Myr (20 uncertainties added in quadrature). If this range captures the main
emplacement period of the Franklin LIP, the duration of emplacement would be similar in
tempo with other well-dated LIPs (e.g., 3, 15).

Our new and previously published 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 lab as this study. The geochemistry of sill S&—which
we present here—is more consistent with the criteria for older Northern Type 1 rocks, but the
recalculated weighted mean 2°°Pb/?*8U date for this sample (715.19 + 0.41 Ma) is younger
than our new zircon dates from other samples (719.86+0.21 to 718.61 £ 0.30 Ma). We suspect
this younger date may reflect more extensive Pb-loss, which can be difficult to distinguish
from concordant analyses if uncertainties overlap with concordia. If the dates for S8 are
discordant due to Pb-loss, the upper-intercept date would more accurately represent the age
of crystallization; however, the calculated upper-intercept date for S8 is 725.73 + 3.55 Ma,
which overlaps in uncertainty with previous upper-intercept dates (//) 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 intra-
grain Pb migration (39), excess 2°’Pb due to ?*'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
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analyses closest to concordia would give a date closer to 712 Ma, which is similar to previous
baddeleyite geochronology in the same area (e.g., 10, 13). If instead the dates were considered
discordant due to Pb-loss and an upper-intercept age was calculated for the analyses, 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 timescales of emplacement for LIPs (3).

The range of zircon dates in our samples is significantly shorter than the ~40 Myr
range in dates previously obtained on the Franklin LIP, which was a result of both higher
uncertainties in most of the published 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; //) involved both bulk zircon and bulk
baddeleyite fractions. These analyses predate the development of the chemical abrasion
method for addressing Pb-loss in zircon (/6), and there is currently no chemical abrasion
approach for treating Pb-loss in baddeleyite (cf. 47). Previously published dates that are
younger than the dates obtained in this study may therefore be impacted by post-crystallization
Pb-loss. Inter-laboratory biases and systematic errors in different tracer calibrations further
complicate direct comparisons between our new 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 duration of Franklin LIP magmatism.

3. Temporal relationship to onset of the Sturtian Snowball Earth
The new emplacement age of the Franklin LIP, between 719.86 + 0.21 to 718.61 +
0.30 Ma, is older than previous constraints for the onset of the Sturtian glaciation between

717.4 £ 0.2 Ma and 716.9 + 0.4 Ma (also analyzed in the BSU Isotope Geology Laboratory
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using the same tracer calibration; /4) by 0.9—1.6 Myr (Figs. 4 and 5). Onset is constrained by
dates on ca. 718.1-717.4 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—716.5 Ma volcanic tuffs (/4). 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 (/4); however, similar tubular and bulbous structures, isolated pillows,
and ropey textures have been described in subglacial settings (43, 44), such that the subaerial
and pre-glacial interpretation is non-unique, and member E alternatively may have been
emplaced in a subglacial setting in an environment like Antarctica’s dry valleys. Given these
limitations, the interpreted constraint on the onset of the Sturtian glaciation based upon the ca.
717.4 Ma volcanic rocks should only be taken as a minimum age constraint on Sturtian onset.
It could have taken up to several 100 kyr after the ocean froze over for continental ice sheets
to thicken sufficiently to flow and produce glacial structures at their periphery (43, 46).
Other strict age constraints on the maximum age for the initiation of the Sturtian
glaciation come from Ethiopia, South China, and Arctic Alaska and have all yielded ages of
ca. 719-720 Ma in pre-glacial strata (Fig. 5; 47—-49). Glacial onset ages have been extrapolated
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% confidence interval; 47) and 717.61 = 1.65 Ma (95% confidence
interval; 48). These estimates are consistent with onset between 717.4 = 0.2 Ma and 716.9 +

0.4 Ma based on constraints from the Mt. Harper Group. In comparing the maximum
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constraint on onset (717.4 £ 0.2 Ma) and 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 Myr (20 uncertainties added in quadrature).

4. 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 mafic lithologies (57—
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 ~1-2 Myr of emplacement (2, 53, 55), after which time the development
of regolith and soil shielding will decrease weatherability (54, 56).

Despite the sink for CO» that LIPs provide on million-year timescales, many LIPs are
not associated with glaciation. The Siberian Traps were comparable in size to the Franklin
LIP and the preceding Mackenzie LIP may have been even larger, but neither resulted in a
Snowball Earth episode. The lack of correlation between multimillion-year glacial events such
as the Permo-Carboniferous glaciations 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
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composition of the country rocks that the LIP is emplaced in (2), and even the paleogeography
of the continents at 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
due to its emplacement at high latitudes (55). The Mackenzie LIP was emplaced in an
intracontinental setting in a subsiding basin (/8, 58), decreasing its topographic relief and
weathering impact. In contrast to other LIPs, the emplacement of the Franklin LIP occurred
in conjunction with several factors that increased global weatherability and allowed for
runaway cooling on a 1-2 Myr timescale (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), large igneous provinces 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).
Additionally, it has been suggested that reduced continental volcanic 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, it will likely be buried and not
significantly 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, 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 due to impact with the lithosphere, early uplift at the plume axis is
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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 unconformity below sub-areal
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 (3/), supporting the
hypothesis that the Franklin LIP generated dynamic topography and created volcanic
highlands rather than submerged lowlands associated with sedimentation and burial. The
Natkusiak Formation exhibits prehnite-pumpellyite facies metamorphism attributed 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 carbonates 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 which 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 lead us to conclude that the burial scenario is unlikely, and that
broad volcanic highlands, much like modern Ethiopia, covered a significant area of tropical
Laurentia (Fig. 2, S5).

Dynamic topography resulting from plume-head impact is expected to persist on the
order of 10 Myr (65), and basaltic highlands associated with the Gunbarrel and Franklin LIPs

would have contributed to high global weatherability at the Tonian-Cryogenian boundary
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(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 ppm (55), demonstrating the potential for cooling associated with the weatherability
of LIPs. Thus, the hypothesis 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 ~1-2 Myr; this is consistent with the
geochronology presented herein.

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 glaciation, 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 residence times of aerosols (5), and biogeochemical changes would
likely cause cooling on timescales of 10°~10* years (66). The timeline presented herein is
inconsistent with direct, short-term (<100 kyr) 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.
Based on the approximate 10%-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 Snowball
Earth glaciation suggest that it began ~0.9—1.6 Myr after peak Franklin LIP volcanism.
Geology and thermochronology at the northern and southern edges of the study area,

respectively, are compatible with post-emplacement exhumation corresponding to
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development of Tonian-Cryogenian volcanic highlands in Cordilleran 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 magmatism and one of the most

extreme episodes of climate change in the geologic record.

D. Materials and Methods

Whole rock major element, trace element, and Sm-Nd isotope geochemistry were
performed for all samples in addition to gabbro sample S8, the source of the most recent high-
precision U-Pb baddeleyite date on the Franklin LIP (4). Major and trace element
concentrations for samples FA700408 and F1966 were measured at California Institute of
Technology following the procedure in (67). A Retsch planetary ball mill (PM 100) with agate
grinding containers 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-ICPMS following the
methods in (68).

The other six samples (93JP-71JB, 93JP-71M, 93JP-93L, S8, 14RAT-513A, 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 re-
powdered 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
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fluorescence spectrometer. Trace elements were measured using LA-ICPMS on the fused
glass beads following the procedures by (70).

Mineral separation for the U-Pb analyses was done at Harvard University and UCSB.
Since most samples were only hand samples from archive, mineral separation procedures were
tailored to maximize potential yield of zircon and baddeleyite grains. All samples were hand-
sledged into chips that were <1 cm® and then pulsed in 1-2 s intervals in a SPEX 8530
ShatterBox® followed by sieving for the <500 pm fraction. The <500 pum fraction for each
sample was handwashed in 5 L 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 2 oz. of sample were left after the first run on the Frantz, the sample was not run a second
time. If the sample was mostly magnetic, the tilt angle was increased by 5—-10° to ensure that
no non-magnetic 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 baddeleyite. Zircon and baddeleyite grains were hand-picked for each sample from
this final fraction.

Geochronological analyses were done at Boise State University. Zircon crystals were
mounted in epoxy, polished to expose grain cores, and imaged using a cathodoluminescence
(CL) detector. U-Pb dates were obtained using the CA-ID-TIMS procedure developed by (76).
Dissolution, spiking, and column chemistry procedures are described in more detail in the
supplement. Baddeleyite geochronology followed the same procedure except grains were not

subjected to chemical abrasion and were instead fluxed in 3.5 M HNOs for 20-30 min on a
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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 IsoplotR (71).

Sm and Nd isotope geochemistry was done at the Isotope Geology Laboratory at Boise
State University. Powdered samples were spiked and dissolved at 220°C for 18 hrs. Detailed
column chemistry procedures are described in the supplement. 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 following methods described in the supplement.
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(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.
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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 Supplemental
Materials (Fig. S3). Concordia plots were modified from IsoplotR (77). Gray data ellipses are
excluded from the weighted mean dates. All uncertainties are 2. Uncertainties for weighted
mean dates in this study are reported as + X/Y/Z, where X represents internal error only, Y
includes tracer calibration uncertainties, and Z includes both tracer calibration and decay
constant uncertainties for comparisons with different isotopic chronometers. Four low
precision analyses are excluded from the plots for 93JP-71JB—the excluded data overlap the

plotted analyses within uncertainty (Fig. 4A).
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with Pb-loss that plot younger than 713 Ma. B. Previous geochronology on the Franklin LIP
yielded weighted mean or upper-intercept dates that range from 750-710 Ma; analyses from
735-710 Ma are plotted (4, 10—13, 19). Previous upper-intercept dates were recalculated with
the updated 2*3U/?*°U ratio for terrestrial zircon of 137.818 (75) using IsoplotR (71).
Neoproterozoic 2°Pb/**%U 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 grey coloration indicates either single or bulk
baddeleyite analyses; the single diagonally striped sample (/7) 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 rectangles for S8 show the older
upper-intercept and younger 2°Pb/*®U dates calculated from single-grain baddeleyite
analyses in (4), while the rectangle shown for FA700408 is the calculated upper-intercept date
(95% CI 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 2¢ uncertainties include internal and
tracer calibration errors for interlaboratory comparison. The light blue bar across the plot
represents the most precise age constraints on the onset of the Sturtian glaciation between

717.4 +£ 0.4 Ma and 716.9 £ 0.5 Ma (including tracer calibration errors; /4).
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Fig. 5. Stratigraphic constraints on the onset of the Sturtian glaciation. Franklin LIP
data from this study compared to existing constraints on the onset of the Sturtian glaciation
(14, 47, 48, 76). Since all analyses used the same technique and same isotopic tracer, only
internal uncertainties were plotted for comparison. Purple arrows 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 arrows 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 kyr 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).
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I1. Tonian basins record rifting of Kalahari from Rodinia and no

evidence of a Kaigas glaciation

A. Introduction

Three global climate states emerge from energy balance models: an ice-free state, a
climate with high-latitude ice like today, and a Snowball state in which the Earth is
entombed in ice (Hoffman, 2009; Ferreira et al., 2011). At least twice during the Cryogenian
Period of the Neoproterozoic Era, ice extended to the equator, consistent with Earth entering
a Snowball state. The Snowball Earth hypothesis predicts that glaciation associated with this
climate state should be global in extent, begin synchronously, last millions of years, and end
synchronously (Hoffman and Schrag, 2002), which has been borne out by geochronology
studies (Rooney et al., 2015).

A ca. 750 Ma, pre-Sturtian glaciation, referred to as the Kaigas glaciation, has also been
proposed (Frimmel et al., 1996a; Key et al., 2001; Xu et al., 2009), and used to argue that the
Neoproterozoic glaciations were Quaternary-like with a number of ice-advances separated by
inter-glacial periods (Allen and Etienne, 2008). Proposed pre-Sturtian glacial deposits include
the Kaigas Formation (Fm) of the Gariep belt on the Kalahari craton (Von Veh, 1988; Frimmel
et al., 1996a; Frimmel, 2008), the Bayisi diamictite on the Tarim craton (Xu et al., 2009), the
Grand Conglomerate from the Kundelungu Basin of the Congo craton (Key et al., 2001), and
the Konnarock Fm in the southern Appalachians of Laurentia (MacLennan et al., 2020).
However, Rooney et al. (2015) demonstrated that the Grand Conglomerate of the Congo was

instead <727 Ma, consistent with a Sturtian age, and that ca. 750 Ma strata were deposited on
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western Laurentia without direct evidence of glaciation. Non-glacial strata were also deposited
at this time in the Arabian-Nubian Shield (Park et al., 2020), which together with the Laurentia
data preclude the occurrence of a global, low-latitude glaciation ca. 750 Ma. Additionally, no
definitive evidence for Tonian glacial sedimentation has been demonstrated on the Tarim
block given that the poorly-sorted conglomerates of the Bayisi diamictite formed in a volcanic
rift (Xu et al., 2009). The interpretation of a 740 = 7 Ma U-Pb age using a sensitive high-
resolution ion microprobe (SHRIMP) on zircon in the Bayisi diamictite is complicated by
possible inheritance from underlying ca. 750 Ma volcanic rocks (Xu et al., 2009). The
remaining evidence for a low-latitude Tonian glaciation relies on studies from the Kalahari
craton (Hofmann et al., 2015; Frimmel, 2018; Gaschnig et al., 2022; Zieger-Hofmann et al.,
2022) and eastern Laurentia (MacLennan et al., 2020). Constraining the age and extent of
these Tonian deposits is important not only for establishing a chronology for glaciations, but
also for understanding the stability of climate states and the background climate during
initiation of Snowball Earth. Did the Sturtian Snowball Earth follow a period of high-latitude
ice and significant ice advances, or did the start of the Sturtian mark a more abrupt change in

climate state from an ice-free period?

B. Geological background
Neoproterozoic strata are preserved in the Gariep Belt in N-S trending exposures
straddling the Orange River along the border between Namibia and South Africa (Fig. 1; e.g.,
Frimmel, 2008; Macdonald et al., 2010). The Gariep Belt can be split into two parts: the

autochthonous and parautochthonous Port Nolloth Group and the allochthonous, oceanic
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Marmora Terrane west of the Schakalsberge Thrust (Kroner, 1975; Von Veh, 1988; Jasper et
al., 1992). The Port Nolloth Group consists of a Neoproterozoic terrestrial to marginal marine
sedimentary succession deposited on Namaquan basement and intercalated with rift-related,
bimodal volcanic rocks (Frimmel et al., 1996a). Rift-related magmatism continued through
751.9 £ 5.5 Ma (Borg et al., 2003), before Cryogenian to early Ediacaran passive margin
deposition (Macdonald et al., 2010). The passive margin deposits of the Port Nolloth Group
are followed by foreland basin deposits of the Nama Group, which, near its base, has a syn-
depositional U-Pb CA-ID-TIMS age constraint of 547.36 = 0.91 Ma (Grotzinger et al., 1995;
Bowring et al., 2007).

The Gariep Belt was deformed from the Ediacaran to Cambrian (Von Veh, 1988;
Jasper et al., 1994) with prominent N-S to NW-SE striking folds and thrust faults dipping to
the W or WSW (Fig. 1). These thrust faults reactivated and inverted Tonian to Cryogenian
normal faults that had originally created accommodation space in the basin (Jasper et al., 1994,
2000).

From oldest to youngest, the Port Nolloth Group consists of the Stinkfontein Subgroup
(including the Kaigas Fm), Hilda Subgroup, Numees Fm, and Holgat Fm (Fig. 2; Von Veh,
1988; Jasper et al., 1992; Frimmel, 2008; Macdonald et al., 2010). The basal Stinkfontein
Subgroup is divided into conglomerates and sandstones of the Lekkersing and Vredefontein
formations (Von Veh, 1988; Frimmel, 2008). The Stinkfontein Subgroup is intruded by the
793 +1.7/-1.5 Ma Gannakouriep dikes (Rioux et al., 2010), providing a minimum age

constraint on the deposition of the Port Nolloth Group.
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At the type locality in the Richtersveld of South Africa, the Kaigas Fm conformably
and gradationally overlies quartzite of the Stinkfontein Subgroup (Kréner, 1975; Von Veh,
1988). Elsewhere, this contact has been portrayed as unconformable (Frimmel, 2018), but this
could be due to miscorrelation with the Numees Fm (cf. Jasper et al., 2000; Macdonald et al.,
2010; Zieger-Hofmann et al., 2022). The Kaigas Fm generally consists of laterally
discontinuous conglomerate and sedimentary breccia with subangular to subrounded clasts
composed dominantly of local basement. It includes graded beds of coarse-grained arenite and
pelite, which have been interpreted as turbidites (Von Veh, 1988). The Kaigas Fm was
considered a unit in the Stinkfontein Subgroup by Kroner (1975) and Von Veh (1988), but it
was subsequently moved to the Hilda Subgroup by Frimmel (2008, 2018). Our observations
of the Kaigas Fm on farm Trekpoort 96 are consistent with the earlier descriptions of its
discontinuous nature (e.g., Jasper et al., 2000), and we have chosen to follow the original
position of the Kaigas Fm as a formation within the Stinkfontein Subgroup (Fig. 2).

Carbonate strata mark the base of the overlying Picklehaube Fm of the Hilda Subgroup
(Von Veh, 1988). The Picklehaube Fm consists of laminated carbonate interbedded with pelite
and feldspathic quartz arenite (Frimmel, 2008). In deeper-water sections, the Picklehaube Fm
consists of >200 m of carbonate (Von Veh, 1988; Macdonald et al., 2010). The Picklehaube
Fm interfingers with and is overlain by volcanic and volcaniclastic rocks of the Rosh Pinah
Fm (Alchin et al., 2005; Frimmel, 2008, 2018). The inferred volcanic center is on farm
Spitzkop 111 where rhyolites and volcaniclastic units form the Spitzkop Suite (Frimmel et al.,
1996b; Alchin et al., 2005). The Rosh Pinah Fm also includes planar-laminated allodapic

limestone and mudstone, platform carbonates, breccias, and olistostromes (Alchin et al., 2005;
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Frimmel, 2008). The Rosh Pinah Fm culminates in >100 m of graded sandstone and pelite,
which also have been mapped as the Wallekraal Fm (Alchin et al., 2005; Frimmel, 2018). Age
constraints on the Rosh Pinah Fm include a SHRIMP U-Pb zircon age of 751.9 + 5.5 Ma from
a felsic volcanic rock by the Skorpion Mine (Borg et al., 2003) and a Pb-Pb zircon evaporation
age of ~742 Ma from an isolated outcrop (Frimmel et al., 1996b). Stratigraphic context for
these ages is lacking.

The Picklehaube and Rosh Pinah formations of the Hilda Subgroup are succeeded by
the overlying Numees Fm, a glaciogenic diamictite with banded iron formation (Jakkalsberg
Member). The transgression above the Numees starts with the Bloeddrif Member, the Sturtian
cap limestone, and deeper-water clastic units and carbonate of the lower Holgat Fm (Von Veh,
1988; Macdonald et al., 2010; Frimmel, 2018). These are overlain by the Marinoan-age
Namaskluft diamictite and the 635 Ma Dreigratberg cap dolostone of the upper Holgat Fm
(Macdonald et al., 2010). Previous workers have included the Dabie River and Wallekraal
formations in the stratigraphy of the Port Nolloth Group, but these formations have been
variably assigned to both the Hilda Subgroup and the Holgat Fm and have lost their
stratigraphic utility (¢f- Von Veh, 1988; Macdonald et al., 2010; Frimmel, 2018; Zieger-
Hofmann et al., 2022). We do not refer to them herein.

Below, we describe stratigraphy, map relationships, and geochronology at farm Trekpoort 96
(Fig. 1B), which is located between Skorpion mine, the location of previous age constraints
for the Kaigas Fm (Frimmel et al., 1996b; Borg et al., 2003), and the volcanic center at
Spitzkop 111 (Alchin et al., 2005). We also report stratigraphy, map relationships, and

geochronology from exposures along the Orange River (Fig. 1B), where glacial deposits have
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been associated with a putative Tonian Kaigas glaciation (e.g., Frimmel, 2008; Zieger-

Hofmann et al., 2022).

C. Methods

Field work was conducted in 2017 and 2018. Geologic maps were created by drafting
on paper maps (1:7540 scale) and by mapping at variable scales using the FieldMove mapping
application on an iPad. Stratigraphic sections were measured using a folding meter stick. In
places where units are truncated or fault repeated, multiple shorter sections were measured to
piece together composite sections. Samples for U-Pb geochronological analyses were
collected while measuring stratigraphic sections. Coordinates for sample locations and sample
lithologies are listed in Table S1.

Zircon grains were annealed at 900°C before being mounted in epoxy, polished, and
imaged by cathodoluminescence (CL) to observe zircon zoning with the goal of identifying
xenocrystic or metamict grains. They were then analyzed for U and Pb isotopes by laser
ablation split stream (LASS) analyses using a Nu Instruments multi-collector inductively
coupled plasma mass spectrometer (MC-ICPMS) and Agilent 7700X quadrupole ICPMS at
UC Santa Barbara, following the procedures in Kylander-Clark et al. (2013) and Kylander-
Clark (2017). Data were reduced using iolite4 software (Paton et al., 2010, 2011) and IsoplotR
(Vermeesch, 2018). Standard error was propagated using methods described in Paton et al.
(2010) and Horstwood et al. (2016). To compare data between analytical sessions and
different U-Pb techniques, long-term excess variance (2% 2c on 2%Pb/?*8U ratios) was

included in the error calculations on each ratio and also applied to weighted mean ratios to

43



propagate the uncertainty on the date (see Horstwood et al., 2016). These errors incorporating
systematic uncertainties are reported using an *“s” instead of ¢ to indicate the added dispersion.

A subset of the grains from samples ES1772-8 and ES1772-52 analyzed using LASS
were selected for chemical abrasion-isotope dilution-thermal ionization mass spectrometry
(CA-ID-TIMS) analyses at the MIT Isotope Laboratory, following the procedures outlined in
Ramezani et al. (2022).

Detailed analytical methods for LASS and CA-ID-TIMS analyses are available in the
Supplementary Materials. Complete Pb and U isotopic data are given in tables S2 and S3.
Uncertainties on the weighted mean dates are given as 20 and in the £ X/Y/Z Ma format,
where X is the internal error based on analytical uncertainties only, Y includes X and the tracer
calibration uncertainty, and Z includes Y plus the 2*®U decay constant uncertainty of Jaffey et
al. (1971). Y should be considered when comparing U-Pb dates with those obtained by

different analytical methods or ID-TIMS dates using different isotopic tracers.

D. Results
1. Stratigraphy of the Trekpoort Syncline
Section JP1801 on farm Trekpoort 96 is the most complete section from the upper
Stinkfontein Subgroup to the lowermost Numees Fm and represents the general stratigraphy
in the area (Fig. 3). The unit descriptions below refer to the lithologic and stratigraphic
changes recorded in this section but also incorporate observed facies changes from correlative
units in other lateral sections.

1.1 Stinkfontein Group/Kaigas Formation
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The Stinkfontein Subgroup locally onlaps basement with conglomerate but is in
fault contact with the basement along much of the outcrop belt (Fig. 1, detailed map in
Fig. 3). The lower Stinkfontein consists of medium- to coarse-grained quartz sandstone
with <5-20% metamorphic mica. Within 20 m of the base, there are lenses of arkose and
conglomerate with subrounded to rounded, cm-scale granitic pebbles. Decimeter- to
meter-scale trough and tabular cross-stratification is common (Fig. 4A). These coarse-
grained units fine up-section into thin interbeds of recrystallized carbonate beds and fine-
grained green and white sandstone, with the dark green coloration due to increased mica
content (i.e., biotite and chlorite).

To the northwest, in sections F1811, F1810, and F1814, weakly-bedded basement
clast-supported sedimentary breccia of the Kaigas Fm is preserved as growth strata against
basement. These relationships are preserved in slivers where a Tonian syn-sedimentary
normal fault was inverted by multiple strands of a Cambrian thrust fault zone (Fig. 3).
Southwest of the faults, section F1814 consists of channelized arkosic sandstone and
conglomerate with meter-scale tabular and trough cross-beds. A second syn-sedimentary
fault is preserved along a basement high between section F1811 and F1810. In these
sections, conglomerate and sedimentary breccias consisting of basement clasts dominate
the lower 10s of meters of the section (Fig. 4B), which are succeeded by arkosic sandstone
and minor carbonate.

1.2. Picklehaube and Rosh Pinah formations
A road passes between the Kaigas and overlying Picklehaube and Rosh Pinah

formations of the Hilda Subgroup on Trekpoort 96 and the contact is covered by ~150 m
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of non-exposure in section JP1801. Above the cover, the lowest units consist of
interbedded recrystallized carbonate and green phyllite. This strata is succeeded by planar
bedded fine- to medium-grained sandstone with minor cross-bedding and interbedded
dolomite and calcisiltite. Blue recrystallized dolomite with bands of dark brown
silicification serve as marker beds and locally preserve microbial laminations and rip-up
clasts. These sandstone and calcisiltite interbeds continue upwards in the stratigraphy for
~150 m before the first conglomerate beds with boulder clasts appear. The conglomerates
are poorly sorted, clast-supported deposits with grain size ranging from very fine gravel
to cobbles and boulders. The clasts are all granitic in composition in the first gravel bed,
but subsequent gravel beds contain a variety of clast compositions including granite,
quartzite, siltstone, and carbonate. The conglomerates have poorly-defined bedding but
locally contain fining-up sequences. At ~450 m above the base of the section, m-scale
normal grading becomes well-defined with conglomerate and coarse-grained sandstone
beds fining upward to grey shale beds.

Above the first shale beds, the Rosh Pinah Fm includes fine-grained, porphyritic meta-
rhyolite flows with quartz and alkali feldspar phenocrysts (Frimmel et al., 1996b), which
were collected for U-Pb zircon geochronology (ES1772-8, ES1772-52; Fig. 3). The
rhyolites host K-feldspar phenocrysts rimmed by biotite porphyroblasts. Up-section from
the rhyolite flows, carbonate beds decrease in frequency and are succeeded by finer-
grained siliciclastic, downslope facies.

1.3. Numees Formation
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On farm Trekpoort 96, the base of the Numees Fm is gradational and begins with
lonestones in a siltstone to sandstone matrix (Fig. 4C). The background sedimentation
coarsens just below the appearance of dropstones and includes well-sorted, fine- to
medium-grained quartz-arenite beds that transition into a stratified diamictite. The lower
stratified diamictite is ~60 m thick with pebble- to cobble-sized granite and carbonate
clasts. The stratified diamictite is interbedded with well-laminated siltstone and shale and
fine- to medium-grained sandstone with both planar lamination and cross-stratification.
The stratified diamictites are interbedded with, and succeeded by, tens of meters of graded
beds of conglomerate with irregular bases that fine upward to sandstone. These are
succeeded by meter-thick beds of massive diamictite that are poorly sorted and clast-rich,
with granite and carbonate clasts. The Numees Fm is the uppermost unit exposed in the

core of the Trekpoort syncline.

2. Spitzkop Suite

Rhyolites in the Rosh Pinah Fm have been correlated with the Spitzkop Suite exposed

on farm Spitzkop 111 (Alchin et al., 2005). At Spitzkop 111, the volcanics consist of massive

to flow-banded quartz-alkali feldspar meta-rhyolites to rhyodacites and locally reworked

lapilli tuff breccias (Frimmel et al., 1996b). A sample of the quartz-feldspar rhyolite was

collected for U-Pb zircon geochronology (sample JP1710; Fig. 3). The volcaniclastics include

tuffaceous siltstones and sandstones that have been metamorphosed to biotite-chlorite-sericite

schists with minor calcite and clinozoisite (Frimmel et al., 1996b; Frimmel, 2008). The

tuffaceous units preserve sanidine phenocrysts and subrounded to rounded detrital quartz and

47



feldspar grains, suggesting reworking (Frimmel et al., 1996b; Alchin et al., 2005; Frimmel,

2018).

3. Stratigraphy along the Orange River

The Port Nolloth Group stratigraphy and map relationships along the Orange River are
central to previous interpretations of a glacial origin for the Kaigas Fm and to the
interpretations of this study. Von Veh (1988) and Frimmel (2018) mapped the
southeasternmost diamictite exposure (Fig. 5) as the Kaigas Fm and extended these units south
of the Orange River. In contrast, Macdonald et al. (2010) mapped all of these exposures as the
Numees Fm with lithofacies differences between outcrops due to lateral facies changes. More
recently, Zieger-Hofmann et al. (2022) suggested that all exposures of the Kaigas Fm south
of the Orange River are Numees Fm, but that the diamictite along the Orange River on the
Namibian side of the border is part of the Kaigas Fm. A complication and difficulty in
interpreting the stratigraphic affinity of these outcrops is that they are situated along the
southern extension of the Rosh Pinah thrust fault, which marks the boundary between the
autochthon and parautochthon (Fig 1; Jasper et al., 1994, 2000).

Detailed mapping and logging of stratigraphic sections along the Orange River clarify
the structural and stratigraphic relationships of what was previously interpreted as the Kaigas
Fm by Von Veh (1988) and followed by others (Frimmel, 2018; Zieger-Hofmann et al., 2022).
Depositional contacts between diamictite on basement are exposed on the eastern margin of
the belt, where isoclinally folded diamictite is overlain by the Sturtian Bloeddriff cap

carbonate (Fig. 5, zoomed-in map). The Bloeddriff Member is structurally below exposures
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of the Hilda Subgroup along a major thrust fault that can be followed north into the Rosh
Pinah thrust, which places the Hilda Subgroup and Numees Fm structurally above the Nama
Group (Fig. 5). These structural relationships demonstrate that the diamictite along the Orange
River is to the east of the Rosh Pinah thrust fault and is attached to the autochthon. This
diamictite and overlying Bloeddriff Member can be traced north where they are overlain by
the Namaskluft diamictite, Dreigratberg cap carbonate, upper Holgat Fm, and sandstone of
the Dabis Fm of the Nama Group (Fig. 1). The stratigraphic implication of these mapping
results confirms the previous interpretation of Macdonald et al. (2010) that the easternmost
diamictite exposures adjacent to basement should be interpreted as the Sturtian Numees Fm
rather than the Kaigas Fm.

The units overlying the lower diamictites in both the eastern belt and at Dreigratberg
were previously mapped as part of the Picklehaube Fm (Von Veh, 1988; Frimmel, 2018).
However, there are additional glacial diamictites in these belts that are overlain by distinctive
marker beds with tubestone stromatolites and sheet-crack cements at their base that were
assigned to the ca. 635 Ma Dreigratberg cap carbonate (Fig. 5; Macdonald et al., 2010). In the
northeast exposure of the Orange River map area (Fig. 5), sections F819, F820, JP1803,
JP1804, and JP1805 capture the stratigraphic transition from basement to the Bloeddrif
Member through the Cryogenian portion of the Holgat Fm and end with the basal Ediacaran
Dreigratberg cap dolostone. In the southwestern exposure of the Orange River map area by
Dreigratberg, sections F816, F912, and JP1806 are measured through the Namaskluft
diamictite (Fig. 5); here, it is 1-25 m thick, clast-poor diamictite with a medium to coarse-

grained sandstone matrix and contains pebble- to cobble-sized clasts of dolostone and granite.
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At both localities, the Dreigratberg cap carbonate and upper Holgat Fm are overlain by

sandstone of the Dabis Fm of the Nama Group.

4. U-Pb LASS and CA-ID-TIMS geochronology

Samples ES1772-8 and ES1772-52 were collected from rhyolite units in the Rosh
Pinah Fm within a measured section (ES1772) on Trekpoort 96 (Fig. 3) and analyzed by LASS
(Fig. 6A and 6B). Analyses that were more than 10% discordant between their 2*’Pb/?*Pb and
206ph/238U dates were excluded from weighted mean calculations for LASS. Additional
outliers were excluded using Chauvenet’s criterion in IsoplotR (Vermeesch, 2018). LASS
analyses of sample ES1772-52 produced a 2°Pb/**®U weighted mean date of 740 + 14 Ma (2s,
n=105/110) and ES1772-8 produced a 2**Pb/**3U weighted mean date of 744 + 14 Ma (2s, n
= 112/116). The two samples were then analyzed using CA-ID-TIMS for higher precision.
Nine grains were analyzed from sample ES1772-52 and ranged in 2*°Pb/?*8U dates from
753.08 £ 0.76 Ma to 748.3 = 1.6 Ma (Fig. 6A). Two analyses had much larger uncertainties
due to their low U contents (<30 pg) and were excluded from weighted mean date calculations.
The youngest group of remaining analyses with an MSWD consistent with a single population
produced a weighted mean 2°Pb/>38U date of 751.82 + 0.32/0.46/0.93 Ma (26, n = 5/9, MSWD
= 1.7). Six grains were analyzed from sample ES1772-8 and produced a weighted mean
206ph/2381 date of 752.38 + 0.26/0.41/0.90 Ma (20 uncertainty, MSWD = 1.2; Fig. 6B) without
any outliers. The CA-ID-TIMS dates are interpreted as the crystallization ages of the

volcanics.
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Sample JP1710 was taken from a rhyolite unit in the Spitzkop Suite, which has been
attributed as the source of the Rosh Pinah volcanics (Alchin et al., 2005). The sample is a fine-
grained quartz rhyolite with welded clasts. LASS analyses for JP1710 provided a 2*°Pb/?*8U
weighted mean date of 740 + 14 Ma (2s, n = 26/26; Fig. 6C).

Nine samples from various units in the Stinkfontein Subgroup, Rosh Pinah Fm, and
Holgat Fm were collected for detrital zircon analyses (Fig. 7). Kernel density estimates
(KDEs) for the detrital dates in each sample are plotted in Fig. 7 along with a sample from the
Numees Fm from Hofmann et al. (2015). The lowest samples in the section (JP1801C-26.9,
F1814-366.0) within the Stinkfontein Subgroup were collected from interbedded, fine-
grained, green and white sandstone beds and show a prominent date peak at ~1.9 Ga and a
subsidiary peak at 1.1 Ga. No zircon grains in these samples were younger than 790 Ma. The
next highest sample in the section, JP1801-51.3, is a schistose, blue-green pelite from the
lowest exposures of the Rosh Pinah Fm with a similar dominant peak at ~1.9 Ga and secondary
peaks at ~1.3, 1.2, and 1.1 Ga. In the Rosh Pinah Fm, the dominant peak shifts from ~1.9 Ga
to 1.3 and 1.1 Ga. Up-section, there is a persistent population of ~1.9 Ga zircon, but it is a
much smaller peak than in the samples at the base of the section. The older ~1.9-1.8 Ga peak
becomes prominent again in the sample from the Numees Fm (Nam 79 from Hofmann et al.,
2015) and the samples from the lower Holgat Fm and Namaskluft diamictite, but all samples
maintain a significant portion of ~1.1 Ga zircon. The only sample that contains zircon grains
that are Cryogenian in age is JP1805-0.8, taken from the Namaskluft diamictite just below the
Marinoan cap carbonate. The two youngest grains have 2°°Pb/2*¥U dates of 630 + 22 Ma and

645 £ 23 Ma (2s).
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E. Discussion
1. Depositional environments
1.1. Stinkfontein Subgroup/Kaigas Formation

The sedimentary facies observed in the Stinkfontein Subgroup in the Trekpoort
Syncline are consistent with previous descriptions of conglomeratic alluvial fan to fan
delta deposits that transition up-section to near-shore marine deposits, which formed off
of an active fault scarp (Jasper et al., 2000). Particularly, on farm Trekpoort 96, wedge-
shaped bodies of sedimentary breccia of the Kaigas Fm abut basement and are interpreted
as proximal fan deposits near the base of topographic relief (e.g., see section F1814 in Fig.
3; Blair and McPherson, 2009). The sedimentary breccias are overlain by coarse-grained
sandstone with meter-scale cross-stratification and foresets dipping to the west, northwest,
and southeast (Fig. 3). These coarse-grained sandstone beds with variable foresets are
interpreted to have formed as sand bars in a transitional fluvial to nearshore marine
environment (e.g., Blair and McPherson, 2009).

In our mapping, all deposits previously mapped as the Kaigas Fm by the Orange
River have been reinterpreted as the Numees Fm (Fig. 5). On the autochthonous
exposures, the Numees Fm consists of matrix-supported diamictite and sandstone that
overlies basement, unlike at Trekpoort 96 where the Kaigas Fm consists of clast-supported
sedimentary breccia that abuts basement along syn-sedimentary faults (Fig. 8). The Kaigas
Fm is closely associated with the Rosh Pinah thrust fault, which was originally a west-

dipping normal fault that created the accommodation space for rift-related deposits of the
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Port Nolloth Group (Jasper et al., 1994). The Kaigas Fm is only observed near the Rosh
Pinah Fault, indicating that Tonian displacement along the fault was a key factor in
creating the basement topographic highs that shed the proximal fan deposits onto the

hanging-wall parautochthonous blocks (Fig. 8).

1.2. Picklehaube and Rosh Pinah formations

The interbedded siliciclastic and carbonate rocks of the Picklehaube and Rosh
Pinah formations capture the transition from terrestrial alluvial fan to shallow marine
environments (Von Veh, 1988). Cross-stratification, soft-sediment deformation, coarse-
grained calcarenites and microbial mats with rip-up clasts suggest a high-energy, near-
shore environment. The repeated occurrences of gravel beds with cobble and boulder
clasts are interpreted as subaqueous sediment gravity flows from a fan delta that
experienced syndepositional tectonism during continued rifting. Similar matrix- and clast-
supported conglomerates interbedded with sandstones and mudstones have been described
in Miocene rift basins in the North American Basin and Range province and interpreted
to define the intersection between subaqueous fan delta and nearshore environments (e.g.,
Horton and Schmitt, 1996). Deepening of the basin over time is indicated by the fining-
up sequences of the siliciclastic rocks from conglomerates and sandstones to siltstones and
dark grey shales. Graded beds in the upper portion of the sequence, previously assigned
to the Wallekraal Fm (Frimmel, 2018) and now assigned to the Tonian Rosh Pinah Fm,
are interpreted as turbidites that indicate a transition to an offshore slope to basin

environment.
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1.3. Numees Formation

The turbidites of the upper Hilda Subgroup coarsen to fine- to medium-grained
sandstone beds before the first appearance of dropstones, consistent with shallowing at the
onset of Cryogenian glaciation (Hoffman et al., 2017). The gradational contact suggests
existing accommodation space and/or tectonically-driven subsidence outpaced
glacioeustatic sea level fall. The stratigraphic progression of the Numees Fm at Trekpoort
96 from turbidites interbedded with stratified diamictite to crudely bedded and weakly
sorted massive diamictites is interpreted to record progradation from ice-rafted debris to
flow tills that formed directly offboard of the ice-grounding line (e.g., Domack and

Hoffman, 2011).

2. Detrital zircon geochronology and stratigraphic correlations

Previous detrital zircon studies that have been conducted on sandstone and diamictite
samples from Namaskluft farm, Dreigratberg, and Trekpoort 96 show peaks in dates at 1.9,
1.3, 1.2, and 1.1 Ga, with no late Tonian to Cryogenian ages (Hofmann et al., 2014; Foster et
al., 2015; Gaschnig et al., 2022; Zieger-Hofmann et al., 2022). The absence of Cryogenian-
aged detrital zircon can be explained by a late Tonian to early Cryogenian rift-drift transition
(Macdonald et al., 2010) and rapid burial by older cratonic material during rifting due to rift-
generated topography (e.g., Jasper et al., 1994).

Due to the rarity of syndepositional zircon, Hofmann et al. (2014) proposed using

ratios of the number of Paleoproterozoic and Mesoproterozoic grains (P/M) in each sample to
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distinguish their stratigraphic positions and correlations, with the older samples having
distinctly higher P/M values. As a result, they interpreted the diamictite exposures
nonconformably overlying the basement gneisses just north of the Orange River as the Kaigas
Fm based on clast composition, detrital zircon spectra, and the assignment of the overlying
carbonate units to the Picklehaube Fm (Gaschnig et al., 2022; Zieger-Hofmann et al., 2022).
However, clast composition and detrital zircon spectra are non-unique characteristics of the
diamictites; for example, in the compilation by Zieger-Hofmann et al. (2022), the detrital
spectra for the Kaigas and Numees formations from Namaskluft, Orange River, and
Dreigratberg are indistinguishable because they reflect deposition in similar environments on
the autochthon next to the same basement sources. The P/M ratio of each sample could instead
be interpreted to reflect the local sources and basin geometry rather than the timing of
deposition and cannot be used diagnostically to determine the identity of the formation.
Despite the rarity of young grains, a few Cryogenian detrital zircon dates were
identified in the sample taken from the Namaskluft diamictite 20 cm below the Dreigratberg
cap carbonate at the northeastern exposure by Orange River (sample JP1805-0.8; Fig. 5). The
two youngest detrital zircon grains constrain the age of this diamictite to <645 + 23 Ma and
<630 + 22 Ma. These dates preclude correlation with the 717-660 Ma Sturtian diamictite and
overlap within uncertainty with the >639-635 Ma Marinoan glaciation (Prave et al., 2016),
supporting the stratigraphic interpretation that the autochthonous units are the Cryogenian to
Ediacaran Holgat Fm (Macdonald et al., 2010) rather than the Tonian Picklehaube Fm.
Jasper et al. (1994, 2000) previously identified the Rosh Pinah thrust fault (Figs. 1, 3)

as a major structural and stratigraphic boundary in the Port Nolloth Group. The Rosh Pinah
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thrust fault was originally a west-dipping normal fault that created accommodation space for
the syn-rift deposits of the Port Nolloth Group (Jasper et al., 1994; Fig. 8). Stratigraphic
sections to the east of the fault are autochthonous, typically truncated and deposited
nonconformably on basement (Fig. 5), while to the west, thrust slices preserve thicker and
deeper-water parautochthonous rift sequences (Fig. 3; Jasper et al., 1994). Contraction during
Ediacaran to Cambrian orogenic events reactivated some of the extensional fault planes as
thrust faults, and syn-rift sequences were inverted and folded (Jasper et al., 1994, 2000). Our
mapping and stratigraphy results (Fig. 5) demonstrate that north of the Orange River, there is
a conformable contact between the diamictite nonconformably overlying basement and the
Bloeddrif Member above. These units are to the east of the Rosh Pinah Fault, which can be
traced north into younger Cryogenian and Ediacaran units (Fig. 1, Fig. 5). Thus, along the
Orange River and in autochthonous sections at Namasberg and in South Africa (Fig. 8;
Macdonald et al., 2010), it is the Numees Fm rather than the Kaigas Fm that onlaps on
basement, sealing the Tonian to Cryogenian Rosh Pinah fault. Descriptions of the Kaigas Fm
as a glacial deposit (Frimmel, 2008, 2018) are inconsistent with its type locality description
and are miscorrelated, as multiple authors have recognized (Jasper et al., 2000; Macdonald et

al., 2010; Zieger-Hofmann et al., 2022).

3. Implications for Tonian glaciation
Our results demonstrate that there is no evidence for Tonian glaciation on the Kalahari
craton. Globally, the one remaining location with putative evidence for Tonian glaciation is

in the Konnarock Fm and associated Mount Rogers Fm in eastern Laurentia (Miller, 2004;

56



Merschat et al., 2014; MacLennan et al., 2020). Because these deposits formed at low-latitude
based on established paleomagnetic poles (e.g., Eyster et al., 2020), MacLennan et al. (2020)
suggested that the region could have been at high-altitude for glaciation to occur in lieu of a
global glaciation event. However, like in the Rosh Pinah graben, the Mount Rogers and
Konnarock formations are also associated with an active volcanic rift (Rankin, 1993; Miller,
2004), complicating the interpretation of a glaciogenic origin for the diamictites (e.g., Horton
and Schmitt, 1996). While parts of the Konnarock Fm have definitive evidence for glaciation
that are likely ca. 717-660 Ma Sturtian in age (Miller, 2004; Merschat et al., 2014),
correlations and mapping in the area are difficult due to the lack of exposure and the fact that
the Mount Rogers Fm also contains siliciclastic conglomerates with outsized clasts (Rankin,
1993). Whether the ca. 753 Ma Laurentia diamictites interpreted by MacLennan et al. (2020)
are a record of glaciation or could instead be non-glacigenic and the result of deposition in an
active rift basin is critical for interpreting Earth’s climate state in this interval of the Tonian.
Regardless, there is no evidence of Tonian glaciomarine deposition at the time on the Kalahari

craton and the concept of a Kaigas glaciation should be discontinued in the literature.

4. Neoproterozoic paleogeography of Kalahari Craton
A common configuration for Kalahari’s position within Rodinia is that it was
conjoined to southeastern Laurentia with Amazonia as a conjugate continent laterally along
the same margin (Fig. 9; e.g., Evans, 2021). This configuration considers the Grenville orogen
of Laurentia and the Namaqua-Natal orogen of Kalahari to be conjugate events associated

with Rodinia assembly (Evans, 2021), with the study area facing Laurentia (Fig. 9). Although
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this position is consistent with the comparison between early Tonian poles from the Grenville
and Namaqua-Natal belts, constraining the magnetization age of these poles is difficult and
there is a lack of late Tonian poles from Kalahari that could be compared to late Tonian poles
from Laurentia. As a result, different models for the position of Kalahari within Rodinia are
possible (e.g., Gumsley et al., 2023). In this context, the timing of rifting and rift-related
magmatic activity can aid in developing and testing models.

The Gannakouriep dikes and associated bimodal volcanism on Kalahari craton
indicate some intraplate magmatism at 793 + 1.7/-1.5 Ma (Rioux et al., 2010). Differential
subsidence leading into ca. 717 Ma Sturtian glaciation as well as the ca. 752 Ma Rosh Pinah
volcanism are indicative of Tonian rifting that would have transitioned to thermal subsidence
in the Cryogenian. This timing of rift basin development and associated magmatism is similar
along the southern Appalachian portion of Laurentia’s margin (McClellan and Gazel, 2014;
Macdonald et al., 2023), such that the Rosh Pinah volcanics of Kalahari and the Mount Rogers
Fm volcanics of Laurentia could be the expression of conjugate rifting margins at ca. 750 Ma.
In the case of Laurentia, however, a passive margin did not develop until the Cambrian, more
than 200 Myr later (Smoot and Southworth, 2014). This reconstruction leaves the question of
what rifted from the Southern Appalachians to account for the Cambrian rift-drift transition
on southwestern Laurentia (Smoot and Southworth, 2014). A likely candidate is the AREPA
terrane of South America, including the Arequipa terrane, which has been suggested to be
originally a piece of Proterozoic Kalahari crust that collided with Laurentia during the
Grenville Orogeny and then separated during rifting (Loewy et al., 2003)—first, from

Kalahari in the Tonian to Cryogenian and then from Laurentia in the Ediacaran (Hodgin et al.,
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2023; Macdonald et al., 2023). AREPA terranes contain ca. 850-750 Ma detrital zircon with
trace element geochemistry consistent with an intraplate origin, potentially tying AREPA to
the Gannakouriep dikes (Rapela et al., 2016; Hodgin et al., 2023) and providing the missing
link between Kalahari and Laurentia.

The tie proposed here between the 752 Ma Rosh Pinah volcanics and extensional basin
tectonics on the SW Kalahari margin and the 752 Ma Mount Rogers complex of Virginia on
the SE Laurentia margin also raises questions about the relative position of the Congo craton
at this time (see supplementary text 2.2). Rift-related magmatism on the southern Congo
margin at 757 £ 5 Ma, 759.95 + 0.86 Ma, 746 + 2, and 747 + 2 Ma (Hoffman et al., 1996;
Halverson et al., 2005; Nascimento et al., 2017) could be associated with a similar extensional
region to the Rosh Pinah Fm and Mount Rogers complex, but the orientation and paleolatitude
for Congo are constrained by paleomagnetic poles from the ca. 765 Luakela Volcanics
(Wingate et al., 2010) and the ca. 755 Ma Mbozi Complex (Meert et al., 1995), which
precludes a direct connection to the Damara margin of Kalahari and Laurentia. We propose
that the Brasiliano Ocean opened as Congo separated from Rodinia with rifting between
Kalahari and Laurentia opening the paleo-lapetus Ocean soon thereafter (Fig. 9). The Iapetus

Ocean would have subsequently formed with the rifting of AREPA from Laurentia.

4.1 Connecting zircon provenance to the paleogeography
Detrital zircon peaks in the Port Nolloth Group spanning 2.0-1.7 Ga were likely
sourced from the 2.0 Ga Orange River Group and the 1.9-1.7 Ga Vioolsdrif Granite Suite

of the Richtersveld Subprovince and Mesoproterozoic grains from the 1.4-1.0 Ga

59



Namagqua Belt and the Umkondo LIP (Miller, 2012; Hofmann et al., 2014). In comparison,
Mesoproterozoic geochronology in the Laurentian basement massifs define three major
periods of orogenesis with associated zircon crystallization: the Elzevirian (1.25-1.22 Ga),
Shawinigan (1.19-1.16 Ga), and Grenvillian (1.09-0.98 Ga) (e.g., Makovsky et al., 2021;
Swanson-Hysell et al., 2022). The youngest of these peaks is not well-resolved in our data.
This difference may stem from the possibility that the Ottawan phase of the Grenville
orogeny does not have a counterpart in the Namibian sector of the Namaqua belt, but
instead is present just south of the Orange River in the Bushmanland and Garies terranes
(parts of the Namaqua Belt labeled “B” and “G” respectively in Fig. 1A; see
supplementary text 2.1), and/or the Arequipa terrane, which all preserve 1.06-1.01 Ga
dates (Cornell et al., 2009; Hodgin et al., 2023). Thus, if the proposed tie between the Rosh
Pinah volcanics and Mount Rogers Fm is correct, then the 1065-1010 Ma belts in the
Bushmanland and Garies terranes reflect orogenesis correlative with the Ottawan phase,
with the western Namaqua margin emplaced against the AREPA terranes and Blue Ridge
in a dextral, oblique collision (Fig. 9; Miller, 2012). In this scenario, when Kalahari rifted
away during the late Tonian to Cryogenian, sediments were sourced from Kalahari crust
to the northeast (in present-day coordinates), along the rift shoulder defined by the Rosh
Pinah fault (Fig. 1B), such that 1065-1010 Ma detritus from the Bushmanland and Garies

terranes to the south and west was rare due to rift geometry.

F. Conclusions
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Exposures of the Port Nolloth Group on Trekpoort Farm capture rifting in the
deposition of the Stinkfontein Subgroup through the Numees Fm. Our CA-ID-TIMS weighted
mean 2%Pb/>*¥U dates of 752.38 + 0.26 and 751.82 + 0.32 Ma from rhyolites in the Rosh Pinah
Fm supersede the previous Pb-Pb zircon evaporation (Frimmel et al., 1996b) and SHRIMP U-
Pb dates (Borg et al., 2003). Deposition of the Picklehaube and Rosh Pinah formations on
Trekpoort Farm occurred roughly between >752-717 Ma. Detrital zircon geochronology
supports a link between Kalahari craton and Laurentia during the Grenvillian Orogeny with
potentially other intermediate terranes (e.g., AREPA).

Our mapping, stratigraphy, and geochronology shows that the ~750 Ma deposits of the
Kaigas Fm are alluvial fan, fan delta, and turbidite sequences deposited during rifting of the
Kalahari craton and other conjugate terranes from Laurentia, but they do not show glacial
influence. If there is a ca. 750 Ma link between Kalahari and Laurentia due to the correlation
of the Kaigas and Mount Rogers Fm, then the link is due to rifting, not glaciation. Our findings
do not support the interpretation that there was low-latitude glaciation during the Tonian or
that the Earth was teetering on the edge of global glaciation for tens of millions of years before

the onset of the Sturtian Snowball Earth.
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Figure 1. A) Tectonic map of southern Africa showing the outline of Kalahari craton in
the Neoproterozoic, modified from Hanson (2003) and references therein. The Bushmanland
and Garies terranes of the Namaqua Belt are outlined with white dashed lines following Miller
(2012) and labeled with a “B” and “G” respectively. The white star indicates the location of
the more detailed map in B. B) Geologic map of the overall study region modified from Von
Veh (1988), Jasper et al. (1994), and Macdonald et al. (2010). Black boxes indicate locations
of zoomed-in maps in Figs. 3 and 5. Circled numbers indicate locations of the composite

stratigraphic sections in Fig. 8.
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Figure 2. General stratigraphy of the Gariep belt. Filled stars indicate ages obtained within

the stratigraphy while unfilled stars indicate ages obtained on other continents that are

correlated based on Cryogenian glacial stratigraphy. The filled star to the right of “Lekkersing

Fm” refers to the date on the Gannakouriep dikes, which while within the stratigraphy were

intrusive and do not give a syn-depositional age. References are 'Linnemann et al. (2019),
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Figure 3. Parautochthonous (west of the Rosh Pinah Fault) stratigraphy of the Port Nolloth
Group on farm Trekpoort 96. Sections are ordered left to right from the southeast to the
northwest. Locations are labeled and shown in the geologic map in the top right and also
outlined in a black box in Fig. 1. Map units are the same as in Fig. 1. The weighted mean
206pp/238U dates for JP1710, ES1772-8, and ES1772-52 in the figure are shown with Y

uncertainties for comparisons between different U-Pb techniques.
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Figure 4. Photographs of Neoproterozoic units from Trekpoort farm. Hammer for scale is
33 cm in length. A) Decimeter-scale cross-stratification in Stinkfontein sandstones. B)
Sedimentary breccia of the Kaigas Fm. C) Diamictite of the Numees Fm showing dropstones

in laminated diamictite transitioning into massive diamictite above.
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Figure 5. Autochthonous (east of the Rosh Pinah Fault) stratigraphy of the Port Nolloth

Group by Orange River. The location of the zoomed-in map is indicated in the regional map

(Fig. 1) by a white box and structural symbols used are the same as in Fig. 1. Sections are

shown as red lines in the regional map and sample locations are indicated by yellow stars. The

zoomed-in map shows in detail the stratigraphic and structural relationships between the

Numees diamictite and the Bloeddrif Member on the autochthon and a schematic section is

provided for context, labeled “Orange River.”
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Figure 6. Concordia plots and weighted mean 2°Pb/?*®U dates from LASS and CA-ID-
TIMS analyses for samples ES1772-52 (A), ES1772-8 (B), and JP1710 (C, only LASS
analyses). For LASS analyses, the plotted vertical bars represent 2s uncertainties for
206ph/2381 analyses and account for systematic uncertainties. Analyses that were more than
10% discordant were not plotted. Blue-colored data were included in the weighted mean
calculation while grayed-out analyses are outliers identified using Chauvenet’s criterion in
IsoplotR (Vermeesch, 2018) that were excluded. The weighted mean is represented by the
horizontal black line while the dashed lines indicate the bounds of 2% (2s) propagated from
the weighted mean ratio following Horstwood et al. (2016). For CA-ID-TIMS analyses, 2c
sample uncertainties are reported in the form + X/Y/Z Ma, where X is analytical uncertainty
only, Y includes X and tracer calibration uncertainty, and Z includes both tracer calibration
uncertainty and decay constant uncertainties for comparison with other isotope systems. Red
ellipses show the 95% confidence interval for the analytical uncertainties of each included

analysis. Grey ellipses indicate analyses that were excluded from the weighted mean.
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Figure 7. Detrital zircon geochronology alongside a composite section showing their
approximate stratigraphic positions (refer to Fig. 3 for more detail). Detrital zircon dates are
plotted as KDEs in stratigraphic order. Data for sample Nam79 are from Hofmann et al.
(2015). The vertical plot lines corresponding to 1100 and 1900 Ma are bolded for easier visual

reference between samples.
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Figure 8. Composite stratigraphic sections spanning the parautochthon to autochthon

from Trekpoort to Namasberg (locations indicated by circled numbers in Fig. 1).
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Figure 9. Paleogeographic reconstructions of Rodinia showing the interpreted position of

Kalahari relative to Laurentia at two time points: ca. 755 Ma, as Rodinia break-up was
initiating, and ca. 705 Ma, as Rodinia rifting was progressing and the Sturtian glaciation was
ongoing. These reconstructions contextualize the Rosh Pinah and Numees formations of
Kalahari and their potential correlations in the same extensional tectonomagmatic regime as
the Mount Rogers and Konnarock formations of Laurentia. Note that the width and position
of the AREPA (AREquipa, Pampia, Antofalla) terranes that are shown as the proposed
intermediary between Laurentia and Kalahari in Rodinia are uncertain. The reconstruction is
modified from Macdonald et al. (2023) and shows continental blocks interpreted to have been
conjoined with Laurentia. Continents shown in color are ones with broadly
contemporaneous paleomagnetic poles that constrain the continents’ paleolatitudes and
orientations. These poles are: Luakela Volcanics of Congo (Wingate et al., 2010), Kitoi dikes
of Siberia (Pisarevsky et al., 2013), Johnny's Creek Fm of Northern Australia (Swanson-

Hysell et al., 2012), Carbon Butte Fm of Laurentia (Eyster et al., 2020), Uinta Mountain Fm
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of Laurentia (Weil et al., 2006), and the Franklin Large Igneous Province of Laurentia

(Denyszyn et al., 2009).
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III. Stratigraphy and geochronology of the Marinoan Snowball Earth

deglaciation on the northwest margin of the Kalahari Craton

A. Introduction

Geologic, paleomagnetic, and geochronology studies have provided evidence for two
long-lasting, low-latitude Cryogenian Snowball Earth glaciations: the Sturtian (717-661 Ma;
Rooney et al., 2015) and the Marinoan (<651-635 Ma; Nelson et al., 2020). Cryogenian glacial
deposits are globally ubiquitous and described on every continent, and when the stratigraphy
is undisrupted, glacial diamictites are capped by extensive carbonate deposits, consistent with
a large flux of alkalinity into the oceans under the extreme greenhouse conditions predicted
by the Snowball Earth hypothesis (Hoffman et al., 2017). Geochronology has provided a key
test for the hypothesis demonstrating that the glaciations were synchronous and long-lasting
(Rooney et al., 2015). However, geochronology has also highlighted differences between the
two Snowball glaciations; despite their relatively close occurrence in time, the two Snowball
Earth events have distinct sedimentological features and durations. The 56-Myr Sturtian
Snowball Earth is associated with iron formations and typically has a condensed, organic-rich
cap limestone while the <16-Myr Marinoan Snowball Earth has a pink or yellow peloidal cap
dolostone that can include barite crystal fans, tubestone stromatolites, and giant wave ripples
(Hoffman et al., 2017).

Ultimately the differences in expression of chemical sediments between the two events
could be due fundamentally to timing, with total duration and the rate of deglaciation affecting

the sedimentological expression of the two glaciations (e.g., Hoffman et al., 2017). However,
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the sparseness of geochronological constraints within stratigraphic sections spanning the
glacial deposits have made it difficult to determine how time is distributed in the sedimentary
record (e.g., syn-glacial vs. deglacial strata). Climate models have attempted to test different
extents and durations of ice cover by simulating ice buildup and stability in response to
changes in pCO» and orbital forcings (Abbot et al., 2013; Benn et al., 2015), but these remain
to be grounded in the geological record with rates. The Naukluft Nappes Complex in Namibia
provides continuous lateral exposure of Marinoan deposits across several km and includes
volcaniclastic strata, providing the opportunity to develop a new, detailed sedimentary facies

model and age model for the Marinoan glaciation and deglaciation.

B. Geologic setting

The north and west margins of the Kalahari Craton formed through Tonian rifting from
the supercontinent Rodinia (see Ch. 2). These rifts developed into Cryogenian passive
margins, capturing the two Snowball Earth periods. On autochthonous sections on the
northern margin, Prave et al. (2011) depicted a Cryogenian to early Ediacaran passive margin
capped by late Ediacaran foreland deposits of the Nama Group that were metamorphosed by
the Cambrian Damara orogeny. Similarly, from autochthonous sections in the Gariep bellt,
Macdonald et al. (2010) interpreted the western margin as a Tonian to early Ediacaran rifted
passive margin with late Ediacaran left-lateral transpressional deformation and late Ediacaran
to Cambrian foreland deposition and shortening.

The geology of the Naukluft Nappes was first described in detail by Korn and Martin
(1959). The stratigraphy presented here generally follows the revisions to Hartnady’s (1978)

units by Hoffmann et al. (1995, Miller, 2008). Neoproterozoic units of the Naukluft Nappes
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consist of the fine-grained siliciclastics of the Remhoogte Formation; the diamictite-bearing
Bldsskranz Formation; and dominantly carbonate Tsabisis Formation, followed by the
conglomerates and grainstones of the Noab Formation (Fig. 2; Hartnady, 1978; Hoffmann et
al., 1995). The interbeds of sandstone, siltstone, and volcaniclastics at the top of the
Bldsskranz Formation has been named the Tsugaub Volcaniclastic Member by Hoffmann et
al. (1995). The Tsugaub Volcaniclastic Member was originally part of Hartnady’s (1978)
Tsabisis Formation, but because there is no significant change in the continuity of
sedimentation, it is included here as part of Blasskranz Formation. These Neoproterozoic units
are exposed in the Tsondab and Tsauchab river valleys, where the base of the valley truncates
exposure of the Remhoogte Formation. The Noab Formation marks the top of the sequence
and the plateau.

Stratigraphic correlations and structure of the Naukluft Mountains were initially
thought to reflect “gravity tectonics” and ductile flow (Korn and Martin, 1959). Structural
mapping by Hartnady (1978) placed it within the framework of plate tectonic processes of
subduction and continental collisions and provided a tectono-stratigraphic model for the
nappes. The Naukluft Nappe Complex is preserved as a klippe on the younger foreland
deposits of the Nama Group (Fig. 1; Martin, 1974; Martin et al., 1983). A K/Ar muscovite
date of ~530 Ma from metapelites at the base of the Naukluft Nappe complex gives a minimum
age for the earliest phase of thrusting (Ahrendt et al., 1978; Gray et al., 2008). This age agrees
with geochronology on the base of Nama Group foreland deposition, which has been dated
using CA-ID-TIMS to 547.36 = 0.23/0.31/0.91 Ma (Grotzinger et al., 1995; Bowring et al.,

2007). The basal shear surface of the Naukluft Nappe is strongly foliated with C-S fabrics
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indicating top to the SE transport (Gray et al., 2008). Total tectonic transport is estimated
between 60-80 km to the SE (Goscombe et al., 2017). The allochthonous units of the Naukluft
Nappes can be correlated with units from the Hakos zone (Hoffmann, 1989), preserving

Neoproterozoic slope to distal margin deposits of the northwest corner of the Kalahari Craton.

C. Methods

1. Geological mapping and stratigraphy

Stratigraphic sections were measured in conjunction with geological mapping between
2017-2019 (Figs. 3, 4). Sections were measured with a meter-stick and unit thicknesses were
measured to the nearest 10 cm. Sections usually begin either at the start of rock exposure or
at the base of the limestone conglomerates near the top of the Remhoogte Formation and were
measured to the base of the transgressive Marinoan cap carbonate of the Tsabisis Formation.
Section locations are given in Table S1. Units were broken out based on grain size,
mineralogy, and bedforms. Features such as matrix and clast compositions; frequency, size,
and roundedness of clasts; stratification; sorting; bedding; foliation; and color were noted for

each unit if applicable.

2. Geochronology methods

Three volcaniclastic samples at different horizons within the Tsugaub Member and a
number of sandstone units were processed for detrital zircon geochronology. Coordinates for
the stratigraphic sections that these samples were taken from are included in Table S1. Since

the aim was to obtain the youngest populations in the samples, faceted, smaller grains were

87



preferentially selected and made up the majority of the grains analyzed. A small selection of
larger and more rounded grains were included for each sample as well. The zircon grains for
each sample were mounted in epoxy and polished to expose grain cores. The grains were first
screened for trace elements and preliminary dates on the Thermo Scientific X-Series II
quadrupole-ICPMS (Q-ICPMS) and New Wave Research UP-213 laser ablation system at
Boise State University (BSU) in 2017-2018. Comparisons of the geochemistry of the grains
were then used to guide grain selection for CA-ID-TIMS work to maximize the probability of
isolating distinct young age populations. All CA-ID-TIMS analyses were done at BSU
between 2017-2019.

Additional detrital zircon geochronology was done using the LASS system at UCSB
in 2019 following the procedures in Kylander-Clark et al. (2013) and Kylander-Clark (2017).
Data were reduced using iolite4 software (Paton et al., 2010, 2011) and IsoplotR (Vermeesch,
2018). Standard error (2s) was propagated using methods described in Paton et al. (2010) and
Horstwood et al. (2016).

Detailed analytical methods for LASS and CA-ID-TIMS analyses are available
in the Supplementary Materials. Complete Pb and U isotopic data are given in Tables S2 and
S3. Uncertainties on the CA-ID-TIMS weighted mean dates are given as 26 and in the = X/Y/Z
Ma format, where X is the internal error based on analytical uncertainties only, Y includes X
and the tracer calibration uncertainty, and Z includes Y plus the *%U decay constant

uncertainty of Jaffey et al. (1971).
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D. Results

1. Neoproterozoic stratigraphy of the Naukluft Nappes

Maps and stratigraphy are presented in Figs. 3 and 4. Exposure of the Neoproterozoic
units in the Naukluft Nappes begins with the Remhoogte Formation, which consists of >700
m of green argillite. Centimeter-scale grading from fine-grained sandstone and siltstone to
argillite is locally apparent. The basal exposures of the Remhoogte Formation show evidence
of structural repetition but lack good marker units to constrain the total shortening (Hartnady,
1978). Near the top of the formation, pebble- to cobble- sized carbonate clasts appear along
with <30 cm-thick beds of medium- to coarse-grained lithic arenite. The top of the formation
is marked by at least two cliff-forming carbonate conglomerates, one limestone and one
dolostone, which are both several meters thick. A single granite lonestone was observed in
one limestone conglomerate unit in section JP1904 (Fig. 5A), but otherwise no other exotic
clasts were observed in the units of the Remhoogte Formation.

The Blédsskranz Formation sits unconformably on top of the Remhoogte Formation,
with the surface between the two formations cutting into the blue limestone conglomerate unit
in the contact exposed on the Arbeid Adelt farm but in most places appearing as a
paraconformable contact (Fig. 3A; Hoffmann et al., 1995 in Miller, 2008). Where it sits
unconformably on top, pebbles of the underlying blue limestone conglomerate unit can be
found in the basal siltstone and sandstone of the Bldsskranz Formation. The base of the
Bldsskranz Formation locally includes granite pebbles but is otherwise clast-poor argillite.

Up-section, the argillite becomes interbedded with thin (typically <30 c¢m) sandstone units
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which is followed by thicker, cm-scale cross-bedded sandstone beds before returning to green
argillite. Clast density and size generally increase in the upper parts of the formation. Cobble-
to boulder-sized granite and quartzite clasts can also be found in the Bldsskranz Formation
but typically only appear in upper portions of the sections. Clast compositions are dominated
by carbonates; throughout the Blésskranz Formation are horizons of poorly sorted, largely
clast-supported, heterogeneous mixtures of carbonates, including blue limestones, oolitic
grainstone, and dolomite in a tan, dolomite matrix (Fig. 5B, 5C). Dark brown-red weathering
sandstone beds drape the carbonate conglomerate units and preserve ripple cross-lamination.

Sandstone units also appear at the top of the Bldsskranz Formation and are interbedded
with purple siltstone and green volcaniclastic units (Fig. 5D), forming the Tsugaub Member
(Hoffmann et al., 1995). Climbing ripple cross-lamination can also be seen in some of the
upper sandstone units. Sandstone units typically have no clasts or are clast-poor but the
interbedded green argillite can contain clasts and the purple siltstone beds have a wacke
texture and include granite clasts. The volcaniclastic beds have a light-green matrix with
granules to pebbles of other volcanic and sedimentary units within them. The volcaniclastic
beds are poorly sorted but can also show reverse then normal grading in the same bed (Fig.
5D).

The sandstones, siltstones, and volcaniclastics of the Tsugaub Member continue up to
the contact with the cap carbonate sequence of the Tsabisis Formation and include large
granite boulder clasts (Fig. SE). In places, the base of the cap carbonate sequence is a massive
dolostone matrix with pebble- to cobble-sized clasts of carbonates, siliciclastic rocks, and

granites. More commonly, the base of the Tsabisis Formation begins with a finely laminated
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dolostone that weathers pink-tan and has low-angle, swaley cross-stratification throughout.
Within a few meters, bedding becomes more planar and parallel but maintains its mm-scale
laminations. Thin partings of purple shale can be seen between dolostone beds. These purple
shale beds increase in thickness up-section.

There are occasional intervals of imbricated, intraclast, edgewise conglomerate in the
dolostone, interbedded with the purple shales. These intervals also include cross-stratified
sandstone beds. Mineralogy changes above this sequence from dolostone to interbeds of
purple slate and light-pink, finely laminated micritic limestone. The purple slate interbeds
gradually disappear up-section and are replaced by occasional beds of planar laminated
siltstone and fine-grained sandstone. Up section, the thin beds of intraclast, dolostone
conglomerate and interbeds of finely laminated limestone marl and siltstone and fine-grained
sandstone transition into the wavy-laminated, blush-pink to white dolomite grainstone of the
Noab Formation. This contact is commonly unconformable with units of the Noab Formation

resting directly on all of the underlying stratigraphy (Fig. S5F).

2. Geochronology and geochemistry

To constrain sedimentation timing and rates, volcaniclastic horizons at different
distances from the base of the cap carbonate sequence in the Tsabisis Formation were
processed for geochronology. Sample F828-210.5 was collected at 38.5 m below the base of
the cap sequence, JP1713-193.7 was 2.3 m below the base of the cap sequence, and JP1715-
187.9 was collected 9.6 m below the base of the cap sequence. Kernel density estimates
(KDEs) are plotted for the volcaniclastic samples in Fig. 6 and show a significant young peak

of grains at ~600-700 Ma in addition to peaks at 2.0 Ga, 1.8 Ga, and between 1.4-1.0 Ga.
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Since sample F828-210.5 was the farthest below the cap sequence and could provide
age constraints on a greater portion of the stratigraphic section, it was the main focus of CA-
ID-TIMS analyses. A number of analyses produced dates that were reversely discordant or
extremely imprecise due to both high common Pb and low radiogenic Pb amounts; these
analyses were excluded from any mean date considerations. CA-ID-TIMS dates for F828-
210.5 grains ranged between ~637-635 Ma and formed a single population with a weighted
mean date of 2°Pb/**%U of 635.84 + 0.22/0.29/0.71 Ma (2o uncertainty, n = 11, MSWD =
1.62) (Fig. 6). Dates for grains in JP1713-193.7 ranged from ~716 Ma to 636 Ma with the
youngest grain producing a 2%Pb/?*U date of 635.76 + 0.79/0.81/1.04 Ma. CA-ID-TIMS
dates for JP1715-187.9 grains ranged between ~714-635 Ma. The youngest three grains that
overlapped within uncertainty produced a weighted mean 2°Pb/?%U date of 635.93 =+
0.56/0.59/0.88 Ma.

KDEs are also plotted for siliciclastic samples from near the base of the Blasskranz
Formation and the top of the Remhoogte Formation (Fig. 7). The samples show similar peaks
in zircon dates to the volcaniclastic units at around 1.4-1.35, 1.2, and 1.1 Ga, but do not show
the young peak between 600-700 Ma.

Zircon in each of the volcaniclastic samples came from a variety of source rocks and
tectonic settings. U/Yb and Nb/Yb ratios in zircon have been used to determine the tectonic
setting of magmatism; U/Yb values <0.1 are more characteristic of MORB mantle (Grimes et
al., 2007). U/Yb vs. Nb/Yb for Naukluft volcaniclastic samples plot mostly below the

“mantle-zircon array” range determined by Grimes et al. (2015) (Fig. 8). All samples show
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some populations close to this boundary line with a few grains from sample JP1715-187.9 that

plot within the magmatic arc range.

E. Discussion

1. Interpretation of the U-Pb data

The 1.4-1.35, 1.2, and 1.1 Ga peaks seen in the detrital zircon data are periods of major
accretionary phases on the Kalahari Craton (Fig. 6, 7; Hanson et al., 2004, 2006; Miller, 2012).
The 1.4-1.35 Ga dates correspond to intraplate alkaline magmatism, while the 1.2-1.1 Ga dates
are associated with accretion of the Namaqua-Natal belt onto the Kalahari Craton (Hanson et
al., 2006; Miller, 2012). The 1.1 Ga dates are likely from rocks associated with the Umkondo
LIP (Hanson et al., 2004, 2006). The other smaller peaks in zircon dates between 2.0-1.7 Ga
could be sourced from the Richtersveld Subprovince (Miller, 2012). The lack of younger
grains until the appearance of volcaniclastic units near the top of the Bldsskranz Formation
suggests that the basin was proximal and receiving input from the Kalahari Craton but largely
passively rifting and subsiding, indicated by the appearance of carbonate debris flows
throughout the stratigraphy with no associated volcanism.

The three dated volcaniclastic horizons from the Tsugaub Member near the top of the
Bldsskranz Formation contained grains with dates of ~636 Ma with overlapping uncertainties
(Fig. 6), despite ranging between 2.3 m to 38.5 m from the base of the cap carbonate sequence,
which has been dated globally at ~635-636 Ma (Hoffman et al., 2017). Thin section
petrography of the volcaniclastic samples revealed a wide variety of carbonate, igneous, and

siliciclastic clasts in a volcanic matrix with trachytic textures (Fig. 6). Some samples had
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examples of partially resorbed and embayed quartz phenocrysts. Although the volcaniclastic
units involve some degree of reworking, the high energy nature of these deposits require rapid
and local deposition; therefore, our youngest CA-ID-TIMS dates are interpreted to reflect
deposition ages. The new geochronological constraint on the section firmly establishes the
diamictite and cap carbonate as Marinoan equivalents.

Of the collected volcaniclastic beds, sample F828-210.5 is the farthest (38.5 m) from
the base of the cap carbonate and has a maximum depositional age of 635.84 +0.22/0.29/0.71
Ma (20, MSWD = 1.62, n = 11). The current highest precision age constraint on the cap
carbonate above is a U-Pb concordia age of 635.23 £ 0.57 Ma from the Doushantuo Formation
in South China (Condon et al., 2005). When the three most concordant analyses from the
sample are considered, a weighted mean 2°°Pb/>*®U date of 635.26 + 0.58 Ma (MSWD = 0.15)
can be calculated. Since both studies used the same EARTHTIME tracer for U-Pb calibration,
the dates can be compared using “X” uncertainties and overlap within uncertainty (Fig. 9).
Sedimentation of the last ~40 m of the section before deglaciation occurred within the
uncertainty on the age constraints of these samples. While sediment accumulation rates for
the Cryogenian Snowball deposits are proposed to be as much as 15 times slower than
Phanerozoic glaciomarine deposition possibly due to extremely cold and dry conditions
inhibiting erosion (Partin and Sadler, 2016), deposition of the upper 40 m within timespans
on the order of 10° yrs fall much closer to typical Phanerozoic values and would be more
consistent with a margin where ice was able to advance and retreat. This portion of the
stratigraphy, marked by a change to sand-sized background sedimentation, wacke textures,

and boulder dropstones, reflects the deglaciation interval of a Snowball Earth event.
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High-precision CA-ID-TIMS geochronology is still not precise enough to determine
the deposition rates of the cap carbonate sequence, which has been estimated to be deposited
within a few kyr based on oceanographic models and sedimentology (Hoffman et al., 2017;

Myrow et al., 2018).

2. Sedimentary and tectonic interpretations

Constraining the distribution of time captured by a stratigraphic record is essential to
interpreting changes in paleoenvironments. This is particularly true for Cryogenian glacial
deposits that have alternatively been interpreted to record glaciation or deglaciation. In
sections that lack ash beds and other age controls, elapsed time must be determined from the
sedimentary units and features observed.

The surface between the Remhoogte Formation and the Bldsskranz Formation is
locally unconformable, but is conformable in many places as an onlapping surface. On farm
Arbeid Adelt (Fig. 3A), the limestone conglomerate unit at the top of the Remhoogte
Formation distinctly changes dip to the east where the unconformity surface is exposed. The
units directly above the limestone conglomerate member follow the same dip change and
thicken to the east from the erosional surface and then become conformable with a toplapping
surface and unit. The granite lonestone in the limestone conglomerate member suggests that
ice was already present. These conglomerates are interpreted as debrites marking the
glacioeustatic falling-stand wedge and onset of the Marinoan glaciation. This interpretation is
supported by carbon isotope stratigraphy through these horizons (Fig. S1, Table S4) which
preserve the Trezona isotope excursion. The Trezona carbon isotope excursion is also

preserved in falling-stand wedge deposits in the Franni-aus Formation of Namibia (Hoffman,
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2011), and the Trezona Formation of Australia, which also preserves rare dropstones (Rose et
al., 2012).

The poorly sorted carbonate conglomerate beds with sandstone drapes that appear
throughout the Bldsskranz Formation are interpreted to be debris flow deposits. In other parts
of the section, thin sandstone beds showing either planar bedding or small (decimeter-scale)
hummocky cross-stratification followed by thicker sandstone beds that may show
crossbedding are likely turbiditic (i.e., Bouma B and C), with the green argillite representing
continuing background silt and clay sedimentation. Repeated debrites within graded beds are
characteristic of a slope environment below the grounding-line wedge (Miall, 1985; Eyles et
al., 1985; Miller, 1996). Clast-rich, massive diamictites in the Bldsskranz Formation are
interpreted as synglacial sediment gravity flows or flow till deposition. A similar sequence of
lithologies has been described in Australia in the Trezona and Elatina formations of the
Adelaide Rift Complex (Rose et al., 2012); the Trezona Formation records continuous
deposition during a global eustatic sea level fall and subsequent subaerial exposure of
carbonate platforms. The overlying synglacial Elatina Formation records debris flows and
turbidites in sections that capture more distal slope facies (Rose et al., 2012), like the
Bldsskranz Formation. Near the top of the Blasskranz Formation, the change in background
sedimentation from fine-grained argillite to medium- to coarse-grained siliciclastic rocks is
interpreted to reflect local base-level rise at the beginning of deglaciation, and the presence of
larger, boulder clasts provide evidence of ice-rafted debris (IRD). Discrete clast-rich horizons
in the diamictite could represent individual melt-out events. Deglaciation continues through

the appearance of the cap carbonate sequence within the Tsabisis Formation, with exotic
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granite clasts in the basal dolostone matrix indicating continuous and rapid deposition (e.g.,
Hoffman and Macdonald, 2010).

Dolomites in the Noab Formation of the Kudu Nappe conformably overlie the Tsabisis
Formation in some sections while cutting out stratigraphy in others, indicating that the Kudu
Nappe is younger than the Northern Pavian Nappe and may be sliding on a detachment surface
as opposed to being thrust on top (Hoffmann et al., 1995; Morris and Grotzinger, 2023; Fig.
1). The limited displacement on this contact was noted by Hoffmann et al. (1995), who also
suggested that the Northern Pavian and Kudu nappes were thrust as one panel in the same
deformational stage during the emplacement of the Naukluft Nappes.

Reverse and normal grading in volcaniclastic pebble conglomerate mass flow deposits
near the top of the Bldsskranz Formation demonstrate volcanic input from nearby, but no
Neoproterozoic arc has been described on either the Kalahari or Congo cratons. Geochemical
data for zircon grains from the Naukluft volcaniclastic deposits show mixed populations of
juvenile to evolved magmatism through the crust (Fig. 8), but most of the grains fall below
the line differentiating predominantly arc magmatism from mid-ocean ridge magmatism,
which tends to have lower values of U/Yb relative to Nb/Yb (Grimes et al., 2015), supporting

the interpretation of a reactivated rift setting.

3. Reactivation of the margin and volcanism-driven deglaciation

Our geochronology demonstrates that the top ~40 m of the Blidsskranz Formation was
deposited within uncertainty of the age of the Marinoan cap, indicating that deglaciation was
rapid and started by 635.84 + 0.22/0.29/0.71 Ma. CA-ID-TIMS analyses on zircon from a

mudstone sample in the Cottons Breccia of Tasmania, Australia, within 0.7 m of the cap
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carbonate, produced a weighted mean 2°Pb/>*8U date of 636.41 = 0.34/0.45/0.80 Ma (Calver
et al., 2013). Additionally, an ash sample taken from the Ghaub Formation on the Swakop
terrane in central Namibia ~30 m below the contact with the Marinoan cap carbonate produced
a CA-ID-TIMS weighted mean 2°°Pb/?**U date of 635.21 + 0.59/0.61/0.92 Ma (Prave et al.,
2016). These studies also used the EARTHTIME tracer calibration and can be directly
compared to this study using “X” uncertainties. Our date for the Naukluft volcaniclastics is
closely coincident with these other samples (Fig. 9). The coincidence of magmatic zircon ages
indicate that several different margins were active at the same time, at ~636 Ma.

The apparent widespread volcanism may have been a contributing factor in the shorter
duration of the Marinoan Snowball Earth relative to the Sturtian (e.g., Lan et al., 2022). It has
been proposed that ice loading can significantly affect the rate of volcanism on an active
margin; ice loading would suppress volcanism during an extensive glaciation, but a period of
melting and ice retreat would unload the margin and result in an increase in volcanism,
producing ash and dust that would reduce the albedo of existing ice cover and cause further
ice retreat in a feedback cycle until deglaciation is complete (Huybers and Langmuir, 2009).
While atmospheric CO> requires millions of years to reach the estimated threshold for
deglaciation and only becomes more challenging to build up over time as sinks like seafloor
weathering consume CO» (Brady and Gislason, 1997; Coogan and Gillis, 2013; Gernon et al.,
2016; Hoffman et al., 2017), changing Earth’s surface albedo through volcanism can
drastically and quickly decrease the threshold to deglaciation by orders of magnitude (Abbot

and Halevy, 2010; Le Hir et al., 2010; Hoffman et al., 2017). Volcanism as a mechanism for
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driving rapid Snowball deglaciation (e.g., Lan et al., 2022) is consistent with our
geochronology.

The long duration for the Sturtian could help explain why the Sturtian cap sequence is
so condensed relative to the Marinoan—the process of building up enough CO; in the
atmosphere to reach deglaciation thresholds likely meant that ice sheets were experiencing
radiative forcings from CO,, and land ice would have already retreated and sea levels
responded partially before the deposition of the cap carbonate with the collapse of sea ice
(Benn et al., 2015; Hoffman et al., 2017). Any signal of transgression in the sedimentary
record would have been more distributed over time than the transgression following a rapid

deglaciation due to volcanism.

F. Conclusions

Mapping and measuring stratigraphic sections in the Naukluft nappes allows for the
identification of separate phases of a Snowball glaciation, starting with the first appearance of
ice and base-level fall represented by the appearance of massive carbonate debrites with rare
granite lonestones in an otherwise clast-free green argillite. The first appearance of lonestones
in the green argillite above these carbonate mass flows is interpreted to reflect local ice
growth. Syn-Snowball deposition is recorded by thin-bedded turbidites with minor debrites
and flow tills. The beginning of deglaciation can be identified through the coarsening in
background sedimentation and the appearance of volcaniclastic deposits and boulder-sized
dropstones. A date of 635.84 + 0.22/0.29/0.71 Ma on a volcaniclastic sample near the top of
the Blédsskranz Formation overlaps with existing age constraints on the Marinoan cap

carbonate. The appearance of a ~636-640 Ma peak in detrital zircon spectra (Fig. 6, Table S2)
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indicates a reactivation of the margin and the coincidence in age with volcanism elsewhere on
the Swakop terrane, in Tasmania, and in South China supports widespread volcanism at the

time, which may have contributed to a shorter Marinoan glaciation relative to the Sturtian.

G. Acknowledgments

We thank E. F. Smith, E. Anttila, L. Nelson, T. Browne, A. Tasistro-Hart, A. Randall,
and the 2019 Agouron field course for their field assistance; R. Hanson for access to farm
Blasskranz and support; K.-H. Hoffmann for discussions and logistical support; Anna Nguno,
Helke Mocke, Jane Eiseb, Jason Indongo, and Roger Swart of the Namibian Ministry of Mines
and Energy for support and permitting; G. Seward and A. Kylander-Clark for assistance with
lab facilities; P. Hoffman for use of his field vehicle. Support was provided by Harvard

University, NSF GRFP, NSF FRES Grant 1925990.

H. References

Abbot, D.S., and Halevy, I., 2010, Dust aerosol important for snowball earth deglaciation:
Journal of Climate, v. 23, p. 4121-4132, doi:10.1175/2010JCLI3378.1.

Abbot, D.S., Voigt, A., Li, D., Hir, G. Le, Pierrehumbert, R.T., Branson, M., Pollard, D., and
Daniel, D.D., 2013, Robust elements of Snowball Earth atmospheric circulation and
oases for life: Journal of Geophysical Research Atmospheres, v. 118, p. 6017-6027,
doi:10.1002/jgrd.50540.

Ahrendt, H., Hunziker, J.C., and Weber, K., 1978, Age and degree of metamorphism and time
of nappe emplacement along the southern margin of the Damara Orogen/Namibia (SW-
Africa): Geologische Rundschau, v. 67, p. 719-742, doi:10.1007/BF01802814.

Benn, D.I. et al., 2015, Orbitally forced ice sheet fluctuations during the Marinoan Snowball
Earth glaciation: Nature Geoscience, v. 8, p. 704—707, doi:10.1038/nge02502.

Bowring, S.A., Grotzinger, J.P., Condon, D.J., Ramezani, J., Newall, M.J., and Allen, P.A.,
2007, Geochronologic constraints on the chronostratigraphic framework of the
Neoproterozoic Huqf Supergroup, Sultanate of Oman: American Journal of Science, v.
307, p. 10971145, doi:10.2475/10.2007.01.

Brady, P. V., and Gislason, S.R., 1997, Seafloor weathering controls on atmospheric CO2 and
global climate: Geochimica et Cosmochimica Acta, v. 61, p. 965-973,
doi:10.1016/S0016-7037(96)00385-7.

100



Calver, C.R., Crowley, J.L., Wingate, M.T.D., Evans, D.A.D., Raub, T.D., and Schmitz, M.D.,
2013, Globally synchronous marinoan deglaciation indicated by U-Pb geochronology of
the cottons Breccia, Tasmania, Australia: Geology, v. 41, p. 1127-1130,
doi:10.1130/G34568.1.

Condon, D., Zhu, M., Bowring, S., Wang, W., Yang, A., and Jin, Y., 2005, U-Pb ages from
the Neoproterozoic Doushantuo Formation, China: Science, v. 308, p. 95-98,
doi:10.1126/science.1107765.

Coogan, L.A., and Gillis, K.M., 2013, Evidence that low-temperature oceanic hydrothermal
systems play an important role in the silicate-carbonate weathering cycle and long-term
climate regulation: Geochemistry, Geophysics, Geosystems, v. 14, p. 1771-1786,
doi:10.1002/ggge.20113.

Eyles, C.H., Eyles, N., and Miall, A.D., 1985, Models of glaciomarine sedimentation and their
application to the interpretation of ancient glacial sequences: Palaeogeography,
Palaeoclimatology, Palaeoecology, v. 51, p. 15-84, doi:10.1016/0031-0182(85)90080-
X.

Gernon, T.M., Hincks, T.K., Tyrrell, T., Rohling, E.J., and Palmer, M.R., 2016, Snowball
Earth ocean chemistry driven by extensive ridge volcanism during Rodinia breakup:
Nature Geoscience, v. 9, p. 242-248, doi:10.1038/nge02632.

Goscombe, B., Foster, D.A., Gray, D., Wade, B., Marsellos, A., and Titus, J., 2017,
Deformation correlations, stress field switches and evolution of an orogenic intersection:
The Pan-African Kaoko-Damara orogenic junction, Namibia: Geoscience Frontiers, v.
8, p. 1187-1232, doi:10.1016/j.gst.2017.05.001.

Gray, D.R., Foster, D.A., Meert, J.G., Goscombe, B.D., Armstrong, R., Trouw, R.A.J., and
Passchier, C.W., 2008, A Damara orogen perspective on the assembly of southwestern
Gondwana: Geological Society Special Publication, v. 294, p. 257-278,
doi:10.1144/SP294.14.

Grimes, C.B., John, B.E., Kelemen, P.B., Mazdab, F.K., Wooden, J.L., Cheadle, M.J.,
Hanghgj, K., and Schwartz, J.J., 2007, Trace element chemistry of zircons from oceanic
crust: A method for distinguishing detrital zircon provenance: Geology, v. 35, p. 643,
doi:10.1130/G23603A.1.

Grimes, C.B., Wooden, J.L., Cheadle, M.J., and John, B.E., 2015, “Fingerprinting” tectono-
magmatic provenance using trace elements in igneous zircon: Contributions to
Mineralogy and Petrology, v. 170, p. 1-26, doi:10.1007/s00410-015-1199-3.

Grotzinger, J.P., Bowring, S.A., Saylor, B.Z., and Kaufman, A.J., 1995, Biostratigraphic and
geochronologic constraints on early animal evolution: Science, v. 270, p. 598-604,
doi:10.1126/science.270.5236.598.

Hanson, R.E. et al., 2006, Mesoproterozoic intraplate magmatism in the Kalahari Craton: A
review: Journal of African [Earth Sciences, v. 46, p. 141-167,
doi:10.1016/j.jafrearsci.2006.01.016.

Hanson, R.E., Crowley, J.L., Bowring, S.A., Ramezani, J., Gose, W.A., Dalziel, LW.D.,
Pancake, J.A., Seidel, E.K., Blenkinsop, T.G., and Mukwakwami, J., 2004, Coeval
Large-Scale Magmatism in the Kalahari and Laurentian Cratons During Rodinia
Assembly: Science, v. 304, p. 11261129, doi:10.1126/science.1096329.

Hartnady, C.J.H., 1978, The Structural Geology of the Naukluft Nappe Complex and Its

101



Relationship to the Damara Orogenic Belt, South West Africa/Namibia: University of
Cape Town, 509 p.

Le Hir, G., Donnadieu, Y., Krinner, G., and Ramstein, G., 2010, Toward the snowball earth
deglaciation...: Climate Dynamics, v. 35, p. 285-297, doi:10.1007/s00382-010-0748-8.

Hoffman, P.F. et al., 2017, Snowball Earth climate dynamics and Cryogenian geology-
geobiology: Science Advances, v. 3, p. 43, doi:10.1126/sciadv.1600983.

Hoffman, P.F., 2011, Strange bedfellows: Glacial diamictite and cap carbonate from the
Marinoan (635 Ma) glaciation in Namibia: Sedimentology, v. 58, p. 57-119,
doi:10.1111/5.1365-3091.2010.01206.x.

Hoffman, P.F., and Macdonald, F.A., 2010, Sheet-crack cements and early regression in
Marinoan (635Ma) cap dolostones: Regional benchmarks of vanishing ice-sheets? Earth
and Planetary Science Letters, v. 300, p. 374-384, doi:10.1016/j.eps1.2010.10.027.

Hoffmann, K.H., 1989, New aspects of lithostratigraphic subdivision and correlation of late
Proterozoic to early Cambrian rocks of the southern Damara Belt and their correlation
with the central and northern Damara Belt and Gariep Belt: Communications of the
Geological Society of Namibia, v. 5, p. 59-67.

Hoffmann, K.-H., Saylor, B.Z., Grotzinger, J.P., and Hegenberger, W., 1995, Field guide to
the Nama, Witvlei and related basins in southern Namibia, Part A: Witvlei Group and
equivalents in the Naukluft Nappe Complex: unpublished.

Horstwood, M.S.A. et al., 2016, Community-Derived Standards for LA-ICP-MS U-(Th-)Pb
Geochronology — Uncertainty Propagation, Age Interpretation and Data Reporting:
Geostandards and Geoanalytical Research, v. 40, p. 311-332, doi:10.1111/5.1751-
908X.2016.00379.x.

Huybers, P., and Langmuir, C., 2009, Feedback between deglaciation, volcanism, and
atmospheric CO2: Earth and Planetary Science Letters, v. 286, p. 479-491,
doi:10.1016/j.epsl.2009.07.014.

Jaffey, A.H., Flynn, K.F., Glendenin, L.E., Bentley, W.C., and Essling, A.M., 1971, Precision
measurement of half-lives and specific activities of 235U and 238U: Physical Review C,
v. 4, p. 1889-1906, doi:10.1103/PhysRevC.4.1889.

Korn, H., and Martin, H., 1959, Gravity tectonics in the Naukluft Mountains of South West
Africa: v. 70, 1047-1078 p.

Kylander-Clark, A.R.C., 2017, Petrochronology by Laser-Ablation Inductively Coupled
Plasma Mass Spectrometry: Reviews in Mineralogy and Geochemistry, v. 83, p. 183—
198, doi:10.2138/rmg.2017.83.6.

Kylander-Clark, A.R.C., Hacker, B.R., and Cottle, J.M., 2013, Laser-ablation split-stream ICP
petrochronology: Chemical Geology, V. 345, p. 99-112,
doi:10.1016/j.chemgeo.2013.02.019.

Lan, Z., Huyskens, M.H., Le Hir, G., Mitchell, R.N., Yin, Q.Z., Zhang, G., and Li, X.H., 2022,
Massive Volcanism May Have Foreshortened the Marinoan Snowball Earth:
Geophysical Research Letters, v. 49, doi:10.1029/2021GL097156.

Macdonald, F.A., Strauss, J. V., Rose, C. V., Dudas, F.O., and Schrag, D.P., 2010,
Stratigraphy of the Port Nolloth Group of Namibia and South Africa and Implications
for the Age of Neoproterozoic Iron Formations: American Journal of Science, v. 310, p.
862—-888, doi:10.2475/09.2010.05.

102



Martin, H., 1974, Damara rocks as nappes on the Naukluft Mountains, South West Africa, in
Bull. Precambrian Res. Unit., 15, p. 153-165.

Martin, H., Porada, H., and Wittig, R., 1983, Where lies the root zone of the Naukluft Nappe
Complex: Evolution of the Damara Orogen of South West Africa/Namibia, Special
Publications, v. 11, p. 199-207.

Miall, A.D., 1985, Sedimentation on an early Proterozoic continental margin under glacial
influence: the Gowganda Formation (Huronian), Elliot Lake area, Ontario, Canada:
Sedimentology, v. 32, p. 763788, doi:10.1111/5.1365-3091.1985.tb00733.x.

Miller, R.M., 2008, 13.5.2.9. Naukluft Nappe Complex, in The Geology of Namibia: Volume
2, Neoproterozoic to Lower Palaeozoic, p. 13- 317:13-329.

Miller, J.M.G., 1996, Glacial sediments, in Sedimentary Processes; Stratigraphy, Facies and
Environment, p. 454-483.

Miller, R.M., 2012, Review of Mesoproterozoic Magmatism, Sedimentation and Terrane
Amalgamation in Southwestern Africa: South African Journal of Geology, v. 115, p.
417-448, doi:10.2113/gssajg.115.4.417.

Morris, F.K., and Grotzinger, J.P., 2023, Facies and stratigraphy of the basal Ediacaran cap
carbonate, Naukluft Mountains, Namibia: Precambrian Research, v. 394, p. 107113,
doi:10.1016/j.precamres.2023.107113.

Myrow, P.M., Lamb, M.P., and Ewing, R.C., 2018, Rapid sea level rise in the aftermath of a
neoproterozoic snowball earth: Science, V. 360, p. 649-651,
doi:10.1126/science.aap8612.

Nelson, L.L., Smith, E.F., Hodgin, E.B., Crowley, J.L., Schmitz, M.D., and Macdonald, F.A.,
2020, Geochronological constraints on Neoproterozoic rifting and onset of the Marinoan
glaciation from the Kingston Peak Formation in Death Valley, California (USA):
Geology, v. 48, p. 1083—-1087, doi:10.1130/G47668.1.

Partin, C.A., and Sadler, P.M., 2016, Slow net sediment accumulation sets snowball Earth
apart from all younger glacial episodes: Geology, v. 44, p. 1019-1022,
doi:10.1130/G38350.1.

Paton, C., Hellstrom, J., Paul, B., Woodhead, J., and Hergt, J., 2011, Iolite: Freeware for the
visualisation and processing of mass spectrometric data: Journal of Analytical Atomic
Spectrometry, v. 26, p. 2508, doi:10.1039/c1ja10172b.

Paton, C., Woodhead, J.D., Hellstrom, J.C., Hergt, J.M., Greig, A., and Maas, R., 2010,
Improved laser ablation U-Pb zircon geochronology through robust downhole
fractionation  correction:  Geochemistry, Geophysics, Geosystems, v. 11,
doi:10.1029/2009GC002618.

Prave, A.R., Condon, D.J., Hoffmann, K.H., Tapster, S., and Fallick, A.E., 2016, Duration
and nature of the end-Cryogenian (Marinoan) glaciation: Geology, v. 44, p. 631-634,
doi:10.1130/G38089.1.

Prave, A.R., Hoffman, K.-H., Hegenberger, W., and Fallick, A.E., 2011, Chapter 15: The
Witvlei Group of East-Central Namibia, in Arnaud, E., Halverson, G.P., and Shields-
Zhou, G. eds., The Geological Record of Neoproterozoic Glaciations, London, The
Geological Society of London, p. 211-216.

Rooney, A.D., Strauss, J. V., Brandon, A.D., and Macdonald, F.A., 2015, A Cryogenian
chronology: Two long-lasting synchronous neoproterozoic glaciations: Geology, v. 43,

103



p. 459-462, doi:10.1130/G36511.1.

Rose, C. V., Swanson-Hysell, N.L., Husson, J.M., Poppick, L.N., Cottle, J.M., Schoene, B.,
and Maloof, A.C., 2012, Constraints on the origin and relative timing of the Trezona o
13C anomaly below the end-Cryogenian glaciation: Earth and Planetary Science Letters,
v. 319-320, p. 241-250, doi:10.1016/j.epsl.2011.12.027.

Spencer, C.J., Yakymchuk, C., and Ghaznavi, M., 2017, Geoscience Frontiers Visualising
data distributions with kernel density estimation and reduced chi-squared statistic:
Geoscience Frontiers, v. 8, p. 1247-1252, d0i:10.1016/j.gs£.2017.05.002.

Vermeesch, P., 2018, IsoplotR: A free and open toolbox for geochronology: Geoscience
Frontiers, v. 9, p. 14791493, doi:10.1016/j.gsf.2018.04.001.

1. Figures

104



_B |
< ’S
o w
N i
< | I
9 N
< -
o
~ I
© N
< 8>
b o

ARy
< ; -

7 Late Ediacaran Nama
= / - Group / Zebra River Fm.
) Ediacaran undiff.
Bullsport Formation
Early Ediacaran
Noab Formation
Cryogenian undiff.

‘ £ 4 Remhoogte, Blasskranz,
16°6’ 16°12° 16°18’ Blaubeker & Tsabisis fms.

_24012/

//J

o
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Figure 3. Geologic maps of Neoproterozoic units from farm Arbeid Adelt to the eastern
boundary of farm Blédsskranz from the panel indicated in Fig. 1 by the white rectangle. Maps
are labeled A, B, and C from west to east. White lines indicate locations of measured sections.
The youngest unit, the dolostone of the Noab Formation, sits on top of all Cryogenian units

on a detachment surface, variably cutting down into the units below it.
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Figure 4. Measured stratigraphic sections of the Remhoogte, Bldsskranz, and Tsabisis
formations. Locations are noted on the maps in Fig. 3. JP1807 started at the base of exposure
of the Remhoogte and is cropped to only show the last ~200 m of the green argillite. Other
sections started at or were dropped down to the top of the Remhoogte Formation, defined in
this study as the top of the last blue limestone conglomerate unit. Sections end at the base of
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Figure S. Field photographs depicting key stratigraphic features. For scale, the coin is 2.3
cm in diameter, the pencil is 15 cm in length, and the hammer is 33 cm long. A) The lowermost
appearance of a granite lonestone is in the limestone debris flows of the Remhoogte
Formation. B) Carbonate debris flows frequently occur throughout the Bldsskranz Formation
and sometimes contain ooid grains in the matrix. C) Stratified diamictite of the Bldsskranz
Formation consisting of repeated sediment gravity flows. D) The Tsugaub Volcaniclastic
Member of the Blidsskranz Formation typically has a light green matrix supporting various
clasts. This example shows an example of reverse to normal grading. E) A granite boulder
lonestone sits at the contact between the cap carbonate of the Tsabisis Formation and the
purple wackestones and red sandstones of the uppermost Blasskranz Formation. F) In places,
the uppermost portion of the Blidsskranz Formation is missing due to an erosional
unconformity and the Ediacaran Noab Formation lies directly above. Carbonate debris flows
of the Noab Formation can include m-scale blocks of the Tsabisis cap carbonate (see also

Morris and Grotzinger, 2023).
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Figure 6. Ranked age plot for samples F828-210.5, JP1715-187.9, and JP1713-193.7
showing CA-ID-TIMS analyses on zircon, above the Q-ICPMS 2%°Pb/2*8U dates for the
samples shown as a kernel density plot using KDredX2 (Spencer et al., 2017). All data is
presented in tables S2 and S3. Only Q-ICPMS analyses that were >635 Ma or overlapped
within uncertainty were included in the KDEs. The wide age distribution in the volcaniclastic
flows reflects the incorporation of sedimentary material from many different sources. The
flows were high energy, poorly sorted, and sometimes demonstrated reverse and normal
grading (Fig. 5D). The photomicrograph of sample JP1713-193.7 shows mineral grains and
rock clasts entrained in a volcanic matrix with a trachytic texture delineated by plagioclase

phenocrysts.
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Figure 7. Detrital zircon spectra for Naukluft siliciclastic samples near the base of the
Blasskranz Formation and at the top of the Remhoogte Formation. All samples show similar

peaks at ~1.35, 1.2, and 1.1 Ga.

118



® F828-2105
® JP1712-125.0
® JP1713-193.7
® JP1715-187.9
10° |
o]
-
o
10-1 —
10-2 A Ll ) | A Ll \ L]
107 1073 1072 10" 10°

Figure 8. U/Yb vs. Nb/YDb for Naukluft volcaniclastic samples plot mostly below the
“mantle-zircon array” range determined by Grimes et al. (2015). Magmatic arc zircon
typically plot above the line plotted as the upper bound of the mantle-zircon range. All samples
show some populations close to this boundary line with a few from sample JP1715-187.9 that

plot well within the magmatic arc range.
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Figure 9. Ranked age plots comparing the weighted mean 2°°Pb/?*8U date of sample F828-
210.5 from this study to other high-precision dates just below and above the Marinoan cap
carbonate in other localities. Sample F828-210.5 is 38.5 m below the cap while Sample 4 from
the Cottons Breccia in Tasmania, Australia is from a mudstone within 0.7 m of the cap (Calver
et al., 2013). Sample NAV-00-2B from the Swakop terrane in central Namibia is from an ash
bed ~30 m below the base of the cap (Prave et al., 2016), and YGO04-15 is an ash from the

Doushantuo Formation in South China 2.3 m above the base of the cap (Condon et al., 2005).
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All samples used EARTHTIME tracer for U-Pb calibration and can be compared using “X”

uncertainties.
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Appendix I

Supplementary materials for Chapter 1, “Emplacement of the Franklin large igneous
province and initiation of the Sturtian Snowball Earth,” can be accessed online at

https://www.science.org/doi/full/10.1126/sciadv.adc9430#supplementary-materials.
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Appendix II

Supplementary Material for Chapter 2:

Tonian basins record rifting of Kalahari from Rodinia and no evidence of a pre-Sturtian
Kaigas glaciation

1. Detailed analytical methods

Sample locations and brief descriptions are listed in Table S1. Zircon mineral
separation was carried out at Harvard University and the University of California, Santa
Barbara (UCSB). Zircon grains were separated using standard crushing, magnetic
susceptibility, and high-density liquid techniques. A variety of grains were picked by hand to
capture the range of morphologies in the sample, but preference was given to multi-faceted
prismatic forms. Selected grains were then annealed at 900°C for 60 hours in a muffle furnace
before being mounted in 1-inch diameter EpoFix resin rounds and polished to mid-section
with a 0.3 um finish. Cathodoluminescence (CL) imaging was obtained using an FEI Quanta
400F field emission gun scanning electron microscope (FEG-SEM) with a Centaurus detector

at UCSB.

1.1. LASS geochronology
Laser ablation split stream (LASS) analyses used either the Nu Instruments Plasma 3D
MC-ICPMS or the Nu Plasma High Resolution-Enhanced Sensitivity MC-ICPMS at UCSB,
following the procedures described in Kylander-Clark et al. (2013) and Kylander-Clark
(2017). Trace elements were measured on an Agilent 7700X quadrupole ICPMS. A

Cetac/Photon Machines 193 nm Analyte excimer laser was used to ablate samples in a double-
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chambered HelEx cell. Every 10 sample spots were bracketed with the primary zircon
standard 91500 (Wiedenbeck et al., 1995), and every other block was bracketed with the
secondary zircon standard GJ1 (Jackson et al., 2004), and tertiary standards in a rotating list.
All experiments included Plesovice (Slama et al., 2008) as a tertiary standard and others
included a selection of MudTank (Black and Gulson, 1978; Gain et al., 2019), Peixe
(Dickinson and Gehrels, 2003), FC-1 (Paces and Miller, 1993), 94-35 (Klepeis et al., 1998;
Chang et al., 2006), or R33 (Black et al., 2004). For some experiments, a NIST612 spot was
added to every block prior to the 91500 spot to regulate the laser arm movement. A spot size
of 25 um was used for every analysis except subsets of samples JP1704-74.9, JP1801-756.8,
and JP1806-6.1 where a spot size of 20 um was used due to small grain sizes.

Data were reduced using iolite4 software (Paton et al., 2010, 2011) and IsoplotR
(Vermeesch, 2018). Standard error was propagated using methods described in Paton et al.
(2010). The long-term excess variance is captured by 2% 2c on 2°Pb/?*8U ratios and 1.5%
(20) for 2°7Pb/?*®Pb ratios for the setups used (Kylander-Clark et al., 2013; Horstwood et al.,
2016). These percentages represent systematic uncertainties that are the limiting uncertainties
for the data produced and cannot be reduced by increasing the number of analyses (Horstwood
et al., 2016); therefore, any uncertainties less than these percentages for the respective ratios
were increased to match and are denoted as “2s” to distinguish the added dispersion. 2°’Pb/>*>U
ratios were calculated and uncertainties were propagated from 2°’Pb/?%Pb and 2°Pb/***U
ratios and uncertainties using the 2*U/?*>U value of 137.818 + 0.045 (20; Hiess et al., 2012).
Correlation coefficients were subsequently recalculated using the updated uncertainties

(Schmitz and Schoene, 2007). Dates and their uncertainties were also recalculated in IsoplotR
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(Vermeesch, 2018). Uncertainties for weighted mean dates are reported with 2% (2s)
systematic error as well in order to compare data between analytical sessions and different U-
Pb techniques (see Horstwood et al., 2016). Complete analytical data are presented in Table

S2.

1.2. CA-ID-TIMS geochronology

Zircons were dislodged from their mounts and chemically abraded (Mattinson, 2005)
by partial dissolution in 29 M HF at 210°C for 10 hours in Parr acid digestion vessels in order
to mitigate the effects of radiation-induced Pb loss (Mattinson, 2005). Chemically abraded
zircon grains were then fluxed successively in 3.5 M HNOs and 6 M HCl on a hot plate and
in an ultrasonic bath and thoroughly rinsed after each step with MQ water to remove the
leachates, before being loaded individually into PFA microcapsules. Each microcapsule was
spiked with the EARTHTIME ET535 mixed 2%Pb->*U-?*°U tracer (Condon et al., 2015;
McLean et al., 2015) before complete dissolution in 29 M HF in Parr acid digestion vessels
held at 210°C for 48 hours. Following an HCl-based anion exchange column chemistry
procedure (Krogh, 1973), the purified U and Pb were loaded together onto an outgassed Re
filament in a silica gel/phosphoric acid mixture for isotopic measurements. Ratios of U and
Pb isotopes were measured on an IsotopX X62 multi-collector thermal ionization mass
spectrometer equipped with a Daly photomultiplier ion counting system at MIT. Pb isotopes
were measured as mono-atomic ions in peak hopping mode on the ion counter and were
corrected for mass-dependent isotope fractionation by applying an independently determined

fractionation correction of 0.18% =+ 0.05% per atomic mass unit (26). U isotopes were
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measured as dioxide ions in a static mode using three Faraday collectors, while subjected to a
within-run mass fractionation correction using the 2**U/?*°U ratio of the spike and a sample
28U/23U ratio of 137.818 £ 0.045 (Hiess et al., 2012), as well as an oxide correction based
on an '80/%0 ratio of 0.00205 =+ 0.00005.

Data reduction, calculation of dates and propagation of uncertainties used the Tripoli
and ET Redux applications and algorithms (McLean et al., 2011; Bowring et al., 2011). The
measured 2°°Pb/?*8U dates were corrected for initial 22°Th disequilibrium based on a magma

Th/U ratio of 2.8 £ 1.0 (20). Complete analytical data are presented in Table S3.

2.1. Northern Kalahari paleogeography

The core of the Kalahari Craton is composed of the Zimbabwe, Kaapvaal, and
Grunehogna cratons, which collided and amalgamated by ca. 1750 Ma (Jacobs et al., 2008).
In the Mesoproterozoic, the northwestern margin (present-day coordinates) consisted of the
volcano-sedimentary Sinclair Supergroup, which includes the Rehoboth and Konkiep
subprovinces (Miller, 2012).

The Sinclair Supergroup is further divided into the Nauzerus and Tsumis groups, with
U-Pb zircon dates of 1225 + 10 Ma (Schneider et al., 2004) and 1226 + 11 Ma (Becker et al.,
2006). Both are intruded by the Gamsberg Granitic Suite and other 1210 £ 8 Ma porphyry
dykes (Ziegler and Stoessel, 1993). The Rehoboth Subprovince has Paleoproterozoic
basement (Cornell et al., 2011) and volcano-sedimentary cover dated to ~1.85-1.72 Ga
(Becker et al., 2006; Becker and Schalk, 2008). It also includes the ~1.1 and 1.09 Ga rocks of

the Langberg Formation (Becker et al., 2005), which is thought to be part of the Umkondo
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Igneous Province (Hanson et al., 2004, 2006). The Konkiep Subprovince has poorly mapped
and undated pre-Sinclair basement and volcano-sedimentary sequences that have been dated
to ~1.47 Ga, ~1.38 Ga, ~1.33 Ga, and ~1.29 Ga (Hoal, 1990; Hoal and Heaman, 1995; Evans
et al., 2007; Becker, 2008). The Konkiep Subprovince is separated from the Kakamas Terrane
(also Gordonia Subprovince) to the south by the Excelsior-Lord Hill Shear Zone (Miller,
2012).

On the southern margins of the Kalahari Craton, the Namaqua-Natal belt covers >1000
km and extends under the Phanerozoic Karoo Supergroup of South Africa. The Namaqualand
sector includes the Kakamas, Areachap, and Kaaien terranes that have Paleoproterozoic
basement sequences and overlying volcanics and sediments that are ~1.4-1.1 Ga and ~1.09-
1.08 Ga in age; the ca. 2.0-1.7 Ga Richtersveld Subprovince (Frimmel et al., 2001); and the
Bushmanland and Garies terranes (ca. 1.8-1.6, 1.2-1.13, 1.06-1.01 Ga; Cornell et al., 2009).
Namagquan tectonism occurred in two distinct episodes, the O’okiepian (~1.21-1.18 Ga) and
Klondikean (~1.04-1.02 Ga) (Clifford et al., 2004; Clifford and Barton, 2012) events, and
more recent studies of detrital zircon have expanded the maximum range of O’okiepian
magmatism and sedimentation to ~1.5 Ga (Miller, 2012).

The Natal sector consists of three distinct tectonic terranes that formed in a subduction
zone dipping away from the craton between ca. 1250-1100 Ma and were thrust over the
Kaapvaal Craton at ~1135 Ma (Jacobs et al., 2008). By 1000 Ma, the Kalahari Craton had
assembled, though some uncertainty remains concerning the tectonic history of the northern
and eastern margins of the craton. During the Neoproterozoic, euf(t) values for detrital zircon

ranging from -24 to +14.8 with model Tpwm ages between 3.1 and 1.05 Ga imply recycling of
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mostly Paleoproterozoic crust and minor contribution from Archean crust (Hofmann et al.,
2014). Bulk geochemical analyses of the sedimentary rocks also reflect sources derived from
old continental crust and an inherited continental arc signature, with no evidence for an exotic

cratonic source (Hofmann et al., 2014).

2.2 Congo-Kalahari reconstruction

Paleogeographic models commonly depict the Adamastor and Khomas oceans
forming during the break-up of Rodinia separating the Congo and Kalahari craton from South
American cratonic blocks, and then reuniting in the Pan-African orogenies in a similar
geometry (Gray et al., 2008; Li et al., 2008; Konopasek et al., 2020; Hoffman, 2021; Caxito
and Alkmim, 2023). These fixist models were recently reinforced by a ca. 1.11 Ga
paleomagnetic pole from Congo that is consistent with a long-lived connection between SW
Congo and the northern margin of the Kalahari (Salminen et al., 2018). However, this
restoration is non-unique. Congo could be flipped 180° and still satisfy the paleomagnetic
poles and the dike orientations of both the Umkondo LIP and the Huila-Epembe dikes (Ernst
et al., 2013; Swanson-Hysell et al., 2015).

An additional argument for the inversion of a narrow V-shaped Khomas ocean is the
similarity in stratigraphy across both margins and into the basinal allochthonous terranes of
the Ugab and Swakop zones (Hoffmann and Prave, 1996). However, many margins globally
display Tonian to Cryogenian rifted passive margins, which was one of the original arguments
for the breakup of Rodinia (Hoffman, 1991), so this argument is also non-unique. On the

southern margin of the Congo craton, rift-related volcanic rocks have been dated at 757 £5
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Ma, 759.95 £0.86 Ma, 746 £2, and 747 +2 Ma (Hoffman et al., 1996; Halverson et al., 2005;
Nascimento et al., 2017), broadly coeval with the Rosh Pinah volcanics dated here, but the
flipped orientation of Congo would place these volcanics closer to the Rosh Pinah volcanics
on the southwest margin of Kalahari (Ernst et al., 2013; Swanson-Hysell et al., 2015).

Multiple geological, paleomagnetic, and isotopic constraints suggest the southwest
margin of the Kalahari collided with Laurentia between 1.11 and 1.00 Ga, with the Namaqua-
Natal belt as the conjugate to the southern end of the Grenville orogen (Jacobs et al., 1993;
Swanson-Hysell et al., 2015). In the fixist models, this would require a Stenian collision of
the western margin of Congo with Laurentia and/or Amazonia. However, there are no known
Stenian metamorphic rocks on the western margin of the Congo craton. Instead, Stenian
igneous and metamorphic rocks are restricted to the eastern margin of the Congo in the
Irumide belt (De Waele et al., 2006), again favoring a flipped Congo orientation.

The tie proposed here between the 752 Ma Rosh Pinah volcanics and graben on the
SW Kalahari margin, and the 752 Ma Mount Rogers complex of Virginia on the SE Laurentia
margin provides another argument for the flipped position of the Congo. If Kalahari’s position
against Laurentia persisted until ca. 752 Ma, paleomagnetic data from Laurentia provide a
Late Tonian pole path that would fix Kalahari between 10-30° S (Eyster et al., 2020;
Macdonald et al., 2023). In the fixist models, this would place Congo at mid-latitudes, below
30° S. However, paleomagnetic data from the Congo requires that it is at the equator ca. 765-
748 Ma (Meert et al., 1995; Wingate et al., 2010). Instead, in the flipped model that we develop
here, Congo can occupy equatorial latitudes and satisfy the Late Tonian Luakela and Mbozi

poles (Meert et al., 1995; Wingate et al., 2010).

129



References

Becker, T., 2008, The Kairab Formation east of Sesriem and the associated, subvolcanic
intrusive rocks, in Miller, R.M. ed., The Geology of Namibia, Windhoek, Geological
Survey of Namibia, p. 8.10-8.16.

Becker, T., Garoeb, H., Ledru, P., and Milesi, J.P., 2005, The Mesoproterozoic event within
the Rehoboth Basement Inlier of Namibia: Review and new aspects of stratigraphy,
geochemistry structure and plate tectonic setting: South African Journal of Geology, v.
108, p. 465492, doi:10.2113/108.4.465.

Becker, T., and Schalk, K.E.L., 2008, Rehoboth Group, in Miller, R.M. ed., The Geology of
Namibia, Windhoek, Geological Survey of Namibia, p. 5.29-5.61.

Becker, T., Schreiber, U., Kampunzu, A.B., and Armstrong, R., 2006, Mesoproterozoic rocks
of Namibia and their plate tectonic setting: Journal of African Earth Sciences, v. 46, p.
112-140, doi:10.1016/j.jafrearsci.2006.01.015.

Black, L.P. et al., 2004, Improved 2°Pb/***U microprobe geochronology by the monitoring of
a trace-element-related matrix effect; SHRIMP, ID-TIMS, ELA-ICP-MS and oxygen
isotope documentation for a series of zircon standards: Chemical Geology, v. 205, p.
115-140, doi:10.1016/j.chemgeo.2004.01.003.

Black, L.P., and Gulson, B.L., 1978, The age of the Mud Tank carbonatite, Strangways Range,
Northern Territory: BMR Journal of Australian Geology and Geophysics, v. 3, p. 227—
232.

Bowring, J.F., McLean, N.M., and Bowring, S.A., 2011, Engineering cyber infrastructure for
U-Pb geochronology: Tripoli and U-Pb Redux: Geochemistry, Geophysics,
Geosystems, v. 12, doi:10.1029/2010GC003479.

Caxito, F. de A., and Alkmim, F.F., 2023, The role of V-shaped oceans and ribbon continents
in the Brasiliano/PanAfrican assembly of western Gondwana: Scientific Reports, v. 13,
p. 1-16, doi:10.1038/s41598-023-28717-7.

Chang, Z., Vervoort, J.D., McClelland, W.C., and Knaack, C., 2006, U-Pb dating of zircon by
LA-ICP-MS: Geochemistry, Geophysics, Geosystems, V. 7,
doi:10.1029/2005GC001100.

Clifford, T.N., and Barton, E.S., 2012, The O’okiep Copper District, Namaqualand, South
Africa: a review of the geology with emphasis on the petrogenesis of the cupriferous
Koperberg Suite: Mineralium Deposita, v. 47, p. 837-857.

Clifford, T.N., Barton, E.S., Stern, R.A., and Duchesne, J.-C., 2004, U-Pb zircon calendar for
Namaqua (Grenville) crustal events in the granulite-facies terrane of the O’okiep Copper
District of South Africa: Journal of Petrology, v. 45, p. 669—691.

Condon, D.J., Schoene, B., McLean, N.M., Bowring, S.A., and Parrish, R.R., 2015, Metrology
and traceability of U-Pb isotope dilution geochronology (EARTHTIME Tracer
Calibration Part I): Geochimica et Cosmochimica Acta, v. 164, p. 464-480,
doi:10.1016/j.gca.2015.05.026.

Cornell, D.H., Pettersson, A., Whitehouse, M.J., and Schersten, A., 2009, A New
Chronostratigraphic Paradigm for the Age and Tectonic History of the Mesoproterozoic

130



Bushmanland Ore District, South Africa: Economic Geology, v. 104, p. 385-404,
doi:10.2113/gsecongeo.104.3.385.

Cornell, D.H., van Schijndel, V., Ingolfsson, O., Scherstén, A., Karlsson, L., Wojtyla, J., and
Karlsson, K., 2011, Evidence from Dwyka tillite cobbles of Archaean basement beneath
the Kalahari sands of southern Africa: Lithos, v. 125, p. 482-502,
doi:10.1016/j.1ithos.2011.03.006.

Dickinson, W.R., and Gehrels, G.E., 2003, U-Pb ages of detrital zircons from Permian and
Jurassic eolian sandstones of the Colorado Plateau, USA: Paleogeographic implications:
Sedimentary Geology, v. 163, p. 29—66, doi:10.1016/S0037-0738(03)00158-1.

Ernst, R.E., Pereira, E., Hamilton, M.A., Pisarevsky, S.A., Rodriques, J., Tassinari, C.C.G.,
Teixeira, W., and Van-Dunem, V., 2013, Mesoproterozoic intraplate magmatic
“barcode” record of the Angola portion of the Congo Craton: Newly dated magmatic
events at 1505 and 1110Ma and implications for Nuna (Columbia) supercontinent
reconstructions: Precambrian Research, V. 230, p. 103-118,
doi:10.1016/j.precamres.2013.01.010.

Evans, D.M., Windrim, D.P., and Armstrong, R.A., 2007, Age of Metavolcanic rocks at the
northern margin of the Namaqua-Natal Metamorphic Province in the Karas Mountains,
Namibia, defined by SHRIMP U-Pb dating of zircons: South African Journal of Geology,
v. 110, p. 47-54, doi:10.2113/gssajg.110.1.47.

Eyster, A., Weiss, B.P., Karlstrom, K., and Macdonald, F.A., 2020, Paleomagnetism of the
Chuar Group and evaluation of the late Tonian Laurentian apparent polar wander path
with implications for the makeup and breakup of Rodinia: GSA Bulletin, v. 132, p. 710-
738, doi:10.1130/B32012.1.

Frimmel, H.E., Zartman, R.E., and Spith, A., 2001, The Richtersveld igneous complex, South
Africa: U-Pb zircon and geochemical evidence for the beginning of Neoproterozoic
continental breakup: Journal of Geology, v. 109, p. 493508, doi:10.1086/320795.

Gain, S.E.M., Gréau, Y., Henry, H., Belousova, E., Dainis, 1., Griffin, W.L., and O’Reilly,
S.Y., 2019, Mud Tank Zircon: Long-Term Evaluation of a Reference Material for U-Pb
Dating, Hf-Isotope Analysis and Trace Element Analysis: Geostandards and
Geoanalytical Research, v. 43, p. 339-354, doi:10.1111/ggr.12265.

Gray, D.R., Foster, D.A., Meert, J.G., Goscombe, B.D., Armstrong, R., Trouw, R.A.J., and
Passchier, C.W., 2008, A Damara orogen perspective on the assembly of southwestern
Gondwana: Geological Society Special Publication, v. 294, p. 257-278,
doi:10.1144/SP294.14.

Halverson, G.P., Hoffman, P.F., Schrag, D.P., Maloof, A.C., and Rice, A.H.N., 2005, Toward
a Neoproterozoic composite carbon-isotope record: GSA Bulletin, v. 117, p. 1181-1207,
doi:10.1130/B25630.1.

Hanson, R.E. et al., 2006, Mesoproterozoic intraplate magmatism in the Kalahari Craton: A
review: Journal of African Earth Sciences, v. 46, p. 141-167,
doi:10.1016/j.jafrearsci.2006.01.016.

Hanson, R.E., Crowley, J.L., Bowring, S.A., Ramezani, J., Gose, W.A., Dalziel, LW.D.,
Pancake, J.A., Seidel, E.K., Blenkinsop, T.G., and Mukwakwami, J., 2004, Coeval
Large-Scale Magmatism in the Kalahari and Laurentian Cratons During Rodinia
Assembly: Science, v. 304, p. 1126-1129, doi:10.1126/science.1096329.

131



Hiess, J., Condon, D.J., McLean, N., and Noble, S.R., 2012, 2*3U/?*U systematics in terrestrial
uranium-bearing minerals: Science, v. 335, p. 1610-1614, doi:10.1126/science.1215507.

Hoal, B.G., 1990, The geology and geochemistry of the Proterozoic Awasib Mountain terrain,
southern Namibia: Memoir of the Geological Society of Namibia, v. 11, p. 163 pp.

Hoal, B.G., and Heaman, L.M., 1995, The Sinclair sequence: U-Pb age constraints from the
Awasib Mountain area: Communications of the Geological Survey of Namibia, v. 10, p.
83-91.

Hoffman, P.F., 1991, Did the breakout of Laurentia turn Gondwanaland inside-out? Science,
v. 252, p. 1409-1412, doi:10.1126/science.252.5011.1409.

Hoffman, P.F., 2021, On the kinematics and timing of Rodinia breakup: a possible rift—
transform junction of Cryogenian age at the southwest cape of Congo Craton (northwest
Namibia): South African Journal of Geology, v. 124, doi:10.25131/sajg.124.0038.

Hoffman, P.F., Hawkins, D.P., Isachsen, C.E., and Bowring, S.A., 1996, Precise U-Pb zircon
ages for early Damaran magmatism in the Summas Mountains and Welwitschia Inlier,
northern Damara Belt, Namibia: Communs geol. Surv. Namibia, v. 11, p. 49-53.

Hoffmann, K.-H., and Prave, A.R., 1996, A preliminary note on revised subdivision and
regional correlation of the Otavi Group based on glaciogenic diamctites and associated
cap dolostones: Communications of the Geological Survey of Namibia, v. 11, p. 83—88.

Hofmann, M., Linnemann, U., Hoffmann, K.H., Gerdes, A., Eckelmann, K., and Gértner, A.,
2014, The Namuskluft and Dreigratberg sections in southern Namibia (Kalahari Craton,
Gariep Belt): A geological history of Neoproterozoic rifting and recycling of cratonic
crust during the dispersal of Rodinia until the amalgamation of Gondwana: International
Journal of Earth Sciences, v. 103, p. 1187-1202, doi:10.1007/s00531-013-0949-6.

Horstwood, M.S.A. et al., 2016, Community-Derived Standards for LA-ICP-MS U-(Th-)Pb
Geochronology — Uncertainty Propagation, Age Interpretation and Data Reporting:
Geostandards and Geoanalytical Research, v. 40, p. 311-332, doi:10.1111/5.1751-
908X.2016.00379.x.

Jackson, S.E., Pearson, N.J., Griffin, W.L., and Belousova, E.A., 2004, The application of
laser ablation-inductively coupled plasma-mass spectrometry to in situ U-Pb zircon
geochronology: Chemical Geology, V. 211, p. 47-69,
doi:10.1016/j.chemgeo.2004.06.017.

Jacobs, J., Pisarevsky, S., Thomas, R.J., and Becker, T., 2008, The Kalahari Craton during the
assembly and dispersal of Rodinia: Precambrian Research, v. 160, p. 142-158,
doi:10.1016/j.precamres.2007.04.022.

Jacobs, J., Thomas, R.J., and Weber, K., 1993, Accretion and indentation tectonics at the
southern edge of the Kaapvaal Craton during the Kibaran (Grenville) orogeny: Geology,
v. 21, p. 203-206, doi:10.1130/0091-7613(1993)021<0203:AAITAT>2.3.CO;2.

Klepeis, K.A., Crawford, M.L., and Gehrels, G., 1998, Structural history of the crustal-scale
Coast shear zone north of Portland Canal, southeast Alaska and British Columbia:
Journal of Structural Geology, v. 20, p. 883-904, do0i:10.1016/S0191-8141(98)00020-0.

Konopasek, J., Cavalcante, C., Fossen, H., and Janousek, V., 2020, Adamastor — an ocean that
never existed? Earth-Science Reviews, V. 205, p. 103201,
doi:10.1016/j.earscirev.2020.103201.

Krogh, T.E., 1973, A low-contamination method for hydrothermal decomposition of zircon

132



and extraction of U and Pb for isotopic age determinations: Geochimica et
Cosmochimica Acta, v. 37, p. 485-494.

Kylander-Clark, A.R.C., 2017, Petrochronology by Laser-Ablation Inductively Coupled
Plasma Mass Spectrometry: Reviews in Mineralogy and Geochemistry, v. 83, p. 183—
198, doi:10.2138/rmg.2017.83.6.

Kylander-Clark, A.R.C., Hacker, B.R., and Cottle, .M., 2013, Laser-ablation split-stream ICP
petrochronology: Chemical Geology, V. 345, p. 99-112,
doi:10.1016/j.chemgeo.2013.02.019.

Li, Z.X. et al., 2008, Assembly, configuration, and break-up history of Rodinia: A synthesis:
Precambrian Research, v. 160, p. 179-210, doi:10.1016/j.precamres.2007.04.021.
Macdonald, F.A., Yonkee, W.A., Flowers, R.M., and Swanson-Hysell, N.L., 2023,
Neoproterozoic of Laurentia: Memoir of the Geological Society of America, v. 220, p.

331-380, doi:10.1130/2022.1220(19).

Mattinson, J.M., 2005, Zircon U-Pb chemical abrasion (“CA-TIMS”) method: Combined
annealing and multi-step partial dissolution analysis for improved precision and accuracy
of zircon ages: Chemical Geology, V. 220, p. 47-66,
doi:10.1016/j.chemgeo.2005.03.011.

McLean, N.M., Bowring, J.F., and Bowring, S.A., 2011, An algorithm for U-Pb isotope
dilution data reduction and uncertainty propagation: Geochemistry, Geophysics,
Geosystems, v. 12, doi:10.1029/2010GC003478.

McLean, N.M., Condon, D.J., Schoene, B., and Bowring, S.A., 2015, Evaluating uncertainties
in the calibration of isotopic reference materials and multi-element isotopic tracers
(EARTHTIME Tracer Calibration Part II): Geochimica et Cosmochimica Acta, v. 164,
p. 481-501, doi:10.1016/j.gca.2015.02.040.

Meert, J.G., van der Voo, R., and Ayub, S., 1995, Paleomagnetic investigation of the
Neoproterozoic Gagwe lavas and Mbozi complex, Tanzania and the assembly of
Gondwana: Precambrian Research, v. 74, p. 225-244, doi:10.1016/0301-
9268(95)00012-T.

Miller, R.M., 2012, Review of Mesoproterozoic Magmatism, Sedimentation and Terrane
Amalgamation in Southwestern Africa: South African Journal of Geology, v. 115, p.
417-448, doi:10.2113/gssajg.115.4.417.

Nascimento, D.B., Schmitt, R.S., Ribeiro, A., Trouw, R.A.J., Passchier, C.W., and Basei,
M.A.S., 2017, Depositional ages and provenance of the Neoproterozoic Damara
Supergroup (northwest Namibia): Implications for the Angola-Congo and Kalahari
cratons connection: Gondwana Research, V. 52, p. 153-171,
doi:10.1016/5.gr.2017.09.006.

Paces, J.B., and Miller, J.D., 1993, Precise U-Pb ages of Duluth Complex and related mafic
intrusions, northeastern Minnesota: Geochronological insights to physical, petrogenetic,
paleomagnetic, and tectonomagmatic processes associated with the 1.1 Ga Midcontinent
Rift System: Journal of Geophysical Research: Solid Earth, v. 98, p. 13997-14013,
doi:10.1029/93JB01159.

Paton, C., Hellstrom, J., Paul, B., Woodhead, J., and Hergt, J., 2011, Iolite: Freeware for the
visualisation and processing of mass spectrometric data: Journal of Analytical Atomic
Spectrometry, v. 26, p. 2508, doi:10.1039/c1jal0172b.

133



Paton, C., Woodhead, J.D., Hellstrom, J.C., Hergt, J.M., Greig, A., and Maas, R., 2010,
Improved laser ablation U-Pb zircon geochronology through robust downhole
fractionation  correction: Geochemistry, Geophysics, Geosystems, v. 11,
doi:10.1029/2009GC002618.

Salminen, J., Hanson, R., Evans, D.A.D., Gong, Z., Larson, T., Walker, O., Gumsley, A.,
Soéderlund, U., and Ernst, R., 2018, Direct Mesoproterozoic connection of the Congo and
Kalahari cratons in proto-Africa: Strange attractors across supercontinental cycles:
Geology, v. 46, p. 1011-1014, doi:10.1130/G45294.1.

Schmitz, M.D., and Schoene, B., 2007, Derivation of isotope ratios, errors, and error
correlations for U-Pb geochronology using 2°°Pb-233U-(***U)-spiked isotope dilution
thermal ionization mass spectrometric data: Geochemistry, Geophysics, Geosystems, v.
8, p. 1-20, doi:10.1029/2006GC001492.

Schneider, T., Becker, T., Borg, G., Hilken, U., Hansen, B.T., and Weber, K., 2004, New U-
Pb zircon ages of the Niickopf Formation and their significance for the Mesoproterozoic
event in Namibia: Communs geol. Surv. Namibia, v. 13, p. 63-74.

Slama, J. et al., 2008, PleSovice zircon — A new natural reference material for U — Pb and Hf
isotopic microanalysis: v. 249, p. 1-35, doi:10.1016/j.chemgeo.2007.11.005.

Swanson-Hysell, N.L., Kilian, T.M., and Hanson, R.E., 2015, A new grand mean
palaecomagnetic pole for the 1.11 ga Umkondo large igneous province with implications
for palacogeography and the geomagnetic field: Geophysical Journal International, v.
203, p. 2237-2247, doi:10.1093/gji/ggv402.

Vermeesch, P., 2018, IsoplotR: A free and open toolbox for geochronology: Geoscience
Frontiers, v. 9, p. 14791493, doi:10.1016/j.gs£.2018.04.001.

De Waele, B., Kampunzu, A.B., Mapani, B.S.E., and Tembo, F., 2006, The Mesoproterozoic
Irumide belt of Zambia: Journal of African Earth Sciences, v. 46, p. 36-70,
doi:10.1016/j.jafrearsci.2006.01.018.

Wiedenbeck, M., All¢, P., Corfu, F., Griffin, W. 1., Meier, M., Oberli, F., Von Quadt, A.,
Roddick, J.C., and Spiegel, W., 1995, Three Natural Zircon Standards for U-Th-Pb, Lu-
Hf, Trace Element and REE Analyses: Geostandards and Geoanalytical Research, v. 19,
p. 1-23,doi:10.1111/1.1751-908X.1995.tb00147 x.

Wingate, M.T.D., Pisarevsky, S.A., and De Wacele, B., 2010, Paleomagnetism of the 765 Ma
Luakela volcanics in Northwest Zambia and implications for Neoproterozoic positions
of the Congo Craton: American Journal of Science, v. 310, p. 1333-1344,
doi:10.2475/10.2010.05.

Ziegler, U.R.F., and Stoessel, G.F.U., 1993, Age determinations in the Rehoboth Basement
Inlier, Namibia: Memoir of the Geological Society of Namibia, v. 14, p. 106 pp.

134



Sample name Lat (°) Long (°) Formation Description
ES1770 -27.7769 16.6681 Rosh Pinah Tuffaceous sandstone
ES1772-8 -27.7823 16.6578 Rosh Pinah Porphyritic rhyolite
ES1772-52 -27.7826 16.6575 Rosh Pinah Porphyritic rhyolite
ES1772-158.5 -27.7836 16.6568 Rosh Pinah Fine tuffaceous sandstone
JP1704-74.9 -27.7901 16.6584 Rosh Pinah Siltstone
JP1710 -27.8336 16.7025 Spitzkop Rhyolite with scoria clasts
Suite
JP1801C-26.9 -27.7364 16.6200 Rosh Pinah Green and white banded fine sandstone
F1814-366.0 -27.7111  16.5732 Rosh Pinah Green and white banded fine sandstone
JP1801-51.3 -27.7424 16.6218 Rosh Pinah Green-blue schist
JP1801-642.3 -27.7514 16.6239 Rosh Pinah Coarse arkosic sandstone
JP1801-756.8 -27.7520 16.6231 Rosh Pinah Fine sandstone
Lower Holgat
JP1805-0.8 -28.0177 16.8535 (Namaskluft Diamictite with siltstone matrix
member)
Lower Holgat
JP1806-6.1 -28.1019 16.8733 (nonglacial Fine sandstone
interlude)

Table S1. Sample coordinates and lithologies
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Table S2. U-Pb LASS data (separate Excel file)
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Table S3. U-Pb CA-ID TIMS data. (a) Thermally annealed and pre-treated single zircon.
Analyses used in weighted mean date calculation are in bold.(b) Total common-Pb (Pbc) in
analysis. Pb* is radiogenic lead. (c) Total sample U content. (d) Measured ratio corrected for
spike and fractionation only. (¢) Radiogenic Pb ratio. (f) Corrected for fractionation, spike and
blank. Also corrected for initial Th/U disequilibrium using radiogenic °*Pb and Th/Umagma
= 2.8. Mass fractionation correction of 0.18%/amu + 0.04%/amu (atomic mass unit) was
applied to single-collector Daly analyses. All common Pb assumed to be laboratory blank.
Total procedural blank less than 0.1 pg for U. Blank isotopic composition: 2°Pb/2%*Pb = 18.15
+ 0.47, 2YPb/2%Pb =15.30 + 0.30, 2°Pb/?*Pb = 37.11 + 0.87. Corr. coef. = correlation
coefficient. Ages calculated using the decay constants Azzs = 1.55125E-10 y!' and Axss =

9.8485E-10 y*! (Jaffey et al., 1971).
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Appendix III

Supplementary Material for Chapter 3:

Stratigraphy and geochronology of the Marinoan Snowball Earth deglaciation on the
northwest margin of the Kalahari Craton

1. CA-ID-TIMS analytical methods

Mineral separation for the U-Pb analyses was done at Harvard University and UCSB.
All samples were hand-sledged into chips that were <1 cm3 and then pulsed in 1-2 s intervals
in a SPEX 8530 ShatterBox® while sieving for the <500 um fraction. The <500 pum fraction
for each sample was either washed in gold pans until a few g of material were left or
handwashed in 5 L beakers to remove fine material and dried under heat lamps or in low-
temperature ovens before being run on the Frantz magnetic separator. If the Frantz magnetic
separator was used, highly magnetic minerals were first removed using a hand magnet and
then samples were typically run twice on the Frantz, first at 0.3 A and 20° tilt and the second
time at 0.6 A and 20° tilt. If the sample was mostly magnetic, the tilt angle was increased by
5-10° to ensure that no non-magnetic 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 following separation on the Frantz. Zircon grains were hand-
picked for each sample from either this final fraction or directly following gold panning.

All CA-ID-TIMS analyses were done at Boise State University. U-Pb dates were
obtained using the CA-ID-TIMS procedure developed by Mattinson (2005). Zircon grains
were first annealed at 900°C for 60 hours. The grains were then chemically abraded using 29

M HF in Parr acid digestion vessels held at 180°C or 190°C for 12 hrs. There were no major
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differences between analyses noted for the different chemical abrasion temperatures. The
leachate was discarded, and the remaining samples were rinsed repeatedly in MQ H20 and
3.5 M HNOg, sonicated for 30 min. and fluxed on the hot plate for 30 min. after the first round
of rinsing. Samples were spiked using the EARTHTIME mixed U-Pb isotope tracer solution
(ET535; Condon et al., 2015) and fully dissolved in Parr acid digestion vessels held at 220°C
for 48 hrs. U and Pb were extracted from the samples through column chemistry with AG-1
X8, 200—400 mesh, CI" anion exchange resin following methods modified from Krogh (1973).
Measurements were made on an IsotopX IsoProbe-T thermal ionization mass spectrometer
(TIMS). Pb isotopes were measured by peak hopping on the Daly detector and U isotopes
were measured in static collection mode on Faraday cups.

U-Pb dates and uncertainties were calculated following Schmitz and Schoene (2007).
The value 137.818 + 0.045 (26) was used for the 2**U/**U ratio in natural zircon (Hiess et al.,
2012). Model Th/U ratios were calculated iteratively from measured 2°°Pb/?%*Pb ratios and
calculated 2°Pb/>*8U ages. Up to 1 pg of common Pb (Pbc) was assumed to be procedural
blank and accounted for using the measured laboratory Pbc isotopic composition. Excess Pbc
was attributed to initial common Pb using the two-stage Pb isotope evolution model (Stacey
and Kramers, 1975) at the nominal sample age. Complete analytical data are presented in

Table S2.

2. LASS analytical methods
Laser ablation split stream (LASS) analyses used either the Nu Instruments Plasma 3D

MC-ICP-MS or the Nu Plasma High Resolution-Enhanced Sensitivity (HR-ES) MC-ICPMS
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at the Preston Cloud Laboratory at UCSB, following the procedures described in Kylander-
Clark et al. (2013; 2017). Trace elements were measured on an Agilent 7700X quadrupole
ICP-MS. A Cetac/Photon Machines 193 nm Analyte excimer laser was used to ablate samples
in a double-chambered HelEx cell. The sample spot size was 25 um. Every 10 sample spots
were bracketed with the primary zircon standard 91500 (Wiedenbeck et al., 1995), and every
other block was bracketed with the secondary zircon standard GJ1 (Jackson et al., 2004), and
tertiary standards in a rotating list. All experiments included Plesovice (Slama et al., 2008) as
a tertiary standard and others included a selection of MudTank (Black and Gulson, 1978; Gain
et al., 2019), Peixe (Dickinson and Gehrels, 2003), FC-1 (Paces and Miller, 1993), 94-35
(Klepeis et al., 1998; Chang et al., 2006), or R33 (Black et al., 2004). For some experiments,
a NIST612 spot was added to every block prior to the 91500 spot to regulate the laser arm
movement.

Data were reduced using iolite4 software (Paton et al., 2010, 2011) and IsoplotR
(Vermeesch, 2018). Standard error (26) was propagated using methods described in Paton et
al. (2010). The long-term excess variance is captured by 2% uncertainty (26) on 2°Pb/*8U
ratios and 1.5% (20) for 2°’Pb/?%Pb ratios for the setups used (Kylander-Clark et al., 2013;
Horstwood et al., 2016). These percentages represent systematic uncertainties that are the
limiting uncertainties for the data produced and cannot be reduced by increasing the number
of analyses (Horstwood et al., 2016); therefore, no uncertainties less than these percentages
for the respective ratios were used. 2°’Pb/?*>U ratios were calculated and uncertainties were
propagated from 2’Pb/2%Pb and 2°Pb/>*®U ratios and uncertainties using the *3U/?*°U value

of 137.818 + 0.045 (20; Hiess et al., 2012). Correlation coefficients were subsequently
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recalculated using the updated uncertainties. Dates and their uncertainties were also
recalculated in IsoplotR (Vermeesch, 2018). Complete analytical data are presented in Table

S3.

3. Carbon and oxygen isotope procedures
Carbonate samples were cut with a saw perpendicular to lamination. Between 5-20 mg

of powder were micro-drilled from the individual laminations (where visible), avoiding
veining, cracks, and siliciclastic components. Isotopic analyses were performed on aliquots of
this powder. Carbonate §'3C and §'30 isotopic data were acquired simultaneously on a VG
Optima dual inlet mass spectrometer attached to a VG Isocarb preparation device at Harvard
University. Approximately 1 mg of sample powder was reacted in a purified H3;PO4 bath at
90°C. Degassed CO; was collected cryogenically and analyzed using an in-house reference
gas. External error (16) from standards was better than + 0.1 per mil for both §'*C and §'%0.
Samples were calibrated to Vienna Pee-Dee Belemnite (VPDB) using the Cararra marble
standard. The memory effect potentially resulting from the common acid-bath system was
minimized by increasing the reaction time for dolomite samples. Memory effect is estimated
at £+ 0.1 per mil based on variability of standards run after dolomite samples. Carbon (§'°C)
and oxygen (8'%0) isotopic results are reported in per mil notation of *C/!2C and '*0/!'°0O,
respectively, relative to the standard VPDB. Complete analytical data are presented in Table
S4.
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Section
F828
F829
P3204
JP1712
JP1713
JP1714
JP1715
JP1807
JP1808
JP1809
JP1810
JP1901
JP1902
JP1903
JP1904
JP1905
JP1906
JP1907
JP1908
JP1909
JP1910
JP1911

Lat (°)
-24.07355
-24.07631

-24.0752
-24.07526
-24.07333
-24.07056
-24.07306
24.11719
-24.10810
-24.07803
-24.07375
-24.09816
-24.09961
-24.09883
-24.09599
-24.09010
-24.08953
-24.08768
-24.08691
-24.07594
-24.07294
-24.05740

Table S1. Section locations

Long (°)
16.32011
16.31393

16.3141
16.31075
16.30472
16.30500
16.30694
16.20871
16.21672
16.31278
16.30658
16.23934
16.24218
16.25006
16.25903
16.26578
16.26974
16.27725
16.28019
16.31492
16.32045
16.32864
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Figure S1. Carbon isotope chemostratigraphy of the Naukluft Nappes. Analyses of
8"3Cearb and 8'"®Ocary from carbonate debrites at the top of the Remhoogte Formation show
anomalously negative values that correlate with the Trezona excursion preceding the
Marinoan Snowball Earth event. Up-section in the cap carbonate of the Tsabisis Formation,
another negative anomaly can be seen that has been correlated with the Ediacaran Maieberg
excursion, consistent with published data for this locality presented in Morris and Grotzinger

(2023).
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Table S2. U-Pb CA-ID-TIMS data. Analyses in red were not included in 206Pb/238U
weighted mean date calculations. Analyses that were more than 10% discordant or not run to
completion due to high blanks and/or low amounts of radiogenic Pb have been removed. (a)
z1, z2 etc. are labels for single zircon grains or fragments annealed and chemically abraded
after Mattinson (2005). (b) Model Th/U ratio iteratively calculated from the radiogenic
208pb/2%Ph ratio and 2°°Pb/?*8U age. (c) Pb* and Pbc represent radiogenic and common Pb,
respectively; mol % 2°Pb* with respect to radiogenic, blank and initial common Pb. (d)
Measured ratio corrected for spike and fractionation only. Fractionation estimated at 0.18 +/-
0.03 %/a.m.u. for Daly analyses, based on analysis of NBS-981 and NBS-982. (e) Corrected
for fractionation, spike, and common Pb; up to 1 pg of common Pb was assumed to be
procedural blank: 2%Pb/2%*Pb = 18.042 + 0.61%; *°’Pb/?%Pb = 15.537 £ 0.52%; 2®Pb/?%Pb =
37.686 + 0.63% (all uncertainties 1c). Excess over blank was assigned to initial common Pb,
using the Stacey and Kramers (1975) two-stage Pb isotope evolution model at the nominal
sample age. (f) Errors are 2o, propagated using the algorithms of Schmitz and Schoene (2007).
(g) Calculations are based on the decay constants of Jaffey et al. (1971). 2°Pb/***U and

207pb/2%Ph ages corrected for initial disequilibrium in *°Th/?*8U using Th/U [magma] = 3.
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Table S3. U-Pb LA-ICPMS data (separate Excel file)
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F828: -24.07355°S, 16.32011°E; Tsabisis Formation

Sample 5'%0 5'3C
2.0 -6.53 -5.76
3.0 -10.85 -1.70
3.5 -9.69 -0.49
4.0 -7.52 -0.86
4.5 -8.72 -0.60
5.0 -7.42 0.17
55 -6.97 -0.51
6.0 -6.76 -0.38
6.5 -6.88 0.12
7.0 -6.91 0.36
7.5 -7.11 -0.36
8.0 -7.75 -0.18
8.5 -7.66 -0.08
9.0 -8.81 0.16
9.5 -9.55 0.61
10.0 -11.19 1.18
F829: 24.07631°S, 16.31393°E; Remhoogte
Formation
Sample 5'%0 5"C
0.1 -4.80 -2.67
0.6 -8.62 -3.87
1.0 -5.19 -4.93
2.0 -7.63 -4.44
3.0 -7.61 -5.28
4.0 -7.35 -4.36
5.0 -7.61 -5.20
6.0 -7.90 -4.58
7.0 -8.58 -6.55
7.5 -8.07 -6.40
8.9 -5.85 -5.58
30.0 -6.53 -5.76
31.0 -10.85 -1.70
31.5 -9.69 -0.49
32.0 -7.52 -0.86
32.5 -8.72 -0.60
33.0 -7.42 0.17
33.5 -6.97 -0.51
34.0 -6.76 -0.38
34.5 -6.88 0.12
35.0 -6.91 0.36
35.5 -7.11 -0.36
36.0 -7.75 -0.18
36.5 -7.66 -0.08
37.0 -8.81 0.16
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37.5 -9.55 0.61

38.0 -11.19 1.18
P3204: 24.0752°S, 16.3141°E; Tsabisis Formation
Sample 5'%0 5'3C

0 -6.67 -2.02
0.2 -7.20 -2.03
0.5 -6.80 -2.30
1.1 -6.76 -2.26
1.6 -6.52 -2.32
21 -6.69 -2.32
2.7 -6.08 -2.23
3.1 -6.15 -2.36
4.1 -5.84 -2.31
4.4 -5.72 -2.25

5 -6.22 -2.22
5.5 -5.77 -2.32

6
6.3 -5.59 -2.35

7 -5.94 -2.17

8 -6.07 -2.45

9 -5.72 -2.54

10 -5.40 -2.13
11.2 -5.38 -2.24
121 -5.58 -2.37
13 -5.36 -2.42
14 -5.59 -2.59
14.5 -5.60 -2.88
14.9 -5.80 -3.01
15 -5.94 -2.67
15.7 -6.13 -3.16
16.7 -6.18 -3.68
18 -7.25 -4.24
20.9 -8.25 -4.72
22 -11.52 -5.15
23.8 -8.69 -5.11
24.7 -10.65 -5.35
26 -9.97 -5.21
27 -10.48 -5.17
35 -9.77 -5.04
38.5 -10.23 -5.10
50
52.5 -10.13 -4.51
59 -9.61 -5.02
62.5 -10.08 -5.39
72 -9.90 -5.08
79.5
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Table S4. Carbon and oxygen isotope data.

-9.70
-6.75
-7.20
-3.74
-3.44

-4.99
-3.66
-3.40
-1.15
-0.18
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